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Abstract

Nuclear YAP1 plays a critical role in regulation of stem cell proliferation, tissue regeneration, and 

organ size in many types of epithelia. Due to rapid turnover of most epithelial cell types, the 

cytoplasmic function of YAP1 in epithelial cells has not been well studied. The retinal pigment 

epithelium (RPE) is a highly polarized epithelial cell type maintained at a senescence state, and 

offers an ideal cell model to study the active role of YAP1 in maintenance of the adult epithelial 

phenotype. Here we show that the cytoplasmic function of YAP1 is essential to maintain adult 

RPE differentiation. Knockout of Yap1 in the adult mouse RPE caused cell depolarization and 

tight junction breakdown, and led to inhibition of RPE65 expression, diminishment of RPE 

pigments, and retraction of microvilli and basal infoldings. These changes in RPE further 

prompted the loss of adjacent photoreceptor outer segments and photoreceptor death, which 

eventually led to decline of visual function in older mice between 6–12 months of age. 

Furthermore, nuclear β-catenin and its activity were significantly increased in mutant RPE. These 

results suggest that YAP1 plays an important role in active inhibition of Wnt/β-catenin signaling, 

and is essential for downregulation of β-catenin nuclear activity and prevention of 

dedifferentiation of adult RPE.
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Introduction

During development, the transcription coactivator YAP1 is crucial in maintaining 

proliferation and dedifferentiation of progenitors, as organ and tissue fields are formed (1–

4). As cells expand to fill developing fields, their cell-cell contacts trigger activation of the 

Hippo kinase cascade, which causes cytoplasmic retention of YAP1. This cytoplasmic 

retention persists in adult epithelial cells that are arrested by cell-cell contact. But, YAP1 

translocates to the nucleus in epithelial basal progenitor cells as they proliferate for 

replacement of the mature epithelium. The Hippo pathway was initially identified for its 
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function in regulating cell proliferation and cell death in flies, and is a well-conserved 

pathway in mammals. YAP1 is a major transcriptional effector of the evolutionary conserved 

Hippo pathway in mammals, and it shuttles between the cytoplasm and nucleus through the 

regulation of the Hippo kinase cascade. Activation of Hippo pathway leads to 

phosphorylation and inactivation of YAP1 by cytoplasmic retention (2, 3). YAP1 lacks a 

DNA binding domain and its nuclear function depends upon heterodimerization with other 

DNA binding transcription factors, including Tead1, Smads, and β-catenin (3–7). YAP1 is 

retained in the cytoplasm through interaction with α-catenin, angiomotin and disheveled 

(DVL) (6, 8–17). Adherens junction-related α-catenins and the tight junction -associated 

proteins, angiomotin and angiomotin-like 1/2, can directly interact with YAP1 and sequester 

it in the cytoplasm, thus modulating the level of YAP1 phosphorylation and its activity. 

Changes in cell contact and loss of α-catenin and AMOT family proteins cause YAP1 

nuclear activation and cell transformation (14). DVL is a scaffolding protein moving 

between the cytoplasm and nucleus, and an important regulator for Wnt/β-catenin signaling. 

It has been shown that DVL is responsible for cytosolic translocation of phosphorylated 

YAP (18). Inactivating mutation of the nuclear export signal embedded in DVL leads to 

nuclear YAP retention, with an increase in TEAD transcriptional activity (18).

It has been presumed that this cytoplasmic retention simply prevents nuclear translocation of 

YAP1 thereby causing its inactivation. However, it is also possible that retention of YAP1 in 

the cytoplasm is serving to prevent nuclear translocation, and thus, the activity of 

transcription factors that complex with YAP1 in the cytoplasm. For example, is there a role 

for YAP1 in the cytoplasm of mature epithelial cells in sequestering transcription factors 

such as β-catenin to effectively prevent Wnt signaling in the adult cells? Experiments 

evaluating the role of Yap1 in epithelium are complicated by the rapid turnover of 

epithelium examined to date and it is difficult to dissect or separate Yap1 function in basal 

cell mediated repopulation of epithelium from a possible role in the cytoplasm of adult cells. 

The RPE serves as a blood outer retinal barrier critical for adjacent photoreceptor function in 

the retina (19). In contrast to other epithelial cells, the RPE is long-lived, and cell 

replacement is not detected in vivo, making this population ideal for evaluation of YAP 

function in adult epithelium.

Hippo signaling is critical for Drosophila eye development and zebrafish retinogenesis (4, 

20–23). The nuclear YAP1 is present in early developing RPE cells, and important for 

progenitor proliferation and RPE specification in zebrafish (21). Similarly, RPE trans-

differentiates into epithelium with retinal characteristics in Yap1 conditional knockout 

(cKO) mice during ocular development (24). RPE proliferation stops during RPE 

differentiation and maturation process at postnatal day 7–10 (25, 26). It is unclear whether 

the Yap1 has an active role in the post-mitotic adult RPE. Here we aim to dissect Yap1 

function and its regulatory mechanism in the fully differentiated adult RPE by generating 

Yap1 cKO specifically in differentiated RPE cells.
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Material and Methods

Ethics statement

All animal experimental procedures were approved by Institutional Animal Care and Use 

Committee, the Animal Care Committee at the University of Louisville, and were conducted 

in accordance with the guidelines of Association for Research in Vision and Ophthalmology 

on the use of animals in research.

Mice and genotyping

Best1-Cre mice (stock # 017557) (27) and ROSA26-flox-STOP-flox-GFP mice (stock 

#007676) (28) were purchased from The Jackson Laboratory (Bar Harbor, ME, USA), and 

used to set up a breeding colony. Yap1fl/fl mice were purchased from NIH supported Mutant 

Mouse Resource & Research Center (MMRRC) at UC Davis (Davis, CA, USA). 

Experimental animals were housed under pathogen-free conditions and handled in 

accordance with guidelines approved by the Institutional Animal Care and Use Committee 

of the University of Louisville. Genotypes were determined by performing PCR 

amplification based on the information provided by vendors.

Mouse fundus examination

In vivo fundoscopy was conducted using a retinal camera (model TRC 50X; Topcon 

America Corp., Paramus, NJ, USA) with Canon 5D digital imaging hardware. To enhance 

the view of the small eye, a 2.2 Volk Panretinal lens (Volk Optical Inc., Mentor, OH, USA) 

was attached to the front of the lens on a clinical fundus camera. Fundus examination was 

performed by dilation with a single drop mixture of 0.06% tropicamide and 0.3% 

phenylephrine hydrochloride to dilate or enlarge the pupil for a better view of the fundus of 

the eye.

Electroretinography (ERG)

Topical applications of 2.5% phenylephrine hydrochloride and 1% tropicamide drops were 

administered to induce mydriasis of the pupils and to inhibit accommodation. Anesthesia 

was maintained with an intraperitoneal injection of the anesthetic ketamine (12.2 mg/mL) / 

xylazine (4.9 mg/mL) mixture solution at 0.05 mL per 10 g body weight.

The full field ERG (ffERG) was measured bilaterally using rodent ERG electrodes (LKC 

Technologies, Inc., Gaithersburg, MD, USA) placed on the cornea with methylcellulose 

(2%, Gonak; Akorn, Lake Forest, IL, USA) as described previously (29). A ground electrode 

was placed behind the ear and a reference electrode was on the midline of the forehead. The 

ffERG was recorded using a UTAS ERG system with a BigShot Ganzfeld (LKC 

Technologies, Inc., Gaithersburg, MD, USA). Mice were dark-adapted for 3 hours and the 

scotopic ERG was recorded first, using a strobe flash intensity of strobe flashes of 0.01, 

0.03, and 0.3 cd/m2. An averaged response was based on 15 presentations with a 2-second 

interstimulus interval. The animal was then light adapted with a 20 cd/m2 background for 10 

min and a series of ffERG responses were recorded at flash luminance of 1 and 3 cd/m2. 

Measures of a- and b-waves were obtained from averaged responses to a single flash 

Lu et al. Page 3

FASEB J. Author manuscript; available in PMC 2021 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



intensity. The a-wave is defined as baseline to trough and the b-wave from a-wave trough to 

peak.

Histology and immunostaining

Mice were euthanized by CO2 asphyxiation followed by cervical dislocation, and the 

enucleated eyes were immersion-fixed for overnight in 4% paraformaldehyde (PFA) in PBS, 

pH 7.4. In the following day, the eyes were subjected to OCT or paraffin embedding and 

sectioning for histological studies. The paraffin-embedded sections (7 μm thick) were 

prepared for hematoxylin and eosin (HE) staining. For most immunostaining, the tissue 

sections or cultured cell preparations were subjected to an antigen-retrieval procedure by 

heating the slides at 95°C for 30 min in 10 mM Tris-ethylendiaminetetraacetic acid (EDTA) 

buffer, pH 9.0. The primary antibodies used in this study were chicken anti-GFP (1:200, cat. 

#GFP-1020, Aves Lab, Inc., Tigard, OR, USA), and mouse anti-YAP1 (1:100, cat. # 56701, 

Abcam, Cambridge, MA, USA), mouse anti-YAP1 (1:100, cat. # sc-101199, Santa Cruz 

Biotechnology, Santa Cruz, CA, USA), rabbit anti-Ezrin (1;100, cat. # 3145S, Cell Signaling 

Technology, Danvers, MA, USA), mouse anti-RPE65 (1:100, cat. # MB5428, 

MilliporeSigma, Burlingto, MA, USA), TRITC anti-phalloidin (1:300, cat. # P1951, Sigma-

Aldrich, St. Louis, MO, USA), mouse anti-β-catenin (1:100, cat. # BD 610154, BD 

Biosciences, Franklin Lakes, NJ, USA), rabbit anti-β-catenin (D10A8) (1;100, cat. # 8480S, 

Cell Signaling Technology, Danvers, MA, USA), The secondary antibodies, conjugated with 

either carbocyanine 3 (Cy3) or fluorescein isothiocyanate (FITC), were purchased from 

Jackson ImmunoResearch Laboratories, Inc. (West Grove, PA, USA).

Electronic microscopy

For transmission electron microscopy (TEM), 2% PFA /2% glutaraldehyde-fixed eyes were 

dissected to remove the cornea and lens, and then post-fixed in 2% osmium tetroxide in 

phosphate buffer. Retinal tissue was dehydrated in a series of ascending ethanol 

concentrations (10%, 25%, 50%, 70%, 95% at 10 minutes per concentration, and 100% for 1 

hour) and embedded. Blocks of retinal tissue were cut into sections using a Leica EMUC6 

Ultramicrotome (Leica Microsystems, Buffalo Grove, IL, USA) prepared as previously 

described (30, 31), and examined with a transmission electron microscope (TEM; Model 

300: Phillips, Eindhoven, Netherlands). Photomicrographs were captured with a digital 

camera (15 mega pixel digital camera, Scientific Instruments and Applications, Duluth, GA, 

USA) and Maxim DL Version 5 software (Diffraction Limited, Ottawa, Canada).

Preparation of tissue whole mounts and whole mount immunostaining

In order to simultaneously view all the cells within the RPE layer, epithelial flat-mounts 

were prepared. Briefly, enucleated eyes were fixed in 4% PFA for overnight at 4°C. After 

several rinses in PBS, eyecups were prepared by making a circumferential incision at 

posterior to the ora serrata, and the anterior segments, i.e., cornea, ciliary body, and lens, 

were discarded. The neural retina was subsequently peeled away from these eyecups, 

resulting in an intact epithelium partitioning with the choroid, to which it is adherent. The 

resulting RPE-choroid-sclera whole-mounts were labeled using primary antibodies followed 

by fluorescent-dye conjugated secondary antibodies. After several tris-buffered saline (TBS) 

rinses, flat-mounts were placed on glass slides with the epithelium facing up and mounted in 
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Vectashield fluorescence mounting medium (Vector Labs, Burlingame, CA, USA),and 

examined using a Zeiss Axio Imayger M2 system equipped with ApoTome, AxioCam and 

AxioVision (Zeiss, Peabody, MA, USA). In certain cases, nuclear staining was additionally 

carried out by exposure to propidium iodide (0.1 mg/ml in TBS, containing 0.5 mg/ml 

RNAase A; Roche, Basel, Switzerland). To ensure that the retina laid flat, several radial cuts 

(5–6, depending on the size of the eye) were made in the tissue from the periphery to the 

optic nerve area,

RPE sheets collection

We adapted and modified a previously published procedure for harvesting the entire RPE 

tissue as a single intact sheet (26). Briefly, the enucleated eyes were collected and washed 

several time in PBS, then dipped into an Eppendorf tube containing PBS/penicillin-

streptomycin medium and 10% Dispase II (Roche, Basel, Switzerland) at 4 °C. After 

overnight incubation (12–16 hrs), the eye balls were rinsed for a few times with PBS/

penicillin-streptomycin, then transferred to a new petri dish containing PBS under a 

dissecting microscopy. The cornea, iris epithelium, lens and neural retina were gently 

removed and discarded, then the RPE sheet was peeled off from the choroid using a pair of 

tweezers. The RPE sheets were transferred to a new Eppendorf tube and spun at 1000 rpm 

for 5 min. The supernatant was discarded and the RPE sheet pellets were further lysed for 

protein or RNA isolation. Each RNA and protein sample was extracted from pooled RPE 

sheets of 5 mice.

Subretinal injection of adeno-associated virus type 2 (AAV2)

The AAV2 vector carried a Cre recombinase expression cassette driven by a RPE-specific 

RPE65 promoter was purchased from Vector Biosystems Inc. (Malvern, PA, USA). 2.59 × 

109 AAV genome copies in 1 μl PBS were delivered by subretinal injection into 

Yap1fl/fl/GFP+ or control GFP+ mice at 5 weeks of age. Mouse pupils were dilated with a 

single drop mixture of tropicamide and phenylephrine hydrochloride. Two minutes later, the 

mice were injected with Ketamine- Xylazine solution. Mice were kept on a 37 °C pad after 

anesthetic injection and surgery. The cornea was topically anesthetized with one drop of 

proparicaine. The mouse usually achieves adequate anesthesia within approximately 5 min. 

The mouse eye was grasped with curved forceps held in the surgeon’s left hand so that the 

eye will be slightly proptosed from pinching of the forceps. The mouse eye was 

decompressed with 33G needle tip by inserting the needle through the conjunctiva and sclera 

at 1 mm behind the limbus under an ophthalmic microscope. The beveled needle was 

removed and replaced with a blunt 35-gauge needle that was attached to Microinjector 

UMP3 (Word precision instruments, Sarasota, FL, USA). The tip of the blunt needle was 

inserted between the sclera and retina and advanced to the center. Eight days after injection, 

RPE flat mount sheets were collected and examined for immunohistochemical analysis.

RNA isolation, quantitative (q) PCR, and Western blot analysis

The experimental methods were previously described (32). The primers for mouse Yap1 (ID: 

15928514a1), mouse Rgr (ID: 10946656a1), mouse Rdh5 (ID: 19549323a1), mouse Rpe65 
(ID: 19920338a1), and mouse Ribp1 (ID: 10181110a1), ctnnb1 (ID: 6671684a1), Tcf7 (ID: 

6678245a1), Cdh2 (ID: 6680902a1), Twist1 (ID: 6755907a1), and Twist2 (ID: 6681177a1) 
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were designed based on the online PrimerBank database (Harvard Medical School, Boston, 

MA; http://pga.mgh.harvard.edu/primerbank). Actin, Zeb1, and Zeb2 primers were 

previously reported (32, 33). The antibodies used for Western blot analysis include mouse 

anti-YAP1 antibody (1:100, cat. # sc-101199, Santa Cruz Biotechnology, Santa Cruz, 

California, USA), mouse anti-β-actin antibody (1:1000, cat. # A2228, MilliporeSigma, 

Burlingto, MA, USA), mouse anti-α-tubulin antibody (1:500, cat. # T9026, MilliporeSigma, 

Burlingto, MA, USA), mouse anti pY654-β-catenin (1:20, cat. # PY654-B-catenin (IgG)-s, 

DSHB, Iowa City, IA, USA), rabbit anti-β-catenin (D10A8) (1:100, cat. # 8480S, Cell 

Signaling Technology, Danvers, MA, USA), and mouse anti RPE65 (1:100, cat. # MB5428, 

MilliporeSigma, Burlingto, MA, USA).

Statistical analysis

Data are reported as the mean±SEM, using multiple mice (3–14) for any quantitative assay. 

Statistical comparisons between experimental groups were conducted using Student’s t-test.

Results

Best1-Cre leads to mosaic pattern of Yap1 gene deletion in adult RPE in vivo

Anti-YAP1 immunohistochemistry showed that YAP1 mainly localizes in the cytoplasm of 

adult RPE cells (Fig. 1A). Localization of YAP1 to the cytoplasm allowed us to explore the 

role of YAP1 in differentiated RPE. We generated a conditional knockout mouse line in 

which the loxP floxed Yap1 gene was deleted by Best1 promoter-driven Cre recombinase 

(Best1-Cre). To confirm RPE –specific expression of Best1-Cre, we utilized the mT/mG 
(membrane-Tomato/membrane-Green) dual color fluorescent Cre-reporter transgenic mice 

which specifically expressed GFP in the Cre expressing cells (28). Consistent with the 

previous report (27), cell membrane-targeted GFP expression was restricted to RPE cells in 

Best1-Cre+/GFP+ mice Fig. 1B–D). Our Best1-Yap1-GFP conditional knockout (cKO) line 

was generated by crossing Best1-cre/GFP mice with Yap1fl/fl mice, and then interbreeding 

further generated the Best1-Cre+/Yap1fl/fl/GFP+ cKO mice and Best1-Cre+/GFP+ control 

mice. Anti-YAP1 immunostaining on whole mount RPE confirmed the loss of YAP1 

expression in the GFP positive RPE cells, but remained relatively unchanged in neighboring 

GFP negative RPE cells in Best1-Cre+/GFP+/Yap1fl/fl mice (Fig. 1E). This mosaic YAP1 

knockout pattern was consistent with previous report that Best1 promoter was specifically 

active in postnatal RPE cells, but with a patchy mosaic expression pattern of 50% to 90% 

RPE cells expressing Cre (27). YAP1 expression was unaffected in GFP positive RPE cells 

of Best1-Cre+/GFP+ control mice, and the unaffected cells were indistinguishable from GFP 

negative RPE cells (data not shown). Consistently, further fluorescence immunostaining on 

retina sections from Best1-Cre+/GFP+/Yap1fl/fl mice showed that YAP1 protein was present 

in WT (GFP negative) RPE cells, but not in Yap1 deleting (GFP positive) RPE (Fig. 1F).

YAP1 is required for maintenance of RPE differentiation

To analyze RPE phenotype, we first examined mice at 1 −2 months of age with fundoscopy 

prior to enucleation. Retinal fundoscopic photographs showed extensive abnormal 

depigmentation of the retina in cKO mice (Fig. 2B vs. 2A), indicative of RPE abnormalities. 

To further analyze retinal phenotype, we evaluated sheets of RPE flat mounts and found that 
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depigmented patches correlated with Yap1 mutant (GFP positive) RPE cells in the mutant 

mice (Fig. 2C). RPE morphology was revealed by actin cytoskeleton labelled with 

rhodamine-phalloidin on flat mount RPE sheets, and demonstrated a typical hexagonal array 

of RPE cells in WT control mice with a sharp F-actin network at cell boundaries (Fig. 2C 

left). Whereas, Yap1 mutants displayed disorganized RPE cells with irregular shape, 

increased cell surface area, and a disrupted F-actin network at Yap1 mutant (GFP-positive) 

cell boundaries (Fig. 2C right). Mutant RPE cells had an increased surface area (2.8-fold) 

compared with wild type RPE cells (Fig. 2D). It was notable that GFP and Cre expression 

per se in RPE did not affect RPE morphology in Best1-Cre+/GFP+ control mice (Fig. 2C 

left). Semi-thin sections (1-μm) showed significantly flattened mutant RPE with loss of 

pigment granules, suggesting that enlarged surface areas in mutant RPE might be caused by 

cell flattening without increasing cell volume (Fig. 2E vs 2F, 2G). Transmission electron 

microscopy on the sections of adult WT and cKO mouse retina from 2 months old animals 

further revealed a substantial decrease in RPE thickness, retraction of apical microvilli, and 

basal membrane infoldings, indicative of the loss of normal RPE morphology (Fig. 2H vs 

2I). We further quantified the changes on ultrastructural changes using EM images. Number 

of electron-dense pigment granules in the mutant RPE was significantly reduced with 92% 

decrease relative to the wild-type Fig. 2J). Retraction of apical microvilli and basal 

membrane infoldings in the mutant RPE resulted in 51 and 68% shrinkage of paracellular 

space occupied by apical microvilli and basal unfolding, respectively (Fig. 2J).

Loss of RPE-characteristic marker RPE65 in Yap1−/− RPE cells

RPE65 is a key differentiation marker for RPE, and a critical retinol isomerase for 

isomerization of all-trans-retinal to 11-cis-retinol in phototransduction (34). Loss of RPE65 

expression in Yap1 mutant (GFP positive) RPE cells was a dominant phenotype of the 

Best1-Cre+/GFP+/Yap1fl/fl mice Fig. 3B-c, -d, versus WT in Fig. 3A-b). RPE are highly 

polarized epithelial cells with specialized microvilli at the apical surface intermingled with 

outer segments of photoreceptors. Notably, GFP used in the Best1-Cre mice had a cell 

membrane targeting sequence, and GFP expression on the cell membrane highlighted the 

microvilli extension pattern in Best1-Cre+/GFP+ WT RPE Fig. 3A-a) and abnormal 

microvilli retraction in the Yap1 mutant RPE Fig. 3B-a). This difference in microvilli was 

further confirmed by Ezrin immunostaining Fig. 3A-c vs 3B-e, -f). Ezrin is specifically 

associated with apical microvilli of RPE and its staining revealed the difference in the length 

of RPE microvilli between WT and mutant RPE. This data indicates that Yap1 mutant RPE 

cells underwent dramatic dedifferentiation highlighted by cell depolarization and loss of the 

RPE differentiation marker RPE65, which represent the classic features of epithelial-

mesenchymal transition (EMT) often seen in the epithelium during wound healing, in 

carcinoma, and in RPE during proliferative vitreoretinopathy (PVR). We performed q-PCR 

mRNA quantification on the RNA samples isolated from RPE sheets of WT or Best1-cre+/
Yap1fl/fl eyes to further confirm dedifferentiation. Due to mosaic expression of Best1-Cre, 

approximately 70% of RPE had homologous recombination and 30% of RPE were 

genetically WT in the mutant RPE sheets, as judged by fundoscopy. Accordingly, Yap1 in 

Best1-Cre+/GFP+/Yap1fl/fl RPE sheets was reduced to 33% of that in WT controls. 

Expression of the visual cycle genes Rgr, Rdh5, Rpe65, and Rlbp1 was also significantly 

reduced compared to WT littermates (Fig. 3C).
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Loss of YAP1 leads to dedifferentiation of RPE cells in adult mice

RPE65 expression is developmentally regulated (35) and RPE65 mRNA is detectable as 

early as embryonic day 18. Its expression level peaked twice during rat retinal development 

between P2-P4 and P10-P12 (36). Best1-Cre was reported to appear at P10, reached a peak 

at p28, and remained constant thereafter (27). To further confirm that loss of RPE 65 

expression in Best-cre+/Yap1fl/fl mutant mice was not due to a developmental defect on 

RPE65 expression but rather dedifferentiation characterized by loss of RPE65 expression, 

we studied the consequences of targeted knockout of Yap1 in adult mouse RPE using AAV-

mediated Cre gene transfer into Yap1-floxed RPE cells. AAV vectors that encode Cre under 

control of a RPE65 promoter were packaged in an AAV2 capsid. 5 × 1010 AAV genome 

copies in 1 μl were delivered by subretinal injection into Yap1fl/fl/GFP+ or control GFP+ 

mice at 5 weeks of age. 8 days after injection, RPE flat mounts were examined for 

morphological abnormalities. We detected about 60% of RPE cells were targeted by AAV2-

RPE65-Cre in both wild type and mutant mice as visualized by GFP expression which is 

turned on in the cells transduced by AAV2-RPE65-Cre Fig. 4A–B first rows). Similar to 

Best1-cre+/Yap1fl/fl genetic mice, Yap1 mutant RPE (GFP positive) cells appear enlarged 

with less stain by rhodamine-phalloidin (Fig. 4B) compared to adjacent Yap1 expressing WT 

RPE (GFP-negative) cells (Fig. 4B) or RPE in control mice (Fig. 4A). Cre transduced 

Yap1fl/fl/GFP+ RPE cells showed lost immunostaining for RPE65 in the flat mount RPE 

sheet (Fig. 4C) or retina section (Fig. 4D). Our results indicate that the loss of mature RPE 

morphology seen in the Yap1 cKO mice is caused by loss of YAP1- induced 

dedifferentiation, and not by inhibition of initial RPE differentiation during the early 

development.

EMT-like phenotypic changes of Yap1 mutant RPE

We showed that Yap1 mutation in mice after RPE differentiation led to diminished tight 

junctions, loss of RPE65 and pigment, and retraction of microvilli and basal infoldings. 

These are classic features of EMT, which are also evident in RPE during PVR. To explore 

the molecular pathways involved in the EMT-like phenotype of Yap1 mutant RPE, we 

examined the activity of Wnt/β-catenin pathway that is considered an important regulator of 

epithelial stability and EMT. Activation of Wnt/β-catenin pathway induces cytosolic 

accumulation of β-catenin and then nuclear translocation for activation of gene targets 

involved in EMT. B-catenin was expressed on the RPE cell membranes in RPE cell of 

Best1-Cre+/GFP+ control mice (Fig. 5A, left) and wild type RPE cells (GFP negative cells in 

Fig. 5A, right) in Yap1 cKO mice without clear nuclear localization. However, a diffuse 

intracellular accumulation of β-catenin was clearly detected in Yap1 deleting (GFP positive) 

RPE (Fig. 5A, right). Meanwhile, cytoplasmic β-catenin was restricted to very low levels in 

either GFP-positive or GFP-negative WT RPE cells in the control mice, eliminating Cre or 

GFP as a phenotype-causing factor (Fig. 5A, left). Consistently, immunostaning of YAP1 on 

RPE flatmounts showed that β-catenin dissociated from cell membrane and moved into the 

nuclei of Yap1 mutant RPE (labeled by GFP+ in the right panels) (Fig. 5B). We next 

examined phosphorylation of β-catenin Tyr654, which is known to promote both 

dissociation of β-catenin from E-cadherin and promote EMT (37–39). We isolated protein 

from RPE sheets. Western blot analysis on RPE lysates showed that the YAP1 protein level 

in the mutant RPE sheets was reduced to about 27% of that in the WT RPE sheets, 
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suggesting that about 73% of RPE cells from the mutant mice underwent Yap1 gene 

deletion. Consistently, RPE65 protein levels in the mutant RPE sheets was reduced to about 

26% of that in the WT RPE sheets. There was a mild 1.5-fold increase in total β-catenin 

protein and a significant 3.4-fold increase in pY654 β-catenin in the mutant RPE sheets 

compared to the WT RPE sheets (Fig. 5C). The β-catenin mRNA level was not changed in 

the mutant RPE cells and transcription of Tcf7, a transcriptional target of Wnt/β-catenin 

pathway, was significantly induced in Yap1 mutant RPE (Fig. 5D). EMT is usually 

associated with upregulation of EMT markers, such as Cdh2, Zeb1, Zeb2, Twist1, and 

Twist2. We noted an increase in Chd2 and Zeb1 expression, but no significant changes in the 

other examined factors including Zeb2 and Twist1 and Twist2, suggesting an unique 

molecule characteristics of Yap1 mutant RPE (Fig. 5D). These data suggest that Wnt/β-

catenin pathway is activated in Yap1 mutant RPE.

Progressive loss of photoreceptors and ERG response in Best1-Cre+/GFP+/Yap1fl/fl mice

RPE plays several critical roles in maintaining photoreceptor function. Histology showed 

that Yap1 cKO RPE led to photoreceptor degeneration and reduced thickness in the 

photoreceptor outer nuclear layer over time (Fig. 6A). Depletion of Yap1 in ≥ 80% of adult 

RPE led to photoreceptor degeneration in 50% of the mutant mice by 6 months of age (n=14 

mice), and the photoreceptor outer nuclear layer was completely lost in some of the mutant 

mice Fig. 6B–C). Consequently, electroretinography was also significantly affected Fig. 6D–

E). At 2 months of age, the ERG was normal in the mutant mice (data not shown); however, 

there was a significant reduction of scotopic a-wave and b-wave amplitudes by 4–6 months 

of age Fig. 6D–E). These results suggest that loss of YAP1 in RPE cells can cause 

photoreceptor degeneration and visual loss.

Discussion

Mounting evidence suggests that cell differentiation is not irreversible process, and 

maintenance of a mature cell type at its fully differentiated statues requires coordinating 

regulations of a complicate molecular network. Loss of a normal differentiation phenotype is 

frequently detrimental, as in the cases of cancer and metastatic diseases. Understanding of 

mechanisms underlying intracellular signaling pathways and transcriptional regulation for 

cell fate decisions, maintenance of cellular identities in vivo become eminent. Recent work 

performed on the zebrafish embryonic RPE has demonstrated an essential role of YAP1 in 

RPE cell fate determination (21). YAP1-dependent RPE fate determination relies on both 

nuclear localization of YAP1 and interaction with TEAD transcription factors (21). Our 

study using conditional gene ablation in mice further demonstrated YAP1 was constantly 

required to prevent dedifferentiation of the adult RPE cells. We observed that the loss of 

Yap1 in RPE led to changes of cell morphology, loss of molecular signature RPE65 gene 

and other important visual cycle genes. It was noteworthy that Wnt/β-catenin activity was 

clearly induced in the cells without YAP1.

YAP1 is a major down-stream factor that regulates cell proliferation and tissue size in 

response to various cellular signals (40). The central dogma is that YAP1 localization is 

dynamically controlled during epithelial cell development, i.e., nuclear Yap1 is required for 
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progenitor proliferation and expansion, and a subsequent shift of Yap1 from the nucleus to 

the cytoplasm is associated with cell differentiation, as demonstrated in the epithelia of the 

epidermis (32, 41, 42), lung (43, 44), liver and intestine (45). YAP1 activation leads to cell 

proliferation in multiple tissues and promotes multiple human cancers through interacting 

with TEAD family transcription factors. In contrast to the classical role of Yap1 as a cell 

proliferation regulator, in the present study, we showed that Yap1 was essential for 

maintaining adult RPE differentiation and loss of Yap1 altered cell fate and function leading 

to photoreceptor loss and visual impairment. We injected WT and Yap1 knockout mice with 

BrdU to follow cell proliferation. As expected, we failed to detect proliferation of the RPE in 

WT mice, and neither WT nor mutant RPE were proliferating in Yap1 knockout littermates 

(data not shown).

In the present study, we showed that deleting Yap1 induced Wnt/β-catenin activity and 

caused RPE dedifferentiation. Although Wnt/β-catenin is required for RPE morphogenesis 

in embryos (46, 47), re-activation of this signaling pathway in adult RPE is known to cause 

EMT and loss of RPE identity (48–51). This is consistent with the functional role of the 

Wnt/β-catenin pathway in dedifferentiation of epithelial phenotype and induction of EMT, 

as well as in embryogenesis and cancer progression. Although YAP1 regulation of β-catenin 

stability in RPE is not clear, studies in TAZ, an ortholog of YAP1, suggest that cytoplasmic 

TAZ/YAP1 blocks DVL phosphorylation, an event required for β-catenin release from a 

degradation complex leading to enhanced cytoplasmic expression of β-catenin (52). 

Similarly, YAP1 has been shown to inhibit Wnt/β-catenin signaling by binding to DVL in 

intestinal epithelium (53). Our studied showed a similar repressing effect of YAP1 on Wnt/

β-catenin activity. YAP1 was mainly localized in the cytoplasm of adult mouse RPE cells as 

detected by immunostaining. Loss of YAP1 from adult RPE resulted in the change of β-

catenin localization, i.e. from membrane bound to a diffused intracellular expression pattern. 

The induced β-catenin phosphorylation at Tyr-654 was regarded as a critical determinant of 

EMT in pulmonary fibrosis (39), and pY-654-β-catenin was significantly accumulated 

without change of β-catenin mRNA level. β-catenin nuclear transcription activity was 

enhanced as evidenced by increased transcription of the β-catenin target genes. From those 

observations, we hypothesize that cytoplasmic YAP1 in adult RPE cells may primarily act to 

inhibit β-catenin activity to maintain the RPE at differentiation status, albeit this hypothesis 

needs to be further addressed.

Although the molecular details underlying YAP1 function in adult RPE remain to be 

clarified, its functional significance in maintenance of RPE at differentiation has been 

demonstrated in the present work. Maintenance of RPE at a differentiation state is essential 

for photoreceptor survival and function, and visual activity. Dysfunctional RPE is a key 

pathologic hallmark observed in many different retinal diseases, such as age-related macular 

degeneration, a leading cause of blindness in the U.S (54), and inherited retinal dystrophies. 

Differentiation of hESCs toward a RPE fate is an active area being explored for the 

treatment of many retinal dystrophies. Elucidating Yap1 function in maintaining the adult 

RPE cell fate and RPE65 expression will be important in stem cell and RPE therapy (52–

54). Our cKO model may serve as an appropriate mouse model for studying the molecular 

mechanisms controlling mature RPE identity, polarity, and function. It may also serve as a 

suitable model for studying RPE EMT and its role in other retinal diseases.
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DVL disheveled

cKO conditional knockout

AAV Adeno-associated virus
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fl floxed

WT wild type

MUT mutant
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Figure 1. 
Mosaic deletion pattern of Yap1 mediated by Best1-Cre in adult RPE in vivo. A, 

Immunostaining of YAP1 showed cytoplasmic localization in the RPE cells of wild-type 

mouse at 6-week-old. B,C, Best1-Cre was confirmed by GFP expression in the RPE of 

Best1-Cre+/GFP+ (C) but not Best1-Cre−/GFP+ mice (B). D, High magnification of image of 

the right panel in (C). E,F, YAP1 immunostaining showed that YAP1 was only depleted in 

GFP+, but not in the GFP− RPEs of the Yap1 cKO mice (Best1-Cre+/GFP+/Yap1fl/fl, MUT). 

RPE whole mount (E) and RPE tissue section (F) from the Yap1 cKO mice were 

immunostained by YAP1 (red), GFP (green), and DAPI (blue). *RPE layer. Bar size = 20 

μm. At least 5 animals per group were used for each assay.
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Figure 2. 
Morphologic changes of Yap1−/− RPE cells. Yap1 cKO mice (Best1-Cre+/GFP+/Yap1fl/fl, 

MUT) and control mice (Best1-Cre+/GFP+, WT) were analyzed at 5–8 weeks of age. A,B, 

Fundoscopy of WT (A) and mutant (B) mice, showing uneven mosaic-pattern pigmentation 

color in mutant. C, Phalloidin (red) and GFP (green) show loss of cuboidal appearance and 

abnormal cell shape with disrupted F-actin network in the RPE sheets from mutant mice 

(right panel) compared with WT control mice (left panel). D, The quantitation shows 

significantly increased cell surface area of Yap1 mutant RPE cells (green cells in the right 

panel of C). Value = mean ± SD. n = 3 mice for each group. At least 50 cells were counted 

per animal. E,F, Methylene blue staining of semi-thin retina sections reveals thinner Yap1 
mutant RPE cells. *RPE layer G) The quantitation shows significantly reduced cell height of 

Yap1 mutant RPE cells. Value = mean ± SD. n = 3 mice for each group. At least 10 cells 

were counted per animal. H-I, Electron microscopy shows normal RPE from WT mice (H) 

and flattened mutant RPE cells with thinner cell shape and loss of pigment granule (PG), 

microvilli (MV), and basal infoldings (BI) from the mutant mice (I). OS, photoreceptor 

outer segment. Images in (H) and (I) are at the same magnification. J, Quantification of 

pigment granules, microvilli, and basal infoldings in the WT and mutant RPE cells. Number 

of granules, and area of microvilli and basal infoldings in EM images were quantified by 

Image J software, then, their relative levels were normalized to RPE cell body area. Their 

relative comparison between WT and mutant RPE were graphed. Value = mean ± SD. n = 3 

mice for each group. At least six cells were counted per animal. *, **, *** are P < .05, P 

< .01, P < .005, respectively. Bar sizes are indicated on the figures.

Lu et al. Page 16

FASEB J. Author manuscript; available in PMC 2021 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Loss of RPE65 expression in Yap1 mutant RPE cells. Yap1 cKO mice (Best1-Cre+/GFP+/
Yap1fl/fl, MUT) and the control mice (Best1-Cre+/GFP+, WT) were analyzed at 5–8 weeks 

of age. A,B, Immunostaining of RPE differentiation markers, RPE65 and Ezrin on the WT 

(A) and mutant (B) retina sections of 5-week-old mice. * in (A) and (B): RPE layer. Bar size 

= 20 μm. n = 5 mice for each group. C, qPCR analysis showed reduced expression of RPE65 

and other visual cycle genes. Value = mean ± SD. n = 3 samples for each group. Each 

sample was extracted from pooled RPE sheets of 5 mice. *, *** are P < .05, P < .005, 

respectively.
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Figure 4. 
AAV2-RPE65-Cre mediated Yap1 deletion leads to RPE dedifferentiation in adult mice. 

Subretinal injection of 1 μl of AAV2-RPE65-Cre (2.59×1012 GC/ml) was performed in GFP
+ (A) and Yap1fl/fl/GFP+ (B-D) mice at 5 weeks of age. Eyes were collected at 8 days after 

subretinal injection. A-B) Whole mount immunostaining of Phalloidin (red), GFP (green), 

and DAPI (blue) show loss of cuboidal appearance and abnormal cell shape in Yap1 mutant 

(GFP positive) cell in (B). C-D) RPE65 expression is lost in Yap1 mutant (GFP positive) 

cells mediated by AAV2-RPE65-Cre in whole mount (C) and retina sections (D) by 

immunostaining. *, RPE layer, n = 3 mice per group for each assay, Bar size = 20 μm.
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Figure 5. 
Increased β-catenin activation in the Yap1 KO RPE cells. Yap1 cKO mice (Best1-Cre+/GFP
+/Yap1fl/fl, MUT) and the control mice (Best1-Cre+/GFP+, WT) were analyzed at 5–8 weeks 

of age. A, Immunostaining for β-catenin (red) and GFP (green) on the eye tissue section 

from WT and mutant mice. *RPE layer. n = 3 mice per group for each assay. Bar size = 20 

μm. B, Immunostaining for β-catenin (red) and GFP (green) on the RPE whole mount from 

WT and mutant mice. C, Western blot analysis was performed with protein samples from the 

RPE sheets collected from WT and mutant mice. The quantification results from Western 

blot analysis using ImageJ software are shown on the right side, Value = mean ± SD, n = 3 

samples per group. Each sample was extracted from pooled RPE sheets of 5 mice. ***P 

< .005. D, qPCR analysis from the RPE sheets of WT and mutant showed that the β-catenin 

nuclear target Tcf7 and EMT markers, Cdh2 and Zeb1 are significant increased. Data 

expressed as mean ± SD, n = 3 samples per group. Each sample were extracted from pooled 

RPE sheets of 5 mice. *, **, *** are P < .05, P < .01, P < .005.
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Figure 6. 
Progressive loss of photoreceptors and ERG response. Best1-Cre+/GFP+/Yap1fl/fl (MUT) 

mutant mice and Best1-Cre+/GFP+ (WT) control nice were analyzed. A) HE staining of eye 

tissue sections from WT and mutant mice at the indicated ages. B-C) Methylene blue 

staining of semi-thin retinal sections of 6 months old of WT and mutant mice. D-E) Full 

field ERG analysis showed scotopic b-wave (D) and a-wave (E) values of WT (blue) and 

mutant (red) mice at 4–6 months. Value = mean±SD, n = 6 mice per group ***, p < 0.005.
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