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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 Mdller 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 Mdller 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 Miiller cell-specific conditional Yap-knockout
aged mice. Together, this study highlights a novel YAP function in Muller 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 adults'?.
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 in>*). 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
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to activation of their target genes™®. 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 cup®. Studies in zebrafish and mice indicate
that YAP is necessary for the maintenance of progenitor
populations in both the retina and the RPE*”~"!, Besides,
mutations in Hippo pathway components have been
identified in human ocular diseases, such as the Sveinsson’s
chorioretinal atrophy (SCRA)'*'?, in patients with ocular
manifestations of the neurofibromatosis type-2 human
disease'®, or in patients exhibiting coloboma'>'®. 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 Miiller glia and RPE cells'’, 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 8.5'%, 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-
tion'®, 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
Miiller 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, Yapﬂ %+ mice’® 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 recombinase®")
to generate the Yap'™ mice, that are viable and fertile.
Yap "% Rax-CreER™ mice were obtained as previously
described®” by mating Yap*/*** mice with heterozygous
Rax-CreER"™ knockin mice®. The Cre activity was induced
through a single intraperitoneal injection of 4-hydroxy-
tamoxifen (4-OHT; 1 mg/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
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were then dehydrated, embedded in paraffin and sec-
tioned (7pum) 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
(10mM sodium citrate, pH 6.0) for 20 min. 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 pg/ml
DAPI (Thermo Fisher Scientific) and mounted with Fluor
Save™ 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 pl intraperitoneal injection of 10puM of EdU
(Invitrogen) at the indicated stage. EQU 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 Axiol-
mager.M2 microscope. Image processing was performed
using Zen 2.1 (Zeiss), Fiji (National Institutes of Health®*),
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 Na,HPOy;
250 mM NaCl; 30 mM NaPPj; 0.1% Nonidet P-40; 5 mM
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 10 min. Protein concentration



Masson et al. Cell Death and Disease (2020)11:631

was determined using a Lowry protein assay kit (DC Protein
Assay; Bio-Rad). Equal amounts of proteins (20 pg/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-a-tubulin antibody for normalisation.
Quantification was done using Fiji software (National
Institutes of Health?®).

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 2.2log cd.s/m> under dark-adapted condi-
tions, and from —0.5 to 2.8logcd.s/m> under a back-
ground light that saturates rod function. The interval
between flashes varied from 0.7 s at the lowest stimulus
strengths to 15s 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 pL of 5% fluorescein isothiocyanate dextran (Sigma),
and rapid acquisition of fluorescent images ensued for
~5 min.

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
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(Thermo Fisher Scientific). Total RNA (500ng) 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
AACt method and normalised using the geometric mean
expression of two housekeeping gene, Rps26 and Srp72%.,
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~'~ mice'®, 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, JPCR and western
blot analysis confirmed an approximately two-fold
decrease of Yap expression in postnatal and adult
Yap'’~ retinas compared to controls (Fig. la, b). By
immuno-histochemical (IHC) analysis, we found that YAP
expression was strongly diminished in both Miiller glial
and RPE cells, where YAP has previously been shown to be
expressed'” (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
TAZ***’. 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. 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 genes™,
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 retina'’. 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 phenotype®. 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, 24h 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. 2¢). We found no more EAU-
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 Miiller 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 EQU cells localised in the periphery of
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the retina. The proportion of double EdAU/CHX10-, EAU/
Recoverin- and EAQU/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 Miiller
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 reported®>**>!,
Knowing that EGFR signalling regulates proliferation of
retinal progenitor cells at postnatal stages®”, 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 PO 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 NRGI, 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 cells**~*°, We
thus investigated whether their activity was affected in
Yap™'~ mice. P-AKT/AKT and P-STAT3/STATS3 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 growth®>*”, 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 coloboma'®!®, 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
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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
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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-a), 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
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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 cones’®. 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 Miiller cells
homeostasis in Yap™'~ mice

Since YAP is expressed in adult Miiller cells'” and
Miiller cells maintain retinal homeostasis>®, we wondered
whether cone degeneration in Yap'~ mice could result
from altered Miiller cell function. First, we showed that
Miller 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 Miiller 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 Miiller 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, €). Since Miiller cells
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Fig. 4 Altered cone-driven vision and decreased expression of cone photoreceptor markers in Yap
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
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). ¢ Scatter plots with bars represent the number of labelled cells
per field (300 x 300 pm). 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 um.

/= adult mice. a Quantitative evaluation

= mice. Statistics: two-way ANOVA test, ***p < 0.001. b Retinal sections

have been shown to actively participate at cone opsins
recycling®’, we wondered whether the expression of cone-
specific visual cycle factors could be altered in Yap™ ™
Miiller cells. We thus analysed the expression of cellular
retinaldehyde—binding protein (CRALBP), given its key
role in cone visual cycle and its expression in Miiller
cells***>. We observed a reduction of CRALPB labelling
in both Miiller 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 Miiller cells is a leading cause of intraretinal
blood vessel defects*®. 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 development™, 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
Miiller cell homeostatic function in Yap*’~ aged mice.

Conditional Yap deletion in Miiller glia leads to Miiller cell
homeostasis dysfunction and altered pattern of cone opsin
expression

We next sought to investigate whether Miiller 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, Yap"*/"°*;Rax-CreER™, and that allows Cre-
mediated conditional gene ablation specifically in Miiller
cells®. It is thereafter named Yap CKO while “control”
refers to Yap*/"°* mice. Yap deletion was induced in fully
differentiated Miiller 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 Miiller
cell-specific homeostatic regulatory proteins AQP4
and Kir4.1 were downregulated and GFAP upregulation
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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. 7¢c, d). Together, although the
phenotype appears less severe in Yap CKO retinas than in
Yap™~ mice, the sole deletion of Yap in Miiller cell
triggers defects in cone opsin expression. These data thus
led us to propose a model in which YAP function in
Miiller cells would be necessary for ensuring the main-
tenance of Miiller 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 Miiller 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 homeostasis*>. 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,
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such rises appeared to go beyond Yap compensation as we  maintained in the retina of adult mice after 4 months of
observed an increase in YAP/TAZ target genes. Interest-  age. All these quantitative data on the abundance of YAP/
ingly, this dosage compensation system was not TAZ and their target genes highlight Yap™ ™ mice as an
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Fig. 7 Miiller cell dysfunction and decreased expression of S/M-opsin in Yap CKO. a Timeline diagram of the experimental procedure used in
b. Yap™”™* mice (control) and Yap™*™ Rax-CreER™ 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 a-tubulin (a-Tub) signal and expressed
relative to control (n = 3 biological replicates per condition). ¢, 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 x 250 um) 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 um (central part) (enlarged panels) and 50 um (dorsal and ventral part).
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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 coloboma!™!®, Yzzp” ~ 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.
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YAP overexpression in neonatal mouse retinas was
shown to promote cell proliferation and inhibit cell-cycle
exit of late retinal progenitors®. 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
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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-
gin%. 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 pathway®”~>". This is also consistent
with our recent finding suggesting that YAP is a key reg-
ulator of the EGFR pathway in adult reactive Miiller cells
in a degenerative context and that EGFR pathway is
required for YAP mitogenic activity”>. 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 stiffening®’, 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
Miiller cells in the adult retina'’. We thus raised the
hypothesis that cone degeneration in Yap*~ mice could
result from altered Miiller cell function. Indeed, Miiller cells
play many essential roles in retinal maintenance, regulation of
synaptic activity, ion, and water homeostasis, and, impor-
tantly, in mediating cone visual cycle’. Moreover, condi-
tional Miiller cell ablation was shown to cause photoreceptor
degeneration®®*’. Our hypothesis is supported by the finding
that deleting Yap specifically in Miiller 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 Miiller cell homeostatic function (AQP4
and Kir4.1) consistent with a model where impaired cone
integrity would be caused by Miiller cell dysfunction.

We also discovered in Yap™~ Miiller 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 patients*>>>!,
Importantly, restoration of CRALBP expression specifi-
cally in Miller cells, but not RPE cells, can rescue the
sensitivity of CRALBP-deficient cones in the mouse™'. We
can thus raise the hypothesis that the severe decrease of
CRALBP levels in Miiller cells of aged Yap™~ mice may
contribute to the observed cone dysfunction and
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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 Miiller 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 reported®. 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 Miiller 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 (i)
identify Yap as a novel candidate gene that could account
for cone dystrophy in patients with unidentified mutations.
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