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PART 1 
YAP FUNCTION IN THE ADULT RETINA 
UNDER PHYSIOLOGICAL CONDITIONS 
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Although the function of YAP during retinal development, where it is implicated in the proliferation 

and the differentiation of retinal progenitors, has been well described, there is almost no information 

about the role of YAP in adult retinas. In this context, the laboratory developed a project to understand 

its role in post-natal and adult retina. Christel Masson was in charge of the study of the role of YAP in 

both postnatal and adult mammalian retinas under physiological conditions using a loss of function 

mouse model of YAP. In collaboration with her, I was particularly involved in the statistical analysis of 

the results. In addition, I performed all the qPCR experiments related to the interaction between YAP 

and EGFR signaling pathway.  

 

1. ANIMAL MODELS 
 

As it has been already mentioned, Yap knockout is lethal at embryonic day 8.5 (Morin-kensicki et al., 

2006). Thus, in order to investigate YAP function in the adult retina we took advantage of a  

hetero ygous mouse model. Yap  mice are viable and fertile, allowing for investigations of the impact 

of YAP reduced levels at adult stages. Moreover, as YAP is expressed in Müller cells but also in the RPE, 

we took advantage of a genetic mice line in which Yap was conditionally deleted specifically in Müller 

cells to confirm some of our results. This Yap CKO model is described in details in Part 2. 

2. MAIN RESULTS 

 
 This study in Yap  mice retina revealed unsuspected dynamics of YAP compensatory 

mechanisms  YAP decrease is compensated by TAZ at postnatal stages but not anymore in 

adulthood. 

 TAZ-dependent compensatory regulation in Yap  mice during post-natal stages leads to Taz 

upregulation, subsequently leading to a gain of function-like phenotype, i e  delayed cell cycle 

exit of retinal progenitor cells. 

 Our data led us to propose a model in which the potentiation of EGFR activity by TAZ underlies 

this delay in cell cycle exit of retinal progenitor cells in Yap  retina.  

 Non-compensated decrease of Yap expression in aged retinas leads to Yap haploinsufficiency, 

resulting in altered Müller cell homeostatic function.  

 We also discovered late-onset cone degeneration and impaired cone visual function in aged 

Yap  mice. 

Associated publication: 
Christel Masson, Diana García-García, Juliette Bitard, Élodie-Kim Grellier, Jérôme E. Roger 
and Muriel Perron. Yap haploinsufficiency leads to Müller cell dysfunction and late-onset cone 
dystrophy. (2020) Cell death and disease 11, Article number: 631  
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 Conditional Yap deletion in Müller glia also leads to Müller cell homeostasis dysfunction and 

altered pattern of cone opsin expression, suggesting that YAP function in Müller cells is 

necessary for ensuring the maintenance of Müller cell homeostasis and preserving cone 

integrity. 
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Yap haploinsufficiency leads to Müller cell
dysfunction and late-onset cone dystrophy
Christel Masson1, Diana García-García1, Juliette Bitard1, Élodie-Kim Grellier1, Jérôme E. Roger1 and Muriel Perron 1

Abstract

Hippo signalling regulates eye growth during embryogenesis through its effectors YAP and TAZ. Taking advantage of
a Yap heterozygous mouse line, we here sought to examine its function in adult neural retina, where YAP expression is
restricted to Müller glia. We first discovered an unexpected temporal dynamic of gene compensation. At postnatal
stages, Taz upregulation occurs, leading to a gain of function-like phenotype characterised by EGFR signalling
potentiation and delayed cell-cycle exit of retinal progenitors. In contrast, Yap+/− adult retinas no longer exhibit TAZ-
dependent dosage compensation. In this context, Yap haploinsufficiency in aged individuals results in Müller glia
dysfunction, late-onset cone degeneration, and reduced cone-mediated visual response. Alteration of glial
homeostasis and altered patterns of cone opsins were also observed in Müller cell-specific conditional Yap-knockout
aged mice. Together, this study highlights a novel YAP function in Müller cells for the maintenance of retinal tissue
homeostasis and the preservation of cone integrity. It also suggests that YAP haploinsufficiency should be considered
and explored as a cause of cone dystrophies in human.

Introduction

Deregulation of key signalling pathways, such as Wnt or

Notch, well known for their involvement in retinal devel-

opment, are at the origin of retinal diseases in adults1,2.

Studying developmental signalling pathways can thus allow

the identification of possible causes of retinal disorders in

adults, pinpointing possible targets for therapeutic

approaches. The Hippo signalling tightly regulates eye

development, and its deregulation in animal models leads

to severe ocular defects (reviewed in3,4). This signalling

pathway consists of a kinase cascade that ultimately

phosphorylates the transcription coactivators YAP (Yes

associated protein) and TAZ (WW domain-containing

transcription regulator 1), causing their retention in the

cytoplasm or their degradation. When the pathway is

inactive, YAP/TAZ are translocated to the nucleus, leading

to activation of their target genes5,6. During retinal devel-

opment, YAP and TAZ are expressed in all optic vesicle

compartments, becoming more prominently expressed in

the retinal pigment epithelium (RPE) and the ciliary margin

of the optic cup4,7. Studies in zebrafish and mice indicate

that YAP is necessary for the maintenance of progenitor

populations in both the retina and the RPE4,7–11. Besides,

mutations in Hippo pathway components have been

identified in human ocular diseases, such as the Sveinsson’s

chorioretinal atrophy (SCRA)12,13, in patients with ocular

manifestations of the neurofibromatosis type-2 human

disease14, or in patients exhibiting coloboma15,16. Together,

these studies have contributed to highlight the important

role of the Hippo-YAP pathway in eye development and

ocular disorders. Although it has previously been estab-

lished that YAP remains expressed in the adult retina in

both Müller glia and RPE cells17, its function in the adult

eye has received little attention thus far.

To investigate YAP function in the adult, and because

Yap knockout is lethal at embryonic day 8.518, we took

advantage of a Yap heterozygous mouse model. We found

that depletion of one Yap allele leads to a transient TAZ
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compensatory mechanism at postnatal stages, associated

with an increased expression of YAP/TAZ target genes.

Consistent with the known critical role of the Hippo

pathway in regulating neural progenitor cell prolifera-

tion19, we found that such enhanced TAZ activity in

Yap+/− postnatal retinas is associated with a gain of

function-like phenotype, i.e., delayed cell-cycle exit of

retinal progenitors. We identified the regulation of the

EGFR (Epidermal Growth Factor Receptor) pathway as a

potential underlying mechanism. Conversely, TAZ com-

pensatory regulation declined during aging in Yap het-

erozygous retinas. We found that non-compensated

decrease of Yap expression in aged retinas leads to altered

Müller cell homeostatic function, causing late-onset cone

degeneration and thereby impaired cone visual function.

This work thus uncovers a novel unexpected role for YAP

in cone photoreceptor maintenance and proper vision.

Methods and material

Ethics statement

All animal experiments have been carried out in accor-

dance with the European Communities Council Directive

of 22 September 2010 (2010/63/EEC). All animal care and

experimentation were conducted in accordance with

institutional guidelines, under the institutional license D

91–272–105. The study protocols were approved by the

institutional animal care committee CEEA n°59 and

received an authorisation by the “Direction Départe-

mentale de la Protection des Populations” under the

reference APAFIS#1018–2016072611404304 v1.

Mice

Mice were kept at 21 °C, under a 12-h light/12-h dark

cycle, with food and water supplied ad libitum. Hetero-

zygous Yap+/− mice were obtained from Sigolene Meilhac

(Institut Pasteur, Paris). Briefly, Yapflox/+ mice20 were

crossed with PKG Cre mice (PGK-Cre transgene is

maternally expressed and serves as a tool for early and

uniform activation of the Cre site-specific recombinase21)

to generate the Yap+/− mice, that are viable and fertile.

Yapflox/flox;Rax-CreERT2 mice were obtained as previously

described22 by mating Yapflox/flox mice20 with heterozygous

Rax-CreERT2 knockin mice23. The Cre activity was induced

through a single intraperitoneal injection of 4-hydroxy-

tamoxifen (4-OHT; 1mg/kg) at P10. Genotyping was done

by PCR using genomic DNA prepared from mouse tail

snips. Primers are provided in Supplementary Table S1.

Tissue sectioning, immunohistochemistry, and EdU

labelling

Eyes of sacrificed animals were rapidly enucleated and

dissected in Hanks’ Balanced Salt solution (Gibco) to

obtain posterior segment eye-cups, which were then fixed

in 4% paraformaldehyde, 1X PBS, for 1 h at 4 °C. Eye-cups

were then dehydrated, embedded in paraffin and sec-

tioned (7 μm) with a Microm HM 340E microtome

(Thermo Scientific). Hematoxylin–eosin (H&E) staining

was performed according to the manufacturer’s instruc-

tions (BBC Biochemical). Stained sections were mounted

with Eukitt (Polylabo). Standard immunohistochemistry

techniques on paraffin sections were applied with the

following specificities: antigen unmasking treatment was

done in boiling heat‐mediated antigen retrieval buffer

(10 mM sodium citrate, pH 6.0) for 20min. Primary

antibody was diluted in ready-to-use diluent (Dako). Pri-

mary and secondary antibodies are listed in Supplemen-

tary Table S2. Sections were counterstained with 1 μg/ml

DAPI (Thermo Fisher Scientific) and mounted with Fluor

SaveTM reagent (Millipore). For retinal flat mounts, small

dorsal incisions were made before fixation to mark the

orientation of the retina within the eyecup. For EdU

incorporation experiments, mice were given a single

50–100 μl intraperitoneal injection of 10 μM of EdU

(Invitrogen) at the indicated stage. EdU incorporation was

detected on flat-mounted retinal mouse explants using

the Click-iT EdU Imaging Kit (Invitrogen) according to

manufacturer’s recommendations. For double labelling,

EdU labelling was done first, followed by immunostaining.

Imaging

Fluorescence images were acquired using a LSM710

confocal microscope (Zeiss). Whole retina images were

acquired using an AXIOZoom.V16 (Zeiss) using the

mosaic mode. Image mosaics of flat-mounted retinas were

acquired and combined by the stitching processing

method using ZEN Tiles module (Zeiss). Brightfield

images of H&E staining were acquired using an AxioI-

mager.M2 microscope. Image processing was performed

using Zen 2.1 (Zeiss), Fiji (National Institutes of Health24),

and Photoshop CS4 software (Adobe) software. The same

magnification, laser intensity, gain, and offset settings

were used across animals for any given marker.

Western blotting

Western blot was performed on protein extracts from

single retinas, at least on three individuals per condition,

unless otherwise specified in the figure legends. Retinas

from enucleated eyes were dissected in Hanks’ Balanced

Salt solution (Gibco) by removing the anterior segment,

vitreous body, sclera and RPE and were frozen at −80 °C.

Retinas were lysed in P300 buffer (20mM Na2HPO4;

250mM NaCl; 30mM NaPPi; 0.1% Nonidet P-40; 5mM

EDTA; 5mM DTT) supplemented with protease inhibitor

cocktail (Sigma–Aldrich). For RPE protein extracts, the

anterior segment and the retina were removed from enu-

cleated mouse eyes. The RPE was then separated from the

choroid by incubating the posterior eyecup (sclera-choroid-

RPE) with P300 buffer for 10min. Protein concentration

Masson et al. Cell Death and Disease (2020)11:631 Page 2 of 15
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was determined using a Lowry protein assay kit (DC Protein

Assay; Bio-Rad). Equal amounts of proteins (20 μg/lane) of

each sample were loaded, separated by 7.5% SDS-PAGE

(Bio-Rad) and transferred onto nitrocellulose membranes.

Western blots were then conducted using standard proce-

dures. Primary and secondary antibodies are listed in Sup-

plementary Table S2. An enhanced chemiluminescence kit

(Bio-Rad) was used to detect the proteins. Each sample was

probed once with anti-α-tubulin antibody for normalisation.

Quantification was done using Fiji software (National

Institutes of Health24).

Electroretinographic analysis

Electroretinograms (ERGs) were recorded using a

Micron IV focal ERG system (Phoenix Research Labs).

Mice were dark-adapted overnight and prepared for

recording in darkness under dim-red illumination. Mice

were anesthetised with intraperitoneal injection of keta-

mine (90 mg/kg, Merial) and xylazine (8 mg/kg, Bayer),

and were topically administered tropicamide (0.5%) and

phenylephrine (2.5%) for pupillary dilation. Flash ERG

recordings were obtained from one eye. ERG responses

were recorded using increasing light intensities ranging

from −1.7 to 2.2 log cd.s/m2 under dark-adapted condi-

tions, and from −0.5 to 2.8 log cd.s/m2 under a back-

ground light that saturates rod function. The interval

between flashes varied from 0.7 s at the lowest stimulus

strengths to 15 s at the highest ones. Five to thirty

responses were averaged depending on flash intensity.

Analysis of a-wave and b-wave amplitudes was performed

using LabScribeERG software (https://www.iworx.com/

research/software/labscribe). The a-wave amplitude was

measured from the baseline to the negative peak and the

b-wave was measured from the baseline to the maximum

positive peak.

Fluorescein angiography

Mice were anesthetised as described above. Pupils were

dilated using 0.5% tropicamide (Théa) and 5% chlorhy-

drate phenylephrine (Europhta) eye drops. The mouse

was placed on the imaging platform of the Micron IV

system (Phoenix Research Labs), and Ocry-gel was

applied on both eye to keep the eye moist during the

imaging procedure. Mice were injected in tail’s vein with

100 μL of 5% fluorescein isothiocyanate dextran (Sigma),

and rapid acquisition of fluorescent images ensued for

~5min.

RNA extraction and RT-qPCR

RT-qPCR experiment was performed on at least three

mice per condition. Total RNA was extracted from a single

retina using RNeasy mini kit (Qiagen) according to the

manufacturer’s instructions. RNA quantity was assessed

using the NanoDrop 2000c UV-Vis spectrophotometer

(Thermo Fisher Scientific). Total RNA (500 ng) was

reverse transcribed in the presence of oligo-(dT)20 using

Superscript II reagents (Thermo Fisher Scientific). For each

RT-qPCR, cDNA was used in the presence of EvaGreen

(Bio-Rad), and the reactions were performed in triplicates

on a CFX96 Real-Time PCR Detection System (Bio-Rad).

Differential expression analysis was performed using the

ΔΔCt method and normalised using the geometric mean

expression of two housekeeping gene, Rps26 and Srp7225.

For each gene, the relative expression in each sample was

calculated using the mean of the controls as the reference

(1 a.u.). Primers used are listed in Supplementary Table S1.

Quantification and statistical analysis

The numbers of labelled cells on retinal sections or

retinal flat mounts were manually counted in a defined

field (sizes are indicated in the legends). For all such

counting, as well as qPCR and western blot analysis, at

least three retinas were used per condition. The non-

parametric one-tailed Mann–Whitney test was used for

all statistical analysis implicating two unpaired groups.

For the ERG experiment, where multiple statistical com-

parisons were needed, a two-way ANOVA followed by

Bonferroni’s multiple comparison test was used. All

results are reported as mean ± SEM. All analyses were

performed using GraphPad Prism 8.3 (GraphPad Soft-

ware, La Jolla California USA) with statistical significance

set at p value ≤ 0.05.

Results

Compensatory Taz regulation in Yap
+/− postnatal mice

In contrast with the developmental arrest observed in

Yap−/− mice18, Yap heterozygous mice are viable and

fertile. We wondered whether Yap gene haploinsufficiency

could occur in the adult, and therefore decided to examine,

in detail, the molecular and phenotypic consequences of

one Yap allele deletion. As expected, qPCR and western

blot analysis confirmed an approximately two-fold

decrease of Yap expression in postnatal and adult

Yap+/− retinas compared to controls (Fig. 1a, b). By

immuno-histochemical (IHC) analysis, we found that YAP

expression was strongly diminished in both Müller glial

and RPE cells, where YAP has previously been shown to be

expressed17 (Fig. 1c). Prior to analysing potential ocular

phenotypes in Yap+/− mice, we wanted to confirm that the

observed Yap expression reduction actually leads to the

decrease of Yap target gene expression. Indeed, this may

not be the case since compensatory regulation mechanisms

have previously been reported between YAP and

TAZ7,26,27. In accordance with this, we observed an

increase in Taz transcript abundance in postnatal Yap+/−

retinas compared to controls (Fig. 1d). Noticeably, the

compensatory upregulation waned in adult stages (after

P21). This trend was confirmed at the protein level
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Fig. 1 Compensatory regulation in Yap
+/− mice. a RT-qPCR analysis of Yap expression in Yap+/− mice retina, relative to wild-type controls (dashed

line) (n= 3 biological replicates per condition). b Analysis of YAP protein expression level by western blot. The quantification is normalised to α-
tubulin (α-Tub) signal and relative to wild-type controls at each stage (dashed line) (n= 3 biological replicates per condition). c 4-month-old mice
retinal sections immunostained for YAP (red) and a marker of Müller cells, glutamine synthetase (GS, green). Nuclei are DAPI counterstained (blue).
d RT-qPCR analysis of Taz, Cyr61, Ctgf, Tead1, and Tead2 expression relative to wild-type controls (dashed line) (n= 3 biological replicates per
condition). e Western blots analysis of TAZ and TEAD1. The quantification is normalised to α-tubulin (α-Tub) signal and relative to controls at each
stage (dashed line) (n= 3 biological replicates per condition). rpe: retinal pigment epithelium, inl: inner nuclear layer, onl: outer nuclear layer, gcl:
ganglion cell layer. All values are expressed as the mean ± SEM. Statistics: Mann–Whitney test, *p ≤ 0.05. Scale bar: 20 μm.
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(Fig. 1e). In order to assess the net outcome of the com-

pensatory mechanism on YAP/TAZ activity, we analysed

by RT-qPCR the expression level of Ctgf and Cyr61, which

have been recognised as direct YAP/TAZ target genes28.

Similar to Taz expression profile, we found that both genes

were first upregulated at postnatal stages (prior P21), but

downregulated from 8-month onwards in Yap+/− mice

compared to controls (Fig. 1d). YAP/TAZ interacting

transcription factors TEAD1 and TEAD2 followed the

same expression profile (Fig. 1d, e). Of note, TEAD3 and

TEAD4 are not expressed in the mouse retina17. Together,

these data reveal the existence of a dynamic regulatory

mechanism taking place in Yap+/− mice, that first leads to

an increased expression of key YAP related and target

genes at postnatal stages due to the compensatory over-

expression of TAZ that diminished progressively with

aging, with a concomitant decreased expression of these

genes in adult mice. This unexpected temporally dynamic

compensation prompted us to undertake a thorough

phenotypic analysis of Yap+/− mice retina at both post-

natal and adult stages, when compensatory mechanisms

are occurring or not, respectively.

Delayed cell-cycle exit of retinal progenitor cells in Yap
+/−

postnatal mice

Yap overexpression in new-born mice was shown to

promote retinal cell proliferation, while Yap knockdown

leads to the opposite phenotype8. Therefore, considering

the abundance changes of both YAP (decrease) and TAZ

(increase) in Yap heterozygous postnatal retinas, we

wondered how it impacts the proliferative behaviour of

retinal progenitor cells. Interestingly, 24 h after EdU

intraperitoneal injection at P5 (when most progenitors

have exited the cell cycle), four times more EdU-positive

cells were detected in the central part of mutant retinas

compared to control ones (Fig. 2a, b). This persistence of

a population of proliferative cells in Yap+/− P6 retinas was

supported by IHC analysis, showing more cells labelled

with the cell proliferation markers PCNA and Cyclin D1,

compared to controls (Fig. 2c). We found no more EdU-

labelled cells in Yap+/− retinas, neither in the central nor

in the peripheral region, when EdU injection was per-

formed at P11 (Supplementary Fig. S1), suggesting that

Yap+/− late progenitors eventually exited the cell cycle

between P6 and P11. We next sought to determine, by

EdU birthdating, the fate of these late progenitor cells.

Proliferative progenitors in P6 Yap+/− retinas gave rise to

both late born neurons (CHX10-positive bipolar cells and

Recoverin-positive photoreceptors) and glial cells (SOX9-

positive Müller cells) in the central retina (Supplementary

Fig. S2A–D). To be able to compare this distribution with

a control one, and since no EdU-positive cells were pre-

sent in the central retina of P6 control individuals, we

analysed the fate of EdU cells localised in the periphery of

the retina. The proportion of double EdU/CHX10-, EdU/

Recoverin- and EdU/SOX9-positive cells among EdU cells

was similar in Yap+/− and in control retinas (Supple-

mentary Fig. S2E). Finally, a series of IHC staining on P21

animals did not reveal any significant differences between

wild-type and Yap+/− retina regarding markers of rods,

cones, bipolar, ganglion, amacrine, horizontal, and Müller

cells (data not shown). Together, these data suggest that a

subset of Yap+/− retinal progenitor cells have a delayed

cell-cycle exit, without exhibiting any apparent bias in

their cell fate determination.

EGFR pathway potentiation in Yap
+/− postnatal mice

YAP has been recognised as an integrator of several key

signalling pathways. In particular, crosstalk between

EGFR and Hippo pathways have been reported22,29–31.

Knowing that EGFR signalling regulates proliferation of

retinal progenitor cells at postnatal stages32, we hypo-

thesised that the excess of late retinal proliferative pro-

genitor cells in Yap+/− retinas could result from a

deregulated EGFR pathway. RT-qPCR analysis at P0 and

P6 showed a significant upregulation of Egfr, Erbb2,

Erbb3, and Erbb4 (encoding receptors of the EGFR family:

EGFR, Her2, Her3, and Her4, respectively), as well as of

Hbegf and Neuregulin 1 (encoding EGFR ligands: HB-EGF

and NRG1, respectively), in Yap+/− mice compared to

controls (Fig. 3a). From P21, their expression diminished

progressively in Yap+/− mice to reach control levels or

levels lower than the controls (Fig. 3a). It is established

that EGFR signalling acts through the activation of the

MAPK, PI3K/AKT, or STAT3 pathways and previous

reports have shown that these pathways are activated

during proliferation of retinal progenitors cells33–35. We

thus investigated whether their activity was affected in

Yap+/− mice. P-AKT/AKT and P-STAT3/STAT3 ratios

were increased in Yap+/− mice compared to controls at

P6, while no difference was observed for P-ERK/ERK ratio

(Fig. 3b). Together, these results revealed that EGFR

pathway activity is potentiated at early postnatal stages in

Yap+/− retina, and that this upregulation no longer

occurs in adult stages. We therefore propose that the

TAZ-dependent compensatory regulation that we

observed in Yap+/− mice during postnatal stages may

underlie this EGFR pathway activation.

Yap
+/− mice display retinal dysplasia

We next sought to determine whether Yap+/− mice

exhibit any ocular defect at adult stages when the TAZ-

dependent compensatory regulation is no longer effective.

Considering the delay in cell-cycle exit described above at

postnatal stages, and because YAP/TAZ are implicated in

the control of organ growth36,37, we examined the size of

Yap+/− eyes. No major difference was found when com-

pared to control eyes (Supplementary Fig. S3A). Cataract
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was occasionally observed but only in about 8% of Yap+/−

retinas (not shown). Heterozygous Yap loss-of-function in

humans can result in coloboma15,16. We, however, did not

detect any defects in optic fissure closure in Yap+/−

mouse retina (data not shown). Yet, from P21 onwards,

we observed that some mutant retinas displayed one or

two dysplastic regions in either the central or dorsal retina

(Supplementary Fig. S3B–D). The incidence of this non-

fully penetrant phenotype was higher in older mice

(Supplementary Fig. S3D). The severity of the dysplasia

was highly variable and each cell layer of the retina was

susceptible to be affected (data not shown). Dysplasia

were, however, never detected in the RPE and analysis of

the expression of RPE cell markers suggests that the

deletion of a Yap allele does not disturb RPE integrity

(Supplementary Fig. S4A–C). Outside the dysplasia, no

difference in the thickness of either the outer or the inner

nuclear layers was observed between Yap+/− and control

retinas (Supplementary Fig. S4D). This data indicates that

the general structure of the adult retina is not affected in

Yap+/− mice, apart from the dysplastic region.

Yap
+/− adult mice display progressive cone photoreceptor

degeneration

To assess the impact of one Yap allele deletion on adult

retinal function, we performed electroretinogram (ERG)

recordings in Yap+/− mice. Scotopic a- and b-waves were

similar between controls and Yap+/− mice at all stages

Fig. 2 Prolonged proliferation of retinal progenitors at postnatal stages in Yap
+/− mice. a Timeline diagram of the experimental procedure

used in b. Wild-type (Control) or Yap+/− mice were injected with EdU at P5 and analyzed 24 h later. b P6 retinal sections labelled for EdU (red) and
stained with DAPI (blue). The delineated areas are enlarged in the bottom panels. Scatter plot with bars represents the number of EdU+ cells per field
(250 × 250 μm). Means ± SEM from seven control retinas and six Yap+/− retinas are shown. c P6 retinal sections immunostained for PCNA (red) or
Cyclin D1 (grey). Both central and peripheral ventral regions are shown. Nuclei are DAPI counterstained (blue). inl: inner nuclear layer, onl: outer
nuclear layer, gcl: ganglion cell layer. Statistics: Mann–Whitney test, **p ≤ 0.01. Scale bar: 200 μm (b) and 50 μm (c and enlarged panels in b).
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examined (Fig. 4a and Supplementary Fig. S5). This sug-

gests that rod photoreceptors in Yap+/− mice function

normally (reflected by the a-wave), and that visual signal is

properly transmitted through the inner retina (reflected by

the b-wave). Strikingly however, photopic b-wave ampli-

tude presented a significant depression in 12-month-old

Yap+/− mice compared to controls at high intensity stimuli

(Fig. 4a). Such specific reduction of the cone-mediated

ERG response could signify either defects in the synaptic

transmission between cone photoreceptors and bipolar

cells and/or the presence of a cone dystrophy. In 12-

month-old Yap+/− retina, IHC analysis showed a sig-

nificant decrease in the number of Ribeye-positive puncta,

which labels the presynaptic ribbons in photoreceptor

terminals (Supplementary Fig. S6). Ribbons with proper

horseshoe shape were present close to dendritic process of

the rod-bipolar cell postsynaptic terminals, labelled with

anti-Protein Kinase C alpha (PKC-α), suggesting a correct

synaptic connection between rod photoreceptor and rod-

bipolar cells in Yap+/− retina. In contrast, some ribbons

did not exhibit the typical horseshoe shape suggesting

compromised synapse integrity (Supplementary Fig. S6).

We next assessed whether these defects were associated

with cone photoreceptor defects in Yap+/− retina. The

number of cones, as inferred by peanut agglutinin (PNA)

labelling, was significantly decreased in Yap+/− ventral

retinas compared to controls, affecting both S-opsin

and M-opsin labelled cones (Fig. 4b, c). S- and M-opsin

labelling were indeed both reduced in the ventral retina. S-

opsin labelling was also severely decreased in the mid-

dorsal (the most dorsal part was not analysed considering

the occurrence of dysplasia) and the central retina. In

addition to this quantitative phenotype, we also found that

the remaining staining was abnormal, being more punc-

tuated compared to the fusiform fluorescence in controls.

This phenotype is reminiscent of degenerative cones38. We

confirmed on flat-mounted retinas the punctuated versus

the fusiform labelling, as well as the reduced number of

PNA, S-opsin, and M-opsin labelled cones in the ventral

region of 12-month-old Yap+/− mutant mice (Supple-

mentary Fig. S7A). Consistent with a cone degenerative

phenotype, we found that Cone Arrestin labelling was also

severely decreased in the ventral retina (Supplementary

Fig. S7B). The cone phenotype was only detected in old

mice, as no difference in PNA, S- or M-opsin expression

was observed between control and 1- or 4-month-old

Yap+/− mice (Supplementary Fig. S8), consistent with the

ERG data. Regarding rods, Rhodopsin was localised as

expected within rod outer segments and we did not detect

any major difference in its distribution between 12-month-

old mutant and control retinas (Supplementary Fig. S9A).

This result also supports the ERG data showing no rod

dysfunction. Altogether, these results demonstrate that

heterozygous mutation of Yap leads to specific cone dys-

trophy in aged mice.

Deregulation of genes important for Müller cells

homeostasis in Yap
+/− mice

Since YAP is expressed in adult Müller cells17 and

Müller cells maintain retinal homeostasis39, we wondered

whether cone degeneration in Yap+/− mice could result

from altered Müller cell function. First, we showed that

Müller cells were properly located within the inner

nuclear layer and that their number was not changed in

mutant mice (Supplementary Fig. S9B). However, RT-

qPCR, western blot and IHC analyses revealed that GFAP

(glial fibrillary acidic protein) expression, the most sen-

sitive indicator of retinal stress in Müller cells, was dra-

matically increased in 12-month-old Yap+/− retina

compared to controls (Fig. 5a–c). Therefore, we next

explored the impact of Yap heterozygous mutation on the

expression of Müller cell-specific homeostatic regulatory

proteins, aquaporin-4 (AQP4) and the potassium channel

Kir4.1. Although no significant difference was observed at

8 months, we found that Kir4.1 and AQP4 protein levels

were severely reduced in Yap+/− mice compared to

controls at 12 months of age (Fig. 5d, e). Since Müller cells

Fig. 3 EGFR pathway activation in the retina of Yap+/− postnatal

mice. a RT-qPCR analysis of various EGFR pathway signaling gene
expression (Egfr, Erbb2, Erbb3, Erbb4, Hbegf, and Nrg1), relative to wild-
type controls (dashed lines) (n= 3 biological replicates per condition).
b Analysis of protein expression levels of EGFR signaling pathway
components at P6 by western blot. Quantifications of p-AKT/AKT,
p-STAT3/STAT3, and p-ERK/ERK ratios are relative to controls (n= 3
biological replicates per condition). All values are expressed as the
mean ± SEM. Statistics: Mann–Whitney test, *p ≤ 0.05, ns
nonsignificant.
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have been shown to actively participate at cone opsins

recycling40, we wondered whether the expression of cone-

specific visual cycle factors could be altered in Yap+/−

Müller cells. We thus analysed the expression of cellular

retinaldehyde–binding protein (CRALBP), given its key

role in cone visual cycle and its expression in Müller

cells41,42. We observed a reduction of CRALPB labelling

in both Müller glia and RPE cells of 12-month-old Yap+/−

retinas, compared to controls (Fig. 6).

Perturbed ionic channels, such as the potassium chan-

nel Kir4.1, in Müller cells is a leading cause of intraretinal

blood vessel defects43. We thus examined the three retinal

vascular plexi in 12-month-old Yap+/− mice (Supple-

mentary Fig. S10A). We observed a reduction of the

intermediate vascular plexus staining, without apparent

blood leakage in 12-month-old Yap+/− retinal flat-

mounts, compared to controls (Supplementary Fig. S10B

and Supplementary Fig. S11). Although recent studies

have shown that YAP/TAZ are involved in vascular ret-

inal development44, no obvious differences could be

observed after labelling the three capillary plexi between

8-month-old Yap+/− mice and controls (Supplementary

Fig. S10B). Such observation ruled out significant devel-

opmental defects of vascular networks. Collectively, these

data revealed some retinal vasculature defects and altered

Müller cell homeostatic function in Yap+/− aged mice.

Conditional Yap deletion in Müller glia leads to Müller cell

homeostasis dysfunction and altered pattern of cone opsin

expression

We next sought to investigate whether Müller glia could

be the main cell type in which Yap haploinsufficiency

mediates the observed cone degenerative phenotype. We

took advantage of a transgenic line that we previously

generated, Yapflox/flox;Rax-CreERT2, and that allows Cre-

mediated conditional gene ablation specifically in Müller

cells22. It is thereafter named Yap CKO while “control”

refers to Yapflox/flox mice. Yap deletion was induced in fully

differentiated Müller cells, through 4-OHT intraperitoneal

injection at P10 (Fig. 7a). Phenotypic analyses were then

conducted on 12-month-old mice. Similar to what we

observed in Yap+/− aged mice, the expression of Müller

cell-specific homeostatic regulatory proteins AQP4

and Kir4.1 were downregulated and GFAP upregulation

indicated reactive gliosis (Fig. 7b). Moreover, the expres-

sion pattern of S- and M-cone opsins was severely affected

compared to control retinas, S-opsin signal being drasti-

cally decreased dorsally while M-opsin signal being almost

absent ventrally in Yap CKO mice (Fig. 7c, d). This phe-

notype is similar to that observed in Yap+/− aged retinas.

However, the number of cones, as inferred by PNA

labelling, was not significantly changed in Yap CKO mice

compared to controls (Fig. 7c, d). Together, although the

phenotype appears less severe in Yap CKO retinas than in

Yap+/− mice, the sole deletion of Yap in Müller cell

triggers defects in cone opsin expression. These data thus

led us to propose a model in which YAP function in

Müller cells would be necessary for ensuring the main-

tenance of Müller cell homeostasis and preserving cone

integrity (Fig. 8).

Discussion

While YAP function during eye development has been

well documented, our data demonstrate the usefulness of

Yap heterozygous mice to better understand YAP func-

tion in the adult retina. Interestingly, our study revealed

that the compensatory upregulation of YAP partner, TAZ,

could not be sustained throughout life and declined

during aging. This dynamic regulatory mechanism results

in Yap haploinsufficiency only in the aged retina. We

propose a model where the maintenance of proliferative

progenitor cells in Yap+/− postnatal retina would result

from the compensatory TAZ activity, leading to a gain of

function-like phenotype, mediated by EGFR pathway

potentiation (Fig. 8). During aging, when this compensa-

tory mechanism is no longer operational in Yap+/− mice,

we discovered the occurrence of an age-related cone

dystrophy, associated with reduced cone-driven vision.

Our data suggest that this phenotype may be the con-

sequence of impaired Müller cell homeostatic function.

This study therefore reveals that deregulation of Yap gene

dosage could cause retinal degenerative diseases.

It has previously been reported that changes in YAP

abundance result in compensatory regulation of TAZ to

maintain Hippo signalling homeostasis45. We interestingly

found that one Yap allele deletion was indeed accom-

panied by an increase in Taz expression in the retina, as

well as an increase in Tead gene expression. However,

(see figure on previous page)
Fig. 4 Altered cone-driven vision and decreased expression of cone photoreceptor markers in Yap

+/− adult mice. a Quantitative evaluation
of the scotopic and photopic a- and b-waves maximum amplitude data from 12-month-old wild-type (black) or Yap+/− (red) mice. Mean ± SEM
intensity response curves are averaged from nine controls and seven Yap+/− mice. Statistics: two-way ANOVA test, ***p ≤ 0.001. b Retinal sections
from 12-month-old wild-type (Control) and Yap+/− mice, immunostained for cone makers (PNA, S-Opsin, and M-Opsin). Central, mid-dorsal, and
ventral regions of retinal sections are shown. Nuclei are DAPI counterstained (blue). c Scatter plots with bars represent the number of labelled cells
per field (300 × 300 μm). Values are expressed as the mean ± SEM from 3 to 4 retinas per condition. onl: outer nuclear layer, inl: inner nuclear layer, gcl:
ganglion cell layer. Statistics: Mann–Whitney test, *p ≤ 0.05, **p ≤ 0.01, ns nonsignificant. Scale bars: 20 μm.
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Fig. 5 Altered Müller glia homeostasis in Yap+/− adult mice. a RT-qPCR analysis of Gfap expression, relative to wild-type controls (dashed line).
(n= 3 biological replicates per condition). b Analysis of GFAP protein expression level by western blot. Results are normalised to α-tubulin (α-Tub)
signal and expressed relative to controls at each stage (dashed line) (n= 3 biological replicates per condition). c 12-month-old retinal sections
immunostained for GFAP (white). Nuclei are DAPI counterstained. d Analysis of Kir4.1 and AQP4 protein expression levels by western blot, in 8 or
12-month-old mice. Results are normalised to α-tubulin (α-Tub) signal and expressed relative to controls at each stage (dashed line) (n= 3 biological
replicates per condition). e 12-month-old retinal sections immunostained for Kir4.1 (red), AQP4 (purple), or the Müller cell marker glutamine
synthetase (GS, green). Nuclei are DAPI counterstained (blue). onl: outer nuclear layer, inl: inner nuclear layer, gcl: ganglion cell layer. All values are
expressed as the mean ± SEM. Statistics: Mann–Whitney test, *p ≤ 0.05. Scale bar: 50 μm.
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such rises appeared to go beyond Yap compensation as we

observed an increase in YAP/TAZ target genes. Interest-

ingly, this dosage compensation system was not

maintained in the retina of adult mice after 4 months of

age. All these quantitative data on the abundance of YAP/

TAZ and their target genes highlight Yap+/− mice as an

Fig. 6 Decreased CRALBP expression in Yap
+/− adult mice retina. a Analysis of CRALBP protein expression level by western blot. SOX9 serves as a

marker of Müller cells. Results are normalised to α-tubulin (α-Tub) signal and expressed relative to controls at each stage (dashed line) (n= 3
biological replicates per condition). Values are expressed as the mean ± SEM. b 12-month-old retinal sections immunostained for CRALBP (red) and
SOX9 (green). Nuclei are DAPI counterstained (blue). The delineated areas (dashed lines) are enlarged in the right panels. c 12-month-old RPE sections
immunostained for CRALBP (red). Nuclei are DAPI counterstained (blue). inl: inner nuclear layer, onl: outer nuclear layer, gcl: ganglion cell layer, rpe:
retinal pigment epithelium. Statistics: Mann–Whitney test, *p ≤ 0.05. Scale bar: 50 μm (b) and 100 μm (c).
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Fig. 7 (See legend on next page.)
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excellent model to study the role of YAP in the adult

retina, when TAZ no longer compensates for Yap deletion.

Unlike in humans, where heterozygous loss-of-function

mutations in YAP causes coloboma15,16, Yap+/− mice do

not exhibit such congenital malformation of the eye. A

plausible hypothesis is that the compensatory mechanism

during eye development is not regulated in humans as it is

in mice. Interestingly, the phenotype in humans is not fully

penetrant, which could indicate potential YAP/TAZ

dosage variations between individuals.

YAP overexpression in neonatal mouse retinas was

shown to promote cell proliferation and inhibit cell-cycle

exit of late retinal progenitors8. We also found a delay in

cell-cycle exit in Yap+/− postnatal retina. We propose that

this is the consequence of the compensatory regulation

that leads to TAZ level increase. Indeed, despite the

genetic Yap+/− context, we observed an upregulation of

YAP/TAZ target genes at postnatal stages. Since the

observed delayed cell-cycle exit does not appear to cause

an overall increase in cell number, it may result from

(see figure on previous page)
Fig. 7 Müller cell dysfunction and decreased expression of S/M-opsin in Yap CKO. a Timeline diagram of the experimental procedure used in
b. Yapflox/flox mice (control) and Yapflox/flox;Rax-CreERT2 mice (Yap CKO) received a single dose of 4-OHT at P10 and their retinas were analyzed at
12 months. b Analysis of the protein expression level of AQP4, Kir4.1, and GFAP. Results are normalised to α-tubulin (α-Tub) signal and expressed
relative to control (n= 3 biological replicates per condition). c, d Retinal sections from 12-month-old control and Yap CKO mice immunostained for
S-opsin (green) and PNA (red) (c) or M-opsin (green) and PNA (red) (d). Dorsal, central and ventral sections of retinal sections are shown. Nuclei are
DAPI counterstained (blue). Scatter plots with bars represent the mean number of labelled cells per field (250 × 250 μm) from four retinas per
condition. All values are expressed as the mean ± SEM. onl: outer nuclear layer, inl: inner nuclear layer, gcl: ganglion cell layer. Statistics:
Mann–Whitney test, *p ≤ 0.05, **p ≤ 0.01, ns nonsignificant. Scale bars: 100 μm (central part) (enlarged panels) and 50 μm (dorsal and ventral part).

Fig. 8 Proposed model explaining Yap
+/− phenotypes at postnatal and adult stages. Our results revealed the occurrence of a TAZ

compensatory mechanism in postnatal Yap+/− retina, i.e., the decreased of Yap expression (red arrow) is accompanied by an increase of Taz
expression (green arrow), that results in the upregulation of YAP/TAZ target gene expression. Our data suggest that this leads to prolonged
proliferation of postnatal retinal progenitor cells, and that this phenotype may likely result from EGFR pathway potentiation. In the adult Yap+/−

retina, the compensatory mechanism is no longer effective, and YAP/TAZ target genes expression is diminished. Under such conditions, one Yap

allele deletion progressively leads to impaired Müller cell homoeostasis. We propose that this may, at least in part, contribute to impaired cone-
specific visual cycle and therefore to the cone dystrophy observed in aged Yap+/− mice. RTKs Receptor tyrosine kinases. This figure was created with
some schemas from ©BioRender—biorender.com.
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slower cell-cycle kinetics. We have previously shown in

Xenopus retina that Yap knockdown results in perturbed

cell-cycle kinetics of retinal stem cells in the ciliary mar-

gin46. Further analyses are, however, required to measure

cell-cycle length in Yap+/− retinal progenitors. Further-

more, our data suggest that this delayed cell-cycle exit of

retinal progenitor may be mediated by an increase in EGFR

activity. Previous studies in other cell types have demon-

strated that YAP and TAZ promote proliferation by

potentiating the EGFR pathway29–31. This is also consistent

with our recent finding suggesting that YAP is a key reg-

ulator of the EGFR pathway in adult reactive Müller cells

in a degenerative context and that EGFR pathway is

required for YAP mitogenic activity22. It remains to be

investigated whether EGFR pathway components are

directly regulated by YAP/TAZ in retinal cells. We raised

the hypothesis that the prolonged maintenance of cell

proliferation at postnatal stages could be linked to the

appearance of dysplastic regions in Yap+/− retina. Indeed,

the maintenance of progenitor cells in proliferation may

subsequently lead to abnormal folding of retinal layers.

Alternatively, considering that YAP regulates key effectors

of matrix stiffening47, we can also hypothesise that the

stiffness of the retinal tissue is affected, leading to retinal

misfolding. This could underlie the increased incidence of

dysplasia observed during aging.

We showed previously that YAP is expressed only in

Müller cells in the adult retina17. We thus raised the

hypothesis that cone degeneration in Yap+/− mice could

result from altered Müller cell function. Indeed, Müller cells

play many essential roles in retinal maintenance, regulation of

synaptic activity, ion, and water homeostasis, and, impor-

tantly, in mediating cone visual cycle39. Moreover, condi-

tional Müller cell ablation was shown to cause photoreceptor

degeneration48,49. Our hypothesis is supported by the finding

that deleting Yap specifically in Müller cells in Yap CKO

mice also leads to abnormal expression of cone opsins. Both

mutants exhibit reactive gliosis and impaired expression of

genes involved in Müller cell homeostatic function (AQP4

and Kir4.1) consistent with a model where impaired cone

integrity would be caused by Müller cell dysfunction.

We also discovered in Yap+/− Müller glia an altered

expression of CRALBP, which is involved in cone-specific

visual cycle. Knockdown or mutations in CRALBP gene

lead to decreased cone-driven ERG responses in zebrafish,

M-cone loss in mice or can lead to severe cone

photoreceptor-mediated retinal disease in patients41,50,51.

Importantly, restoration of CRALBP expression specifi-

cally in Müller cells, but not RPE cells, can rescue the

sensitivity of CRALBP-deficient cones in the mouse41. We

can thus raise the hypothesis that the severe decrease of

CRALBP levels in Müller cells of aged Yap+/− mice may

contribute to the observed cone dysfunction and

degeneration. We did not observe any significant decrease

in CRALBP levels in Yap CKO retinas (data not shown),

which may explain, at least in part, the less severe cone

phenotype (PNA staining unaffected) compared to the

one observed in Yap+/− mice. This could indicate only

structural cone defects in Yap CKO retinas without bona

fide degeneration. Besides, the decreased abundance of

YAP in Yap+/− mice in other cell types than Müller cells

may also explain the different severity of the phenotype.

Although we did not detect any major defects in RPE cells

in Yap+/− mice, we observed a decreased expression of

CRALBP in RPE cells. We therefore cannot exclude the

possibility that the RPE is not functioning properly, con-

tributing to cone degeneration. Similarly, the defect in the

intermediate vascular plexus observed in Yap+/− mice

could also participate to the degenerative phenotype.

We here did not focus our analysis on extraocular tis-

sues. However, ocular phenotypes in a Yap+/− mouse line

were recently examined with an emphasis on the cornea

and severe corneal pathology was reported52. In this

mutant mouse, similar to our findings, retinal defects

were detected only in aged mice. However, in contrast to

our study, the phenotype was very severe, including ret-

inal detachment, defect in the RPE and important loss of

photoreceptors. It remains to be addressed whether

genetic background differences could explain these phe-

notypic variabilities between the two Yap+/− mouse lines.

To conclude, we highlighted in this study a novel role for

YAP in the maintenance of cone photoreceptors in adult

mice, associated with a regulation of Müller cell home-

ostasis. Overall, our data showing cone degeneration in

Yap+/− mice (i) warrant further investigation in patients

with YAP heterozygous loss-of-function mutations,

regarding their cone-driven vision during aging, and (ii)

identify Yap as a novel candidate gene that could account

for cone dystrophy in patients with unidentified mutations.
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Supplementary Figure S1. Absence of retinal progenitor proliferation from P11 Yap+/- 
mice. (A) Timeline diagram of the experimental procedure used in B.  Wild-type (Control) or 
Yap+/- mice were injected with EdU at P11 and the presence of EdU-positive cells was 
assessed 24 hours later (P12). (B) Retinal sections labelled for EdU (red) and DAPI 
counterstained (blue). Ventral areas are enlarged in the bottom panels. INL: inner nuclear 
layer; ONL: outer nuclear layer; GCL: ganglion cell layer. Scale bar: 200 μm and 50 μm 
(enlarged panels). 
  



 

 



 

Supplementary Figure S2. Correct cell fate of retinal progenitors with delayed cell cycle 
exit in Yap+/- mice (A) Timeline diagram of the birthdating experimental procedure used in B.  
Wild-type (Control) or Yap+/- mice were injected with EdU at P6 and the fate of EdU-positive 
cells was analysed in 2-month-old mice. (B) Retinal sections labelled for EdU (red) and DAPI 
counterstained (blue). The delineated areas are enlarged in the insets. The asterisk marks the 
location of a dysplastic region. (C) Retinal sections labelled for EdU (red) and stained for the 
indicated markers (SOX9, CHX10, Recoverin, green) and DAPI counterstained (blue). 
Arrows point to double labelled cells. (D, E) Quantification of double labelled cells among 
EdU-positive cells per field (400 μm x 400 μm) in the central (D) or peripheral (E) retinal 
region. Mean values ± SEM from 3 retinas per condition are shown. INL: inner nuclear layer; 
ONL: outer nuclear layer; GCL: ganglion cell layer. Statistics: Mann-Whitney test, ns: non-
significant. Scale bar: 200 μm (B), 50 μm (C). 
  



 

 



 

Supplementary Figure S3. One allele deletion of Yap does not alter eye size but generate 
retinal dysplasia. (A) Enucleated eyes from wild type (Control) and Yap+/- 12-month-old 
mice. (B) H&E staining of retinal sections in 4 and 12-month-old wild type (Control) and 
Yap+/- mice. Red asterisks indicate the position of dysplastic regions. Area delineated with 
dashed black lines are enlarged in panels on the right showing finger-like protrusions of Yap+/- 
retinal layers toward the RPE. (C) Number of retinas with a dorsal, central or ventral 
dysplasia in Yap+/- retinas expressed in percentage of the total number of retinas with a 
dysplasia (n=96 retinas from stage p21 to 12 month-old). (D) Incidence of retinal dysplasia in 
control and Yap+/- mice at different stages. INL: inner nuclear layer; ONL: outer nuclear layer; 
GCL: ganglion cell layer.  Scale bar: 200 μm and 50 μm (enlarged panels). 
  



 

 



 

Supplementary Figure S4. Normal appearance of the RPE and normal retinal thickness 
in Yap+/- mice. (A) RPE flat mounts from 12-month-old wild type (control) and Yap+/- mice 
immunostained for Phalloidin (red) and RPE65 (green). Nuclei are DAPI counterstained 
(blue). (B) Analysis of - -Tub) level of expression in 1 or 12-month-old 
mice. (C) RPE sections from 12-month-old mice immunostained for OTX2 (red) and Ezrin 
(green). Nuclei are DAPI counterstained (blue). RPE: retinal pigment epithelium. (D) H&E 
staining of retinal sections from 12-month-old wild type (Control) and Yap+/- mice. A region 
away from a dysplastic region is shown. Histogram represents the measurement of the outer 
and inner nuclear layer thickness. Mean values ± SEM from three independent retinas are 
shown. INL: inner nuclear layer; ONL: outer nuclear layer; GCL: ganglion cell layer. Mean ± 
SEM from 7 retinas per condition are shown. Statistics: Mann-Whitney test, ns: non-
significant. Scale bar: 20 μm and 100 μm (enlarged panels) (A), 10 μm (C), 50 μm (D).  
  



 

 



 

Supplementary Figure S5. Altered cone-driven vision in Yap+/- adult mice. (A) 
Representative ERG intensity series for scotopic (dark-adapted) and photopic (light-adapted) 
responses in 12-month-old wild-type (Control) and Yap+/- mice. (B) Quantitative evaluation of 
the scotopic and photopic a- and b-waves maximum amplitude data from 4- and 8-month-old 
wild-type (black) or Yap+/- (red) mice. Mean ± SEM intensity response curves are averaged 
from: 8 controls and 7 Yap+/- biological replicates of 4- month-old mice; 9 controls and 8 
Yap+/- biological replicates of 8-month-old mice. 
  



 

 



 

Supplementary Figure S6. Altered architecture of the photoreceptor ribbon synapse in 
12-month-old Yap+/- adult mice. 12-month-old retinal sections immunostained for PKC-  
(green) and RIBEYE (red). Delineated areas (dashed lines) are enlarged in the right panels. 
Nuclei are DAPI counterstained (blue). An arrow indicates a ribbon with a normal horseshoe 
shape, facing PKC-  labelled rod-bipolar cell post-synaptic terminals in Yap+/- retinas. The 
scatter plot with bars indicates the number of labelled RIBEYE positive ribbons per field (150 
μm x 150 μm). Values are expressed as the mean ± SEM from 3 retinas per condition. ONL: 
outer nuclear layer, INL: inner nuclear layer, GCL: ganglion cell layer. Statistics: Mann-
Whitney test, ns: non-significant. Scale bar: 20 μm and 50 μm (enlarged panels). 
  



 

 



 

Supplementary Figure S7. Decreased expression of cone markers in 12-month-old Yap+/- 

mice retinas. (A) Retinal flat-mounts from 12-month-old wild type (control) and Yap+/- mice, 
immunostained for cone makers (PNA, S-Opsin and M-Opsin) in the ventral part of the retina. 
Histograms indicate the number of labelled cells per field (400 μm x 400 μm). Values are 
expressed as the mean ± SEM from 6 retinas per condition. (B) 12-month-old mouse retinal 
sections immunostained for PNA (red) and Cone Arrestin (green). Nuclei are DAPI 
counterstained (blue). Scatter plots with bars represent the number of Cone Arrestin labelled 
cells per field (150 μm x 150 μm). Values are expressed as the mean ± SEM from 3 retinas 
per condition. ONL: outer nuclear layer, INL: inner nuclear layer, GCL: ganglion cell layer.  
Scale bar: 50 μm (A), 20 μm (B). Statistics:  Mann-  
  



 

 



 

Supplementary Figure S8. Normal expression of cone markers in 1- and 4-month-old 
Yap+/- mice. (A) 1-month-old retinal sections immunostained for cone markers (PNA, S-
opsin, M-opsin). Scatter plots with bars represent the quantification of labelled cells per field 
(300 μm x 300 μm). Central, mid-dorsal and ventral regions of retinal sections are shown. 
Mean values ± SEM from 3 retinas per condition are shown. INL: inner nuclear layer; ONL: 
outer nuclear layer; GCL: ganglion cell layer. Statistics: Mann-Whitney test, ns: non-
significant. (B) 4-month-old retinal flat-mounts immunostained for cone markers (PNA, S-
opsin, M-opsin). Scatter plots with bars represent the quantification of labelled cells per field 
(400 μm x 400 μm). Mean values ± SEM from 3 retinas per condition are shown. Statistics: 
Mann-Whitney test, ns: non-significant. Scale bare : 20 μm (A), 50 μm (B). 
  



 

 



 

 
 
Supplementary Figure S9. Normal expression of Rhodopsin and normal number of 
Müller cells in Yap+/- adult mice. 12-month-old retinal sections immunostaining for 
Rhodopsin (Rho, red) (A) or for SOX9 (green) (B). Nuclei are DAPI counterstained (blue). 
Scatter plots with bars represents the quantification of labelled cells per field (1200 μm x 
1200 μm). Mean values ± SEM from 3 retinas per condition are shown. GCL: ganglion cell 
layer, INL: inner nuclear layer; ONL: outer nuclear layer; OS: outer segment. Statistics: 
Mann-Whitney test, ns: non-significant. Scale bar: 50 μm. 
  



 

 



 

 
 
Supplementary Figure S10. Alteration of intermediate retinal vascular plexus in Yap+/- 
adult mice. (A) Schematic representation of the three-retinal plexi: deep plexus, intermediate 
plexus and superficial plexus (red) in the mouse retina. This figure was created with some 
schemas adapted from Servier Medical Art by Servier (licensed under a Creative Commons 
Attribution 3.0 Unported License). (B) 8 and 12-old-month retinal flat-mounts stained for 
endothelial cells with isolectin B4 (red) in the superficial, intermediate, and deep plexi (n=3 
mice per condition). INL: inner nuclear layer; ONL: outer nuclear layer; GCL: ganglion cell 
layer; RPE: retinal pigment epithelium. Scale bar: 100 μm.  
  



 



 

 
 
Supplementary Figure S11. No blood leakage in Yap+/- adult mice. Fluorescein 
angiography in 12-month-old mouse retina showing no signs of vascular leakage 
approximately 5 min after intra-peritoneal injection of sodium fluorescein. Scale bar: 200 μm. 
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IS YAP REALLY DISPENSABLE IN ADULT RETINA?  
 

In several mammalian organs such as the intestine, the pancreas, the liver or the mammary gland, the 

absence of major defects in the adult tissue in conditional mutants of loss of function of Yap suggested 

unexpectedly that this factor may be dispensable to maintain normal homeostasis (Azzolin et al., 2014; 

Cai et al., 2010; Chen et al., 2014; Zhang et al., 2010; Zhang et al., 2014). To address whether Yap could 

play a role in the adult retina, we took advantage of a Yap heterozygous mice (Yap  since Yap 

knockout is lethal on embryonic day 8.5 (Morin-kensicki et al., 2006). Although heterozygous mice are 

often phenotypically normal, detailed phenotypic analysis can reveal specific defects. In line with this, 

we found no obvious phenotype in adult retina (2 to 8 months of age). However, it does not mean 

that Yap is dispensable but that its function may be compensated by TAZ, which we demonstrated up 

to 4 months of age. Despite that double deficiency of YAP and TAZ has been reported as having little 

consequences on intestinal homeostasis (Azzolin et al., 2014), a double YAP/TAZ knockout would be 

necessary to fully assess their role in adult retina.  

 

YAP IS A KEY FACTOR FOR CONE SURVIVAL AND PROPER VISION  
 

Very interestingly, the TAZ compensation disappears in aged Yap  mice and thus allows to assess YAP 

function in aged retinas. Surprisingly, we found a severe effect on cone survival and proper cone-

driven vision. A recent manuscript also reported the analysis of Yap  phenotype and, consistent with 

our work, revealed an aged-dependent phenotype (Kim et al., 2019). However, they found much 

stronger defects (retinal detachment accompanied by loss of photoreceptors) but they did not analyze 

whether only cone or also rods were affected. We hypothesized that the different phenotype severity 

was due to different genetic background. In any case, these data have an important impact for human 

retinal diseases since they reveal that a single copy deletion of Yap could lead to progressive 

photoreceptor degeneration. It would thus be interesting to systematically look for Yap mutations in 

patients with cone dystrophies for which the mutated gene has not yet been identified. A 

collaboration with geneticists in ophthalmology in Montpellier has been established in this context. 
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MÜLLER CELL-DEPENDENT YAP FUNCTION PREVENTS CONE DEGENERATION UPON 
AGING 
 

As YAP is expressed in Müller cells but also in the RPE, we thus took advantage of Yap cKO mice, in 

which Yap is specifically deleted in Müller cells from P10 onwards, to assess whether the cone 

degenerative phenotype that we observed in Yap  is only linked to its role in Müller cells. Indeed, the 

RPE is critical for maintaining visual system function of both rod and cone photoreceptors, whereas 

the Müller cells are involved only in the visual cycle of cônes (Travis et al., 2007). We also found cone 

defects in aged Yap cKO mice suggesting that indeed YAP expression decrease in Müller cells in Yap  

eventually leads to cone degeneration. However, the phenotype was less severe in Yap cKO. One 

hypothesis is that Yap deletion in the RPE in Yap  may also contribute to the phenotype. Crossing Yap 

flox line with a line expressing the Cre only in the RPE could help to address this issue. And assessing 

whether we can rescue the phenotype by restoring Yap expression only in Müller cells or only in RPE 

in Yap  could also be a strategy.  

 

YAP MAINTAINS PROPER MÜLLER CELL HOMEOSTASIS  
 

We next wondered what was going wrong in Müller cells in both Yap cKO or Yap . In both lines, we 

observed a decrease in Kir4.1 or AQP4, proteins that are crucial for the maintenance of retinal 

homeostasis. Indeed, these proteins are involved in ionic and water homeostasis (Reichenbach and 

Bringmann, 2013). Interestingly, they are also associated directly or indirectly with the glutamate 

metabolism (Li et al., 2014; Nishikawa et al., 2016; Reichenbach and Bringmann, 2013). For example, 

a decrease in Kir4.1 lessen the transport of potassium through Müller cells and causes cell 

depolarization, impairing glutamate uptake (Reichenbach and Bringmann, 2013). Therefore, we can 

speculate that alterations in the expression of these proteins could result in alteration of potassium 

conductance, osmotic gradient and/or glutamate recycling by Müller cells, leading to retinal stress and 

neurotoxicity by glutamate accumulation in the extracellular medium and thus, eventually, to cone 

degeneration. In accordance with this idea, the expression of GFAP, the most sensitive indicator of 

retinal stress in Müller cells, was dramatically increased in aged Yap  mice compared to controls, but 

not before. In addition to Kir4.1 and AQP4 diminution, we also found in aged Yap  mice that the 

reduction of YAP quantity correlated with a decrease in the expression of CRALBP, one of the proteins 

required for Müller cell visual cycle, which may also contribute to the observed cone dysfunction and 

degeneration. Of note, we did not observe this down-regulation in the Yap CKO mice, which may 

explain, at least in part, the less severe cone phenotype (PNA staining unaffected) compared to the 

one observed in Yap  mice.   
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Alternatively, the decrease in the expression of Kir4.1, AQP4 or CRALBP could also be a consequence, 

and not a cause, of cone defects observed in Yap cKO or Yap  as it has been reported that these 

Müller cell markers are often affected in retinal diseases (Bringmann et al., 2006; Bringmann et al., 

2009; Lewis et al., 1994; Lieth et al., 1998; Tenckhoff et al., 2005). However, unpublished data from a 

researcher in the laboratory, Juliette Bitard, revealed that Kir4.1 or AQP4 expression is decrease long 

before cone defects in Yap cKO mice retina. Together, these data strongly suggest that YAP is required 

for the maintenance of Müller cell physiological functions. RNAseq data would be helpful to provide a 

more global view of Müller cell transcriptomic defects in Yap cKO or Yap  mice during retina aging. 

Such analysis is underway in the laboratory. 

Very interestingly, a link between YAP and mesenchymal stem cell aging has recently been reported  

(Fu et al., 2019). Indeed, it was shown that YAP represses human mesenchymal stem cell (hMSC) 

senescence  Yap  hMSCs exhibited accelerated senescence while lentiviral gene transfer of YAP could 

rejuvenate aged hMSCs and ameliorate osteoarthritis symptoms in mouse models. In rosop ila, 

YAP/Yorkie was shown to protect germline stem cells from age-associated loss (Francis et al., 2019). 

A recent paper has highlighted deregulated genes in old Müller cells compared to young one (Lin et 

al., 2019). It would be very interesting to assess whether Shh10 AAV-mediated YAP overexpression 

could prevent such aged marks and therefore delay retinal senescence. 



PART 2 

YAP FUNCTION IN THE ADULT RETINA 
UNDER DEGENERATIVE CONDITIONS 
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Different studies have reported a crucial role of YAP in tissue regeneration and stem cells. Thus, in 

parallel with the study of YAP in Müller cells in physiological conditions and in line with the previous 

data of the laboratory indicating that YAP might be implicated in the reactivation of Müller cells during 

degenerating conditions (Hamon et al., 2017), a PhD student in the laboratory, Annaïg Hamon, 

developed a project to understand the role of YAP in Müller cells in adult retinas in case of 

photoreceptor cell death using a loss of function approach. In addition, a post-doctoral fellow in the 

laboratory, Divya Ail, started to study the role of YAP in Müller cells during retinal regeneration in 

enop s laevis. Based on the hypothesis that YAP expression and activity might potentially awaken 

the regenerative potential of Müller cells, I developed a gain of function model of YAP using an AAV 

as a vector to express a constitutively active form of YAP specifically in Müller cells. Using this model, 

I studied the impact of YAP overexpression in Müller cell reactivation both e  vivo and in vivo. In 

addition, I investigate whether the YAP-EGFR interaction was required for the mitogenic effect of YAP 

on Müller cells. 

 

1. ANIMAL MODELS 

In order to determine the function of YAP precisely in Müller cells, my laboratory generated a genetic 

mouse line in which Yap was conditionally deleted specifically in Müller cells thanks to the Cre-Loxp 

system. Briefly, Yap lo lo  mice were obtained from Jeff Wrana’s lab (Reginensi et al., 2013) and 

crossed with heterozygous Rax-CreERT2 knock-in mice or double heterozygous Rax-CreERT2,R26-CAG-

lox-stop-lox-TdTom (Ai9) mice from Seth Blackshaw’s lab (Pak et al., 2014) to generate Yap lo lo a

Cre T  (Yap CKO) and Yapflox/flox;Rax-CreERT2;Ai9 (Yap CKO; Ai9) mice. Cre activity was induced through 

a single intraperitoneal injection of 4-hydroxyta-moxifen (4-OHT) at P10. Ai9 is a reporter allele of the 

Cre recombinase.  

To induce degenerative conditions, we used different models. First, we used a pharmacological model 

to induce photoreceptor degeneration. Chemically induced retinal degeneration was performed 

through a single intraperitoneal injection of N-Methyl-N-nitrosourea (MNU), an alkylant reagent that 

lead to DNA damage and apoptosis. Second, we used a genetic model of retinitis pigmentosa, the r  

mice. These mice have an autosomal recessive mutation in the 13th exon of the e  gene (cGMP 

phosphodiesterase 6B) (Chang et al., 2002). This mutation leads to rod photoreceptor cell death from 
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16 days after birth (P16). In the last stages of the disease the death of rods is followed by cone cell 

death (Barhoum et al., 2008; Gargini et al., 2007; Pennesi et al., 2012). This genetic model was crossed 

with Yap CKO mice to generate a genetic model of retinal degeneration in which YAP could be 

specifically deleted in Müller cells. To generate the Yap lo lo a Cre T r  line (Yap CKO;rd10), 

Yap lo lo a Cre T  mice were crossed with homozygous r  mice. Third, we used a spontaneous 

model of e  vivo retinal degeneration, the retinal explant culture (Alarautalahti et al., 2019; Johnson 

et al., 2016; Müller et al., 2017).  

The gain of function model of YAP was developed by the overexpression of a constitutively active form 

of YAP (YAP5SA) specifically in Müller cells. This YAP has a mutation in the main phosphorylation sites, 

which impedes its inactivation by LATS1/2. To deliver this YAP5SA, we established a collaboration with 

Deniz Dalkara (Institut de la Vision, Paris) to generate an adeno-associated virus (AAV) variant, ShH10, 

which selectively targets Müller cells (Klimczak et al., 2009), coding for YAP5SA.  

For the enop s experiments, heat-shock-inducible dominant-negative YAP transgenic line Tg 

( sp nYap  r a t To ato) (T nYA ) (Hayashi et al., 2014a) was obtained from the UK 

enop s resource center (EXRC). Heat-shock-mediated dnYAP expression was induced by shifting the 

animals from 18-20 C to 34 C for 30 min as previously described (Hayashi et al., 2014a). The 

transgenic enop s line T o T  used for conditional rod ablation was generated in the lab 

and previously described (Langhe et al., 2017). Photoreceptor degeneration was induced by bathing 

the froglets in a 10 mM MTZ solution for 1 week (Langhe et al., 2017). As another degenerative model, 

retinal mechanical injury was performed by poking the retina once under a stereomicroscope with a 

needle without damaging the cornea or the lens. 
 

2. MAIN RESULTS 

 
 YAP is required for enop s Müller glia cell proliferation in response to injury. 

 In the mouse, YAP is required for cell cycle gene upregulation that accompanies Müller cell 

reactivation following retinal injury and as such is required for mouse Müller glia exit from 

quiescence upon degeneration. 

 YAP overexpression reprograms mouse Müller glia into highly proliferative cells in an e  vivo 

model of retinal regeneration. 

 YAP overexpression triggers Müller glia cell-cycle re-entry in vivo even in the absence of retinal 

damage. 

 YAP positively regulates the expression of EGFR pathway components in mouse reactive 

Müller cells. 

 YAP mitogenic effects on Müller cells requires EGFR pathway activity.
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While fish and amphibian M€uller cells

behave as retinal stem cells upon injury,

their regenerative potential is limited in

mammals. Hamon et al. show that YAP is

required for their cell-cycle re-entry in

Xenopus and is sufficient in mouse to

awake them from quiescence and trigger

their proliferative response.
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SUMMARY

Contrasting with fish or amphibian, retinal regenera-

tion from M€uller glia is largely limited in mammals. In

our quest toward the identification of molecular cues

that may boost their stemness potential, we investi-

gated the involvement of the Hippo pathway effector

YAP (Yes-associated protein), which is upregulated

in M€uller cells following retinal injury. Conditional

Yap deletion in mouse M€uller cells prevents cell-cy-

cle gene upregulation that normally accompanies

reactive gliosis upon photoreceptor cell death. We

further show that, in Xenopus, a species endowed

with efficient regenerative capacity, YAP is required

for their injury-dependent proliferative response. In

the mouse retina, where M€uller cells do not sponta-

neously proliferate, YAP overactivation is sufficient

to induce their reprogramming into highly prolifera-

tive cells. Overall, we unravel a pivotal role for YAP

in tuning M€uller cell proliferative response to injury

and highlight a YAP-EGFR (epidermal growth factor

receptor) axis by which M€uller cells exit their quies-

cence state, a critical step toward regeneration.

INTRODUCTION

Neurodegenerative retinal diseases, such as retinitis pigmentosa

or age-related macular degeneration, ultimately lead to vision

loss, as a consequence of photoreceptor cell death. Driving

retinal self-repair from endogenous neural stem cells in patients

represents an attractive therapeutic strategy. Among cellular

sources of interest are M€uller cells, the major glial cell type in

the retina (Bringmann et al., 2006). In certain species, such as ze-

brafish or Xenopus, they behave as genuine stem cells, endowed

with the ability to reprogram into a progenitor-like state upon

retinal damage, proliferate, and regenerate lost photoreceptors

(Hamon et al., 2016; Langhe et al., 2017; Wan and Goldman,

2016). In mammals, however, their proliferative response to

injury is extremely limited. Following acute retinal damage,

mouse M€uller glial cells rapidly re-enter the G1 phase of the

cell cycle, as inferred by increased cyclin gene expression, but

they rarely divide (Dyer and Cepko, 2000). Suggesting that

they nonetheless retain remnants of repair capacities, their

proliferation and neurogenic potential can be stimulated, by

supplying exogenous growth factors such as heparin-binding

epidermal growth factor (EGF)-like growth factor (HB-EGF), by

overexpressing the proneural gene Ascl1a, or via cell fusion

with Wnt-activated transplanted stem cells (Hamon et al.,

2016; Jorstad et al., 2017; Sanges et al., 2016; Ueki et al.,

2015; Wilken and Reh, 2016). Our understanding of the genetic

and signaling network sustaining M€uller cell stemness potential

is, however, far from being complete. Identifying novel molecular

cues is thus of utmost importance to foresee putative candidates

that could be targeted for regenerative medicine. We here inves-

tigated whether the Hippo pathway effector YAP might influence

M€uller cell reactivation and how it would intersect with other

critical signaling pathways.

TheHippo pathway is a kinase cascade that converges toward

two terminal effectors, YAP (Yes-associated protein) and TAZ

(transcriptional coactivator with PDZ-binding motif). Both are

transcriptional coactivators of TEAD family transcription factors.

The Hippo pathway emerged as a key signaling in a wide range

of biological processes (Fu et al., 2017), including stem cell

biology (Barry and Camargo, 2013; Mo et al., 2014). Of note, it

proved to be dispensable under physiological conditions in

some adult stem cells, such as mammary gland, pancreatic, in-

testinal, and importantly, neural stem cells (Azzolin et al., 2014;

Chen et al., 2014a; Huang et al., 2016; Zhang et al., 2014). It

can nonetheless become essential under pathological condi-

tions, as described, for example, in the context of intestinal

regeneration following injury (Barry et al., 2013; Gregorieff

et al., 2015). YAP status in adult neural tissue repair has hitherto

never been investigated. We recently discovered that YAP and

TEAD1 are specifically expressed in murine M€uller cells, and

that their expression and activity are enhanced upon retinal dam-

age (Hamon et al., 2017). We thus sought to determine whether

YAP could be required for injury-inducedM€uller glia reactivation.

We found in mouse that YAP triggers cell-cycle gene upregula-

tion in M€uller glial cells following photoreceptor cell death.

In line with the idea of a conserved role in M€uller cell-cycle re-en-

try, blocking YAP function in Xenopus results in a dramatically

reduced proliferative response following acute retinal damage

or photoreceptor cell ablation. Finally, we report that the limited

proliferative response of murine M€uller glia can be circumvented
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and significantly enhanced by YAP overexpression. We further

show such YAP mitogenic function relies on its interplay with

epidermal growth factor receptor (EGFR) signaling. As a whole,

this study highlights the critical role of YAP in driving M€uller cells

to exit quiescence and thus reveals a potential target for regen-

erative medicine.

RESULTS

Yap Conditional Knockout in Mouse M€uller Cells Does

Not Compromise Their Maintenance under

Physiological Conditions

To investigate the role of YAP in murine M€uller glia, we gener-

ated a Yapflox/flox; Rax-CreERT2 mouse line allowing for Cre-

mediated conditional gene ablation specifically in M€uller cells

(Pak et al., 2014; Reginensi et al., 2013). It is thereafter named

Yap CKO (conditional knockout), whereas ‘‘control’’ refers to

Yapflox/flox mice. Yap deletion was induced in fully differentiated

A B

C

D

E H

G

F

Figure 1. Yap CKO Retinas Exhibit Altered

Transcriptional Response to Injury

(A) Timeline diagram of the experimental proced-

ure used in (B–E). Yapflox/flox mice with or without

the Ai9 reporter allele (control or control;Ai9) and

Yapflox/flox;Rax-CreERT2 mice with or without the

Ai9 reporter allele (Yap CKO or Yap CKO;Ai9)

received a single dose of 4-OHT at P10 and were

analyzed at P60.

(B) Retinal sections immunostained for TdTomato,

glutamine synthetase (GS; a M€uller cell marker),

or YAP.

(C) Western blot analysis of YAP expression on

retinal extracts. a-Tubulin labeling was used to

normalize the signal. n = 4mice for each condition.

(D) Retinal sections immunostained for SOX9.

n = 3 mice for each condition.

(E) Retinal sections immunostained for GFAP or

Vimentin.

(F) Timeline diagram of the experimental proced-

ure used in (G) and (H). Yapflox/flox (control) and

Yapflox/flox;Rax-CreERT2 (Yap CKO) mice received

a single dose of 4-OHT at P10 and a single dose of

MNU at 2 months. Retinas were then subjected to

RNA-sequencing 16 h later.

(G) Pie chart representing the number of DEGs

found to be upregulated or downregulated in

MNU-injected Yap CKO retinas compared with

MNU-injected control ones.

(H) Results of Gene Ontology (GO) enrichment

analysis exemplifying six over-represented GO

biological processes related to retinal response

to injury.

In (B), (D), and (E), nuclei were counterstained with

DAPI (blue). Mann-Whitney test, *p % 0.05. All

results are reported as mean ± SEM. Scale bars,

20 mm. GCL, ganglion cell layer; INL, inner nuclear

layer; ns, non-significant; ONL, outer nuclear layer.

See also Figures S1 and S2 and Table S1.

M€uller cells, through 4-hydroxytamoxifen

(4-OHT) intraperitoneal injection at post-

natal day (P) 10 (Figure 1A). Phenotypic

analyses were then conducted on 2-month-old mice. We first

confirmed M€uller cell-specific Cre expression and Yap deletion

efficiency in Yap CKOmice carrying the Rosa26-CAG-lox-stop-

lox-TdTomato reporter (Ai9) transgene (Figures 1B and 1C). We

next wondered whether expression of TAZ (the second effector

of the Hippo pathway) could be increased in our model and thus

potentially compensate for Yap deletion, as previously reported

in mammalian cell lines (Finch-Edmondson et al., 2015). In these

physiological conditions, TAZ protein level was actually similar

in Yap CKO and control mice (Figure S1A), suggesting an

absence of compensatory mechanisms. Finally, we assessed

global retinal organization and function in YapCKOmice. Immu-

nostaining for various retinal neuron markers and electroretino-

gram (ERG) recordings under scotopic and photopic conditions

revealed neither structural nor functional difference compared

with control retinas (Figures S1B–S1D). M€uller cells, whose

identity was assessed with Sox9 labeling, were also normally

distributed (Figure 1D). They did not display any sign of stress
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reactivity, as inferred by the expression of intermediate filament

proteins, glial fibrillary acidic protein (GFAP), and Vimentin

(Figure 1E). Taken together, these results demonstrate that

lack of YAP expression in M€uller cells from P10 does not impact

the overall retinal structure, neuron and glia maintenance, nor

the visual function in 2-month-old mice.

Yap Deletion Impairs Mouse M€uller Cell Reactivation

upon Photoreceptor Degeneration

We next investigated YAP function in a degenerative context.

Retinal degeneration was triggered in Yap CKO mice through

in vivo methylnitrosourea (MNU) injections, a well-established

paradigm for inducible photoreceptor cell death (Chen et al.,

2014b). In order to evaluate the impact of Yap deletion on M€uller

glia early response to injury, all of the analyses were performed

16 h after MNU injection, at the onset of photoreceptor cell death

(Figures 1F and S2A). As previously described (Hamon et al.,

2017), YAP protein expression level was upregulated in wild-

type (WT) retinas upon MNU injection, and as expected, we

found it effectively decreased in our MNU-injected Yap CKO

model (Figure S2B). In contrast with the physiological situation,

this was accompanied by a compensatory increase of TAZ levels

(Figure S2C). Yet, this enhanced expression is likely insufficient

to entirely compensate for the loss of YAP activity, as inferred

by the downregulation of Cyr61, a well-known YAP/TAZ target

gene (Lai et al., 2011; Figure S2D). We next assessed GFAP

expression as a marker of reactive gliosis upon MNU injection.

Interestingly, we found it increased at both the mRNA and

protein levels in Yap CKO mice compared with control ones, re-

flecting a potential higher degree of retinal stress (Figures S2E

and S2F). This led us to further investigate the molecular impact

of Yap deletion in reactive M€uller cells, through a large-scale

transcriptomic analysis comparing non-injected WT mice,

MNU-injected control mice, and MNU-injected Yap CKO mice.

This allowed identifying 305 differentially expressed genes

(DEGs), 75% of them being downregulated in MNU-injected

Yap CKO retinas compared with MNU-injected control ones

(Figure 1G; Table S1). The top-enriched biological processes

they belong to include ‘‘response to chemical,’’ ‘‘regulation of

cell proliferation,’’ and ‘‘inflammatory response.’’ This strongly

suggests that lack of YAP expression profoundly alters M€uller

cell transcriptional response to retinal injury (Figure 1H).

YapKnockout Prevents Cell-Cycle Gene Upregulation in

Mouse Reactive M€uller Cells

As we were seeking for a potential function of YAP in M€uller cell

reactivation, we focused our interest on identified genes related

to the GO group ‘‘regulation of cell proliferation.’’ Z score-based

hierarchical clustering for the 70 corresponding DEGs revealed

three distinct clusters (Figure S3A). One particularly caught our

attention because the 52 DEGs it contains appear less respon-

sive to injury in the absence of YAP. These are indeed: (1) ex-

pressed at very low levels in wild-type mice, (2) strongly upregu-

lated in MNU-injected control mice, (3) while being only

moderately enriched in MNU-injected Yap CKO mice. This is

the case, for instance, of four cell-cycle regulator coding genes,

Ccnd1, Ccnd2, Ccnd3, and Cdk6 (Figure 2A). Further validation

was conducted by qPCR, immunostaining, and western blot for

Cyclin D1 and Cyclin D3, which are specifically expressed in

M€uller cells. This confirmed their downregulation upon MNU in-

jection in Yap CKO mice compared with controls (Figures 2B–

2D). Noticeably, we found that the pluripotent leukemia inhibitory

factor (LIF) and the reprogramming factor Klf4 follow the same

profile, suggesting that the reprogramming process that initiates

alongwithM€uller cell-reactive gliosis is also impaired by Yap loss

of function (Figure S3B).

To strengthen our results in a model closer to human retinal

disease, we generated Yap CKO;rd10 mice by breeding the

Yap CKO line into the rd10 background (Pde6brd10 line, a model

of retinitis pigmentosa) (Chang et al., 2007; McLaughlin et al.,

1995). We next assessed Cyclin D1 and Cyclin D3 expression

at P20 (Figures S4A and S4B), which corresponds to the period

of intense rod cell death in rd10 mice (Chang et al., 2007). As

observed with the MNU model, protein levels for both cyclins

were increased inM€uller cells upon photoreceptor degeneration,

and this upregulation was impaired in Yap CKO retinas. Taken

together, these results demonstrate YAP involvement in the

injury-induced transcriptional activation of cell-cycle genes,

which likely reflects its role in pushing M€uller cells out of their

quiescent state. Of note, a YAP-dependent control of Cyclin

D1 and D3 expression was also observed in physiological condi-

tions (Figures S4C and S4D), suggesting that YAP regulates the

basal level of cell-cycle genes in quiescent M€uller cells as well.

Inhibition of YAP PreventsM€uller Glia Proliferation upon

Acute Retinal Damage or Selective Photoreceptor Cell

Ablation in Xenopus laevis

All of the above results converge to the idea that YAP triggers

cell-cycle re-entry of quiescent M€uller glia upon injury. Because

this process is not complete in murine M€uller cells (they reacti-

vate G1 phase genes but rarely divide), we turned to the frog

to strengthen our hypothesis. Xenopus is an animal model

endowed with regenerative capacity, in which M€uller cells

efficiently respond to injury by intense proliferation (Langhe

et al., 2017). We first confirmed that, within the Xenopus central

neural retina, YAP expression is restricted to M€uller cells (Fig-

ure 3A) (Cabochette et al., 2015), as observed in mouse. We

next sought to assess the impact of YAP inhibition by taking

advantage of a Xenopus laevis transgenic line, hereafter named

Tg(dnYAP), in which a heat shock promoter (Hsp70) drives the

expression of a dominant-negative YAP variant (Hayashi et al.,

2014a; Nishioka et al., 2009; Figures 3B, S5A, and S5B). We first

verified that heat-shocked Tg(dnYAP) embryos displayed a

small eye phenotype, as previously demonstrated following

Yap-Morpholino injection (Cabochette et al., 2015). Moreover,

we found that this defective eye growth could be rescued by

overexpressing an inducible and constitutively active form of

YAP, YAPS98A-GR (Figures S5C–S5E). At latter developmental

stages, two YAP target genes, Ctgf (connective tissue growth

factor) and Cyr61, were downregulated in Tg(dnYAP) tadpole

retinas upon heat-shock induction (Figure S5F). Altogether,

these results validated the efficacy and specificity of dnYAP in

inhibiting endogenous YAP function. We next assayed M€uller

cell proliferative response in a model of stab injury (Figure 3C).

Importantly, we previously demonstrated that a majority of

proliferating cells found at the injury site are indeed M€uller cells
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(Langhe et al., 2017). Comparison of 5-bromo-20-deoxyuridine

(BrdU) incorporation in heat-shocked and non-heat-shocked

wild-type retinas confirmed that heat shock does not affect pro-

liferation by itself (Figure 3D). In contrast, the number of BrdU-

labeled cells at the injury site was reduced by about 60% in

heat-shocked Tg(dnYAP) tadpole retinas compared with con-

trols (non-heat-shocked transgenic animals or heat-shocked

non-transgenic siblings; Figure 3D). Of note, loss of YAP activity

did not affect M€uller cell density (Figure S5G), ruling out the

possibility that defective BrdU incorporation might be due to

an impaired cell survival. Finally, YAP requirement for M€uller

glia proliferative response to stab injury could be confirmed at

post-metamorphic stage in froglets, with Tg(dnYAP) retinas ex-

hibiting a reduction of 80% of BrdU-positive cells compared

with controls (Figures 3E and 3F).

We next sought to reinforce these data in a model closer to the

mouse MNU or rd10 paradigms. In this purpose, we turned to a

A

B C

D

Figure 2. Cell-Cycle Gene Upregulation in

Response to MNU Injection Is Compro-

mised in Yap CKO Retinas

(A) Relative RNA expression (in fragments per

kilobase of exon per million fragments mapped

[FPKM]; data retrieved from the RNA-seq experi-

ment) of Ccnd1, Ccnd2, Ccnd3, and Cdk6 in ret-

inas from non-injectedWTmice or control and Yap

CKO mice injected with 4-OHT and MNU as

shown in Figure 1F.

(B) qRT-PCR analysis of Ccnd1 and Ccnd3

expression in the same experimental conditions

(at least five biological replicates per condition

were used).

(C) Retinal sections from control and Yap CKO

mice, immunostained for Cyclin D1 or D3. Nuclei

are counterstained with DAPI (blue).

(D) Western blot analysis of Cyclin D1 and D3

expression on retinal extracts from WT, control,

andYapCKOmice. a-Tubulin labelingwas used to

normalize the signal. n = 3mice for each condition.

Mann-Whitney test (except in A where p values

were obtained using EdgeR), *p % 0.05, **p %

0.01; ***p % 0.001. Scale bar: 20 mm. GCL,

ganglion cell layer; INL, inner nuclear layer; ONL,

outer nuclear layer. See also Figures S3 and S4.

Xenopus laevis transgenic line that we

previously established, allowing for con-

ditional selective rod cell ablation (Langhe

et al., 2017) [Tg(Rho:GFP-NTR), hereafter

named Tg(NTR)] (Figure 4A). This trans-

genic line expresses the nitroreductase

(NTR) gene under the control of the

Rhodopsin promoter, and photoreceptor

degeneration can be induced by adding

the enzyme ligand metronidazole (MTZ)

to the tadpole rearing medium. Here

again, we previously showed that about

80% of cells that proliferate upon rod

cell ablation are indeed M€uller cells

(Langhe et al., 2017). The Tg(dnYAP)

and Tg(NTR) lines were crossed to generate double-transgenic

animals, in which inhibition of YAP can be triggered by heat

shock, and photoreceptor degeneration by MTZ treatment

(Figure 4B). As observed above with the stab injury, M€uller cell

proliferative response to rod cell death was dramatically reduced

in double Tg(dnYAP;NTR) froglet retinas compared with Tg(NTR)

control ones (Figure 4C). Altogether, although we cannot

completely rule out the possibility of dnYAP off-target effects

on M€uller cell behavior, these data strongly support the idea

that in different lesional contexts, YAP is required for Xenopus

M€uller glia cell-cycle re-entry and proliferation.

Forced YAP Expression in Mouse M€uller Glial Cells

Stimulates Their Proliferation Both Ex Vivo and In Vivo

Basedon theabovedataonXenopus, wenextwonderedwhether

mouse M€uller cell inability to proliferate upon injury (despite

cell-cycle gene reactivation) might be linked to insufficient levels
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of YAP activity. To investigate this hypothesis, we decided to

overexpress in mouse M€uller cells a FLAG-tagged mutated YAP

protein, YAP5SA, which is insensitive to Hippo pathway-medi-

ated cytoplasmic retention (Zhao et al., 2007). To deliver this

constitutively active form of YAP, we took advantage of an

adeno-associated virus (AAV) variant, ShH10, which selectively

targets M€uller cells (Klimczak et al., 2009; Figures 5A and S6A–

S6C). We then started by infecting retinal explants, a sponta-

neous model of retinal degeneration (M€uller et al., 2017). We first

found that levels of Cyclin D1 were significantly increased upon

AAV-YAP5SA transduction compared with that of AAV-GFP-

infected controls (Figures 5B and 5C). We next analyzed M€uller

cell proliferative activity through an EdU incorporation assay. In

explants overexpressing YAP5SA, EdU labeling was strongly

enhanced, with numerous patches containing a high density of

EdU-positive cells (Figure 5D) found in regions with the highest

infected cell density (as assessed by FLAG immunostaining;

data not shown). Further quantitative analyses within the explant

inner nuclear layer revealed that after a 7-day culture: (1) about

A B

C

D

E F

Figure 3. Inhibiting YAP Activity in Xenopus

Reduces the Proliferative Retinal Response

to a Stab Injury

(A) Retinal section from a stage 45 WT Xenopus

laevis tadpole, immunostained for YAP and gluta-

mine synthetase (GS; a marker of M€uller cells).

Nuclei are counterstained with Hoechst (blue).

(B) Schematic representation of the heat-

shock-inducible dominant-negative Yap trans-

gene (dnYap). Tg(dnYAP) transgenic animals can

be selected based on tdTomato expression in the

lens (driven by the g-crystallin promoter). Heat-

shocked efficiency can be assessed through GFP

expression.

(C and E) Timeline diagrams of the experimental

procedures used in (D) and (F), respectively. WT or

Tg(dnYAP) pre-metamorphic tadpoles (stage 54–

58; D) or froglets (stage 61–66; F) were heat-

shocked, injured in the retina 24 h later, and

transferred 1 h post-lesion in a BrdU solution for 3

more days.

(D and F) Retinal sections from animals that were

heat-shocked (+HS) or not (�HS), immunostained

for rhodopsin and BrdU. Nuclei are counter-

stained with DAPI (blue). Arrows point to the injury

site. The number of retinas tested for each con-

dition is indicated on the corresponding bar.

Mann-Whitney test, **p % 0.01, ***p % 0.001. All

results are reported as mean ± SEM. Scale bars,

25 mm (A), 50 mm (D and F). ns, non-significant.

See also Figure S5.

50% of YAP5SA-expressing cells were

EdU labeled (Figures S6D and S6E), (2)

the great majority (more than 88%) of

EdU-positive cells were M€uller cells (as

inferred by their Sox9 labeling and their

position; Figures S6F and S6G), and (3)

up to �25% of M€uller cells were prolifer-

ating in AAV-YAP5SA-infected explants

(Figure 5E). Of note, after such a 7-day

culture, EdU-positive cells were mainly found in the explant

periphery, where neurons are presumably more prone to degen-

erate (more exposed than those in the center). Importantly,

however, after longer culture time period (12 days instead of 7),

proliferation spread into the whole infected explant, and the per-

centage of EdU-labeledM€uller cells then reachedmore than 75%

(Figure 5F).

We next assessed the mitogenic potential of YAP5SA in vivo,

following intravitreal AAV injection in adult mice (Figures 5G and

5H). Only rare proliferative cells were observed in control retinas.

In contrast, many EdU-positive cells were found in retinas trans-

duced with AAV-YAP5SA. Co-labeling with glutamine synthe-

tase or SOX9 on retinal sections confirmed that a majority of

these had a M€uller cell identity (Figure S7A and data not shown).

YAP5SA can thus trigger M€uller glia cell-cycle re-entry in vivo.

Altogether, these data reveal that YAP overactivation is sufficient

to override the dormancy of murine M€uller glial cells and

boost their proliferative potential. Additionally, as shown in Fig-

ures S7B and S7C, increased expression of Ascl1was observed
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in AAV-YAP5SA-infected retinas. This is reminiscent of the

zebrafish situation, where such upregulation occurs in dediffer-

entiating M€uller cells in response to retinal injury (Ramachandran

et al., 2010).

Interfering with Yap Expression Affects EGFR Signaling

in Mouse Reactive M€uller Cells

We then sought to identify the molecular mechanisms underly-

ing YAP effect on M€uller glia cell-cycle re-entry. Besides cell-

cycle genes, our RNA-sequencing (RNA-seq) dataset and

pathway analysis also revealed a deregulation of several mem-

bers of the EGFR pathway in the Yap CKO degenerative back-

ground (Figures S3A and S3C). Importantly, EGFR signaling is

well known for its mitogenic effects on M€uller cells during

retinal degeneration. Two EGFR ligands, namely EGF or HB-

EGF, have in particular been shown to stimulate M€uller glia

proliferation in zebrafish, chick, or rodents (Close et al., 2006;

Karl et al., 2008; Todd et al., 2015; Wan et al., 2012, 2014).

As observed with cell-cycle genes, both Egfr and two ligand-

coding genes (Hbegf and Neuregulin 1) failed to be properly up-

regulated upon MNU injection in Yap CKO retinas compared

with control ones (Figure 6A). Expression of another EGFR-

coding gene, Erbb4 (named also Her4), did not appear sensitive

to MNU injection in control retinas but was still found signifi-

cantly decreased in MNU-injected Yap CKO mice (Figure 6A).

In order to decipher whether these deregulations might be

associated with defective EGFR signaling activity, we next as-

sessed the status of the mitogen-activated protein kinase

(MAPK) and the phosphatidylinositol 3-kinase (PI3K)/AKT

(also known as protein kinase B) pathways, which are known

to be required for M€uller cell proliferative response to growth

factor treatment upon injury (Beach et al., 2017; Ueki and

Reh, 2013; Wang et al., 2016). Western blot analysis revealed

activation of the extracellular signal-related kinase (ERK) and

AKT signaling pathways following MNU injection in control

retinas. In the Yap CKO context, this increase was signifi-

cantly attenuated, reflecting lower signaling activation (Fig-

ure 6B). Importantly, phosphorylated-ERK (P-ERK) immuno-

staining confirmed that this decrease was indeed happening

in M€uller cells: P-ERK labeling (which is barely detectable in

non-injured retinas; data not shown) was localized in M€uller

cell nuclei and processes upon MNU injection and exhibited

differential enhancement in control mice (strong signal)

compared with Yap CKO ones (weaker signal; Figure 6C).

Together, these results suggest that YAP is required for proper

EGFR signaling through its transcriptional control on both

EGFR ligands and receptors. In line with this idea, we found

that YAP5SA was sufficient to upregulate Egfr expression

upon AAV intraocular injections (Figures 6D and 6E). Hbegf

levels showed a slight trend upward in retinas infected with

AAV-YAP5SA, but this did not reach the level of statistical sig-

nificance. This further supports the idea that YAP regulates the

EGFR pathway in M€uller glia.

YAP Mitogenic Effects on M€uller Cells Requires EGFR

Pathway Activity

In order to investigate whether this YAP-EGFR interaction might

converge on cell-cycle gene regulation, we attempted to rescue

the Yap CKO phenotype through EGFR signaling activation. To

this aim, we first decided to treat Yap CKO explants with HB-

EGF, because this EGFR ligand failed to be properly upregulated

uponMNU treatment in the absence of YAP and, in contrast, was

found increased upon infection with AAV-YAP5SA (Figures 6A

and 6E). As expected from our previous observations in MNU

and rd10 mice (Hamon et al., 2017), we found an increase in

YAP level accompanying the degenerative process in explants

(Figures 7A and 7B). Moreover, as described above with both

paradigms (Figures 2D and S4B), this correlated with Cyclin D1

upregulation (Figures 7C and 7D, compare lanes 1 and 2), and

this response was impaired in Yap CKO explants (Figure 7D,

A
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Figure 4. Inhibiting YAP Activity in Xenopus Reduces the Prolifera-

tive Retinal Response to Photoreceptor Degeneration

(A) Schematic representation of the transgene carried by the Tg(NTR) line.

Transgenic animals can be selected based on GFP expression in rod cells

(driven by the Rhodopsin promoter).

(B) Timeline diagram of the experimental procedures used in (C). Tg(dnYAP)

were crossed with Tg(NTR) to generate double-transgenic Tg(dnYAP;NTR)

animals. Tg(dnYAP;NTR) froglets (stage 61–66) were heat-shocked, trans-

ferred 24 h later for 7 days in a MTZ solution, and finally exposed for 7 more

days to BrdU.

(C) Retinal sections from control [Tg(NTR)] and Tg(dnYAP;NTR) animals,

immunostained for rhodopsin and BrdU. Nuclei are counterstained with

Hoechst (blue). Note the scattered green staining indicative of photoreceptor

degeneration. The number of retinas tested for each condition is indicated on

the corresponding bar. Mann-Whitney test, **p% 0.01. All results are reported

as mean ± SEM. Scale bar: 50 mm.
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compare lanes 2 and 3). Following HB-EGF addition, Cyclin D1

levels were indistinguishable between Yap CKO and control

explants (Figure 7D, compare lanes 4 and 5). We next attempted

an in vivo rescue following intravitreal injection of HB-EGF in Yap

CKO;rd10mice. We found that expression of both Cyclin D1 and

Cyclin D3 could be restored to the untreated control level (Fig-

ures 7E and 7F, compare lanes 2 and 5). Finally, to strengthen

the idea of YAP acting upstream the EGFR pathway in M€uller

glia cell-cycle gene regulation, we assessed whether blocking

the EGFR pathway could impair YAP5SA mitogenic effects on

M€uller glia. We found indeed that pharmacological inhibition of

Erk phosphorylation using explant treatment with U0126 (Figures

7G and 7H) dramatically decreased YAP5SA-dependent EdU

incorporation in M€uller cells (Figure 7I). By demonstrating the

EGFR signaling requirement downstream of YAP activity, this

result strongly supports a model whereby in vivo functional

interaction between the two pathways promotes M€uller cell pro-

liferative response.

DISCUSSION

Through back-and-forth investigations in both mouse and

Xenopus retinas, we discovered a pivotal role for YAP in the

regulation of M€uller cell response to injury. We in particular reveal

that YAP triggers their exit from quiescence in a degenerative

context. In Xenopus, this is accompanied with intense prolif-

eration, but not in mouse. We, however, demonstrate that

enhancing YAP activity is sufficient to boost the naturally limited

proliferative potential of mammalian M€uller glia. In addition, our

findings unravel a YAP-EGFR axis in M€uller glia cell-cycle re-

entry that sheds a new light on the genetic network underlying

their recruitment following retinal injury.

YAP knockout in several mammalian organs, such as liver,

pancreas, intestine, and mammary gland, unexpectedly sug-

gested that this factor is dispensable to maintain normal adult

tissue homeostasis (Piccolo et al., 2014). In line with this, we

did not observe any major abnormalities in Yap CKO retinal

morphology and function. We, however, revealed YAP require-

ment in reactive M€uller glia. Reactive gliosis occurs upon retinal

stress or injury (Bringmann et al., 2009) and includes a series of

characteristic morphological and molecular changes. Impor-

tantly, a feature of reactive M€uller cells is their exit from a

quiescent G0 state. Although their cell cycle rarely reaches S

phase, G0 to G1 progression is in particular materialized by

the upregulation of genes encoding components of Cyclin D-

Cyclin-dependent kinase (CDK) complexes, known to drive

early to mid-G1 phase progression (Suga et al., 2014). We

found that many cell-cycle genes, including Ccnd and Cdk

genes, are downregulated in Yap CKO reactive M€uller cells,

suggesting that this process is impaired in the absence

of YAP. Many different transcription factors have been identi-

fied that directly regulate Ccnd1 promoter (Wang et al.,

2004). Remarkably, YAP has been described as one of them

in cancer cells (Mizuno et al., 2012). In addition, Ccnd1 was

shown to be activated by YAP overexpression in the chick

neural tube (Cao et al., 2008). However, in that study, the

authors reported that YAP is not required for its basal tran-

scription. In contrast, we found in M€uller cells that YAP is

necessary both to maintain basal levels of Cyclin D1 in physio-

logical conditions and for enhancing its expression upon injury.

This reinforces the hypothesis that Ccnd1 may be a direct YAP

target gene in M€uller glia. This could also be the case for Cdk6,

as previously reported in a human fibroblastic cell line (Xie

et al., 2013). Although our data suggest that YAP functions up-

stream of the EGFR pathway in the regulation of cell-cycle

genes, we thus do not exclude EGFR-independent mecha-

nisms as well.

Although dispensable in several homeostatic contexts, YAP is

now well recognized as a central player in the regeneration of

diverse tissues in different organisms (Barry and Camargo,

2013). As far as Xenopus is concerned, its importance in tissue

repair had previously been demonstrated in the context of epi-

morphic limb and tail regeneration (Hayashi et al., 2014a,

2014b). We here bring new insights to the field by highlighting

its requirement for XenopusM€uller cell proliferation in a lesioned

or degenerative context. In mammals, YAP overexpression or

Hippo pathway inhibition was already reported to stimulate

regeneration of several injured organs, such as the heart, liver,

Figure 5. YAP Overexpression in Mouse M€uller Cells Triggers Their Proliferative Response

(A) Schematic representation of the constitutively active FLAG-tagged YAP5SA construct. The ‘‘A’’ letters indicate the positions of the serine-to-alanine

substitutions. TAD, transcription activation domain; TEAD bd, TEAD binding domain; WW1 and WW2, WW domains.

(B) Timeline diagram of the experimental procedure used in (C–F). Retinas from WT mice were flattened, infected with AAV-GFP (control) or AAV-YAP5SA, and

cultured for 7 (C–E) or 12 days (F). In (D–F), EdU was added to the culture medium.

(C)Western blot analysis of YAP (using an anti-FLAG or an anti-YAP antibody) and Cyclin D1 expression. a-Tubulin labeling was used to normalize the signal. n = 4

explants for each condition.

(D) EdU labeling on whole flat-mounted retinas, 7 days after AAV infection. Nuclei are counterstained with DAPI (blue). The ‘‘b’’ box corresponds to a region

exhibiting a high concentration of EdU-positive cells (�20-fold increase compared with the control), whereas the ‘‘a’’ box shows an area outside such patches

(�3-fold increase compared with the control). n = 3 explants for each condition.

(E) Enlargement of the explant regions delineated with white boxes in (D), showing EdU+/SOX9+ doubled-labeled cells (yellow) in the inner nuclear layer. n = 3

explants for each condition. In AAV-YAP5SA-infected explants, EdU+ (D) or EdU+/SOX9+ (E) cells were quantified outside (a) or inside (b) EdU patches.

(F) EdU and Sox9 co-labeling on whole flat-mounted retinas, 12 days after AAV infection. Enlargements show the inner nuclear layer of explant regions delineated

with white boxes. n = 3 explants for each condition.

(G) Timeline diagram of the experimental procedure used in (H). WT mice were intravitreally injected with AAV-GFP (control) or AAV-YAP5SA. EdU was

administered into the eye 1 month later. Retinas were subsequently flattened and subjected to EdU labeling.

(H) EdU labeling of a flat-mounted retina following in vivo infection with AAV-YAP5SA. The enlargement shows the retinal region delineated with the white box.

n = 7 (control) or 12 (AAV-YAP5SA) retinas.

Mann-Whitney test, *p % 0.05. All results are reported as mean ± SEM. Scale bars, 500 mm (D, F, and H); 20 mm (E).

See also Figures S6 and S7.
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or intestine (Johnson and Halder, 2014; Loforese et al., 2017;

Wang et al., 2018). Furthermore, it was recently discovered

that YAP/TAZ can act as reprogramming factors, able to turn

differentiated cells into their corresponding somatic stem cells

A

B

C

D E

Figure 6. YAP Regulates the Expression of

EGFR Signaling Components

(A) Relative RNA expression (in fragments per

kilobase of exon per million fragments mapped

[FPKM]; data retrieved from the RNA-seq experi-

ment) of Egfr, Erbb4, Hbegf, and Neuregulin1

(Nrg1), in retinas from non-injected WT mice or

control and Yap CKO mice injected with 4-OHT

and MNU as shown in Figure 1F.

(B) Western blot analysis of P-ERK/ERK and

P-AKT/AKT ratios on the same experimental

conditions. a-Tubulin labeling was used to

normalize the signal. n = 6mice for each condition.

(C) Retinal sections from control and Yap CKO

mice, immunostained for P-ERK. Nuclei are

counterstained with DAPI (blue).

(D) Timelinediagramof theexperimental procedure

used in (E).WTmicewere intravitreally injectedwith

AAV-GFP (control) or AAV-YAP5SA. Retinas were

then harvested 1 month later for qPCR analysis.

(E) qRT-PCR analysis of Hbegf and Egfr expres-

sion (10 biological replicates per condition). GCL,

ganglion cell layer; INL, inner nuclear layer; ONL,

outer nuclear layer.

Mann-Whitney test (except in A where p values

wereobtainedusingEdgeR), *p%0.05, **p%0.01;

***p % 0.001. All results are reported as mean ±

SEM. ns, non-significant. Scale bar: 20 mm.

See also Figure S3.

(Monroe et al., 2019; Panciera et al.,

2016). We here report that enhancing

YAP activity awakes quiescent M€uller

cells and powerfully boosts their prolifer-

ative properties both ex vivo and in vivo.

This might be accompanied by their

dedifferentiation as inferred from the up-

regulation of Ascl1 expression. Investi-

gating this issue will require assessing

whether other retinal progenitor markers

are re-expressed in these proliferating

M€uller cells in order to further characterize

their identity. Whether the increased pro-

liferation of YAP-overexpressing M€uller

cells leads to the production of new

neuronal cells will also be an important

point to address. Interestingly, following

conditional overexpression of YAP5SA,

Rueda et al. (2019 [this issue of Cell

Reports]) confirmed M€uller glia cell-cycle

re-entry and further showed that a very

small subset of reactivated cells may

indeed differentiate into neurons. Given

YAP efficient mitogenic activity, getting

higher rates of differentiation will presum-

ably require (1) controlling its expression

in a defined time period using genetic tools allowing for its tran-

sient activation (for instance, a doxycycline-inducible construct

as previously described) (Panciera et al., 2016); and (2) overex-

pressing afterward transcription factors known to promote
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Figure 7. EGFR Signaling Is Required for YAP-Induced Proliferation of M€uller Cells

(A) Timeline diagram of the experimental procedure used in (B). Retinas from WT mice were flattened and cultured for 0, 16, or 72 h.

(B) Western blot analysis of YAP expression on retinal explant extracts. a-Tubulin labeling was used to normalize the signal. n = 3 mice for each condition.

(legend continued on next page)
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neuronal specification, as reported in a recent study describing

Wnt-dependent retinal regeneration (Yao et al., 2018).

YAP is now well recognized as a molecular hub connecting

several key signaling pathways (Barry and Camargo, 2013). In

animal models harboring retinal regeneration properties such

as zebrafish or chick (Hamon et al., 2016; Kaur et al., 2018;

Wan and Goldman, 2016), several factors, like Notch, Wnt, or

Shh, were shown to regulate M€uller cell proliferative response.

Given the known interplay between YAP and these pathways in

various cellular contexts (Lin et al., 2012; Yu et al., 2015), it

would be interesting to seek for their potential functional inter-

actions in Xenopus M€uller cell-dependent retinal regeneration.

In mammals, Hippo/Wnt cross-talks are in particular well docu-

mented (Hansen et al., 2015), and Wnt is known to efficiently

stimulate M€uller cell proliferation following injury (Yao et al.,

2018). However, our RNA-seq analysis did not highlight Wnt

among the pathways that are deregulated upon Yap deletion.

In contrast, we here revealed that YAP is required for proper

expression and activity of EGFR pathway components in M€uller

cells following retinal degeneration. Such functional interaction

was previously reported in other contexts. The EGFR ligand

amphiregulin (AREG) was in particular shown to be regulated

by YAP in human mammary epithelial cells or in cervical cancer

cells (He et al., 2015a; Zhang et al., 2009). We did not identify

Areg as deregulated in Yap CKO retinas, but we retrieved in our

RNA-seq dataset four genes encoding either ligands (HB-EGF

and Neuregulin1) or receptors (EGFR and ERBB4) of the

pathway. Interestingly, all were reported as direct YAP target

genes in human ovarian cells (He et al., 2015b), suggesting

that it could be the case in M€uller cells as well. Besides, our re-

sults demonstrate that EGFR signaling activity is required for

YAP mitogenic effects on M€uller cells. Considering that EGFR

signaling is a key pathway inducing M€uller glia cell-cycle re-en-

try (Close et al., 2005, 2006; Karl et al., 2008; Löffler et al.,

2015; Todd et al., 2015; Ueki and Reh, 2013; Wan et al.,

2012, 2014), such functional interaction brings YAP at the

core of M€uller cell reactivation mechanisms. Altogether, we

propose the YAP-EGFR axis as a central player in M€uller glia

response to retinal damage. Interestingly, this is reminiscent

of the intestinal regeneration situation, where YAP-dependent

EGFR signaling has previously been reported to drive tissue

repair upon injury (Gregorieff et al., 2015). Noteworthy, it was

reported that EGF-induced proliferation of M€uller cells is greatly

altered with age, with a proportion of proliferating cells

decreasing from 86% at P8 to 9% at P12 following 6 days of

explant culture (Löffler et al., 2015). YAP5SA appears much

more potent as we estimated the proportion of proliferative

M€uller cells at about 25% at P30 following 7 days of explant

culture. In addition, although EGF can stimulate M€uller glia pro-

liferation in a degenerative context, it does not have any mito-

genic effect in undamaged chick or mouse retinas (Todd et al.,

2015). The same holds true for the proneural transcription fac-

tor ASCL1, which promotes M€uller cell reprogramming and pro-

liferation following retinal damage, but not in the intact retina

(Ueki et al., 2015). Contrasting with these data, we observed

that forced YAP5SA expression in vivo is sufficient to promote

M€uller glia cell-cycle re-entry in a non-degenerative context.

Altogether, this strongly suggests that YAP not only regulates

the EGFR pathway but probably other ones, which results in

robust mitogenic stimulation of M€uller glia and this even in

the uninjured retina.

As a whole, by identifying YAP as a powerful inducer of M€uller

glia proliferation, our findings open new avenues for research

aimed at developing therapeutic strategies based on endoge-

nous repair of the retina.
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(C) Timeline diagram of the experimental procedure used in (D). Retinas from control and Yap CKO mice were cultured for 72 h with or without HB-EGF.

(D) Western blot analysis of Cyclin D1 expression on retinal explant extracts. a-Tubulin labeling was used to normalize the signal. n = 3 explants for the uncultured

condition; n = 6 explants for all other conditions.

(E) Timeline diagram of the experimental procedure used in (F). WT, rd10, or YapCKO;rd10mice were intravitreally injected with PBS (control vehicle) or HB-EGF.

Retinas were then harvested 2 days later.

(F) Western blot analysis of Cyclin D1 and Cyclin D3 expression on retinal extracts. a-Tubulin labeling was used to normalize the signal. n = 3–5 retinas for each

condition.

(G) Timeline diagram of the experimental procedure used in (H) and (I). Retinas from WT mice were flattened, infected with AAV-YAP5SA, and cultured for 2 or

7 days in the presence of U0126 or vehicle (control).

(H) Western blot analysis of pERK and ERK expression. Shown are results from three different explants for each condition.

(I) EdU and Sox9 co-labeling in the inner nuclear layer of retinal explants. n = 6 explants for the control and 5 for the U0126-treated condition.

Mann-Whitney test, *p % 0.05, **p % 0.01. All results are reported as mean ± SEM. ns, non-significant. Scale bar: 50 mm.

1722 Cell Reports 27, 1712–1725, May 7, 2019



SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/10.1016/j.

celrep.2019.04.045.

ACKNOWLEDGMENTS

We are thankful to S. Blackshaw, J. Wrana, and S.Meilhac for mouse lines. We

are grateful to E.-K. Grellier and S. Lourdel for their help with the maintenance

of mouse colonies. Wewould also like to thank E.-K. Grellier for performing the

ERG recordings; S. Lourdel, S. Lele, K. Parain, C. Borday, and R. Langhe for

their technical assistance with Xenopus experiments; and C.-J. Simon for

her help with mouse intraocular injections. This work has benefited from the

facilities and expertise of the high-throughput sequencing core facility of

I2BC (Centre de Recherche de Gif; https://www.i2bc.paris-saclay.fr/?

lang=fr). This research was supported by grants to M.P. from the FRM, Asso-

ciation Retina France, Fondation Valentin Ha€uy, UNADEV, and the DIM Région
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal anti-Akt Sigma-Aldrich Cat#P2482; RRID: AB_260913

Mouse monoclonal anti-alpha-tubulin Sigma-Aldrich Cat#T5168; RRID: AB_477579

Mouse monoclonal anti-alpha-tubulin Sigma-Aldrich Cat#T9026; RRID: AB_477593

Rabbit polyclonal anti-arrestin EMD Millipore Cat#AB15282; RRID: AB_1163387

Mouse monoclonal anti-Brn3a Santa Cruz Cat#Sc-8429; RRID: AB_626765

Rabbit polyclonal anti-calbindin D-28k Swant Cat#300; RRID: AB_10000347

Mouse monoclonal anti-calretinin EMD Millipore Cat#MAB1568; RRID: AB_94259

Rat monoclonal anti-CD68 Bio-Rad UK Cat#MCA1957; RRID: AB_322219

Rabbit polyclonal anti-cyclin D1 Abcam Cat#ab134175; RRID: AB_2750906

Mouse monoclonal anti-cyclin D3 Cell Signaling Cat#2936; RRID: AB_2070801

Rabbit polyclonal anti-p44/42 MAPK (ERK1/2) Cell Signaling Cat#9102; RRID: AB_330744

Rabbit polyclonal anti-FLAG Cell Signaling Cat#F7425; RRID: AB_439687

Rabbit polyclonal anti-GFAP Dako Cat#Z0334; RRID: AB_10013382

Goat polyclonal anti-GFP Abcam Cat#ab6673; RRID: AB_305643

Mouse monoclonal anti-glutamine synthetase Abcam Cat#ab64613; RRID: AB_1140869

Peanut anti-Lectin PNA alexa 568 conjugate Thermo Fisher Scientific Cat#L32458

Rabbit polyclonal anti-phospho-Akt (Ser473) Cell Signaling Cat#9271; RRID: AB_329825

Rabbit polyclonal anti-phospho-p44/42 MAPK

(Erk1/2) (Thr202/Tyr204)

Cell Signaling Cat#4370; RRID: AB_2315112

Rabbit polyclonal anti-Red Fluorescence Protein Rockland Cat#600-401-379; RRID: AB_2209751

Mouse monoclonal anti-Rhodopsin EMD Millipore Cat#MAB5316; RRID: AB_2156055

Mouse monoclonal anti-Rhodopsin EMD Millipore Cat#MABN15; RRID: AB_10807045

Rabbit polyclonal anti-opsin blue EMD Millipore Cat#AB5407; RRID: AB_177457

Rabbit polyclonal anti-SOX9 EMD Millipore Cat#AB5535; RRID: AB_2239761

Rabbit polyclonal anti-TAZ Abcam Cat#ab110239

Rabbit polyclonal anti-Vimentin Santa Cruz Cat#sc-7557; RRID: AB_793998

Mouse monoclonal anti-YAP Abcam Cat#ab56701; RRID: AB_2219140

Rabbit monoclonal anti-YAP Abcam Cat#ab52771; RRID: AB_2219141

Goat anti-mouse IgG1, Alexa 488 Thermo Fisher Scientific Cat#A21121; RRID: AB_141514

Donkey anti-rabbit, Alexa 488 Thermo Fisher Scientific Cat#A21206; RRID: AB_141708

Goat anti-mouse IgG1, Alexa 555 Thermo Fisher Scientific Cat#A21127; RRID: AB_141596

Goat anti-mouse IgG2b, Alexa 555 Thermo Fisher Scientific Cat#A21147; RRID: AB_1500897

Goat anti-mouse IgG2a, Alexa 555 Thermo Fisher Scientific Cat#A21127; RRID: AB_141596

Donkey anti-rabbit, Alexa 555 Thermo Fisher Scientific Cat#A31572; RRID: AB_162543

Goat anti-mouse, Alexa 488 Thermo Fisher Scientific Cat#A11001; RRID: AB_2534069

Goat anti-mouse, Alexa 594 Thermo Fisher Scientific Cat#A11005; RRID: AB_141372

Goat anti-rat, Alexa 594 Thermo Fisher Scientific Cat#A11007; RRID: AB_141374

Goat anti-rabbit, Alexa 488 Thermo Fisher Scientific Cat#A11008; RRID: AB_143165

Goat anti-rabbit, Alexa 594 Thermo Fisher Scientific Cat#A11012; RRID: AB_141359

Goat anti-mouse IgG HRP conjugate Sigma-Aldrich Cat#A4416; RRID: AB_258167

Donkey anti-rabbit IgG HRP conjugate GE Health Cat#NA934; RRID: AB_772206
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and Virus Strains

AAV-GFP Klimczak et al., 2009 N/A

AAV-YAP5SA This paper N/A

Chemicals, Peptides, and Recombinant Proteins

4-hydroxytamoxifen Sigma-Aldrich Cat#H6278

Human recombinant HB-EGF R&D systems Cat#259-HE

U0126 Abcam Cat# ab120241

1-Methyl-1-nitrosourea (MNU) Trinova Biochem N/A

Metronidazole (MTZ) Sigma-Aldrich Cat# M-183

BrdU Roche Cat#10280879001

EdU Thermo Fisher Scientific Cat# D1756

DAPI Thermo Fisher Scientific Cat#62248

Hoechst Sigma-Aldrich Cat#H6024

MS-222 Sigma-Aldrich Cat#A5040-25G

Rompun 2% (Xylasine) Bayer N/A

Imalgene 500 (Kétamine) MERIAL SAS N/A

Dexamethasone Sigma-Aldrich Cat#D4902

Critical Commercial Assays

RNA 6000 Nano Kit Agilent Technologies Cat#5067-1511

TruSeq Stranded mRNA Library Preparation Kit Illumina Cat#20020594

RNeasy mini kit QIAGEN Cat#74104

NucleoSpin RNA Plus kit Macherey Nagel Cat#740984.50

mMessage mMachine kit Life Technologies Cat#AM1340

DC Protein Assay Bio-Rad Cat# 500-0116

SuperScript II Reverse Transcriptase kit Thermo Fisher Scientific Cat#18064-071

SsoFast EvaGreen supermix Bio-Rad Cat#172-5204

SYBR select master mix Thermo Fisher Scientific Cat#4472908

DeadEnd Fluorometric TUNEL System Promega Cat#G3250

Click-iT Plus EdU Alexa Fluor 555 Imaging Kit Thermo Fisher Scientific Cat#C10338

Click-iT Plus EdU Alexa Fluor 647 Imaging Kit Thermo Fisher Scientific Cat#C10640

Click-iT Plus EdU Alexa Fluor 488 Imaging Kit Thermo Fisher Scientific Cat#C10337

Deposited Data

RNaseq dataset This paper GEO: GSE121858

RNaseq dataset Hamon et al., 2017 GEO: GSE94534

Experimental Models: Organisms/Strains

Mouse: C57Bl6/J Jackson Laboratory N/A

Mouse: B6.CXB1-Pde6brd10/J Bo Chang; Chang et al., 2007 N/A

Mouse: Yapflox/flox Jeff Wrana; Reginensi et al., 2013 N/A

Mouse: Rax-CreERT2 Seth Blackshaw; Pak et al., 2014 N/A

Mouse: Rax-CreERT2, R26-CAG-lox-stop-lox-TdTom (Ai9) Seth Blackshaw; Pak et al., 2014 N/A

Xenopus laevis: WT Centre de Ressources Biologiques

Xénopes (CRB)

N/A

Xenopus laevis: Tg(hsp70:dnYap-GFP, cryga:tdTomato) UK Xenopus resource center ;

Hayashi et al., 2014b

N/A

Xenopus laevis: Tg(Rho:GFP-NTR) Langhe et al., 2017 N/A

Oligonucleotides

Primers for genotyping, see Table S2 N/A

Primers for RT-qPCR, see Table S2 N/A
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CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Muriel

Perron (muriel.perron@u-psud.fr).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

All animal experiments have been carried out in accordance with the European Community Council Directive of 22 September 2010

(2010/63/EEC). All animal cares and experimentations were conducted in accordance with institutional guidelines, under the institu-

tional license D 91-272-105 for mice and the institutional license C 91-471-102 for Xenopus. The study protocols were approved by

the institutional animal care committee CEEA n�59 and received an authorization by the ‘‘Ministère de l’Education Nationale, de

l’Enseignement Supérieur et de la Recherche’’ under the reference APAFIS#1018-2016072611404304v1 for mice experiments

and APAFIS#998-2015062510022908v2 for Xenopus experiments.

Mouse lines and degenerative models

Mice were kept at 21�C, under a 12-hour light/12-hour dark cycle, with food and water supplied ad libitum. Yapflox/flox mice were

obtained from Jeff Wrana’s lab (Reginensi et al., 2013) and crossed with heterozygous Rax-CreERT2 knock-in mice or double

heterozygous Rax-CreERT2, R26-CAG-lox-stop-lox-TdTom (Ai9) mice from Seth Blackshaw’s lab (Pak et al., 2014) to generate

Yapflox/flox;Rax-CreERT2 (Yap CKO) and Yapflox/flox;Rax-CreERT2;Ai9 (Yap CKO; Ai9) mice. Primer sequences used for genotyping

tail snip genomic DNA are provided in Table S2. Cre activity was induced through a single intraperitoneal injection of 4-hydroxyta-

moxifen (4-OHT; 1mg) at P10, as previously described (Pak et al., 2014). To generate the Yapflox/flox;Rax-CreERT2;rd10 line (YapCKO;

rd10), Yapflox/flox;Rax-CreERT2 mice were crossed with homozygous rd10 mice (Pde6brd10; a model of retinitis pigmentosa, with a

mutation in phosphodiesterase-6b (Pde6b) gene (Chang et al., 2007); The Jackson Laboratory, Bar Harbor, ME, USA). Chemi-

cally-induced retinal degeneration was performed through a single intraperitoneal injection of 1-Methyl-1-nitrosourea (MNU, Trinova

Biochem) at 60 mg/kg body weight, as previously described (Hamon et al., 2017). All experiments involving adult mice were

performed with male or female mice that were 3 to 8 weeks. No difference between sexes was observed in any retinal phenotype.

Xenopus lines and regeneration models

Xenopus laevis tadpoles were obtained by conventional procedures of in vitro or natural fertilization, staged according to Nieuwkoop

and Faber method (Nieuwkoop and Faber, 1994) and raised at 18-20�C. Heat-shock-inducible dominant-negative YAP transgenic

line Tg(hsp70:dnYap-GFP, cryga:tdTomato) (Hayashi et al., 2014b) (Tg(dnYAP)) was obtained from the UK Xenopus resource center

(EXRC). Heat-shock-mediated dnYAP expression was induced by shifting the animals from 18-20�C to 34�C for 30 min as previously

described (Hayashi et al., 2014b). The transgenic Xenopus line Tg(Rho:GFP-NTR) (Tg(NTR)) used for conditional rod ablation was

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Recombinant DNA

Plasmid: pCMV-flag-YAP2-5SA Kun-Liang Guan Addgene plasmid#27371; RRID:

Addgene_27371

Plasmid: pCS2-YapS98A Cabochette et al., 2015 N/A

Plasmid: pCS2-flag-YapS98A-GR This paper N/A

Software and Algorithms

LabScribe software iWorx https://www.iworx.com/research/

software/labscribe/

Fiji National Institutes of Health https://fiji.sc/

HISAT2 2.1.0 algorithm Kim et al., 2015; Pertea et al., 2016 N/A

FeatureCounts algorithm Liao et al., 2014 http://bioinf.wehi.edu.au/featureCounts/

EdgeR algorithm Robinson et al., 2010 N/A

PANTHER http://pantherdb.org/

Kyoto Encyclopedia of Genes and Genome Kanehisa Laboratories https://www.genome.jp/kegg/

GOplot Walter et al., 2015 http://wencke.github.io

Zen software Zeiss N/A

Photoshop CS4 software Adobe N/A

GraphPad Prism 5.01 GraphPad Software https://www.graphpad.com/
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generated in the lab and previously described (Langhe et al., 2017). Photoreceptor degeneration was induced by bathing the froglets

in a 10 mM MTZ (Sigma-Aldrich) solution for 1 week (Langhe et al., 2017). Retinal mechanical injury was performed as previously

described (Langhe et al., 2017), by poking the retina once under a stereomicroscope with a needle (Austerlitz Insect Pins,

0.2 mm), without damaging the cornea or the lens. For cell proliferation assays, Xenopus tadpoles (i.e., pre-metamorphic individuals)

or froglets (i.e., post-metamorphic individuals) were immersed in a solution containing 1mMBrdU (50-bromo-20-deoxyuridine, Roche)

for 3 days or 1 week, as indicated. The solution was renewed every other day.

METHOD DETAILS

Microinjection in Xenopus embryos

The Xenopus construct YapS98A, encoding a constitutively active YAP protein (Ser-98 residue substituted with an alanine), was

provided by S Gee and S Moody (Gee et al., 2011) and subcloned into pCS2+ (pCS2-YapS98A) (Cabochette et al., 2015). A

glucocorticoid-inducible FLAG-tagged version of YAPS98A (YAPS98A-GR) was then generated by subcloning in frame the YapS98A

coding sequence from pCS2-YapS98A plasmid into the EcoRI and XhoI sites of pCS2-flag-GR (Talikka et al., 2002) (pCS2-flag-

YapS98A-GR). Following in vitro transcription (mMessage mMachine kit, Life Technologies), 200 pg of mRNA were injected at the

one-cell stage. LacZ mRNAs were injected as controls. Activity of the chimeric YAPS98A-GR protein was induced by addition of

4 mg/ml dexamethasone (dex, Sigma-Aldrich) into the embryo rearing medium.

Mouse retinal explants

Retinas from enucleated P30 eyes were dissected in Hanks’ Balanced Salt solution (GIBCO) by removing the anterior segment,

vitreous body, sclera and RPE. They were then flat-mounted onto a microporous membrane (13 mm in diameter; Merk Millipore)

in a twelve-well culture plate, with the ganglion cell layer facing upward. Each well contained 700 mL of culture medium, consisting

in DMEM-Glutamax (GIBCO) supplemented with 1% FBS, 0.6%D-Glucose, 0.2%NaHCO3, 5mMHEPES, 1%B27, 1%N2, 1X Peni-

cillin-Streptomycin. Culture medium containing 100 ng/mL human recombinant HB-EGF (R&D systems), 10 mM of U0126 (Abcam)

or vehicle was added from the beginning of the explant culture. Explants were maintained at 37�C in a humidified incubator

with 5% CO2. Half of the culture medium was changed daily. For proliferation assays, 20 mM EdU was applied 7 or 12 days before

fixation.

AAV production and retinal transduction

Human YAP5SA cDNA was amplified by PCR from pCMV-flag-YAP2-5SA plasmid (a gift from Kunliang Guan, Addgene

plasmid#27371; http://addgene.org/27371; RRID:Addgene_27371) and subcloned into an AAV transfer plasmid, where the expres-

sion is driven by the minimal cytomegalovirus (CMV) promoter (Klimczak et al., 2009). AAV vectors were produced as already

described using the co-transfection method and purified by iodixanol gradient ultracentrifugation (Choi et al., 2007). AAV vector

stocks were tittered by qPCR using SYBR Green (Thermo Fisher Scientific) (Aurnhammer et al., 2012). The previously engineered

AAV-GFP (Klimczak et al., 2009) was used as a control. 1011 vg of AAV-GFP or AAV-YAP5SA were applied on mouse retinal explants

for viral transduction. Infected explants were cultured for 7 or 12 days as indicated before further western blot analysis or EdU

labeling.

Intravitreal injection

Micewere first anesthetized through intraperitoneal injection of ketamine (90mg/ kg,Merial) and xylazine (8mg/kg, Bayer). Theywere

then topically administered tropicamide (0.5%) and phenylephrine (2.5%) for pupillary dilation.While applying gentle pressure around

the eye socket to extrude the eye, a 30-gauge needle was passed through the sclera just behind the limbus, into the vitreous cavity.

Injection of 2 ml of AAV (1013 vg/ml) or 1 ml of 100 mg/mL HB-EGF (R&D systems) or 1 ml of 1 mg/ml EdU (Thermo Fisher Scientific) was

made with direct observation of the needle in the center of the vitreous cavity.

Electroretinography

Electroretinograms (ERGs) were recorded using a Micron IV focal ERG system (Phoenix Research Labs). Mice were dark-adapted

overnight, prepared for recording in darkness under dim-red illumination and finally anesthetized as described above. Flash ERG

recordings were obtained from one eye. ERG responses were recorded using increasing light intensities ranging from �1.7 to 2.2

log cd$s/m2 under dark-adapted conditions, and from �0.5 to 2.8 log cd$s/m2 under a background light that saturates rod function.

The interval between flashes varied from 0.7 s at the lowest stimulus strength to 15 s at the highest one. Five to thirty responses were

averaged depending on flash intensity. Analysis of a-wave and b-wave amplitudes was performed using LabScribeERG software.

The a-wave amplitude was measured from the baseline to the negative peak and the b-wave was measured from the baseline to

the maximum positive peak.

Western-blotting

Each protein extract was obtained from a single retina, quickly isolated and frozen at �80�C. Retinas were then lysed in P300 buffer

(20 mM Na2HPO4; 250 mM NaCl; 30 mM NaPPi; 0.1% Nonidet P-40; 5 mM EDTA; 5mM DTT) supplemented with protease inhibitor
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cocktail (Sigma-Aldrich). Lysate concentration was determined using the Lowry protein assay kit (DC Protein Assay; Bio-Rad) and

20 mg/lane of each sample were loaded for western-blot analysis. Between 3 and 6 individuals were tested per condition.

Primary/secondary antibodies and their corresponding working dilutions are listed in Table S3. Protein detection was performed us-

ing an enhanced chemiluminescence kit (Bio-Rad). Each sample was probed once with anti-a-tubulin antibody for normalization.

Quantification was done using Fiji software (National Institutes of Health) (Schindelin et al., 2012).

Whole transcriptome sequencing and data analysis

Whole transcriptome analysis was performed on three independent biological replicates from MNU-injected control and MNU-

injected Yap CKO retinas at P60 and compared to WT dataset previously published (Hamon et al., 2017) (GEO accession number

GSE94534). After harvesting, both retinas for each animal were immediately frozen. RNA was extracted using Nucleospin RNA

Plus kit (Macherey-Nagel). RNA quality and quantity were evaluated using a BioAnalyzer 2100 with RNA 6000 Nano Kit (Agilent Tech-

nologies). Stranded RNA-Seq libraries were constructed from 100 ng high-quality total RNA (RIN > 8) using the TruSeq Stranded

mRNA Library Preparation Kit (Illumina). Paired-end sequencing of 40 bases length was performed on a NextSeq 500 system

(Illumina). Pass-filtered reads were mapped using HISAT2 2.1.0 and aligned to mouse reference genome GRCm38 (Kim et al.,

2015; Pertea et al., 2016). Count table of the gene features was obtained using FeatureCounts (Liao et al., 2014). Normalization,

differential expression analysis and FPKM (fragments per kilobase of exon per million fragments mapped) values were computed

using EdgeR (Robinson et al., 2010). An FPKM filtering cutoff of 1 in at least one of the 6 samples was applied. A p value of less

than or equal to 0.05 was considered significant and a fold change cutoff of 1.5 was applied to identify differentially expressed genes.

GO annotation was obtained using PANTHER classification system and pathways analysis was done using the Kyoto Encyclopedia

of Genes and Genome (KEGG). Data visualization was done using GOplot R package (Walter et al., 2015).

RNA extraction and RT-qPCR

Total RNA was extracted from mouse neural retina or whole Xenopus tadpoles using RNeasy mini kit (QIAGEN) or NucleoSpin RNA

Plus kit (Macherey Nagel), respectively. RNA concentration was assessed using the NanoDrop 2000c UV-Vis spectrophotometer

(Thermo Fisher Scientific). Total RNA was reverse transcribed in the presence of oligo-(dT)20 using Superscript II reagents (Thermo

Fisher Scientific). For each RT-qPCR reaction, 1.5 ng of cDNA was used in triplicates in the presence of EvaGreen (Bio-Rad) on a

CFX96 Real-Time PCR Detection System (Bio-Rad). Differential expression analysis was performed using the DDCt method using

the geometric mean of Rps26, Srp72 and Tbp as endogenous controls (Vandesompele et al., 2002) for mouse genes, and of Rpl8

and Odc1 as endogenous controls for Xenopus genes. Relative expression of each gene in each sample was calculated using the

mean of the controls as the reference (1 a.u.). Primers are listed in Table S2. RT-qPCR experiments were performed on at least 5

mice or 3 tadpoles per condition, allowing for statistical analysis.

Histology & Immunofluorescence

Pre- and post- metamorphic Xenopus individuals were anesthetized in 0.4% MS222 (Sigma-Aldrich) and then fixed in 1X PBS, 4%

paraformaldehyde, overnight at 4�C. For mice, the eyes of sacrificed animals were rapidly enucleated and dissected in Hanks’

Balanced Salt solution (GIBCO) to obtain posterior segment eye-cups, which were then fixed in 1X PBS, 4% paraformaldehyde

for 1 hr at 4�C. Fixed samples were dehydrated, embedded in paraffin and sectioned (7mm) with a Microm HM 340E microtome

(Thermo Scientific). Fixed retinal explants were sectioned (7mm)with aMicromHM550 cryostat (Thermo Scientific), following embed-

ment in 1X PBS, 7,5% gelatin, 10% sucrose. Immunostaining on retinal sections or whole explants was performed using standard

procedures with the following specificities: (i) An antigen unmasking treatment was done in boiling heat-mediated antigen retrieval

buffer (10 mM sodium citrate, pH 6.0) for 20 min; (ii) For Xenopus sections, this was followed by a 45 min treatment in 2N HCl at room

temperature; (iii) Incubation timing was increased at all steps for immunolabelling on retinal explants. Primary/secondary antibodies

and their corresponding working dilutions are listed in Table S3. Nuclei were counterstained with 1mg/ml DAPI (Thermo Fisher Sci-

entific) or Hoechst (Sigma-Aldrich). H&E staining was performed using standard procedure.

TUNEL assay and EdU labeling

Detection of apoptotic cells was conducted on retinal sections using DeadEnd Fluorometric TUNEL System (Promega) according to

the manufacturer’s instructions. EdU incorporation was detected using the Click-iT EdU Imaging Kit (Thermo Fisher Scientific)

following the manufacturer’s recommendations. Coverslips were mounted using Fluorsave Reagent (Millipore, USA).

Imaging

Fluorescence and brightfield images were acquired using an ApoTome-equipped AxioImager.M2 microscope or a Zeiss LSM710

confocal microscope. Whole retinal explants were imaged using an AxioZoom.v16 (Zeiss). Image mosaics of whole explants or

flat mounted retinas were acquired and combined by the stitching processing method using ZEN Tiles module (Zeiss). Images

were processed using Zen (Zeiss), Fiji (National Institutes of Health) and Photoshop CS4 (Adobe) softwares. The samemagnification,

laser intensity, gain and offset settings were used across animals for any given marker.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Quantifications in Xenopus: all labeled cells were counted manually. 3 to 10 sections were analyzed for each retina, and an average

number was calculated from at least 5 retinas. BrdU-positive cells were counted within the Xenopus neural retina (after exclusion of

the ciliary marginal zone). The size of dissected Xenopus eyes was estimated bymeasuring the surface of the corresponding pictures

using Photoshop CS4 (Adobe) software. Quantifications in mouse: mean number of labeled cells in mouse retinal explants were

calculated from 3 different fields of 104 mm2 per retina and using 3 explants per condition (for quantifications on whole explants)

or from one field of 104 mm2 per section and using minimum 3 different retinas per condition (for quantifications on explant sections).

SOX9-positive mouse M€uller cells in Figure 1 were quantified by considering one entire retinal section from 3 different mice for each

condition. Statistical analysis was performed with GraphPad Prism 5.01 (GraphPad Software, La Jolla California USA) using the non-

parametric Mann-Whitney test in all experiments, except ERG, for which we applied a two-way ANOVA test. p value % 0.05 was

considered significant. All results are reported as mean ± SEM.

DATA AND SOFTWARE AVAILABILITY

RNaseq dataset from MNU-injected control and MNU-injected Yap CKO retinas has been deposited at the Gene Expression

Omnibus under the ID code GEO: GSE121858.
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YAP AS A STIMULATOR OF MÜLLER CELLS’ REGENERATIVE POTENTIAL  
 

Recent discoveries pointing to a function of YAP in the regulation of adult stem cells and in the 

regeneration of several tissues make it a good candidate for regenerative medicine (Moya and Halder, 

2019). In the retina, we have shown that YAP is involved in the reactivation of Müller cells by triggering 

their exit from quiescence in a degenerative context. In addition, YAP overexpression powerfully 

boosted their proliferative properties both e  vivo and in vivo. Noteworthy, the increase in the Müller 

cells’ mitogenic potential induced by YAP has been revealed to be more efficient than the stimulation 

of Müller cell proliferation with growth factors, notably EGF. First, although Müller cell proliferation 

has been reported after EGF stimulation, its efficacy depends on the age of the animals. Thus, while 

86% of Müller cells proliferate after EGF-treatment at P8, only 9% of Müller cells proliferate when the 

EGF treatment is performed in retinal explants from mice at P12 (L ffler et al., 2015). Compared with 

YAP5SA, about 25% of Müller cells proliferate in retinal explants from mice at P30 following 7 days of 

culture and increase up to 75% after 12 days of culture. This age-dependent effect of Müller cell 

proliferation has been also reported after forced transgenic expression of ASCL1 in vivo, which is no 

more efficient past 2 weeks of age (Ueki et al., 2015), reinforcing the idea of YAP as a powerful 

stimulator of the mitogenic potential of Müller cells, as it is capable to induce their proliferation in 

adult retinas. Second, although EGF can stimulate Müller cell proliferation in the retinal explants’ 

degenerative context, it does not have any mitogenic effect in undamaged chick or mouse retinas 

(Todd et al., 2015). The same applies to the proneural transcription factor ASCL1, which stimulates the 

reprogramming and proliferation of Müller cells following retinal damage but not in intact retina (Ueki 

et al., 2015). On the contrary, overexpression of YAP5SA is sufficient to trigger Müller cell proliferation 

in vivo in a non-degenerative context. Only Wnt signaling has been proved to have a similar efficiency 

than YAP5SA, as forced expression of wild-type β-catenin in adult mouse retina without retinal injury 

results in a robust proliferative response of Müller cells comparable to retinal injury combined with 

treatment of the mitogenic growth factor (Yao et al., 2016).  

 

DIVERS MECHANISMS TO OVERACTIVATE YAP AND INDUCE MÜLLER CELL 
PROLIFERATION 
 

In addition to the AAV-mediated overexpression of a constitutively active form of YAP, genetic loss or 

bypass of Hippo signaling within adult MGs also results in spontaneous MG proliferation, suggesting 

that  activation of the Hippo signaling act as a regulatory mechanism blocking mammalian Müller cell 

proliferation (Rueda et al., 2019). Interestingly, although in both cases manipulation of the Hippo 
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signaling pathway leads to the proliferation of Müller cells, the genetic overexpression of YAP5SA 

using the Yap5SA transgenic mouse (Rueda et al., 2019) is slightly less efficient compared to the AAV-

YAP5SA overexpression. Indeed, just 17% of Müller cells proliferate in case of NMDA-induced damage 

in the Yap5SA transgenic mouse versus 25% in AAV-YAP5SA infected retinal explants after 7 days of 

culture.  

This differences in the efficacy may be related to the different overexpression strategy. For instance, 

in the transgenic mouse the YAP5SA transgene is randomly inserted into the genome and is driven by 

the ubiquitous CAG promoter upon GLAST-CreERT2-mediated recombination (Rueda et al., 2019). 

Strikingly, the expression of YAP5SA in this model requires a 5-day tamoxifen treatment (Rueda et al., 

2019). To generate our Yap CKO mice, just 2 tamoxifen injections (performed at P10 and P14) were 

necessary to highly reduce the protein level of YAP. On the contrary, their Yap and Taz knock-out 

model still possess around 60% of Yap and Taz mRNA expression after three injections of tamoxifen 

per week for 3 weeks, indicating some inefficiencies in the Cre-mediated recombination of the floxed 

loci in their model (Rueda et al., 2019). In addition, they used a GLAST ubiquitous promoter which led 

to a mosaic expression of the Cre-recombinase in the adult Müller cells (Rueda et al., 2019). Compared 

to our Rax-Cre system, all the Müller cells were specifically targeted, suggesting that the inefficiency 

observed in their Cre-recombinant models may also be related to the Cre-mosaic expression. Of note, 

although it has been reported that the AAV-ShH10 have some tropism for a subset of NeuN (Rbfox3)+ 

ganglion and amacrine cells, it remains highly selective for Müller cells as almost 100% of Müller cells 

are infected compared to 2% of infected interneurons and 4% of retinal ganglion cells (Byrne et al., 

2013; Klimczak et al., 2009; Yao et al., 2016). Thus, although genetic modification of the Hippo 

signaling pathway is sufficient to induce the proliferation of Müller cells, other alternatives should be 

considered in order to increase the efficacy of the process.  

 

YAP/TAZ AS DIRECT REGULATORS OF CYCLIN D1 EXPRESSION 
 

Regarding the mechanisms involved in the YAP-dependent proliferative function, we have related the 

proliferative effect of YAP on Müller cells to its capacity to trigger cell cycle re-entry, as many cell-cycle 

genes, including CCND and CDK genes, are downregulated in YAP CKO reactive Müller cells. More 

specifically, we found in Müller cells that YAP is necessary both to maintain basal levels of Cyclin D1 

and D3 in physiological conditions and for enhancing their expression upon injury. Interestingly, a 

similar effect on Cyclin D1 and D3 expression was found in a double YAP/TAZ cKO, suggesting that TAZ 

it is not involved in the regulation of the cell cycle re-entry (Rueda et al., 2019).   

Many different transcription factors have been identified that directly regulate CCND1 promoter 

(Wang et al., 2004). In cancer cells, YAP has been described as one of them (Mizuno et al., 2012). In 
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Müller cells, a recent ChIP-qPCR analyse have showed the presence of a TEAD motif upstream the 

Cyclin D1 start site that was highly enriched for YAP (Rueda et al., 2019). Together with our results, 

these data suggest that YAP/TEAD are likely a direct transcriptional regulator of Cyclin D1 in Müller 

cells. 

 

YAP WITHIN A COMPLEX SIGNALING NETWORK 
 

Connections between YAP and other signaling pathways involved in the reactivation of Müller cells 

have already been described. For example, YAP interacts with MAPK, TGFβ, Wnt ou Notch pathways 

in different cell types during development or in tumor formation (figure 40) (Mauviel et al., 2012; 

Varelas and Wrana, 2012; Zhang et al., 2015), but also during organ regeneration. For instance, in the 

intestine the YAP-dependent stem cell reprogramming and regeneration is reliant on Wnt and EGFR 

signaling pathways (Gregorieff et al., 2015). In addition, in the postnatal retina of Yap+/- mice we 

discovered a correlation between the compensatory mechanism by TAZ and the increase in EGFR 

activity, similarly to what had been previously described in other tissues (Chen and Harris, 2016; He 

et al., 2015; Yang et al., 2016), that suggested a function of both YAP/TAZ in the activation of the EGFR 

pathway. This hypothesis was proven in degenerative conditions in our Yap cKO model, where we 

found that the upregulation of YAP in case of damage was required to the genetic upregulation of 

several components of the EGFR pathways, as well as of its activity (figure 41). Moreover, we showed 

that EGFR signaling activity is required for YAP mitogenic effects on Müller cells. Altogether, this points 

to the existence of a YAP-EGFR axis that trigger Müller cell-cycle re-entry in response to retinal 

damage. Interestingly, it has been shown in other tissues that the EGFR pathway also regulates YAP 

activity (Fan et al., 2013; Reddy and Irvine, 2013; Chen and Harris, 2016; Haskins et al., 2014). Although 

we have not investigated such interaction in Müller cells in response to damage, we do not exclude 

the possibility of the existence of a positive feedback loop in which the EGFR pathway would modulate 

the Hippo signaling (figure 41).  

However, it is probably not the only crosstalk that YAP establishes in the retina in case of damage. 

Indeed, as discussed above YAP overexpression is more potent than EGF treatment. One hypothesis 

to explain this increased proliferative effect is that, as mentioned above, it likely directly regulates 

some cell cycle genes. Another possibility is that, in addition to EGFR pathway, YAP regulates other 

signaling pathways involved in retinal regeneration to trigger a robust mitogenic stimulation of Müller 

cells. Thus, it would be interesting to study the relationship of YAP with other regenerative signaling 

pathways such as Notch or Wnt in Müller cells under degenerative conditions. Both signaling pathways 

are indeed good candidates because they are involved in the Müller cell-dependent retinal 

regeneration and they are known to interact with YAP in other cell types (figure 40)(Zhang et al., 2015).                        
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Figure 40. YAP/TAZ crosstalk with other signaling pathways in mammals. MAPK, Wnt, TGFβ/BMP, 
GPCR, PI3K-mTOR or Hedgehog signaling pathways regulates the activation of YAP/TAZ. In turn, 
YAP/TAZ regulates MAPK, Wnt, TGFβ/BMP, PI3K-mTOR, Hedghehog or Notch. From (Zhang et al., 
2015). 
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Figure 41. Proposed model of YAP-EGFR pathway interaction in Müller glia cell cycle re-entry upon 
injury. Our results support the idea that YAP and EGFR signaling functionally interact in a retinal 
degenerative context to induce cell cycle genes in Müller glia. YAP likely acts upstream the EGFR 
pathway by regulating the expression of EGFR receptors (EGFR and ERBB4) and ligands (HBEGF and 
NRG1). The EGFR pathway would in turn activate Müller cell reprograming and cell cycle re-entry, as 
previously reported(Close et al., 2006; Karl et al., 2008; Todd et al., 2015; Wan et al., 2012; Wan et al., 
2014). Of note, YAP may also independently impact these processes through direct regulation of cell 
cycle and reprogramming genes, such as those identified in our RNAseq dataset. Green and red dashed 
arrows indicate the possible feedback loop between EGFR and Hippo pathways.   
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In addition, interactions between the EGFR/MAPK and Notch or Wnt have been described in zebrafish 

retinas or in mice during intestinal regeneration respectively (Gregorieff et al., 2015; Wan et al., 2012). 

Giving our reported interaction between YAP and EGFR pathway, we do not exclude a possible 

existence of a functional interaction between all the different signaling pathways with YAP at the core 

of Müller cell reactivation mechanisms. However, neither Notch nor Wnt signaling pathways come out 

as particularly deregulated in our RNAseq analyzes, suggesting that the interaction among them could 

be done at a protein level or through a common gene regulatory network required for Müller cell 

proliferation, and not by direct modulation of the genetic expression of the components of the 

signaling pathway. Of note, in the absence of YAP we observed a deregulation on the BMP pathway. 

It would be thus interesting to perform further analysis regarding the interaction between BMP and 

YAP signaling pathways in Müller cells.  
 

YAP-DEPENDENT MÜLLER CELL PROLIFERATION GENERATES NEW NEURONS? 
 

These functions of YAP make it worth considering to use it to induce the reprogramming of Müller 

cells and stimulate their regenerative potential in a similar way as for the heart, liver or intestine 

(Johnson and Halder, 2013; Wang et al., 2017). However, whether the increased proliferation of YAP-

overexpressing Müller cells leads to the production of new neuronal cells is an important point to 

address. Indeed, most of the studies focused on mammalian Müller cell-dependent regeneration 

reported that only a very small subset of reactivated cells may differentiate into neurons (Das et al., 

2006; Karl et al., 2008; Ooto et al., 2004; Osakada and Takahashi, 2007; Wan et al., 2008; Yao et al., 

2018). This is also likely the case for YAP, as another study, published in the same journal issue than 

our own article, showed by single cell RNAseq that only very few YAP-overexpressing Müller cells 

became retinal neurons (Rueda et al., 2019). One possibility is that the forced induction of the Müller 

cell proliferation by YAP overexpression generates a stress during the replication of DNA that would 

trigger cell death mechanisms as apoptosis. In fact, the overexpressed YAP might also be responsible 

for this switch to apoptosis, as it has been reported that YAP interacts with p73 and promote apoptosis 

in response to DNA damage in vitro (Lapi et al., 2008; Strano et al., 2005). In the same line, it could be 

possible that homeostasis mechanisms would lead to Müller cell death in an attempt to control the 

excessive proliferation of those cells. In our retinal explants, the density of Müller cells remains 

unchanged between YAP5SA and GFP conditions (data not shown). Although we have not studied if 

our proliferative Müller cells generate new neurons, this result suggested that the proliferative Müller 

cells may indeed been dying. To determine if YAP overexpression in Müller cells was associated with 

an increase in cell apoptosis as it has been described in intestine (Su et al., 2015), I performed TUNEL 

analysis in retinal explants infected with AAV-YAP5SA. AAV-GFP infected retinal explants were used as 



 
 178 

controls. Although I detected a slightly increase in the number of TUNEL positive cells between AAV-

YAP5SA and AAV-GFP infected retinal explants, further analysis has to be done in order to assess these 

results (data not shown). Finally, the reduced transformation of Müller cells into retinal neurons may 

also be related with the inhibitory effect of YAP on stem cell differentiation. In fact, several studies 

have reported that YAP is necessary to stem cell proliferation but impedes their differentiation during 

development (Beyer et al., 2013; Lian et al., 2010; Tamm et al., 2011).  

In order to favor neuron regeneration following YAP overexpression, it would be important to be able 

to perform a temporary overexpression, just to trigger quiescence exit Müller cells and boost their 

proliferation. Then, in a second phase, it could be pertinent to overexpress photoreceptor 

specification factors to favor neuronal differentiation of Müller cell-derived retinal progenitors. Such 

a two-step reprogramming approach has recently been developed by Chen’s laboratory (ref). In this 

work, the authors obtained Müller glia proliferation by stimulating Wnt signaling and then Crx, Otx2 

and Nrl were overexpressed to force these proliferative Müller cells to differentiate into rod 

photoreceptors. Noticeably, this could restore some visual responses in a mouse model of congenital 

blindness. Of note, a complete different interpretation of the data has been raised (Wang et al., 2020). 

It could be possible indeed that the existing photoreceptors in the blind mice were repaired either 

because they took up the virus carrying the corrective gene (none-specific cell infection could indeed 

occur), or because of gene transfer from Müller glia (this has recently been observed from 

transplanted photoreceptors to resident photoreceptors). In either case, the visual restauration would 

not result from Müller-derived photoreceptors, but from existing photoreceptors with restored 

function. It is thus absolutely crucial to perform lineage labeling to fully prove that functioning 

photoreceptors really derive from reactive Müller glia.  Of note, this two-step method could not be 

necessary, as a recent study has shown that the knockdown of Ptbp1 (polypyrimidine tract-binding 

protein 1) using an in vivo viral delivery of a new RNA-targeting CRISPR system CasRx is sufficient to 

trigger Müller cell conversion into retinal ganglion cells and partially restore the visual function in 

NMDA-injured retinas (Zhou et al., 2020). Again, lineage labeling should be done to fully prove that 

these ganglion cells really derive from reactive Müller cells. Strikingly, this downregulation of PTBP1 

is also sufficient to convert mouse and human astrocytes to functional neurons (Qian et al., 2020). So, 

even if complementary analysis has to be done to assess that the “new created” photoreceptors and 

ganglion cells are indeed derived from Müller cells, these studies constitute a big hope for 

regenerative ophthalmic therapy.  

In order to regulate the timing of YAP overexpression, with the idea of a two-step strategy (first 

increase proliferation then differentiation), we could use doxycycline (Doxy)-inducible Yap lentiviral 

vectors that have proved sufficient to reprogram differentiated cells into stem cells (Panciera et al., 
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2016). Another option would be to replace the overexpression of YAP by a temporary activation of 

YAP using a pharmacological approach. For example, XMU-MP-1, a selective inhibitor of MST1/2 

kinases, favors the translocation of YAP to the nucleus and the expression of its target genes, acting 

like a stimulant of cell proliferation, tissue repair and regeneration in different models of hepatic and 

intestine damage (Fan et al., 2016). During my PhD, I had the opportunity to work with this 

pharmacological agent. The repeated intraperitoneal injection of this drug in the MNU model of retinal 

degeneration revealed an increased expression of genes involved in cell proliferation (such as CCND1, 

data not shown). However, my experiments did not show a conclusive action of YAP in those process, 

as no inhibition of the Hippo signaling pathway was found (data not shown). Although more studies 

should be done to clearly assess the efficacy of this drug in triggering YAP-dependent Müller cell 

proliferation, the use of this pharmacological approach as a new therapeutic strategy might be 

challenging. However, several pharmacological studies are currently in course to develop activators 

and inhibitors of the Hippo signaling pathway, as the recent discovered pan-TEAD small molecule that 

acts as a surrogate for TEAD palmitoylation making him act as a negative dominant (Holden et al., 

2020); or the quinolinol, that stabilize YAP/TAZ protein levels and increase their activity (Pobbati et 

al., 2019). Along with that, it would be interesting to test this last component in our retinal model. So, 

we hope that new components triggering YAP activity could be discovered in the near future and 

tested in a retinal regenerative context.  

 

  



NING AP IN THE MICROGLIA / M LLER CELL INTERPLA



Although it has been described that the inflammatory response can have a beneficial effect in Müller 

cell-dependent retinal regeneration in regenerative species, there are very few studies regarding the 

effect of inflammation in retinal regeneration in mammals. Giving the role of the inflammatory 

response in the regeneration of other mammalian organs, I develop a project to explore the 

potential impact of inflammatory signaling on Müller cell proliferative behavior. This study is still 

under progress, but the main data are presented here. 

1. METHODOLOG  

In this study, I took advantage of retinal explant culture as a retinal degeneration model. The 

inflammation was induced or inhibited using pharmacological tools. To induce the inflammation, I 

used LPS, a bacterial lipopolysaccharide that is recognized by the toll-like receptor TLR4. To ablate 

microglia, I used PLX3397 (pexidartinib), a kinase inhibitor that blocks the colony stimulating factor 

receptor 1 (CSF-1R), a receptor necessary for microglia activity and viability.  

2. MAIN RESULTS 

 
LPS-induced reactive microglia provide signals able to stimulate the proliferation of mouse 

Müller cells. 

Surprisingly however, these LPS-induced proliferating Müller cells do not reprogram into 

progenitor-like cells. 

Ablation of microglia inhibits Müller cell proliferation, revealing the role of microglia in 

shaping the injury response of Müller cells to injury. 
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Mammals have a very limited retinal regenerative capacity compared to fish or amphibians. 
Recently, microglia-dependent inflammation has been pointed as a new positive modulator of 
Müller cell regenerative response in fish and chick. On the other hand, the role of 
neuroinflammation in mammalian nervous system regeneration remains elusive. Here we sought to 
determine the role of inflammatory signals in mammalian Müller cell behavior in a degenerative 
retina. Using ex vivo retinal explants, we discovered that chronic immune challenge is able to elicit 
Müller glia cell cycle re-entry and that this proliferative response requires hyper-activated microglia. 
Our data point to IL-6 as one of the inflammatory cytokines involved in this inflammatory-induced 
Müller cell proliferation. Strikingly however, this proliferative response is accompanied by the 
inhibition of Müller cell reprogramming into neurogenic progenitors. Altogether, our results support 
a model in which inflammatory signals released from over-stimulated microglia have a positive 
impact on Müller cell proliferation but do not confer any neurogenic potential. As a conclusion, this 
study brings novel insights into the mechanisms that enable mammalian Müller cell to exit their 
quiescence state and about differences between mammalian and non-mammalian species regarding 
their regenerative capacities. 
 
 
 



Retinal damage or neurodegenerative retinal diseases lead to vision loss in mammals. In contrast, 

some vertebrate species can regenerate their retina following injury thanks to the reprograming of 

Müller glia into retinal stem cells. Müller cells are the main type of glial cells in the vertebrate retina 

where they perform a range of functions that contribute to the maintenance of retinal homeostasis 

and visual function (Devoldere et al., 2019). In case of neuronal damage, they undergo gliosis and 

exhibit a tendency to re-enter into the cell cycle. In zebrafish or eno , this process is efficient and 

accompanied by a neurogenic competence which results in the regeneration of retinal neurons 

(Goldman, 2014; Hamon et al., 2016; Garc a-Garc a et al., 2020). In mammals, some restrictions 

appear already in the proliferative capacity, resulting in a negligible level of regeneration in case of 

retinal degeneration (Langhe and Pearson, 2019; Wilken and Reh, 2016; Garc a-Garc a et al., 2020). 

In the last decade, several signalling pathways, such as Wnt, Hedgehog, Hippo, have been reported 

as involved in the control of the proliferation and neurogenic potential of Müller cells (Langhe and 

Pearson, 2019; Garc a-Garc a et al., 2020). Signaling related to innate immunity is now also emerging 

as a key regulator of Müller cell-mediated retinal regeneration (see review Garc a-Garc a et al., 

2020). Microglia are the resident immune cells of the retina. Although recent evidences indicate that 

microglia participate in neurodegeneration processes under pathological conditions in mammals 

(Silverman and Wong, 2018b), these cells appear necessary for Müller cell proliferation following 

injury in regenerative species, such as zebrafish and chick (Conedera et al., 2019; Fischer et al., 2014; 

Palazzo et al., 2019; Silva et al., 2020; White et al., 2017). In addition to resident microglia, 

infiltrating immune cells also appear to participate to the regenerative response following retinal 

damage (Hui et al., 2017; Mitchell et al., 2018). et, how immune cells and Müller cells interact and 

cooperate is not well understood. TNF-α and IL-6-family cytokines have been shown to promote 

Müller cell reprogramming and proliferation in the chick and/or the fish retina upon injury (Conner 

et al., 2014; Elsaeidi et al., 2014; Fischer et al., 2014; Goldman, 2014; Iribarne et al., 2019; Nelson et 

al., 2013; hao et al., 2014). Similarly, the cytokine midkine in zebrafish is required to trigger Müller 

cell cycle progression and proliferation, as its suppression lead to a blockage of Müller cells in the G1 

phase and an inhibition in retinal regeneration upon photoreceptor degeneration (Nagashima et al., 

2020). Regarding the mechanisms regulating the effect of inflammatory cytokines on Müller cell-

dependent regeneration, it seems that they trigger key signalling pathways in Müller cells such as 

mTOR in the fish ( hang et al., 2020) or NF- B in the chick (Palazzo et al., 2020). Altogether, these 

data support a positive influence of inflammatory signals on Müller cell-dependent retinal 

regeneration in regenerative species. In mammals, microglial cells have been shown to be involved 

in the proliferation of retinal precursor cells during postnatal development in mice (Kuse et al., 



2018). However, how inflammation influences Müller cell behavior in mammals remains unknown. 

We thus took advantage of the mouse retinal explant ex vivo model to determine the impact of an 

immune challenge on Müller cell proliferation. We discovered that hyper-activated microglia can 

trigger the re-entry into the cell cycle of a subpopulation of Müller cells. Our data also suggest that 

this mitogenic effect may be due, at least in part, to the pro-inflammatory cytokine IL-6. Finally, we 

revealed that inflammatory-induced proliferative Müller cells do not reprogram into neurogenic 

retinal progenitors. As a whole, this study brings new insights into the mechanisms underlying 

mammalian Müller cell behaviour under pathological condition, highlighting that inflammatory 

signals released from over-stimulated microglia have a positive impact on Müller cell proliferation 

but inhibit their neurogenic potential. 

 

 

thics statement and mice 

All animal experiments have been carried out in accordance with the European Communities Council 

Directive of 22 September 2010 (2010/63/EEC). All animal care and experimentation were 

conducted in accordance with institutional guidelines, under the institutional license D 91-272-105. 

The study protocols were approved by the institutional animal care committee CEEA n 59 and 

received an authorization by the Minist re de l Education Nationale, de l Enseignement Supérieur 

et de la Recherche  under the reference APAFIS 1018-2016072611404304v1. Wild-type C57Bl/6 Rj 

mice were kept at 21 C, under a 12-hour light/12-hour dark cycle, with food and water supplied a  

li i . All experiments involving adult mice were performed with male or female mice that were 3 

to 8 weeks of age. No difference between sexes was observed in any retinal phenotype. 

Mouse retinal explants 

Retinas from enucleated eyes were dissected in Hanks  Balanced Salt solution (GIBCO) by removing 

the anterior segment, vitreous body, sclera and RPE. The retina was then cut radially into four equal-

sized pieces and flat-mounted onto a microporous membrane (13 mm in diameter; Merk Millipore) 

in a twelve-well culture plate, with the ganglion cell layer facing upward. Each well contained 1 mL of 

culture medium, consisting in DMEM-Glutamax (GIBCO) supplemented with 1% FBS, 0.6% D-

Glucose, 0.2% NaHCO3, 5mM HEPES, 1% B27, 1% N2, 1X Penicillin-Streptomycin. Culture medium 

containing 5 ng/mL LPS from Escherichia coli O111 B4 (Lypopolysacharide, Sigma), 20 ng/ml of 

recombinant human IL-6 (Interleukin-6, R D Systems), 2 or 10 M of PLX3397 (Pexidartinib, 

Clinisciences) or vehicle was added from the beginning of the explant culture. Explants were 

maintained at 37 C in a humidified incubator with 5% CO2. Half of the culture medium was changed 



every two days. One drop of medium was added daily over the retinal explants to avoid drying. For 

proliferation assays, 10 mM EdU was applied at the indicated days of culture before fixation. 

 

estern- lotting 

Each protein extract was obtained from a single retina, quickly isolated and frozen at 80 C. Retinas 

were then lysed in P300 buffer (20 mM Na2HPO4; 250 mM NaCl; 30 mM NaPPi; 0.1% Nonidet P-40; 

5 mM EDTA; 5mM DTT) supplemented with protease inhibitor cocktail (Sigma-Aldrich). Lysate 

concentration was determined using the Lowry protein assay kit (DC Protein Assay; Bio-Rad) and 15 

g/lane of each sample were loaded for western-blot analysis. At least 7 individuals were tested per 

condition. Primary/secondary antibodies and their corresponding working dilutions are listed in 

Table S2. Protein detection was performed using an enhanced chemiluminescence kit (Bio-Rad). 

Each sample was probed once with anti-α-tubulin antibody for normalization. uantification was 

done using Fiji software (National Institutes of Health) (Schindelin et al., 2012). 

 extraction and - P  

Total RNA was extracted from mouse neural retina using RNeasy mini kit ( IAGEN). RNA 

concentration was assessed using the NanoDrop 2000c UV-Vis spectrophotometer (Thermo Fisher 

Scientific). Total RNA was reverse transcribed in the presence of oligo-(dT)20 using Superscript II 

reagents (Thermo Fisher Scientific). For each RT-qPCR reaction, 1.5 ng of cDNA was used in 

triplicates in the presence of EvaGreen (Bio-Rad) on a CFX96 Real-Time PCR Detection System (Bio-

Rad). Differential expression analysis was performed using the Ct method using the geometric 

mean of 26, 2 and T  as endogenous controls (Vandesompele et al., 2002). Relative 

expression of each gene in each sample was calculated using the mean of the controls as the 

reference (1 a.u.). Primers are listed in Table S1. RT-qPCR experiments were performed on at least 7 

mice per condition, allowing for statistical analysis. 

 

istolog  and mmunofluorescence 

Retinal explants were fixed in 1X PBS, 4% paraformaldehyde for 20 minutes at room temperature. 

Explants were washed in PBS and then incubated for 30 minutes at room temperature in blocking 

solution, which consisted of Dako diluent (Dako (Agilent)) and 0.3% Triton X-100 (Sigma-Aldrich UK). 

Explants were then incubated in mouse monoclonal primary antibodies for 48 to 72 hours at 4 C, 

washed thoroughly, and incubated in fluorescent secondary antibody for 24-48 hours at 4 C. 

Explants were finally washed and whole-mounted on slides or blocked during 1h at room 

temperature in PBS 1X containing 5% normal goat serum (Invitrogen Inc.) and 0.3% Triton X-100 



(Sigma-Aldrich UK) before treated for EdU labeling detection as described below. Primary/secondary 

antibodies and their corresponding working dilutions are listed in Table S2. 

L assa  and d  la elling 

Detection of apoptotic cells was conducted on retinal sections using DeadEnd Fluorometric TUNEL 

System (Promega) according to the manufacturer s instructions. For double labelling, TUNEL 

labelling was done first, followed by immunostaining. EdU incorporation was detected using the 

Click-iT EdU Imaging Kit (Thermo Fisher Scientific) according to manufacturer s recommendations. 

For double labelling, immunostaining was done first, followed by EdU labelling. Coverslips were 

mounted using Fluorsave Reagent (Millipore, USA). 

 

maging 

Fluorescence images were acquired using an ApoTome-equipped AxioImager.M2 microscope or a 

eiss LSM710 confocal microscope. Images were processed using en ( eiss) software. The same 

magnification, laser intensity, gain and offset settings were used across animals for any given 

marker. 

 

uantification and Statistical nal sis 

Mean number of labeled cells in mouse retinal explants were calculated from 8 different fields of 104 

m2 per retina (2 in each quarter) and using at least 7 explants per condition. Statistical analysis was 

performed with GraphPad Prism 8.03 (GraphPad Software, La olla California USA) using the non-

parametric Mann-Whitney test in all experiments. p value  0.05 was considered significant. All 

results are reported as mean  SEM.  



Microglia ecome h per-acti ated in response to LPS immune challenge in degenerating retinal 

explants 

To examine the effect of inflammation on Müller cell proliferation, we used adult mouse retinal 

explants cultured in the presence of lipopolysaccharide (LPS), a bacterial endotoxin commonly used 

to stimulate the pro-inflammatory response of microglia both in vi o and in vivo (Hoogland et al., 

2015; Lively and Schlichter, 2018; Lund et al., 2006). We used retinal explants as this technique (i) 

preserves the complex 3D organisation of the retina, but at the same time (ii) offers the simplicity of 

ex vivo experimentation, (iii) represents a common model of retinal degeneration, and last but not 

least (iv) allows studying microglia-dependent inflammatory response, as the recruitment of 

peripheral macrophages from the blood circulation cannot occur. First, we sought to characterize 

the dynamics of the inflammatory response to LPS treatment in retinal explants, by analysing the 

time course of microglial activation after 1 to 7 days ex vivo (DEV) culture (Figure 1A). To this aim, we 

studied the immunoreactive profile of CD68, a lysosomal protein enriched in phagocytic cells, and as 

such, the most widely used marker of microglial activation (Korzhevskii and Kirik, 2016). In control 

explants, CD68 labelling was observed from DEV3 and increased up to DEV7 (Figure 1B, C). Other 

signs of activation were also evident as microglia acquired an amoeboid shape with short thick 

processes, compared to highly ramified resting microglia, and exhibited increased rate of 

proliferation (data not shown). This result is consistent with the expected activation of resident 

microglial cells upon retinal explant degeneration. We found that LPS treatment did not trigger, at 

any culture time points, further increase in the number of CD68-labelled cells (Figure 1B, C), nor any 

changes in microglial cell morphology or in their distribution in the different layers of the explants 

(data not shown). On the contrary, the number of CD68-positive microglia was even reduced at 

DEV3 compared to control (Figure 1C). Since LPS was previously described as able to make CD68-

activated microglia become hyper-reactive (producing an amplified and prolonged proinflammatory 

response) (Witcher et al., 2015), we analyzed the expression of typical pro-inflammatory factors, Il6, 

Il1β and TNFα, as well as the expression of the chemotactic molecule CCL2  a key mediator of 

microglia activation. The mRNA levels of all these factors are increased from DEV1 onwards, in both 

LPS-treated and control retinas (Figure 1D). However, chronic exposure to LPS dramatically 

increased the expression of these genes at all-time points compared to controls (Figure 1D). 

Altogether, these data suggest that activated microglia in degenerating retinal explants can become 

hyper-activated by a second insult, and confirm the efficacy of LPS immune challenge. 
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Microglia, and to a lesser extend Müller cells, mediate LPS-induced immune response in retinal 

explants 

Since Toll-like receptor (TLR) 4, the LPS receptor, is not only expressed in microglial cells but also in 

Müller cells (Lin et al., 2013), we wanted to evaluate whether the increase in inflammatory signals 

following LPS treatment could be attributed not only to its effect on microglia cells but also through 

Müller cell direct activation, as previously reported in a stable murine Müller cell line (Lin et al., 

2013). Along this line, it is widely accepted that Müller cells contribute to the inflammatory response 

by secreting several inflammatory factors (Eastlake et al., 2015; Kumar et al., 2013). To assess Müller 

cell contribution to the LPS-induced inflammatory response in retinal explants, we decided to 

perform LPS treatment on explants depleted of microglial cells by using the CSF1R inhibitor PLX3397 

(Figure 2A). The dose-dependent decrease in the number of CD68-labelled cells attested the 

effectiveness of PLX3397-dependent microglial depletion after 7 days of culture (Figure 2B, C). The 

effect was maintained even in the presence of LPS (Figure 2B, C). We then analyzed the production 

of the four pro-inflammatory factors, CCL2, IL-6, IL1-β and TNFα, 7 days after LPS treatment in the 

presence of 10 μM PLX3397 (Figure 2D). The increase in Il1-ß mRNA levels observed following LPS 

treatment, was completely abolished by PLX3397 exposure, suggesting that Il1-ß upregulation was 

only due to microglial cells. Ccl2, Il-6, and Tnfα upregulation following LPS challenge was also 

strongly impaired but the reduction did not reach control levels. Although this could be attributed to 

remaining microglial cells (there is still around 30% of microglia in 10 μM PLX3397 retinal explants 

compared to controls), Müller cells likely also play a key role in LPS-driven regulation of a set of 

proinflammatory signals. In the future, in order to unambiguously distinguish the cellular sources of 

pro-inflammatory factor secretion following LPS treatment, we aim at analyzing their expression 

following magnetic cell sorting of microglia and Müller cells (in collaboration with Florian Sennlaub 

team, Institut de la Vision). 

 

LPS immune challenge does not trigger enhanced retinal damage nor Müller cell stress response in 

explants 

Historically, prolonged microglial activation in the central nervous system in mammals has been 

associated with detrimental effects in the neural tissue (Ekdahl et al., 2003; Ekdahl et al., 2009; 

Erlandsson et al., 2011; Fitch and Silver, 2008; Kyritsis et al., 2014; Monje et al., 2003; Perez-Asensio 

et al., 2013; Vannella and Wynn, 2017). For instance, sustained and increased release of cytokines 

from microglial cells following 100ng/mL LPS treatment has been associated with a significant 

increase in retinal explant neurotoxicity (Bauer et al., 2016). Although we used a much lower dose of 

LPS (5 ng/mL), we logically wondered whether in our culture conditions, LPS challenge could also 
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enhance retinal damage and/or stress. To examine the apoptotic response in retinal explants 

following LPS exposure, we determined the ratio between two pro- and anti-apoptotic members 

(Bax and Bcl2 respectively), a well-recognized predictor of apoptosis extent. We observed an 

upregulation of the Bax/Bcl2 mRNA ratio from DEV1 onwards in control explants, in accordance with 

the known cell death occurring ex vivo (Figure 3A). However, no significant differences in Bax and 

Bcl2 mRNA levels between control and LPS-treated retinal explants were observed, indicating that 

the apoptotic response was similar in both conditions (Figure 3A). This result was further confirmed 

by the mean of a TUNEL assay in DEV7 retinal explants. Although quantitative analyses of the 

number of TUNEL positive cell in control and LPS-treated retinal explants remains to be done, we did 

not observe obvious differences regarding the extent or the localization of TUNEL positive cells 

between LPS-treated and untreated retinal explants (data not shown). The upregulation of GFAP in 

Müller cells is considered as a hallmark of retinal stress (Bringmann et al., 2006). Analysis of GFAP 

mRNA expression after LPS-treatment showed an increase of retinal stress from 3 days of culture 

onwards compared to that observed in the control group (Figure 3B). Altogether, our results indicate 

that in our culture conditions, the amplified inflammatory response following LPS treatment does 

not result from enhanced neurotoxicity and does not increase the stress reactivity of Müller cells. 

 

LPS immune challenge induces Müller cell proliferation in retinal explants 

We next sought to determine the effect of LPS-induced proinflammatory context on Müller cell 

proliferation in retinal explants. To do this, we combined EdU incorporation assay with 

immunolabeling for SOX9, a known marker of Müller cells (Poché et al., 2008). EdU/SOX9 double 

labeled cells were detected in control retinal explants from DEV3 onwards, yet the overall number of 

proliferative Müller cells remained modest reaching a maximum of around 20 proliferative cells / 

field (Figure 4), as previously reported (Karl et al., 2008 ; Hamon et al., 2019a). Strikingly, LPS 

dramatically increased this number of proliferative Müller cells from DEV5 onwards (Figure 4). To 

determine whether this mitogenic effect was mediated by hyper-activated microglia or by direct 

activation of Müller cells by LPS, we analyzed Müller cell proliferative response to LPS treatment in 

microglia depleted explants (Figure 5A). We found that the number of EdU/SOX9 labelled cells was 

dramatically decreased, alongside the diminution of microglial cells (Figure 5B, C). In order to rule 

out the possibility that a toxic effect of PLX3397 underlies this decreased number of proliferative 

Müller cells, we quantified the density of Müller cells in retinal explants after both PLX3397 and LPS 

treatment. No differences in the number of Müller cells were observed between all the conditions 

(Supplementary Figure 1A). In addition, mRNA expression of GFAP remained unchanged in PLX3397, 

LPS or both PLX3397/LPS treated retinal explants (Supplementary Figure 1B). These results indicate 



that PLX3397 does not promote Müller cell death not any retinal stress but specifically targets 

microglia cells. Altogether, our data therefore suggest that hyper-activated microglia trigger the re-

entry of Müller cells into the cell cycle observed upon LPS treatment in retinal explants. Since we 

showed above that LPS treatment does not trigger enhanced neurotoxicity, which could have 

indirectly mediated Müller cell proliferative response, we propose that microglia can directly 

regulate Müller cell quiescence exit. It would be important to validate this model by the mean of a 

genetic approach, for instance using the Cx c 1C T  mice which allow complete depletion of 

microglial cells (Bruttger et al., 2015; Goldmann et al., 2013; Han et al., 2017; Parkhurst et al., 2013). 

Although we found a significant increase in the level of Müller cell proliferation upon LPS treatment, 

the amplitude of the phenotype is far below the spectacular increase that we reported previously 

when explants were overexpressing the co-transcription factor AP (Hamon et al., 2019a). On the 

other hand, it has been reported that although EGF treatment can trigger Müller cell proliferation in 

young mouse retinal explants, it cannot do so in adult one (Karl et al., 2008). This indicates that 

hyper-activated microglia are more potent to promote adult Müller cell proliferation than the 

mitogenic growth factor EGF. 

 

L-  is a potential mediator of microglia-dependent Müller cell proliferation 

Since hyper-activated microglia can induce Müller cell proliferation following LPS treatment, we 

reasoned that secreted proinflammatory factors secreted from these cells could be involved. We 

selected a potential candidate, the cytokine IL-6, which expression is strongly upregulated upon LPS 

treatment, with a pic at DEV1 followed by a progressive decrease (Figure 1D). We focused on this 

cytokine since it has been shown that administration of exogenous IL-6 induces the proliferation of 

Müller cells in undamaged zebrafish retina (Nelson et al., 2013; hao et al., 2014). Interestingly, we 

found that IL-6 exposure is indeed able to convert a subset of dormant Müller cells into proliferative 

ones (Figure 6). However, this effect appears largely dependent on the timing of IL-6 application on 

the explant. Although from DEV0 to DEV2, it leads to a significant increase in the number of 

EdU/SOX9-positive cells (Figure 6A), treatment from DEV0 to DEV6 does not have any effect (Figure 

6B). Noticeably, when applied from DEV3 to DEV5, when Müller cell exhibit LPS-dependent 

proliferative activity, it promoted Müller cell proliferation as efficiently as the LPS treatment (Figure 

6C). It is therefore tempting to speculate that IL-6 could be one of the cytokines secreted by hyper-

activated microglia that mediate Müller glia cell cycle re-entry, and that its dynamics of expression is 

key for this process. Of note, these experiments have been performed only once and therefore need 

to be confirmed. Furthermore, to support our hypothesis, it would be useful to inhibit IL-6 pathway 

in explants exposed to LPS and assess whether this could be sufficient to prevent Müller cell 



proliferation. Besides, another interesting candidate to focus on is TNFα. Indeed, as IL-6, we found 

that it is upregulated in LPS-induced hyper-activated microglia with a pic at DEV5, when Müller cells 

proliferate (Figure 1D). Moreover, as IL-6, TNFα has also been linked to the regeneration of several 

organs, including the retina (Conner et al., 2014; Elsaeidi et al., 2014; Fischer et al., 2014; Goldman, 

2014; Iribarne et al., 2019; Nelson et al., 2013; Vannella and Wynn, 2017; hao et al., 2014). In 

addition, we found that microglia cell ablation in LPS-treated retinal explants, which prevents Müller 

cell proliferation, leads to a dramatic reduction of TNFα expression, whereas IL-6 downregulation 

was not significant. Finally, a recent preprint has reported that the addition of TNFα in a culture of 

Müller cells derived from mice exposed to light injury, stimulates the secretion of inflammatory 

factors and drives their proliferation (Niu et al., 2019). Altogether, all these data point to TNFα as an 

interesting candidate to study in order to assess whether it takes part to the inflammatory signaling 

mediating LPS-induced Müller cell proliferation. Combinatorial treatment may also prove to be more 

efficient than a single cytokine treatment. Simultaneous, or successive treatments of IL-6 and TNFα 

may thus be performed to reveal a potential cytokine synergy  phenomenon.  

To identify additional proinflammatory cytokines potentially involved in this process, it could also be 

very interesting to perform the explant culture experiments following other immune challenges than 

LPS, using for instance ymosan (a fungal cell wall extract). The rationale is that LPS and ymosan 

can induce distinct neuroinflammatory responses as they are recognized by different receptors 

(Dillon et al., 2006). We could determine the secretome of hyper-activated microglia from 

conditioned media prepared from microglia treated either with LPS or with ymosan. We could then 

screen for potential candidates according to the efficiency of the proliferative effects of both 

immune challenges. This may help pointing to key cytokines underlying Müller cell proliferative 

response. 

 

LPS immune challenge inhi its the neurogenic potential of proliferating Müller cells  

In regenerative species, Müller cell proliferation following injury is accompanied by a reprogramming 

process, leading to the re-expression of several reprogramming and neurogenic factors, such as 

ASCL1, Lin28 and STAT3, that regulate the de-differentiation of Müller cells into neurogenic retinal 

progenitors (Hamon et al., 2016; Langhe and Pearson, 2019). In order to deepen our analysis of the 

effect of LPS immune challenge on Müller cell-dependent retinal regeneration, we investigated 

whether LPS-induced proliferative Müller cells undergo such de-differentiation event, as assessed by 

cl1 expression levels. A significant cl1 upregulation was detected from DEV5 (Figure 7A), 

coincident with the slight increase in Müller cell proliferation observed in control explants (Figure 4). 

This suggests that our culture conditions are sufficient to trigger an increase of cl1 expression in a 



subset of Müller cells. Strikingly, this upregulation of cl1 at DEV5 and DEV7 was inhibited in LPS-

treated retinal explants (Figure 7A). This result was very surprising, as it indicates that although 

chronic LPS immune challenge awakes quiescent Müller cells and induce re-entry into the cell cycle 

ex vivo, it prevents, as least in part, their de-differentiation into retinal progenitors. The expression 

of other reprogramming/neurogenic factors, such as Lin28 or PAX6, should also be analyzed to 

support this conclusion. Besides, since the levels of cl1 in LPS-treated explants is even lower than 

in control explants, it suggests that an inhibitory mechanism is in place in hyper-activated microglia. 

To confirm this inhibitory effect, coupling LPS and EGF treatments could be performed to assess 

whether the neurogenic potential of EGF is inhibited by hyper-activated microglia.  

In the chicken retina, inhibition of STAT3 increases neurogenesis from reactive Müller cells in 

damaged retinas (Todd et al., 2016). Similarly, it has recently been reported that STAT3 signaling, 

triggered by neuronal injury, was potentially involved in the reduced cl1-mediated reprogramming 

of adult mouse Müller cells ( orstad et al., 2020). We thus logically wondered whether the inhibition 

on cl1 mRNA expression following LPS treatment could be due to an increase in STAT3 signaling. 

We found an increase in STAT3 signaling activation, assessed by the ratio of P-STAT3/STAT3 (Figure 

7B), at all time points in control explants, with a pic at DEV1, coincident with the pic of expression of 

some pro-inflammatory factors, such as CCL2 and IL-6 (Figure 1D). The same P-STAT3/STAT3 ratio 

profile was observed in LPS-treated retinal explants with no statistically significant differences with 

the control at any time points (Figure 7B). This suggests that the absence of cl1 upregulation 

observed in the presence of LPS is not related to an increase in STAT3 signaling. As a whole, although 

the mechanism preventing cl1 upregulation in the presence of hyper-activated microglia remains 

to be determined, our data strongly suggest that LPS-induced proliferative Müller cells lack 

neurogenic potential. Interestingly, the absence of cl1 upregulation in the mouse retina upon 

injury is seen as one of the main barriers for Müller cell-dependent retinal regeneration in mammals. 

It would thus be very interesting to determine the final fate of Müller cells that proliferate upon LPS 

immune challenge  if they cannot generate new neurons, do they stay in a proliferative state, can 

they self-renew and generate new Müller cells, do they undergo apoptosis to regulate their number  

Unfortunately, culturing explants for longer time than 7 days may be technically challenging, and 

these questions may thus be difficult to address ex vivo.  
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Figure 6. IL-6 is a potential mediator of microglia-dependent Müller cell proliferation. (A) 

Timeline diagram of the experimental procedure used in (B–D). Retinas from WT mice were 

flattened and cultured for 2 or 6 days in the presence of IL-6 and/or LPS. EdU was added to the 

culture medium for immunostaining analysis (B-D). (B) EdU and Sox9 co-labeling in the inner 

nuclear layer of control and IL-6 stimulated retinal explants treated from DEV0 to DEV2. The 

histogram corresponds to the quantification of the total number of double EdU+Sox9+ cells in 

B. Mean values +/- SEM from at least 4 independent retinas are shown. Scale bar: 100 μm. (C) 

EdU and Sox9 co-labeling in the inner nuclear layer of control and IL-6 stimulated retinal explants 

treated from DEV0 to DEV6. The histogram corresponds to the quantification of the total 

number of double EdU+Sox9+ cells in C. Mean values +/- SEM from at least 4 independent 

retinas are shown.  Scale bar: 50 μm. (D) EdU and Sox9 co-labeling in the inner nuclear layer of 

control, LPS and IL-6 stimulated retinal explants treated from DEV3 to DEV5. Scale bar: 50 μm. 

The histogram corresponds to the quantification of the total number of double EdU+Sox9+ cells 

in D. Mean values +/- SEM from at least 4 independent retinas are shown. Statistics: Mann-

Whitney test, *p≤ 0.05, ns: non-significant. 

 

  



  

















INFLAMMATOR  SIGNALS PROMOTE THE PROLIFERATION OF M LLER CELLS BUT NOT 
THEIR NEUROGENIC POTENTIAL 
 

In recent years, accumulated evidence has pointed to a positive effect of the immune system on 

retinal regeneration efficiency in species like zebrafish or chick. Here, we revealed the existence of a 

similar positive impact of neuroinflammation on mammalian Müller cell reactivation. We indeed 

demonstrated that ex vivo chronic stimulation of microglial-dependent inflammatory response 

boosts the usually very limited proliferative response of mouse Müller cells in case of retinal damage 

(Figure 8). Our results suggest the possibility that inflammatory cytokines, such as IL-6, could 

underlie this mitogenic activity. Interestingly however, our data suggest that the inflammatory-

induced proliferative Müller cells do not reprogram into neurogenic retinal progenitors (Figure 8). In 

the future, it would thus be very interesting to explore whether coupling inflammatory and 

neurogenic signals could unlock both the proliferative and the neurogenic abilities of Müller cells. 
 

COULD IMMUNE CHALLENGE ALSO PROMOTE M LLER GLIA CELL C CLE RE-ENTR  I  
I   

 

The eye is one of the areas of the body considered to be a site of immune privilege. This means not 

only that it possesses physical barriers that prevent the entry and the exit of pathogens, immune 

cells or larger molecules; but also that the ocular microenvironment contains soluble 

immunosuppressive factors that activate the Treg cells and oppose the activity of immune-

competent cells (Forrester and Xu, 2012; hou and Caspi, 2010). The benefit of the immune privilege 

is to avoid over inflammation to occur that would otherwise damage the retina as observed in many 

ocular pathologies. On the other hand, it is tempting to speculate that the dark side of the immune 

privilege would be to hinder Müller cell-dependent retinal regeneration in response to damage by 

limiting the pro-inflammatory response in a very efficient way. Our ex vivo data suggest indeed that 

Müller glia can reenter into the cell cycle if microglia are hyper-activated. As discussed above, retinal 

explants are a valuable model to study the interplay between microglia-dependent inflammation 

and Müller cells, since microglia are the only resident macrophages in ex vivo cultures. However, this 

could also be seen as a limitation compared to the in vivo situation where not only microglia, but 

also infiltrating immune cells, participate to the regulation of the inflammatory process (Bosak et al., 

2018). Thus, it will be interesting to investigate whether an immune challenge, breaking the immune 

privilege of the retina, could also awake Müller cells in vivo. 

 

 



INFLAMMATION AS THE MECHANISM UNDERL ING REGENERATIVE DIFFERENCES 
BETWEEN SPECIES 
 

The immune response has been reported as an important trigger of the central nervous system 

regenerative response (including the retina) in regenerative organisms such as zebrafish (Kizil et al., 

2015; Kyritsis et al., 2012; White et al., 2017). Indeed, drug-mediated immunosuppression lessens 

the regenerative neurogenesis that normally occurs in the zebrafish brain upon injury, highlighting 

the importance of the inflammatory response in the regenerative process (Kyritsis et al., 2012). 

More importantly, the same study reported that induction of an inflammatory reaction was 

sufficient to stimulate brain neurogenesis in the absence of injury (Kyritsis et al., 2012). Strikingly, 

although in mammals several mouse studies imply that the inflammation has a negative effect on 

the proliferation of neural precursors cells and brain regeneration (Ekdahl et al., 2003; Monje et al., 

2003), we show here that LPS-induced inflammation is sufficient to trigger Müller cell proliferation in 

the mammalian retina. Interestingly however, we also found that, contrary to regenerative species, 

where the inflammatory response trigger both Müller cell proliferation and reprogramming, in 

mammals the inflammatory response trigger Müller cell proliferation but inhibit their neurogenic 

potential. This suggests that hyper-activated immune cells secrete pro-proliferative inflammatory 

mediators that are not present, or present in insufficient amounts, upon retinal damage in 

mammals. Nevertheless, the factors conferring the reprogramming capacity would be still missing, 

insufficient or inhibited. On the contrary, retinal injury in regenerative species would trigger an 

inflammatory response leading to the secretion of such potential pro-regenerative inflammatory 

factors. Therefore, differences in the immune cell types involved, the level and the nature of 

cytokine expression, or even the timing of the inflammatory response could be responsible for the 

regenerative differences observed between species. Supporting this idea, it has been shown that the 

chick retina, but not mouse retina, contains an atypical glial cell type, the non-astrocytic inner retinal 

glia-like (NIRG) cells that participate to the inflammatory response (Fischer et al., 2010a; Fischer et 

al., 2010b). Along the same line, in case of injury in zebrafish, the inflammatory response is strong 

and quick, contrasting to mammals, where the pro-inflammatory context is often persistent (Alunni 

and Bally-Cuif, 2016; Bosak et al., 2018; Ceci et al., 2019). To determine if the nature or intensity of 

the inflammatory response may underlie the differential responses of Müller cells to injury between 

species, it would be interesting to perform comparative analysis between animal models with highly 

different regenerative properties. To this aim, my laboratory is currently comparing the 

inflammatory response between eno  and mouse. Overall, this novel research topic aimed at 

bridging the fields of inflammation and regeneration could help us to dig into the mechanisms that 



underlie such differences and to increase our knowledge into the regenerative capacity of the 

mammalian retina. 



  



My results obtained during the third part of my PhD indicate the existence of a microglia-dependent 

regulation of Müller cell proliferation in case of retinal degeneration coupled to immune challenge. 

Our previous results regarding the role of AP in Müller glia cell cycle re-entry, together with recent 

discoveries highlighting in multiple cell types a link between inflammation and AP activity, 

prompted me to develop a project to explore the interplay between inflammation and AP-

dependent Müller cell proliferation in the retina. This study is still under progress, but the main data 

are presented here. 

1. METHODOLOG  

In this study, I used both the loss and the gain of function tools described above, the  c  mouse 

line and the - P S  adeno irus, respectively. In addition, I took advantage of retinal explant 

culture as a retinal degeneration model. The inflammation was induced or inhibited using 

pharmacological tools. To induce the inflammation, I used LPS, a bacterial lipopolysaccharide that is 

recognize by the toll-like receptor TLR4. To ablate microglia, I used PLX3397 (pexidartinib), a kinase 

inhibitor that blocks the colony stimulating factor receptor 1 (CRF-1R).  

2. MAIN RESULTS 

 
AP expression upregulation in Müller glia upon pathological conditions does not require 

microglia but can be fine-tuned by inflammatory signals  

AP-induced Müller cell proliferation in degenerative retinal explants requires activated 

microglia 

AP confers a pro-inflammatory environment in a degenerating retina 

LPS-induced Müller cell proliferation requires AP activity  

AP and inflammatory signals cooperate to enhance Müller cell proliferation 

 
 

 
  



 
 
 
 
 

Part  
 

iana arc a- arc a, Lorena Vidal-Gil, Catherine Hottin, uliette Bitard, Anna g 
Hamon, ér me Roger and Muriel Perron 

 

P mediates microglia-Müller cell crosstal  

n oin  o  
 

 

 

 

ABSTRACT 

Vertebrate species exhibit tremendous differences in their regenerative abilities. Recently, there has 
been a growing appreciation of the contribution of inflammation to the regeneration process. 
Regarding the retina, microglia-dependent inflammation has been pointed as a trigger of the 
proliferative response of Müller cells, retinal glia cells endowed with regenerative potential. 
However, how immune cells and Müller cells interact and cooperate is largely unknown. Here, using 
retinal explants as a retinal degenerative ex vivo model, we discovered a positive regulatory 
feedback loop in which Müller cell  expression of AP, the effector of the Hippo pathway, was 
modulated upon immune challenge, while microglia-induced inflammatory signals were positively 
regulated by AP. Moreover, we identified reciprocal functional interactions  Müller cell proliferative 
effects induced by AP required inflammatory molecules released by microglia, while AP activity 
was necessary for Müller glia cell cycle re-entry triggered by hyper-activated microglia. Finally, we 
discovered that overexpressing AP in a pro-inflammatory context reinforces its Müller cell 
proliferative effects.  This work thus highlights AP as a molecular hub  mediating the dialog 
between Müller cells and microglia in the retina and brings new insights into the complex interplay 
between the microenvironment and intrinsic signalling pathways underlying dormant stem cell 
reactivation.   



 

Decoding the mechanisms underlying stem cell quiescence exit is expected to provide fundamental 

information in the field of regenerative medicine. The Hippo pathway emerged as a key signalling in 

controlling organ repair and regeneration (Moya and Halder, 2019). It consists of a core kinase 

cascade that regulates negatively the activity of the transcription coactivators AP ( es associated 

protein) and TA  (WW domain containing transcription regulator 1) (Moya and Halder, 2019). In 

case of damage, AP/TA  activity regulates genes involved in the expansion of tissue-resident 

progenitors and thereby promotes tissue regeneration (Del Re et al., 2013; Grijalva et al., 2014; 

ohnson and Halder, 2014). AP is essential for intestinal or liver regeneration for instance (Barry et 

al., 2013; Gregorieff et al., 2015). Some other organs however do not regenerate in mammals, such 

as the retina. Müller cells are considered dormant retinal stem cells as they can re-enter into the cell 

cycle, reprogram into retinal progenitor and regenerate retina following damage in some species 

(Hamon et al., 2016; Langhe and Pearson, 2019). In mammals however, these cells reactivate (exit 

quiescence) upon injury but do not progress into the cycle and therefore are unable to regenerate 

retinal neurons. Several key signalling pathways have been shown to regulate Müller cell 

proliferation and able to awake mammalian Müller cells (Hamon et al., 2016; Langhe and Pearson, 

2019). For instance, we have recently found that AP is specifically expressed in Müller cells and is 

necessary for their cell cycle re-entry in a degenerating eno  retina (Hamon et al., 2019a). 

Besides, we and the team of R. Poché, have shown that its overactivation is sufficient to elicit mouse 

Müller glia proliferation, even in uninjured retinas (Hamon et al., 2019a; Rueda et al., 2019). The 

cellular microenvironment is also key to modulate a regenerative response, as it influences the 

activity of signalling pathways. For instance, inflammatory signals have recently been reported as 

important triggers for the regenerative response of Müller cells in the fish or chicken retina (Garc a-

Garc a et al., 2020). In the mouse, we recently found that a pro-inflammatory context can favour 

Müller cell division (Garc a-Garc a 2020, in prep). However, molecular cues linking inflammation and 

Müller cell mitogenic activity upon retinal injury are still largely unknown. Interestingly, a growing 

number of studies in various tissues tend to suggest that the Hippo pathway orchestrates the 

interplay between the innate immune system and the regeneration process (Wang et al., 2020). In 

the mammalian liver or intestine for instance, it has been shown that AP mediates inflammation-

dependent regeneration (Su et al., 2015; Taniguchi et al., 2015). In the present study, we found that 

AP plays a key function in the reciprocal interaction between Müller cells and microglia in the 

retina. Indeed, using retinal explants as a degenerative ex vivo model, we highlighted cross-

regulations, inflammatory signals being able to modulate AP expression while AP being able to 

regulate pro-inflammatory signals. Moreover, we identified functional interactions, inflammatory 



signals and AP being dependent on each other to promote Müller cell proliferation. Finally, we 

discovered cumulative effects, making it possible to awake almost all Müller cells in a mouse retinal 

explant. This work thus brings new insights into the complex interplay between the 

microenvironment and intrinsic signalling pathways underlying dormant stem cell reactivation. 

 

The majority of the material and methods used for determining the role of AP in the microglia-

Müller cell crosstalk has been already described in Part 3 (Western-blotting, RNA extraction and RT-

qPCR, Histology and Immunofluorescence, TUNEL assay and EdU labelling, Imaging, uantification 

and Statistical Analysis). Here, I describe the different/additional material and methods used. 

Mice  

Mice were kept at 21 C, under a 12-hour light/12-hour dark cycle, with food and water supplied a  

li i . a flox/flox ax-C e T2 mice were obtained as previously described (Hamon et al., 2019b) by 

mating a flox/flox mice (Reginensi et al., 2013b) with heterozygous Rax-CreERT2 knock-in mice (Pak et 

al., 2014). The Cre activity was induced through a double intraperitoneal injection of 4-hydroxy-

tamoxifen (4-OHT; 1 mg/kg) at P10 and P14. Genotyping was done by PCR using genomic DNA 

prepared from mouse tail snips. Primers are provided in Supplementary Table S1. All experiments 

involving adult mice were performed with male or female mice that were 3 to 8 weeks. No 

difference between sexes was observed in any retinal phenotype. 

 

 production and retinal transduction 

Human AP5SA cDNA was amplified by PCR from pCMV-flag- AP2-5SA plasmid (a gift from Kunliang 

Guan, Addgene plasmid 27371; http //addgene.org/27371; RRID Addgene 27371) and subcloned 

into an AAV transfer plasmid, where the expression is driven by the minimal cytomegalovirus (CMV) 

promoter (Klimczak et al., 2009). AAV vectors were produced as already described using the co-

transfection method and purified by iodixanol gradient ultracentrifugation (Choi et al., 2007). AAV 

vector stocks were tittered by qPCR using S BR Green (Thermo Fisher Scientific) (Aurnhammer et al., 

2012). The previously engineered AAV-GFP (Klimczak et al., 2009) was used as a control. 10 μl 

(approx. 1011 vg) of AAV-GFP or AAV- AP5SA were applied directly on mouse retinal explants for 

viral transduction at the beginning of the culture. Retinal explants were cultured as indicated before 

further western blot analysis or EdU labeling. 

 

 



 

P upregulation in Müller glia upon pathological conditions does not re uire microglia ut can e 

fine-tuned  inflammator  signals  

We previously found that AP is specifically expressed in mouse Müller cells and that its expression 

in these cells, at both the mRNA and protein levels, is increased in a degenerative context  (Hamon 

et al., 2017). Since retinal degeneration induces an inflammatory response, we wondered whether 

AP upregulation in Müller glia could be controlled by signals released from activated microglia, the 

resident immune cells in the retina. To address this question, we took advantage of ex vivo retinal 

explants as a model of retinal degeneration and analyzed AP expression by RT-qPCR and western 

blot following microglia ablation. This was performed by exposure to PLX3397 (pexidartinib) (Figure 

1A), a kinase inhibitor that blocks colony stimulating factor receptor 1 (CRF-1R), a receptor necessary 

for microglia viability (Silverman and Wong, 2018a). As assessed by the expression of the activated 

microglia marker CD68, and as previously reported (Garc a-Garc a 2020, in prep), we validated the 

robust elimination of microglia cells upon PLX3397 treatment in explants cultured for 7 days in vi o 

(DEV) (Figure 1B). We found no difference in the amount of AP levels in PLX3397-treated explants 

(Figure C-D), suggesting that AP upregulation in Müller cells following retinal degeneration is not 

regulated by microglia-dependent inflammatory signals.  

We next sought to investigate whether enhancing inflammation could impact AP expression. To this 

aim, we used lipopolysaccharide (LPS), a bacterial endotoxin able to enhance microglia pro-

inflammatory response (Hoogland et al., 2015; Lively and Schlichter, 2018; Lund et al., 2006) (Figure 

2A). As we reported previously (Hamon et al., 2019a), AP protein level increased in control retinal 

explants in a time-dependent manner. LPS was able to further enhance AP expression at DEV1. This 

effect was transient as no differences were detected from DEV3 onwards between LPS and control 

conditions (Figure 2B). Interestingly, a similar profile, with a transient LPS-induced increase 

compared to controls at DEV1, was also detected for Ta  mRNA level (Figure 2C). However, there 

was no significant change in the expression of the well-known AP/TA  direct target genes C 61 

and C f (Figure 2D). Since the increase in AP protein and Ta  mRNA after LPS exposure is transient, 

we cannot exclude the possibility of an effect very restricted in time that we missed in-between 

DEV1 and DEV3. On the other hand, another known direct target of AP/TA , Cc n1 (encoding the 

cell cycle factor C CLIND1), that we previously identified as regulated by AP in Müller cells (Hamon 

et al., 2019a), is also transiently increased at DEV1 in explants exposed to LPS (Figure 2E). Moreover, 

similarly, we have also recently identified HB-EGF (EGFR ligand) as a factor transcriptionally 

regulated by AP in Müller glia (Hamon et al., 2019a). We found here that -e f is as well 

upregulated specifically at DEV1 following LPS treatment (Figure 2E) and that this is associated with 



a transient increase in the activation of the EGFR pathway, as assessed by the ratio of P-ERK/ERK 

(Figure 2F). In support with our results, short-term exposure to LPS has previously been shown to 

induce AP expression and EGFR signalling (Lv et al., 2018; Taniguchi et al., 2015; i et al., 2016; 

hong et al., 2020; hou et al., 2019). Moreover, in lymphatic endothelial cells, a LPS- AP-EGFR 

relationship has been recently described  LPS promotes AP expression by activating the 

phosphorylation of ERK1/2 ( hong et al., 2020). An activation of both AP and EGFR pathways has 

also been reported in vi o in macrophages after short-term exposure to LPS ( u et al., 2012; u et 

al., 2015; hou et al., 2019). Altogether, our data in the retina indicate that LPS-induced hyper-

activated microglia promote a transient upregulation of AP/TA , associated with an increased 

upregulation of Ccn 1 and the enhancement of EGFR pathway activity. Since both Ccn 1 and -e f 

are not only expressed in Müller cells but also in microglia, it would be useful to analyze their 

expression following magnetic cell sorting of microglia and Müller cells (in collaboration with Florian 

Sennlaub team, Institut de la Vision) in order to undoubtedly attribute the cellular source of their 

upregulation. Regarding AP, its expression in microglial cells is highly controversial. A recent study 

has reported the presence of AP in a microglial cell line ( ing et al., 2020). However, RNAseq 

analysis and immunolabeling analysis in the central nervous system indicate that AP is not present 

in microglial cells (Cheng et al., 2020; Huang et al., 2016). In addition, we have reported by 

immunostaining that in the retina, AP is specifically expressed in Müller cells (Hamon et al., 2017). 

Therefore, it is tempting to speculate that LPS-induced AP upregulation occurs in Müller cells and 

not in activated microglia.  

Regarding the mechanism underlying AP upregulation upon LPS treatment at DEV1, we cannot 

exclude the possibility that LPS directly induces AP in Müller cells. Indeed, in addition to microglia, 

Müller cells also express LPS receptor, TLR4, and can respond to LPS stimulation in vi o (Lin et al., 

2013). Therefore, it would be important to treat microglia-depleted retinal explants with LPS and 

analyse whether AP is still upregulated at DEV1. If not, it would indicate that microglia are 

necessary, and it would then be important to identify which secreted molecules could be involved. 

Noteworthy, we previously found that LPS treatment in retinal explants promotes Il-6 expression, 

with a pic at this particular time DEV1 (Garc a-Garc a 2020, in prep). Moreover, it has recently been 

reported in epithelial cells and in ovarian cancer cells, that a non-canonical IL-6 pathway leads to an 

increased stability and nuclear concentration of AP, through the phosphorylation of the tyrosine 

357 and not the canonical serine S127 (Azar et al., 2020; Taniguchi et al., 2015). It would therefore 

be very interesting to test in our retinal explant model (i) whether IL-6 exposure also leads to an 

increased level of AP, (ii) whether this cytokine inhibition prevents LPS-dependent increase of AP 

protein levels at DEV1 and (iii) whether the status of AP 357 phosphorylation and the 



nuclear/cytoplasmic ratio change upon LPS exposure. Together, this should allow to determine 

whether IL-6 could mediate LPS-induced AP upregulation at DEV1. Regarding the timing of AP 

upregulation upon LPS treatment, and given the known highly dynamic effects of inflammatory 

signals, one can wonder whether the maximal effect of LPS on AP could take place very rapidly, 

before DEV1. It will thus be important to analyze IL-6 and AP expression profiles at very short time 

points after LPS exposure. Finally, it would be interesting to get insights into the mechanisms 

underlying the transient upregulation of AP after LPS immune challenge. Is this associated with a 

decrease of inflammatory signals such as IL-6 after DEV1, or is there any negative feedback loops 

taking place to restore AP protein level to a control situation   

 

P-induced Müller cell proliferation in degenerati e retinal explants re uires acti ated microglia 

We showed above that although LPS-induced inflammation can transiently trigger an enhanced AP 

upregulation in retinal explants, AP expression in Müller cells do not require the presence of 

activated microglia. We next wondered whether AP activity could involve microglial inflammatory 

signaling. We thus induced microglial cell depletion with PLX3397 treatment in AAV- AP5SA-infected 

explants. This AAV- AP5SA adenovirus (Shh10 variant, (Klimczak et al., 2009)) allows the expression 

of a constitutively active form of AP ( AP5SA) specifically in Müller cells (Hamon et al., 2019a). We 

previously reported that AAV- AP5SA reprograms mouse Müller glia into highly proliferative cells 

(Hamon et al., 2019a). Unexpectedly, we found a remarkable inhibition of this proliferative activity in 

PLX3397-treated explants compared to controls (Figure 3).  These results indicate that activated 

microglial cells are absolutely necessary for AP-dependent proliferation of Müller cells. Whether 

this function is AP specific or general for Müller glia cell cycle re-entry capacity remains to be 

addressed. For instance, it would be very interesting to test the mitogenic effect of several known 

Müller cell mitogenic factors, such as WNT or HB-EGF, on retinal explants depleted of microglial 

cells. Besides, in order to know which inflammatory factors are involved, it could be useful to 

undertake rescue experiments, adding back some cytokines, such as IL-6, on microglia-depleted 

explants infected with AAV- AP5SA, and assess whether Müller cell proliferation can be restored. 

 

P is re uired for the pro-inflammator  response of a degenerating retina 

We showed that inflammatory signals can affect AP expression and are required for its mitogenic 

activity in the retina. We next asked whether in turn, AP could regulate the inflammatory response 

in a positive or negative feedback loop. Indeed, emerging discoveries these recent years highlighted 

the crucial regulatory roles of several Hippo pathway components in both innate and adaptive 

immunity (Taha et al., 2018; Wang et al., 2020; hou et al., 2018a). This includes several studies 



pointing to central functions of AP in the regulation of the inflammatory response (Wang et al., 

2020) and in particular the regulation of IL-6 expression in endometrial cancer, breast cancer and 

hepatocellular carcinoma cell types (Emre and Imhof, 2014; Kim et al., 2015; Wang et al., 2019; hou 

et al., 2018b). In the retina, we did not observe any significant differences in the number, location, 

size of microglia cells in a  CKO-derived retinal explants (data not shown). a  CKO ( a flox/flox  ax-

C e T2) allow Cre-mediated a  conditional gene ablation specifically in Müller cells (Hamon et al., 

2019a). We next addressed the question on a transcriptomic large-scale basis. We previously 

performed whole transcriptome sequencing of a  CKO retinas in a degenerating context (Hamon et 

al., 2019a) (Figure 4A). Retinal degeneration was triggered through in vivo methylnitrosourea (MNU) 

injections, a well-established paradigm for inducible photoreceptor cell death (Chen et al., 2014b). 

We identified 305 differentially expressed genes (DEGs) in MNU injected a  CKO mice in 

comparison to MNU-injected control mice (Hamon et al., 2019a). Using Panther classification system 

based on Gene Ontology (GO) analysis, we obtained a list of biological processes significantly 

enriched in our dataset. Interestingly, one of the most relevant biological processes significantly 

overrepresented in the absence of AP following MNU injection include the inflammatory 

response  (GO 0006954), with 35 DEGs (Figure 4B). Hierarchical clustering analysis revealed that 

these 35 DEGs include key pro-inflammatory cytokines known to be secreted by activated microglia, 

such as IL-1α, IL-1 , TNFα, NF B, CCL2, CCL7, CXCL1, CXCL2, CXCL10 (Figure 4C). These inflammatory 

molecules are normally barely expressed in physiological conditions but are strongly upregulated 

upon retinal degeneration. Here we found that such increase is impaired in absence of AP (Figure 

4C). These results indicate that AP is required for the proper expression of key pro-inflammatory 

signals in a retinal degenerative context. On the other hand, anti-inflammatory molecules, such as IL-

4, IL-10, IL-11 or IL-13, do not appear deregulated, suggesting that AP confers a pro-inflammatory 

response. The underlying mechanisms remain to be determined. One hypothesis is that AP 

regulates key chemokines in Müller cells with microglia chemoattractant properties that are needed 

for their migration and pro-inflammatory response. This hypothesis is supported by the 

identification of Ccl2 gene as a direct transcriptional target of AP (Guo et al., 2017).  

 

LPS-induced Müller cell proliferation re uires P acti it   

We wondered whether, in addition to regulate the expression of inflammatory molecules, AP could 

also be involved in inflammatory-dependent proliferative function. Indeed, we found recently that 

LPS immune challenge is sufficient to trigger Müller cell proliferation in retinal explants (Garc a-

Garc a 2020, in prep). Considering the key role of AP in Müller glia quiescence exit (Hamon et al., 

2019a; Rueda et al., 2019), we logically wondered whether AP takes part in this process. Therefore, 



by the mean of EdU incorporation and immunostaining with SOX9, a nuclear marker of Müller cells, 

we examined at DEV7 the extend of Müller cell proliferation in a  CKO retinal explants exposed to 

LPS (Figure 5A). We found that the number of EdU /SOX9  co-labelled cells upon LPS exposure was 

severely decreased in absence of AP. This result suggests that the inflammatory-dependent Müller 

cell proliferative response requires AP activity (Figure 5B). Our work thus highlights for the first 

time a link between AP-regenerative ability and the inflammatory response in the nervous system. 

These data can be put in perspective with other studies performed in mammalian liver or intestine, 

which have reported that AP acts as a downstream effector of inflammation-induced regeneration 

(Su et al., 2015; Taniguchi et al., 2015).  

 

P and inflammator  signals cooperate to induce Müller cell proliferation 

Considering the above identified crosstalk between AP and inflammatory signals, we sought to 

determine whether overexpressing AP in a hyper-activated inflammatory microenvironment could 

favor Müller cell mitogenic potential. Retinal explants were infected with AAV- AP5SA and cultured 

in the presence of LPS for 7 days (Figure 6A). As expected from our previous work (Hamon et al., 

2019a), AP5SA overexpression resulted in a dramatic increase ( 12-fold) in the number of 

EdU /SOX9  co-labelled cells compared to control explants (Figure 6B). Similarly, as we recently 

described, LPS is also able to trigger Müller cell proliferation although to a lesser extend ( 4-fold) 

(Figure 6B). Strikingly, the combination of AP5SA overexpression with LPS exposure led to an 

impressive increase ( 30-fold) in the number of EdU /SOX9  co-labelled cells (Figure 6B). These data 

suggest that stimulating inflammation could provide a permissive environment that potentiates AP-

proliferative function in Müller cells. It would be interesting to known whether such cooperation is 

specific to AP or could also take place with other mitogenic factors such as HB-EGF. Besides, it is 

widely accepted that after acute retinal damage induce by NMDA, the majority of induced 

proliferating Müller cells die and thus, only a very small subset of reactivated cells can differentiate 

into neurons (Ooto et al., 2004; Rueda et al., 2019; ao et al., 2016). Interestingly, chronic LPS 

treatment has been shown to be required for an efficient clonal-expansion of AP-overexpressing 

hepatocytes, since the increased proliferation of AP-overexpressing hepatocytes was associated 

with an increase in the apoptotic response in the absence of inflammatory signals (Su et al., 2015). 

Thus, it would be interesting to assess whether the positive effect of inflammation observed in 

Müller cells overexpressing AP could be due to an improved viability. Finally, I also would like to 

determine the effect of inflammation on the neurogenic potential of Müller cells overexpressing 

AP. Indeed, I showed on one hand that the proliferative response of Müller cells triggered by AP 

overexpression is accompanied by their reprograming into neurogenic progenitors (as inferred from 



cl1 up-regulation, (Hamon et al., 2019a)), and on the other hand that LPS-induced proliferative 

Müller cells repress cl1 expression (Garc a-Garc a 2020, in prep, part 3). How stimulating 

simultaneously AP and the inflammatory response influences Müller cell neurogenic potential is 

thus an entire open question. 
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DEFINING THE MECHANISMS UNDERL ING AP -DEPENDENT CROSSTALK BETWEEN 
MICROGLIA AND M LLER CELLS 
 

The idea of AP as a key player in the interplay between inflammation and regeneration is starting to 

emerge in the context of several mammalian organs, such as the liver, the skin or the intestine (Su et 

al., 2015; Taniguchi et al., 2015). Along this line, our results suggest a role of AP as a molecular hub 

coupling inflammatory signals and the regenerative process in the mouse retina (Figure 7). In 

particular, we found reciprocal interactions  (i) inflammatory signals can modulate AP expression 

while AP regulates the expression of key pro-inflammatory molecules and (ii) the Müller cell 

proliferative effect of AP requires microglia while the Müller cell proliferation effect of LPS-induced 

inflammation requires AP. Moreover, their combined increased activity allows an impressive 

awakening of Müller cells, reaching almost 100% of Müller cells entering into the cell cycle. It will be 

interesting in the future to deepen our understanding of the molecular mechanisms underlying such 

microglia- AP-Müller cell interactions. We can make some predictions about signalling pathways 

potentially involved. For instance, NFkB signalling pathway is a strong candidate. First, it has been 

described as an inducer of the proliferative response of Müller cells in regenerative organisms 

(Conner et al., 2014; Nelson et al., 2013). Second, many proliferation-related genes have TEAD ( AP 

transcription factor partner) as well as NFkB binding sites (Figure 42) (Su et al., 2015), suggesting a 

common regulation. Third, cytokines induced by LPS include TNFα, a well-known inducer of NFkB 

signalling pathway (Hayden and Ghosh, 2014). Fourth, along this line, I have shown that NFkB 

expression increases during chronic exposure to LPS in retinal explants. Fifth, we found that the 

expression of both TNFα and NFkB is reduced in absence of AP. All these information warrant 

further investigation regarding TNFα and NFkB to figure out their position in the overall picture of 

AP-mediated Müller glia-microglia reciprocal interactions. 

 

AP-MEDIATED M LLER GLIA-MICROGLIA INTERPLA  I  I  

As mentioned in Part 3, retinal explants are a valuable model for the study of 

inflammation/microglia-Müller cell interactions but they present some limitations as not only 

microglia, but also infiltrating immune cells, participate to the regulation of the inflammatory 

process (Bosak et al., 2018). In order to know whether our results obtained ex vivo in retinal explants 

are biologically relevant, it would be important to validate my results in vivo. Modulating 

inflammation in vivo could be achieved by intraocular injection of PLX3397 or LPS. Although more 

laborious than intraperitoneal injections, we favor intraocular injections since systemic and local LPS 



exposures produce different effects within the mouse retina. Indeed, intraocular injection of LPS is 

accompanied by a marked cellular infiltration, while systemic injection of LPS fails to produce a 

comparable effect (Rosenbaum et al., 2011). This work should provide novel insights into the 

potential of inflammation and AP signalling as therapeutic targets for Müller cell-dependent 

regeneration. 

  



 

 

 

 

 

 

 

 

 

igure   and  correlation regarding the inding sites in the promoters of genes 

regulating proliferation  Schematic representation of the genes with DNA sequence motifs of NFkb 

and/or TEAD identified from mouse genome MM9 multiz30way using Motifmap (NFkB M00208, 

TEADs M01305). Genes related to cell proliferation were identified with David gene ontology 

GO 0042127 for regulation of cell proliferation. From (Su et al., 2015). 

 

  



































































































Update on Mü ller glia regenerative potential for retinal
repair
Diana Garcı́a-Garcı́a, Morgane Locker and Muriel Perron

Retinal regeneration efficiency from Müller glia varies

tremendously among vertebrate species, being extremely

limited in mammals. Efforts towards the identification of

molecular mechanisms underlying Müller cell proliferative and

neurogenic potential should help finding strategies to awake

them and ensure regeneration in mammals. We provide here an

update on the most recent and original progresses made in the

field. These include remarkable discoveries regarding (i)

unprecedented cross-species comparison of Müller cell

transcriptome using single-cell technologies, (ii) the

identification of new strategies to promote both the proliferative

and the neurogenic potential of mammalian Müller cells, (iii) the

role of the epigenome in regulating Müller glia plasticity, (iv)

miRNA-based regulatory mechanisms of Müller cell response

to injury, and (v) the influence of inflammatory signals on the

regenerative process.
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The absence of retinal regeneration in mammals results

in vision loss upon damage or degeneration. In contrast,

some vertebrate species can regenerate their retina fol-

lowing injury thanks to the reprogramming of Müller glia

into retinal stem cells. Müller cells are the main type of

glial cells in the vertebrate retina and they contribute to

the maintenance of retinal homeostasis and visual func-

tion [1]. In case of retinal damage, they undergo gliosis, a

process that includes cell-cycle re-entry. This occurs very

efficiently in zebrafish or Xenopus, and this is accompanied

by spontaneous neurogenesis and consequent regenera-

tion of retinal neurons [2–4]. In post-hatched chicks,

Müller cells also proliferate successfully in response to

injury, but they possess a limited neurogenic compe-

tence, generating only inner retinal neurons [5]. In mam-

mals, Mu ̈ller glia have a very restricted proliferative

capacity, leading to a negligible level of cell replacement

in case of retinal degeneration [5,6]. Understanding why

retinal self-repair varies tremendously across different

species is essential to explore therapeutic strategies based

on the stimulation of Müller cell regenerative capacity.

This has been the subject of substantial investigations

over the past decade. Our knowledge of the signalling

network, and of the genetic or epigenetic events that

either sustain or restrict Müller cell potential in different

species, has recently increased spectacularly. In this

review, we attempt to highlight the most recent and

original progresses made in the field, opening new ave-

nues for retinal repair.

Species-specific Mü ller cell response to
retinal injury
Identifying the mechanisms underlying the variability of

Müller cell regenerative behaviour in different species

has been the subject of intense investigation. Among

species-specific differences that have been identified is

the expression of Ascl1. This proneural transcription

factor, which is essential for retinal regeneration, is

indeed upregulated in fish and bird Müller cells upon

injury but not in mammalian ones [7]. Notch signalling

impact on Müller glia proliferation also seems to differ

between fish and mammals. Its inhibition was reported to

potentialize the pro-proliferative effects of reprogram-

ming factors such as Ascl1 and lin28a in zebrafish, but

not in mice [8]. In order to reach a more comprehensive

and dynamic view of the intrinsic factors sustaining the

regenerative ability of Müller cells across species, bulk

and single-cell RNA sequencing (scRNA-seq) were

recently applied [9��]. RNA levels were profiled in zebra-

fish, chick and mouse, in undamaged retinas or at differ-

ent time-points following neuronal cell death induction.

This study reveals in an unprecedented manner, species-

specific transcriptional responses of Müller cells to retinal

injury. Among new molecular cues identified are tran-

scription factors of the NFI family. These are expressed

in resting Müller cells and downregulated after retinal

damage. While levels remain low in fish, an upregulation

is observed at later stages in the mouse. NFI-deficient

mouse Müller cells upregulate cell cycle regulators, along

with the neurogenic factor Ascl1. This suggests that, upon

acute retinal injury in mammals, NFI factors eventually

repress proliferative and neurogenic competence, forcing

reactive Mu ̈ller glia to revert back to a resting state.
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Distinct regenerative capacities in animals may thus rely,

at least in part, on the differential activation of regulatory

networks that restore quiescence of activated Müller glia

(Figure 1a,b). This large-scale and cross-species analysis

clearly opens new avenues for the functional characteri-

zation of additional identified candidate genes.

The journey of a reactive Mü ller cell:
reprogramming, proliferating and
differentiating
What are the signals that trigger Müller cell response to

injury? In the last decade, multiple extrinsic signalling

pathways, including Wnt, BMP, TGFb, EGF, Notch, or

Sonic Hedgehog (all known to be involved in retinal

development), were shown to trigger Müller glia cell

cycle re-entry or conversely to maintain their quiescent

state [2,3,6,10]. Additional signalling pathways were

recently recognized as key regulators of these processes

(Figure 1a). First, mTOR and retinoic acid signalling

were shown to promote the generation of proliferative

Müller glia-derived progenitor cells (MGPCs) in the

injured chick and/or fish retinas [11–13]. Second, Fgf8a,

which was considered as an inhibitor of proliferation,

surprisingly revealed more complex stage-dependent

functions, with a mitogenic impact on young Müller cells

and an anti-proliferative effect on older ones [14]. Finally,

recent studies including ours, identified the Hippo path-

way as a key player for Müller glia cell cycle re-entry

[15�,16�,17]. YAP, a downstream effector of the Hippo

pathway, is expressed in Xenopus Müller cells and

required for their division in response to injury [15�].

YAP is also expressed in mouse Müller cells, upregulated

upon photoreceptor degeneration and involved in cell

cycle gene upregulation in reactive glial cells [15�,16�,18].

Clearly, this is however not sufficient to trigger mamma-

lian Müller cell proliferation following injury. However,

turning dormant Müller cells into actively proliferative

cells can be achieved through a genetic bypass of Hippo

signalling (leading to YAP activation), or by overexpres-

sion of a constitutively active YAP variant, and this even

in uninjured retinas [15�,16�] (Figure 1c). It is thus likely

that failure to activate YAP at a sufficient level in reactive

Müller cells constitutes a key barrier for these cells to

proliferate in mammals. Besides, successful regeneration

will only be achieved if MGPCs differentiate appropri-

ately into retinal neurons. With the genetic tools used so

far, this is only the case for a very limited subset of YAP-

overexpressing proliferative Müller cells [16�], probably

because the maintenance of a proliferative state counter-

acts the differentiation process. In addition, a two-step

reprogramming approach, such as that recently developed

by Chen’s laboratory [19��], may also be necessary to

drive the process of regeneration until completion

(Figure 1c). In this study, induction of mammalian Müller

glia dedifferentiation and proliferation was first obtained

by stimulating Wnt signalling. Then, transcription factors

essential for rod cell fate specification (Crx, Otx2 and Nrl)

were overexpressed and likely forced activated Müller

cells to differentiate into rod photoreceptors. Importantly,

this could restore some visual responses in a mouse model

of congenital blindness. Although many questions obvi-

ously remain regarding the feasibility in human, this

might constitute a first laboratoryproof of concept that

reprogramming endogenous Müller glia in mammals

could restore some light sensitivity. Similar strategies

may also be employed to direct the differentiation of

proliferating Müller cells into other retinal cell types.

NEUROG2 for instance recently proved sufficient to

convert postnatal Müller cells into neurons exhibiting

features of retinal ganglion cells [20] and could thus be

an interesting candidate.

Epigenetic basis of retinal regeneration
Müller cell-dependent regeneration involves a conver-

sion of cellular identity, from a quiescent differentiated

state to a multipotent retinal progenitor one. This is

accompanied by significant changes in transcriptional

programs which led researchers to investigate the remo-

delling of epigenetic marks, that is, DNA methylation

and histone modifications [21,22]. Analysis of DNA meth-

ylation landscape indeed revealed dynamic changes dur-

ing retinal regeneration: demethylation predominates just

after injury while de novo methylation occurs at later time-

points [23] (Figure 2a). Contrasting with the situation

observed during induced pluripotent stem cell formation,

promoters of pluripotency-associated and regeneration-

associated genes (such as Ascl1a, Lin28, Sox2, Oct4) were

reported to be already hypomethylated in quiescent

zebrafish Müller cells, likely contributing to their progen-

itor-like properties [23]. Surprisingly, a similar hypo-

methylated profile was found in mouse Müller glia as

well. Based on these data, the authors proposed that DNA

methylation of these genes may not be a barrier for these

cells to reprogram [22–24]. This may however be more

complex, as inferred from another study that examined

Oct4 methylation in the first exon, a region known to be

important for its expression [25]. The authors here report

that, in mouse, this Oct4 region is demethylated shortly

after injury, before returning back to a fully methylated

state, similar to that observed in quiescent Müller cells. In

terms of expression, this correlates with a rapid upregula-

tion upon injury, followed by a subsequent silencing 24

hours later [25]. Importantly, Oct4 was recently shown as

essential for zebrafish Müller glia reprogramming through

the regulation of several regeneration-associated factors

such as Ascl1a and Lin28a [26]. Interfering with Oct4

DNA methylation-mediated silencing may thus help

enhancing mammalian Müller cell reprogramming.

Another event of gene silencing has recently been iden-

tified in the injured medaka fish [27]. Medaka Müller

cells, unlike their zebrafish counterparts, exhibit a

restricted capacity to regenerate the retina and only give

rise to photoreceptors. Lust and Wittbrodt found that

Sox2 expression is upregulated in the zebrafish damaged
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Figure 1

(a)
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Müller cell dependent retinal regeneration. (a) Upon retinal damage, zebrafish, Xenopus laevis or post-hatched chick Müller cells dedifferentiate,

re-enter into the cell cycle and regenerate some types of neurons. Several signalling pathways were shown to be required for the reprogramming

and proliferation events. The list has recently been broadened with the discovery that YAP, retinoic acid or mTOR are also key players in these

processes [12,13,15�]. Notch and FGF8a, on the other hand, are required for maintaining the quiescence of adult Müller cells [14,51]. (b) In the

mouse damaged retina, although Müller cells initiate reprogramming, an event that requires the YAP-EGFR axis [15�], they do not proliferate.

Following acute retinal injury, these reactive Müller cells rapidly return to quiescence, a transition mediated by NFI factors [9��]. (c) It is possible to
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retina [27], where it is necessary and sufficient for Müller

cell proliferation [28]. In contrast, it is downregulated in

medaka in response to injury [27]. Remarkably, the

regenerative capacity of medaka Müller glia could be

upgraded at a level comparable to that of zebrafish when

Sox2 expression was restored. This suggests that differ-

ential regulation of a single factor is responsible for the

divergent regenerative capabilities of these two teleost

species [27]. Besides, silencing of differentiation genes

may also represent a barrier for efficient regeneration of

fully functional neurons or for the production of specific

cell types. In line with this, highly methylated DNA was

found in promoter regions of several key mouse genes

required for early born retinal neuron specification or

phototransduction [22].

In addition to DNA methylation, histone modifications

are epigenetic mechanisms that also have profound

effects on gene regulation. Therefore, not surprisingly,

chromatin modifying enzymes are emerging as regulators

of retinal regeneration in zebrafish. For instance, both the

histone methyltransferase Dot1l and the histone deace-

tylase HDAC1 were recently shown to be necessary for

Müller cell-dependent regeneration [29,30�,31]. While

Dot1l drives their dedifferentiation and cell cycle re-

entry through canonical Wnt signalling activation [30�],

HDAC1 seems to dynamically regulate MGPC formation

through its action on the Her4.1/Lin28a/let-7 axis [29]. Of

note, whether histone acetylation-independent effects of

HDAC1 are involved remains to be determined. In the

mouse, the limited capacity of adult Müller cells to

reprogram correlates with reduced chromatin accessibil-

ity. Along this line, the use of HDAC inhibitors in

conjunction with Ascl1 overexpression was shown to

promote chromatin accessibility at key gene loci and

thereby improve Müller cell regenerative potential [32�

]. Thus, simultaneous manipulation of mitogenic/neuro-

genic factors and epigenetic modifiers could be envisaged

to efficiently reprogram Müller cells and regenerate neu-

rons in diseased retina.

microRNA-driven mechanisms of gene
regulation during retinal regeneration
In recent years, several microRNAs (miRNAs) proved to

play important roles during retinal regeneration [33].

Highlighting this fact is the finding that suppression of

Dicer, a critical regulator of miRNA biogenesis, impairs

zebrafish Müller glia cell cycle re-entry in response to

injury [34]. High-throughput sequencing allowed identi-

fying miRNA that exhibit differential expression in intact

versus regenerating retinas. Some of them, miR-142b,

146a, 7a, 27c, and 31 turned out to be required for the

proliferation of MGPCs [34] (Figure 2b). Conversely,

others miRNAs are downregulated following injury,

and are therefore potentially involved in the maintenance

of Müller cell quiescence and/or in the inhibition of their

reprogramming. A well-known example is let-7 miRNA,

which needs to be inhibited to allow derepression of

crucial dedifferentiation genes. Blockade of its matura-

tion occurs through the action of the RNA binding protein

Lin28, which is activated downstream Ascl1 [35], Wnt

signalling [36] or Shh signalling [37]. Of note, let-7

miRNA in turn regulates Shh pathway components,

thereby participating to a complex regulatory loop [37].

miR-203 and miR-216a are also repressed following injury,

which contributes to Müller cell dedifferentiation

through derepression of the transcription factor Pax6

and the histone methyltransferase Dotl1 [30�,38].

Together, this raised the question as to whether the

manipulation of miRNA could promote retinal regenera-

tion in mammals. Interestingly, overexpression of miR-

124, miR-9 and miR-9* (alone or in combination with

Ascl1) proved effective in stimulating the conversion of

cultured murine Müller cells into MGPCs [40]

(Figure 2b). To provide a more comprehensive view of

miRNAs that differ between progenitors, neurons and

glial cells in the mouse, miRNA expression profiling was

performed, which revealed a Müller glia-specific miRNA

signature, named mGliomiR [39,41,42�]. Functional

assays revealed that antagonizing let-7 while overexpres-

sing miR-25 and miR-124 was sufficient to increase Ascl1

expression and consequently to reprogram mouse Müller

glia into neural progenitors in vitro [42�]. Subsequent

single cell RNA-seq analysis of reprogrammed Müller

glia allowed to identify potential targets of these miRNA

[42�]. For instance, the top target of miR-25 was the Wnt

inhibitor Dkk3, which may partly explain its effect in

stimulating Müller cell proliferation following overex-

pression. Thus, microRNAs are emerging as additional

key targets for enhancing retinal regeneration.

The influence of inflammatory signalling
pathways on retinal regeneration
There has been a recent surge of interest in investigating

the relationship between the immune system and the

regenerative potential of neural tissue [43]. In the nervous

system, microglia are the resident immune cells that can

sense the microenvironment and rapidly respond to vari-

ous insults by producing molecular mediators, in particu-

lar cytokines [44]. Compelling evidence points to the

implication of microglia in shaping the responsiveness

of Müller cells to injury (Figure 2c). Indeed, the ablation

of microglia, either in the chick or fish retina, suppresses

Müller cell proliferation, supporting a positive influence
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(Figure 1 Legend Continued) awake the regenerative potential of mouse Müller glia. Overexpressing YAP or inhibiting the Hippo pathway in

Müller cells is sufficient to induce their reprograming and proliferation, even in undamaged retina [15�,16�]. Following gene transfer of b-catenin to

stimulate Müller cell proliferation, photoreceptors can be regenerated by forcing the expression of transcription factors promoting rod cell fate

specification [19��].
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Figure 2
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Multiple regulatory mechanisms underlying Müller cell reprogramming. (a) In zebrafish, DNA demethylation predominates after injury, although

some pluripotency-associated genes are already hypomethylated in quiescent Müller cells [23]. Changes in histone modifications also likely

underlie Müller cell reprogramming. For instance, the histone methyltransferase Dot1l acts as an epigenetic modifier required for Müller cell

dedifferentiation and MGPC proliferation [30�]. HDAC1 activity, which triggers condensed chromatin architecture that limits transcription, is

decreased in reactive Müller cells, likely leading to the derepression of regeneration-associated genes. Yet, HDAC acts as a repressor of Her4 (an

effector of Notch signalling, a pathway associated with Müller glia quiescence [51,55]), and as such is required for efficient proliferation of MGPCs

[29]. Manipulation of epigenome modifiers in the mouse may be applied to remove the epigenetic barriers limiting Müller cell reprogramming. This

was illustrated by the use of HDAC inhibitors in conjunction with Ascl1 overexpression [32�]. (b) Several miRNAs have been identified that are

either up-regulated or repressed in response to injury and play important roles in the proliferation of MGPCs [33]. Manipulating miRNAs was

shown to be sufficient to increase the proliferation of mouse Müller glia in vitro [39,40�,42�]. (c) Microglia become activated in damaged retina,

producing inflammatory cytokines, including TNF-a and IL-6. Müller cells are also a source of cytokines, such as Midkine. These various

inflammatory mediators are required for MGPCs proliferation in zebrafish and/or chick, highlighting the influence of inflammatory signalling

pathways on retinal regeneration [45,50–53].
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of inflammation on retinal regeneration [45,46��,47].

However, microglia likely have multifaceted effects,

being either beneficial or detrimental for neural tissue

repair, depending on the duration of their activation and

on their polarization phenotypes (pro-inflammatory or

anti-inflammatory) [48]. Along this line, White and coll.

found that immune suppression performed before injur-

ing the retina delays regeneration, while it accelerates it

when performed after [46��]. The inflammatory response

in zebrafish is thus necessary for Müller cell activation but

becomes a brake to the regeneration process if resolution

is delayed [46��,47]. This likely implies that immune-

targeted therapeutic strategies should aim at adjusting the

balance between microglia polarization states. In addition

to resident microglia, infiltrating immune cells also appear

to participate to the inflammatory response triggered by

retinal injury [49]. The precise contribution of each

immune cell types to the regeneration process remains

to be investigated. Besides, cytokines/chemokines medi-

ating the dialog between the inflammatory environment

and Müller cells are just beginning to be explored. TNF-

a and IL-6-family cytokines were for instance shown to

promote injury-induced Müller glial cell reprogramming

and proliferation in the chick and/or the fish retina [45,50–

52]. A novel player impacting Müller cell cycle progres-

sion was recently identified as being the Midkine cyto-

kine. Its loss-of-function in zebrafish mutants triggers

reactive Müller glia to behave as in the mouse, initiating

a reprogramming response following injury, entering the

G1 phase of the cell cycle, but failing to progress further

into S phase [53]. It is thus likely that comparing the

cytokine repertoire between fish and mouse may help

bringing new insights into the mechanisms that maintain

Müller cells in a reactive state without cell cycle progres-

sion. As mentioned above, mTOR signalling is required

for MGPC generation in chick and zebrafish injured

retinas [11,12]. Interestingly, inflammation was recently

shown to be necessary for mTOR signalling activation

and to enhance retinal regeneration in a mTOR-depen-

dent manner [12]. Finally, a recent study in chick

revealed that pro-inflammatory signals from microglia

induce NF-kB activation and consequent inhibition of

Mu ̈ller glia reprogramming [54]. Remarkably however,

forcing NF-kB activation following microglial cell deple-

tion (i.e. in a context when NF-kB levels are low), results

in an opposite effect with increased formation of MGPCs.

The authors thus propose that microglia-induced NF-kB

activation is required to initiate Müller glia reprogram-

ming, but becomes detrimental to the process if sus-

tained. Such mechanism might be at work in the mouse

retina where, in contrast to the fish situation, NF-kB

signalling components are significantly upregulated fol-

lowing retinal damage [9��]. Differences in inflammatory

signalling may thus contribute to different regenerative

capacities in different species. A better understanding of

the mechanisms underlying the bilateral communication

between Müller cells and the innate immune system in

regenerative and non-regenerative species thus awaits

further investigation.

Conclusion
Recent studies have shed new light onto the mechanisms

underlying retinal regeneration and revealed potential

strategies to stimulate Müller cell-dependent retinal

repair in mammals. This review of the most recent

literature in the field highlights the necessity of taking

into account the different regulatory mechanisms that

may affect expression of key regeneration genes. This

includes genetic networks, epigenetic modifications and

miRNA-mediated post-transcriptional gene silencing.

The influence of Müller cell microenvironment is also

starting to be scrutinized, in particular inflammatory

regulatory molecules. Successful execution of retinal

regeneration in mammals may thus rely on combined

therapeutic strategies, comprising immune-targeted,

genetic-targeted or epigenetic-targeted approaches.

Deepening our comprehension of these various regula-

tory modules will thus be critical to translate this knowl-

edge into therapeutic tools to restore vision in patients

afflicted with degenerative retinal diseases.
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17. Martin JF, Poché RA: Awakening the regenerative potential of
the mammalian retina. Development 2019, 146 dev182642.

18. Hamon A, Masson C, Bitard J, Gieser L, Roger JE, Perron M:
Retinal degeneration triggers the activation of YAP/TEAD in
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Sox2 regulates Mü ller glia reprogramming and proliferation in
the regenerating zebrafish retina via Lin28 and Ascl1a. Exp Eye
Res 2017, 161:174-192.

29. Mitra S, Sharma P, Kaur S, Khursheed MA, Gupta S, Ahuja R,
Kurup AJ, Chaudhary M, Ramachandran R: Histone deacetylase-
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and sufficient for Mü ller glia reprogramming during retina
regeneration. Cell Rep 2019, 28:2037-2047.e4

This work uncovered a chromatin-mediated mechanism downstream of
miR-216a during zebrafish retina regeneration.

31. Mitra S, Sharma P, Kaur S, Khursheed MA, Gupta S, Chaudhary M,
Kurup AJ, Ramachandran R: Dual regulation of lin28a by Myc is
necessary during zebrafish retina regeneration. J Cell Biol
2019, 218:489-507.

32.
�

Jorstad NL, Wilken MS, Grimes WN, Wohl SG, VandenBosch LS,
Yoshimatsu T, Wong RO, Rieke F, Reh TA: Stimulation of
functional neuronal regeneration from Mü ller glia in adult
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retina: focus on Mü ller glia. J Neurosci Res 2018, 96:362-370.

34. Rajaram K, Harding RL, Bailey T, Patton JG, Hyde DR: Dynamic
miRNA expression patterns during retinal regeneration in
zebrafish: reduced dicer or miRNA expression suppresses
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glial cells via a Lin28/let-7 miRNA-dependent pathway in adult
mammalian retinas. Cell Rep 2016, 17:165-178.

37. Kaur S, Gupta S, Chaudhary M, Khursheed MA, Mitra S, Kurup AJ,
Ramachandran R: let-7 MicroRNA-mediated regulation of Shh
signaling and the gene regulatory network is essential for
retina regeneration. Cell Rep 2018, 23:1409-1423.

38. Rajaram K, Harding RL, Hyde DR, Patton JG: MiR-203 regulates
progenitor cell proliferation during adult zebrafish retina
regeneration. Dev Biol 2014, 392:393-403.
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