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Light-responsive microRNA miR-211 targets
Ezrin to modulate lysosomal biogenesis and retinal
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Abstract

Vertebrate vision relies on the daily phagocytosis and lysosomal
degradation of photoreceptor outer segments (POS) within the
retinal pigment epithelium (RPE). However, how these events are
controlled by light is largely unknown. Here, we show that the
light-responsive miR-211 controls lysosomal biogenesis at the
beginning of light–dark transitions in the RPE by targeting Ezrin, a
cytoskeleton-associated protein essential for the regulation of
calcium homeostasis. miR-211-mediated down-regulation of Ezrin
leads to Ca2+ influx resulting in the activation of calcineurin, which
in turn activates TFEB, the master regulator of lysosomal biogene-
sis. Light-mediated induction of lysosomal biogenesis and function
is impaired in the RPE from miR-211�/� mice that show severely
compromised vision. Pharmacological restoration of lysosomal
biogenesis through Ezrin inhibition rescued the miR-211�/� pheno-
type, pointing to a new therapeutic target to counteract retinal
degeneration associated with lysosomal dysfunction.
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Introduction

The retinal pigment epithelium (RPE) is a monolayer of polarized

pigmented epithelial cells that resides between vessels of the chorio-

capillaris and the light-sensitive outer segments of photoreceptors

(PR). The RPE exerts a number of different functions for the mainte-

nance of retinal homeostasis under stress conditions and the preser-

vation of vision (Strauss, 1995). It provides part of the retinal–blood

barrier, thus mediating selective transport of nutrients, O2 and ions

(Rizzolo, 2014) to the retina, and also supplies the enzymes

required for isomerization of all-trans retinal to 11-cis retinal, the

visual chromophore required for PR excitability (Strauss, 2005).

Most importantly, the RPE prevents photo-oxidative product toxicity

by contributing to the daily renewal of the PR outer segment (POS),

a critical process for the maintenance of PR structural integrity and

function (Nandrot et al, 2008; Davidson et al, 2011). PR continu-

ously renew their POS via the diurnal shedding of distal spent POS

tips, which are phagocytized by the RPE to rapidly clear them from

the retina.

Phagocytosis of POS was recently argued to be an important trig-

ger of autophagy in the RPE. A subset of autophagy-related proteins,

including Beclin1 and ATG5, are engaged cyclically in the RPE to act

in LC3-associated phagocytosis, a non-canonical form of autophagy

(Kim et al, 2013). Once lipidated, LC3II is recruited to the POS-

ingested phagosomes, which then fuse with the lysosomes forming

phagolysosomes for the degradation and recycling of the ingested

POS cargo (Yao et al, 2016). However, this process does not require

the autophagy initiation complex containing Ulk1/Atg13/Fip200

proteins. These findings support a direct convergence of phagosome

maturation and lysosomes for the final degradation of PR outer

segments in the RPE. However, the time course of lipidated LC3II

formation is delayed when compared to the peak of POS shedding

and LC3-associated phagocytosis in the RPE, strongly arguing for an

additional role of the lysosomal–autophagy pathway in post-phago-

cytosis processing of POS and re-establishment of RPE homeostasis.

In addition, an oscillation of lysosomal and autophagic related genes
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was observed to be rapidly responsive to changes in light environ-

ment supporting a light-dependent regulation of lysosomal biogene-

sis and function other than circadian-mediated POS shedding and

phagocytosis. Moreover, diurnal autophagy in the RPE ensures pro-

ficiency to deal with intracellular insults that occur from damaged

mitochondria (Yao et al, 2014). Importantly, diurnal cargo degrada-

tion of both phagosomes and autophagosomes is critically sensitive

to lysosomal biogenesis and variations in the normal levels of lyso-

somal proteins appear to result in a variety of retinal diseases (Frost

et al, 2014; Ferrington et al, 2016; Tan et al, 2016; Anderson et al,

2017). In addition, defects in lysosomal function in the RPE have

been considered to be key drivers of disease leading to conditions

such as Stargardt’s disease (Tan et al, 2016; Anderson et al, 2017)

and age-related macular degeneration (AMD) (Wang et al, 2009;

Ferrington et al, 2016), the most common cause of blindness world-

wide. RPE/retina cells with diminished degradative processes are

highly sensitive to the accumulation of toxic debris that can be dele-

terious for a large set of retinal cell lifespan in human eye diseases

(Frost et al, 2014; Sethna et al, 2016; Sinha et al, 2016). Although

each disorder results from mutations in different genes, they all

share a common biochemical characteristic: abnormal accumulation

of substances resulting in lysosomal dysfunction. To date, the

biological mechanisms at the basis of the lysosomal biogenesis and

function in RPE/PR homeostasis and disease have not been fully

elucidated, nor have an effective therapy been developed to counter-

act retinal disorders associated with lysosomal dysfunction.

Recent discoveries have revealed that microRNAs (miRNAs), a

class of small non-coding RNAs modulating mRNA translation or

stability (He & Hannon, 2004), often play a key role in cellular

processes acting as on/off switches. A number of these, including

miR-211, are RPE/retina-associated miRNAs and show reversible,

rapid up- and down-regulation during light–dark transitions (Krol

et al, 2010). However, the functional significance of their light-

dependent expression pattern in the RPE/retina remains largely

unknown. Our previous work showed that miR-211 plays a key role

in cone PR function and survival through the control of RPE/PR cell

metabolism (Barbato et al, 2017). However, the link between the

miR-211 molecular network and cellular metabolism and its specific

influence on explicit target genes responsible for the ocular pheno-

type is still undefined. Here, we fill this gap by identifying Ezrin as a

miR-211 target gene relevant for diurnal lysosomal biogenesis in the

RPE.

We present evidence that inhibition of Ezrin induces Ca2+

influx resulting in the activation of calcineurin, which in turn

dephosphorylates and promotes nuclear translocation of the tran-

scription factor EB (TFEB), the master transcriptional regulator of

lysosome biogenesis and function (Settembre et al, 2011; Medina

et al, 2015). This pathway is likely to play a physiologically rele-

vant role in the RPE since mice lacking miR-211 show impaired

lysosomal biogenesis and an age-dependent accumulation of

phagolysosomes containing poorly processed POS, accompanied

by compromised vision. Finally, we show that pharmacological

inhibition of Ezrin leads to therapeutic rescue of retinal degenera-

tion in miR-211 knockout (�/�) mice (Barbato et al, 2017).

Thus, the identification of the mechanisms controlling lysosomal

biogenesis in the RPE might be exploited for new therapeutic

possibilities for the treatment of retinal degeneration associated

with lysosomal dysfunction.

Results

miR-211 contributes to lysosomal gene expression in
RPE/PR crosstalk

Control of miR-211 expression in the mouse retina is functionally

linked to different light levels (Krol et al, 2010). This expression

pattern suggested that miR-211 might modulate cellular responses

to different levels of illumination, but if and how the diurnal light-

dependent activation of miR-211 is necessary to maintain the home-

ostasis of retinal cells is still largely undefined, particularly during

periods that demand high levels of lysosomal biogenesis and func-

tion. We recently demonstrated that depletion of miR-211 in

homozygous mutant mice induced a progressive and specific cone

dystrophy associated with an impairment of RPE/PR cell metabo-

lism. To further explore the phenotypic consequences of miR-211

deletion and a possible link with its responsiveness to light condi-

tions in the retina (Krol et al, 2010), we tested whether miR-211 is

required for diurnal lysosomal biogenesis and degradative function

in autophagy pathways. First, we determined whether variations in

the expression levels of miR-211 and lysosomal markers in the RPE

are similarly regulated by changes in the light–dark environment.

MiR-211 expression levels rapidly increased in response to light in

the RPE (≥ 30 min after light on; Appendix Fig S1A), reaching a

high expression level at 10:00 AM (3 h after light on), which coin-

cided with diurnal lysosomal biogenesis in the RPE/retina

(Appendix Fig S1A–C). Interestingly, miR-211 levels rapidly decayed

following transfer of mice to the dark (≥ 30 min after light off),

reaching its minimum after approximately 3 h after light off [DARK

(Appendix Fig S1A–C)], consistent with the previously reported data

obtained for the retina (Krol et al, 2010). Similar kinetic data were

obtained when lysosomal markers were analyzed using qRT-PCR

and immunofluorescence assays (≥ 60 min after light on;

Appendix Fig S1A and B), supporting a molecular link between the

miR-211 expression pattern and lysosomal biogenesis. Indeed, aber-

rant expression kinetics of lysosomal markers was detected in

response to dark/light and light/dark transitions in the RPE from 2-

month-old miR-211�/� compared to control mice (Appendix Fig S2A

and B). These changes culminated with a significant reduction of

the lysosomal marker Lamp1 in both the retina and RPE at 10:00

AM [3 h after light on (Fig 1A and B)], accompanied by a reduction

of both total LC3 expression and its conversion from LC3I to the lipi-

dated form LC3II (Fig 1B). Consistent with these results, we found a

reduction of lysosomal markers (i.e., Cln5, Trpml1, and CtsD) and

an increase of the Sqstm1/p62 autophagy substrate (Fig 1B) accom-

panied by a reduction of Cathepsin B (CtsB) activity (Fig 1C) in the

RPE from 2-month-old miR-211�/� compared to control mice,

suggesting that lysosomal biogenesis and function are impaired in

these cells.

miR-211 participates to lysosomal biogenesis and function in the
RPE/PR crosstalk

Defective lysosomal biogenesis and degradative capacity result in

the progressive accumulation of lysosomal POS/cargo substrates

and lipofuscin within the RPE causing irreversible cell dysfunction

and development of blinding conditions (Keeling et al, 2018). We

sought to determine whether lysosomal substrates and lipofuscin

2 of 21 The EMBO Journal 39: e102468 | 2020 ª 2020 The Authors

The EMBO Journal Federica Naso et al



accumulate within the RPE in miR-211�/� mice. Morphological

analysis using transmission electron microscopy (TEM) showed

an age-dependent accumulation of phagolysosomes containing

poorly processed POS within the RPE of miR-211�/� mice at

10:00 AM, 3 h after light on (Fig 1D). We extended our morpho-

logical analysis to later ages, focusing on 3-, 6-, 12- and

A 

B 

C 

D 

E 

Figure 1.
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18-month-old animals. Interestingly, we observed an age-depen-

dent progressive increase of POS marker-positive phagolysosomes

[LIGHT (at 10:00 AM, 3 h after light on)] in the RPE of miR-

211�/� compared to control mice (Fig 1D and Appendix Fig S2C

and D). Furthermore, the number of rhodopsin positive structures

was abnormally high 3 h after light off [DARK; (10:00 PM)] in the

RPE of 6-month-old miR-211�/� compared to control mice

(Appendix Fig S2C and E), supporting an impairment of lysosomal

cargo processing in the absence of miR-211. Consistent with this,

from the age of 2 months onwards, miR-211�/� mice showed an

accumulation of lipofuscin-like granules (Fig 1A, D and E). This

phenotype is in accordance with previous studies that showed

dysfunctional phagocytic/autophagy–lysosomal pathways in AMD

(Wang et al, 2009; Ferrington et al, 2016) and Stargardt’s disease

(Anderson et al, 2017), both characterized by lipofuscin accumula-

tion and impairment of PR cone function and survival, reinforcing

the relevance of miR-211 function in RPE cell clearance. To

further corroborate this notion, 3-month-old GFP-LC3 transgenic

mice, stably expressing the autophagosome membrane marker

LC3 fused with GFP (GFP-LC3) (Mizushima et al, 2004; Settembre

et al, 2011), were subretinally injected with an adeno-associated

virus (AAV) vector encoding the human miR-211 precursor (AAV

2/8–miR-211) or with scramble. We found that compared to

scramble there was an increase in diurnal lysosomal biogenesis

1 month after injection (Fig EV1A–E). Notably, both retina and

RPE specimens from miR-211-injected animals showed a signifi-

cant increase in the number of autophagosomal GFP:LC3-positive

and endo/lysosomal Lamp1-positive vesicles (Lamp1 positive

spots, hereafter referred as lysosomes; Fig EV1A, C and D) as well

as their co-localization (LC3-Lamp1-positive spots—Fig EV1A and

E). Western blot analysis also confirmed a significant increase in

both Lamp1 and lipidated LC3II protein levels (at 10:00 AM, 3 h

after light on) accompanied by a decrease of the Sqstm1/p62

autophagy substrate (Fig EV1F) in AAV 2/8-miR-211-injected RPE

cells compared to controls. Altogether, these data strongly

support that miR-211 stimulates diurnal lysosomal biogenesis in

RPE/PR crosstalk.

miR-211 controls lysosomal biogenesis by targeting Ezrin

To provide insights into how miR-211 regulates lysosomal biogene-

sis, we searched for relevant miR-211 target genes exhibiting an

anti-correlative expression pattern with respect to miR-211 in our

previously generated in vivo and in vitro RNA-seq datasets (Conte

et al, 2014, 2015; Barbato et al, 2017). The Ezrin gene, a member of

the ERM (Ezrin/Radixin/Moesin) family of membrane–cytoskeleton

linkers, appeared particularly attractive to explain the observed

RPE/PR defects since it has been shown previously to be strongly

expressed in the RPE (Bonilha et al, 1999) and highly sensitive to

light exposure (Zhang et al, 2017). Consistent with our transcrip-

tome analysis, it was recently described and validated as a miR-211

target gene (Zhang et al, 2018) and, more importantly, its upregula-

tion resulted in a decrease of lysosomal Lamp1 expression levels

(Federici et al, 2009; Bian & Murad, 2014). A combination of these

features was not observed for any previously validated miR-211

target (Chou et al, 2018), none of which appears to be related to

lysosomal biogenesis (Table EV1). Based on these observations, we

investigated the expression pattern of Ezrin and found an anti-corre-

lation with that of miR-211 (Fig 2A and B). It rapidly decreased in

response to light in the RPE (≥ 30 min after light on), reaching a

low expression level at 10:00 AM (3 h after light on). Conversely, its

expression rapidly increased in response to dark conditions in the

RPE (≥ 30 min after light off), showing high expression 3 h after

light off in the RPE of wild-type (WT) mice (Fig 2A and B). We

found that there were increased Ezrin transcript and protein levels

in the RPE of miR-211�/� mice compared to control littermates at

10:00 AM (3 h after light on), when physiologically it should be

poorly expressed (Fig 2C–E). Notably, we observed that the kinetics

of Ezrin gene expression in response to dark/light and light/dark

transitions were absent in the RPE from miR-211�/� mice (Fig 2F).

As a control, the kinetics of the expression of miR-211’s host gene

(Trpm1) was not altered in the RPE from miR-211�/� when

compared with control animals (Fig 2G). Consistent with this, qRT-

PCR analysis confirmed the proper expression levels of genes adja-

cent to Trpm1 (Mtmr10 and Klf13; Fig 2H), in line with our previous

◀ Figure 1. Phagolysosomal dysfunction in the RPE of miR-211�/� mice.

A Confocal images of representative eye cryosections immunostained with anti-Lamp1 antibody from 2-month-old miR-211�/� and control mice sacrificed 3 h after
light on, at 10 AM (diurnal condition). Enlarged boxes highlight Lamp1-positive structures (white arrowheads) in the RPE. Autofluorescence from lipofuscin granules is
visible in all cryosections of miR-211�/� compared to control littermates. Nuclei were counterstained with DAPI (blue). At least n = 6 mice per group. Scale bar
10 lm.

B RPE was isolated at 10 AM (diurnal condition) from 2-month-old WT and miR-211�/� mice. Representative Western blot analysis of the Lamp1, Cln5, Trpml1, Sqstm1/
p62, Cathepsin D (CtsD), and LC3 proteins from WT and miR-211�/� mice. Note a decrease of both pro-CtsD and its maturation CtsD heavy chain (hc). The plots show
the quantification of the indicated proteins normalized to the Gapdh loading control. Bar graphs represent mean values � SEM of independent experiments (n = 6
mice). Mann and Whitney test (miR-211�/� versus WT), *P ≤ 0.05, **P ≤ 0.01.

C Cathepsin B (CtsB) activity in RPE lysates from 2-month-old miR-211�/� and control mice sacrificed 3 h after light on at 10 AM (diurnal condition). CtsB was reduced
in miR-211�/� compared to control mice. Bar graphs represent percentage of CtsB activity � SEM of independent experiments (n = 3 mice). Mann and Whitney test
(miR-211�/� versus WT), *P ≤ 0.05.

D Representative images of conventional TEM analysis of RPE of both 2-month-old and 3-month-old WT and miR-211�/� mice. miR-211�/� mice show
accumulation of phagolysosomes (red arrows) in the RPE. Scale bar 2 lm. Enlarged boxes highlight phagolysosome-like structures containing poorly processed
POS. Scale bar 1.5 lm. Representative images of conventional TEM analysis of RPE shown at higher magnification also highlighted accumulation of
lipofuscin-like granules (blue arrows) in 3-month-old miR-211�/� compared to control WT mice. Melanosomes are indicated by white asterisks. Scale bar
500 nm (n = 3 mice).

E Graphs showing number of lipofuscin-like granules (n/100 lm2) from the RPE of 3-month-old miR-211�/� mice as in (D). Bar graphs represent mean values � SEM.
Mann and Whitney test (miR-211�/� versus WT) ***P ≤ 0.005 (n = 6 mice).

Data information: (RPE) retinal pigment epithelium; (OS) outer segment; (ONL) outer nuclear layer.
Source data are available online for this figure.
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results (Barbato et al, 2017). These observations further indicate the

specificity of miR-211 depletion and support the notion that impair-

ment of lysosomal biogenesis upon light stimulation is a conse-

quence of the lack of miR-211-mediated repression of Ezrin.

Accordingly, miR-211 overexpression in vivo caused the opposite

behavior resulting in a significant reduction of Ezrin levels accom-

panied by an increase in lysosomal biogenesis. In particular, we

found that subretinal administration of AAV 2/8-miR-211 resulted in

a decrease in endogenous Ezrin mRNA and protein levels in the

RPE/PR of the injected GFP-LC3 transgenic mice, as detected by

immunofluorescence, Western blot, and qRT-PCR analyses

(Fig EV1A, F and G).

miR-211 controls autophagic flux in vitro

We next sought to determine whether the miR-211�/� phenotype

was indeed related to abnormal activation of Ezrin expression. In

order to minimize the variability due to interference of high cell con-

fluence on the analysis of lysosomal biogenesis and autophagy as

previously reported (Fuertes et al, 2003), we employed a “sub-

confluence” strategy (i.e., 80% cell confluence) for all in vitro exper-

iments. We found that genetic silencing of miR-211 (anti-miR-211)

in the ARPE-19 cell line markedly reduced the number of structures

with the ultrastructural characteristics of lysosomes, and where

lysosome-like structures could be identified, they stained poorly for

LAMP1 as demonstrated by immuno-electron microscopy (IEM)

(Fig EV2A–D). As expected, we found that silencing of miR-211 led

to an increase in EZRIN expression levels (Fig EV2E–G and

Appendix Fig S3A). Western blot and immunofluorescence analyses

also confirmed the reduced expression of lysosomal markers

LAMP1, LC3, TRPML1, CLN5, and CTSD (Fig EV2E and

Appendix Fig S3A), a decrease in the number of LC3/LAMP1-posi-

tive vesicles (Appendix Fig S3A and B) and an increase of SQSTM1/

p62 (Fig EV2E) compared to control cells (anti-miR-ctrl), consistent

with previous results described in the RPE from miR-211�/� mice.

Furthermore, silencing of miR-211 induced a block of the autop-

hagic flux as determined by LC3II lipidation in starved (stv) cells in

the presence of bafilomycin (baf) (Appendix Fig S3C). By contrast,

miR-211 overexpression (miR-211) in vitro induced a significant

increase in the number of structures with the ultrastructural charac-

teristics of lysosomes, which appeared highly labeled with LAMP1

as demonstrated by IEM (Fig EV2A–D). In addition, miR-211 over-

expression caused a decrease in EZRIN expression levels (Fig EV2E–

G and Appendix Fig S3A) accompanied by an increase in the expres-

sion of the lysosomal markers and a reduction in the SQSTM1/p62

autophagy substrate (Fig EV2E and Appendix Fig S3A) compared

with control cells (miR-ctrl). To further corroborate the latter result,

we also analyzed the effect of miR-211 overexpression on the autop-

hagy flux. Interestingly, we found that, in response to miR-211 over-

expression, the increased lysosomal biogenesis was accompanied by

an increase in autophagosome–lysosome fusion as demonstrated by

the increased number of LC3/LAMP1-positive vesicles

(Appendix Fig S3A and B), and an induction of the autophagic flux

as determined by LC3II lipidation in starved (stv) cells in the pres-

ence of bafilomycin (baf) (Appendix Fig S3D). Taken together, these

data suggest that miR-211-mediated targeting of Ezrin is an impor-

tant regulator of lysosomal biogenesis and autophagy pathways in

RPE.

Ezrin inhibition promotes lysosomal biogenesis and
function in vitro

To further corroborate the possible interplay between miR-211 activ-

ity and Ezrin inhibition as well as their contribution to lysosomal

biogenesis, we tested the impact of Ezrin function on both lysoso-

mal biogenesis and function using pharmacologically and

▸Figure 2. miR-211 controls Ezrin expression in vivo.

A Representative confocal images of eye cryosections immunostained with anti-Ezrin (green) and anti-ZO-1 (red) antibodies from 2-month-old WT mice sacrificed 3 h
after light on at 10 AM (diurnal condition—LIGHT) and 3 h after light off at 10 PM (nocturnal condition—DARK), nuclei were counterstained with DAPI (blue).
Enlarged boxes highlight Ezrin staining in both basal infoldings (BI) and apical extension (AE) of the RPE. At least n = 6 mice per group. Scale bar 10 lm.

B Graph representing the kinetic expression pattern of Ezrin levels in the RPE from 2-month-old WT mice during dark/light and light/dark transitions. Mice were
sacrificed at determined time points as indicated on the x-axis. Scheme at the top describes light/dark adaptation regime. Values normalized to Hprt represent
means � SEM. Mann and Whitney test *P ≤ 0.05 (n = 3 mice for each time point). Values from 12-h dark-adapted mice (T0) were set to one.

C Confocal images of representative eye cryosections immunostained with anti-Ezrin (green) and anti-ZO-1 (red) antibodies from 2-month-old miR-211�/� and WT
control mice sacrificed 3 h after light on at 10 AM (diurnal condition). Enlarged boxes highlight Ezrin staining in both basal infoldings (BI) and apical extension (AE)
of the RPE. At least n = 6 mice per group. Scale bar 10 lm.

D qRT-PCR assay for Ezrin from RPE 2-month-old WT and miR-211�/� mice sacrificed 3 h after light on at 10 AM. The graph shows the expression level of Ezrin
normalized to Hprt. Bar graphs represent mean values � SEM. Mann and Whitney test (miR-211�/� versus WT), ***P ≤ 0.005 (n = 6 mice).

E RPE was isolated at 10 AM (diurnal condition) from 2-month-old WT and miR-211�/� mice. Representative image at low exposure of Western blot analysis of the
Ezrin protein from WT and miR-211�/� mice. The graph shows the quantification of Ezrin normalized to the Gapdh loading control. Bar graphs represent mean
values � SEM of independent experiments (n = 5 mice). Mann and Whitney test (miR-211�/� versus WT), **P ≤ 0.01.

F Graph representing the kinetic expression pattern of Ezrin levels in the RPE from 2-month-old miR-211�/� mice during dark/light and light/dark transitions. Mice
were sacrificed at determined time points as indicated in x-axis. Scheme at the top describes light/dark adaptation regime. Values normalized to Hprt represent
means � SEM (n = 3 mice for each time point). Values from 12-h dark-adapted mice (T0) were set to one.

G Graph representing the kinetic expression pattern of Trpm1 levels in the RPE from 2-month-old WT mice during dark/light and light/dark transitions. Mice were
sacrificed at determined time points as indicated in x-axis. Scheme at the top describes light/dark adaptation regime. Values normalized to Hprt represent
means � SEM (n = 3 mice for each time point). Values from 12-h dark-adapted mice (T0) were set to one.

H qRT-PCR assay for Mtmr10 and Klf13 from RPE 2-month-old WT and miR-211�/� mice sacrificed 3 h after on at 10 AM. The graph shows the expression level of these
genes normalized to the Hprt. Bar graphs represent mean values � SEM (n = 3 mice).

Data information: (RPE) retinal pigment epithelium; (OS) outer segment; (ONL) outer nuclear layer; (BI) RPE basal infoldings; (AE) RPE apical extensions.
Source data are available online for this figure.
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genetically based inhibition approaches. Phosphorylation of Ezrin at

the amino acid residue 567 (Thr567), within the COOH-terminal

ERM association domain (C-ERMAD), leads to an open

conformation and enables the interaction of an active Ezrin with

other proteins (Turunen et al, 1994; Gary & Bretscher, 1995; Matsui

et al, 1998, 1999; Barret et al, 2000). Importantly, T567-Ezrin

A

C

F G H

D E

B

Figure 2.
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phosphorylation has been reported to be specifically inhibited by

the small molecule “NSC668394” via its binding to Ezrin without

altering total Ezrin protein levels (Bulut et al, 2012).

Culturing ARPE-19 cells in the presence of NSC668394 led to a

significant increase in the number of lysosomes and upregulated

lysosomal markers, as demonstrated by immunofluorescence

(Fig 3A and B), Western blot (Fig 3C), and IEM (Appendix Fig S4A

and B) analyses. Western blot analysis also confirmed the activation

of Cathepsin D (CTSD), as detected by increase of its mature heavy

chain, and the reduction of the autophagy substrate SQSTM1/p62 in

ARPE-19 cells treated with NSC668394 compared with vehicle-

control cells (DMSO) (Fig 3C), supporting the notion that pharmaco-

logical inhibition of Ezrin promoted lysosomal biogenesis and func-

tion. NSC668394 treatment was also found to induce an increased

rate of autophagosome–lysosome fusion as assessed by LC3 and

LAMP1 co-localization (Fig 3A and B) and using an LC3 protein

tandem-tagged with red fluorescent protein–green fluorescent

protein (RFP-GFP) (Kimura et al, 2007; Settembre et al, 2011).

Autophagosomes (GFP+ and RFP+) were discriminated from

autophagolysosomes (GFP� and RFP+) because of quenching of the

GFP signal (but not of RFP) inside the acidic lysosomal compart-

ment (Fig 3D and E). Consistent with this observation, starvation

(stv) treatment in the presence of bafilomycin (baf) showed a

further increase of LC3II in NSC668394-treated ARPE-19 cells

(Appendix Fig S4C), confirming the presence of increased autop-

hagic flux and excluding that lipidated LC3II accumulation was due

to a block along the autophagy pathway. Notably, autophagic cells

were not apoptotic, as indicated by their normal nuclear morphol-

ogy (Fig 3). Next, we reasoned that if inhibition of Ezrin directly

controls expression of lysosomal biogenesis and function, the levels

of the enzymatic activity of lysosomal Cathepsin B (CTSB) should

be increased and the autophagy substrates should be reduced.

Therefore, we carried out a Magic red assay, based on a Cathepsin

B-specific substrate that, upon hydrolysis, liberates membrane-

impermeable fluorescent cresyl violet within lysosomes containing

catalytically active CTSB in living cells. Indeed, we found an

increase in the intensity of the Magic Red in NSC668394-treated

compared with control cells (Fig 3F and G). These data were further

validated biochemically by an enzymatic activity assay of CTSB

(Fig 3H). Notably, similar to what we observed in NSC668394

treated cells, silencing of Ezrin (siEZR) resulted in an induction of

lysosomal biogenesis and autophagic flux (Appendix Fig S4D–F and

Appendix Fig S5A–E), demonstrating that both pharmacological and

genetic inhibition of Ezrin phenocopy the increase of lysosomal

biogenesis and function observed in miR-211 overexpressing cells.

Ezrin overexpression suppresses lysosomal biogenesis and
function in vitro

To obtain additional support for the relevance of miR-211-mediated

regulation of Ezrin and to demonstrate that increased Ezrin expres-

sion levels account for lysosomal dysregulation observed in miR-

211 deficiency, we analyzed the effects of GFP-tagged versions of

WT-Ezrin or the constitutively active mutant T567D-Ezrin (Coscoy

et al, 2002) on lysosomal biogenesis in normally fed ARPE-19 cells.

We found that both WT-Ezrin:GFP (EZRIN:GFP) and T567D-Ezrin:

GFP expression resulted in repression of lysosomal biogenesis as

assessed by immunofluorescence staining for LAMP1 and Western

blot analysis for autophagic markers as well as an increase in the

autophagy substrate SQSTM1/p62 (Fig EV3A and B) compared to

GFP control cells. Notably, we found that repression of lysosomal

biogenesis in WT-Ezrin:GFP, but not in NSC668394-unresponsive

T567D-Ezrin:GFP, overexpressing cells was rescued by NSC668394

treatment (Fig EV3A and B). Taken together, these data indicate

that upregulation of Ezrin suppresses lysosomal biogenesis in vitro

and that NSC668394 specifically triggers Ezrin inhibition thorough

T567-Ezrin dephosphorylation, resulting in activation of lysosomal

biogenesis. We reasoned that if most of the changes in lysosomal

markers caused by NSC668394 are specifically mediated by Ezrin

inhibition, NSC668394 administration on Ezrin-silenced cells should

not further increase lysosomal marker expression levels. This was

the case since we did not observe any additional increase in lysoso-

mal biogenesis and autophagy in Ezrin-silenced ARPE-19 cells upon

NSC668394 treatment (Fig EV3C and D).

We next sought to determine whether the miR-211 phenotype

was indeed related to abnormal activation of Ezrin expression by

performing a series of rescue experiments. Pharmacological and

genetic inhibition of Ezrin rescued lysosomal dysregulation in

the miR-211 loss of function in the ARPE-19 cell line

(Appendix Fig S6A–D). Collectively, these data indicate that miR-

211 activity is very likely to be Ezrin dependent, because reduc-

tion of both Ezrin expression and activity rescued the anomalies

in lysosomal biogenesis.

Inhibition of Ezrin induces Ca2+-mediated triggering of
Calcineurin and modulates TFEB nuclear translocation

Ezrin is a widely expressed protein that links the actin cytoskeleton

to various proteins and has been shown to be involved in a large

spectra of cellular functions (e.g., cell motility, cell–cell, and cell–

matrix recognition) that depends on its conformational state and its

interactors (Brambilla & Fais, 2009). Ezrin has been also reported to

regulate Ca2+ homeostasis in different cell types through its essen-

tial role in retaining ion channels within multiprotein complexes at

the plasma membrane (Lockwich et al, 2001; Padanyi et al, 2010;

Hatano et al, 2013). Importantly, release of lysosomal Ca2+ medi-

ated by the channel mucolipin 1 (TRPML1) modulates the protein

phosphatase calcineurin (PPP3CB) (Medina et al, 2015), which in

turn dephosphorylates and activates TFEB (Medina et al, 2015), a

master regulator of the CLEAR (Coordinated Lysosomal Expression

and Regulation) network, of lysosomal biogenesis, and of the autop-

hagy pathway (Settembre et al, 2011; Settembre & Medina, 2015).

We therefore hypothesized that if Ezrin directly controls lysosomal

biogenesis through Ca2+/calcineurin-mediated activation of TFEB,

both pharmacologically and genetically based inhibition of Ezrin

should activate TFEB-mediated lysosomal biogenesis in cells.

Indeed, analysis by high-content (HC) live imaging demonstrated

that both administration of the inhibitor NSC668394 or silencing of

Ezrin (siEZR) significantly promoted nuclear translocation of both

endogenous and overexpressed TFEB in normally fed HeLa

(HeLaTFEB-GFP) [siCTRL (Fig 4A and B)] and ARPE-19 cell lines

(Fig EV4A), similar to starvation (stv) that was used as a control.

Accordingly, inhibition of Ezrin induced a downshift of TFEB

protein in fed cells (Fig 4E), confirming its dephosphorylation as

assessed by Western blot analysis. Most remarkably, siRNA-

mediated inhibition of calcineurin (siPPP3CB) in Ezrin-inhibited
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cells abolished the nuclear translocation of TFEB (Fig 4A, C and D),

suggesting that inhibition of Ezrin might trigger Ca2+ influx induc-

ing the activation of calcineurin, which in turn promotes

dephosphorylation and TFEB nuclear translocation. Therefore, we

hypothesized that the link between Ezrin and lysosomal biogenesis

might involve TRPML1-dependent Ca2+ release. To test this

A
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hypothesis, we monitored calcium dynamics in the close proximity

of lysosomal membranes using the fluorescent calcium-sensitive

GCaMP3 probe fused to TRPML1 (Medina et al, 2015). We triggered

TRPML1 activity with the selective activator ML-SA1. Addition of

this compound resulted in a rapid localized calcium increase that

showed a fast decline to near resting levels in approximately 100 s

(Fig 4F). Notably, cells receiving NSC668394, or genetically silenced

for Ezrin, showed a much more sustained response to ML-SA1

(Fig 4F and Appendix Fig S5F). Furthermore, this sustained phase

was highly sensitive to ML-SI3, a specific inhibitor of TRPML1

(Fig 4F). Therefore, our results indicate that Ezrin inhibition results

in a potentiation of TRPML1 sensitivity to activating stimuli. Consis-

tent with these findings, we also found that treatment with the

specific Ca2+ chelator BAPTA-AM significantly reduced TFEB

nuclear translocation in Ezrin-inhibited cells, further supporting that

Ca2+-dependent calcineurin activation acts downstream of Ezrin

(Fig 4G and H). Altogether these data demonstrate that inhibition of

Ezrin induces TFEB nuclear translocation by promoting Ca2+-

mediated triggering of calcineurin, thus revealing a previously

unidentified role for Ezrin in this cellular process.

The TFEB-mediated CLEAR network is regulated by Ezrin

To obtain additional support for the relevance of Ezrin-mediated

regulation of TFEB nuclear translocation, we carried out a series of

in vitro and in vivo experiments. The ability of Ezrin to modulate

TFEB-mediated lysosomal biogenesis and autophagy was further

confirmed by the upregulation of TFEB target CLEAR gene expres-

sion after Ezrin inhibition (Fig 4I) and the absence of alterations in

CLEAR gene expression after Ezrin inhibition in HeLaTFEB-KO cells

(Fig EV4B and C). Moreover, this Ezrin activity is very likely to be

TFEB-dependent, because Ezrin overexpression (EZRIN:GFP) in

HeLaTFEB-KO cells did not alter the expression of autophagic markers

(Fig EV4D). We next sought to determine whether the Ezrin-

induced phenotype was indeed related to a possible defective TFEB

nuclear translocation. Previous studies have shown that starvation

conditions result in lysosomal Ca2+ release via TRPML1 and conse-

quently TFEB nuclear translocation (Medina et al, 2015). We

reasoned that if Ezrin modulates Ca2+ flux, the levels of TFEB

nuclear translocation under starvation conditions should be

reduced in the Ezrin-overexpressing cells because of alterations in

Ca2+ flux. Indeed, analysis by HC live imaging demonstrated that

overexpression of an mCherry-tagged version of Ezrin (EZRIN-

mCherry) significantly impaired nuclear translocation of TFEB in a

starved HeLaTFEB-GFP cell line (Fig EV4E and F). We next sought to

determine whether the miR-211 retinal phenotype was indeed

related to Ezrin-mediated impairment of TFEB activity by perform-

ing an in vivo rescue experiment. To this end, we used an AAV

2/8:CMV-hTFEBS142A-S211A:3XFLAG construct (AAV hTFEB) that

encoded a constitutively nuclear active form of TFEB (Young et al,

2016). We injected AAV hTFEB subretinally in one eye and AAV

2/8-CMV-EGFP (eGFP) as a control in the contralateral eye of miR-

211�/� mice. The animals were sacrificed 15 days after the injec-

tion to avoid the possibility that high expression of TFEB might

induce tumors (Giatromanolaki et al, 2015) and to allow maximal,

sustained expression of the vector. Notably, following AAV hTFEB

delivery, a significant rescue of the lysosomal Lamp1 expression

accompanied by an increase of the lipidated form of LC3II

(Fig EV4G–I) was detected in the transduced retinal area of the

TFEB-injected eye in comparison with the contralateral GFP-

injected eye of miR-211�/� mice at 10:00 AM (3 h after light on).

These data support the existence of a previously unidentified

molecular network in the RPE by which miR-211 directly controls

lysosomal biogenesis through the repression of Ezrin-mediated

control of Ca2+-induced triggering of calcineurin and TFEB nuclear

translocation.

Pharmacological inhibition of Ezrin rescues
miR-211�/� phenotypes

Impairment of the endocytic/autophagy–lysosomal pathways has

been frequently implicated in the AMD phenotype that is associated

with lipofuscin accumulation, lysosomal dysfunction and severe

cone defects reflected in macular atrophy and central vision loss

(Ferrington et al, 2016; Keeling et al, 2018). Interestingly, the

dysfunction of lysosomal biogenesis and function observed in

◀ Figure 3. Pharmacological inhibition of Ezrin results in autophagy induction in ARPE-19 cells.

A Representative images from ARPE-19 cells treated with DMSO and NSC668394. All cells were fixed and stained with anti-LC3 (green) and anti-LAMP1 (red) antibodies
and nuclei were counterstained with DAPI (blue). Scale bar 5 lm.

B The plot shows the quantification of the numbers of LC3/LAMP1-positive vesicles per cell (n ≥ 100). Values represent means � SEM from three independent
experiments. Student’s t-test (NSC668394 versus DMSO) ***P ≤ 0.005.

C Representative Western blots of LAMP1, EZRIN, EZRIN-pT567, CLN5, TRPML1, SQSTM1/p62, CTSD, and LC3 proteins from DMSO or NSC668394 treated cells. Note an
increase of both pro-CTSD and its maturation CTSD heavy chain (hc). The plot shows the quantification of the indicated proteins normalized to the GAPDH loading
control. Bar graphs represent mean values � SEM of at least n = 6 independent experiments. Mann and Whitney test (NSC668394 versus DMSO) *P ≤ 0.05,
***P ≤ 0.005.

D Representative images of RFP-GFP-LC3 assay in ARPE-19 cells transiently transfected with RFP-GFP-LC3 and treated with DMSO or NSC668394. Nuclei were
counterstained with DAPI (blue). Scale bars: 5 lm.

E Box plots showing quantitative analysis of RFP+GFP+ puncta (Autophagosome) and RFP+GFP� puncta (autolysosome) (n ≥ 100 cells) from three independent
experiments. Box limits represent 25th percentile and 75th percentile; horizontal lines represent medians; whiskers display min. to max. values. Student’s t-test
(NSC668394 versus DMSO) *P ≤ 0.05.

F Endolysosomal Cathepsin activity was revealed by incubation with Cathepsin B (CTSB) Magic Red substrate for 20 min and images of the living cell collected on the
HC analysis. Scale bar 10 lm.

G Graph showing the mean values of intensity of cresyl violet fluorescence � SEM of representative data (n ≥ 100 cells) from three independent experiments. Mann
and Whitney test (NSC668394 versus DMSO) *P ≤ 0.05.

H Cathepsin B (CTSB) activity in lysates from NSC668394-treated and DMSO-control ARPE-19 cells. Graph showing the percentage of values � SEM of CTSB activity
from 4 independent experiments. Mann and Whitney test (NSC668394 versus DMSO) *P ≤ 0.05.

Source data are available online for this figure.
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miR-211�/� mice was accompanied by both lipofuscin accumulation

in the RPE and by cone dystrophy (Barbato et al, 2017). Previous

studies have shown that induction of lysosomal function results in

an enhancement of POS degradation and a decrease of lipofuscin

accumulation (Guha et al, 2012; Zhang et al, 2015). Therefore, if

most of the phenotypic consequences caused by miR-211 depletion

A B
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in vivo are due to Ezrin-mediated impairment of diurnal lysosomal

biogenesis and function, a daily drug-mediated pulsatile induction

of autophagy by a temporal inhibition of Ezrin should re-establish

normal expression levels of lysosomal markers and rescue both RPE

and retinal phenotype. To validate this hypothesis and to dissect the

potential of therapeutic induction of lysosomal biogenesis in the

RPE/retina crosstalk, we inhibited Ezrin function for 2 h by a daily

intraperitoneal injection of NSC668394, at a dose of 0.226 mg/kg,

whose pharmacokinetic studies have largely demonstrated a

monophasic elimination after 2 h from the plasma (Celik et al,

2016). Daily injection of NSC668394 over two consecutive weeks

was efficient in inducing lysosomal biogenesis and function in the

RPE/retina of 3-month-old GFP-LC3 transgenic mice. Both retina

and RPE specimens from injected animals showed a significant

increase in the number of Lamp1-positive and GFP-LC3/Lamp1-

positive vesicles as well as a significant increase in both the lysoso-

mal marker Lamp1 and lipidated LC3II levels (2 h after injection)

when compared with vehicle-injected (DMSO) control animals

(Fig EV5A and B). We next asked whether an NSC668394-mediated

increase in the expression of lysosomal genes/proteins might

improve “handling” of autophagolysosomes in the RPE. We

reasoned that if NSC668394 directly controls lysosomal function

in vivo, the degradation kinetics of the autophagy substrate Sqstm1/

p62 should be increased in the RPE from animals treated with a

single acute administration of lysosomal inhibitor chloroquine upon

NSC668394 treatment. As expected, Western blot analysis showed a

faster decrease of Sqstm1/p62 in the RPE from NSC668394-treated

animals compared to vehicle-treated animals (DMSO) (Fig EV5C).

Consistent with these observations, daily injections of

NSC668394 to miR-211�/� mice over five consecutive months (be-

ginning at 1 month old of age), but not vehicle, restored the active

pT567-Ezrin to normal expression levels, but not total Ezrin protein

levels (Fig 5A), and in turn normalized the diurnal lysosomal

biogenesis and activity in the RPE/retina of miR-211�/� mice, as

demonstrated by recovery of both the lysosomal marker Lamp1 and

lipidated LC3II levels and reduction in the autophagy substrate Sqst-

m1/p62 in diurnal conditions (Fig 5A and B).

These changes were associated with a rescue of Cathepsin B

(CtsB) activity (Fig 5C), accompanied by a similar trend in the enzy-

matic activity of b-glucuronidase (GUSB), albeit the latter was not

statistically significance (Fig 5D). Consistent with these findings, we

observed a rescue of accumulation of both phagosomes and double-

membrane phagolysosomes containing poorly processed POS within

the RPE of miR-211�/� mice as detected by TEM analysis (Fig 6A).

Moreover, a significant decrease in rhodopsin accumulation within

the RPE was found by immunostaining with an anti-Rhodopsin anti-

body (Fig 6B), further supporting a rescue of phagolysosomal cargo

processing. Notably, from the age of 3 months onwards,

NSC668394-treated miR-211�/� mice showed a decrease of lipofus-

cin (Fig 6B and C). Most importantly, we measured a significant

recovery of cone number and density defects in NSC668394-treated

miR-211�/� mice at 3 and 6 months of age compared to control

miR-211�/� mice (miR-211�/� + DMSO) (Fig 6B and D,

Appendix Fig S7A and B), as demonstrated by quantifying cones

that were labeled by immunostaining with anti-cone-Arrestin anti-

body. As a consequence, we observed a progressive rescue in retinal

function by both standard electroretinographic (ERG) and 6-Hz

scotopic flicker ERG recordings (Alfano et al, 2011) in NSC668394-

treated miR-211�/� mice compared to control mice. We found that

both rod and cone responses in NSC668394-treated miR-211�/� mice

were similar to those recorded in WT mice (Fig 6E and F,

Appendix Fig S7C–F).

Altogether, our data unmask a molecular network in daily cell

clearance in the RPE/PR crosstalk that requires the miR-211-

mediated activation of both lysosomal biogenesis and function

through repression of Ezrin. Moreover, our findings reveal a previ-

ously unidentified role for Ezrin in this cellular process and identify

a new drug that might be exploited for new therapeutic possibilities

for the treatment of retinal degeneration associated with lysosomal

dysfunction.

◀ Figure 4. Ezrin inhibition results in TFEB nuclear translocation.

A Representative images from HC assay of HeLaTFEB-GFP cells transfected with control (siCTRL) or siPPP3CB and subjected to the indicated conditions. Analysis of TFEB
nuclear translocation in HeLaTFEB-GFP cells transfected with siCTRL or siPPP3CB and treated with DMSO or NSC668394, silenced for EZRIN (siEZR), or serum-starved
(stv). Both pharmacological inhibition and silencing of Ezrin induced TFEB nuclear localization in stable HeLaTFEB-GFP cells. Starvation (stv) was used as control.
Nuclear translocation of TFEB in stable HeLaTFEB-GFP cells subjected to the indicated conditions is rescue after silencing of PPP3CB. Scale bar 5 lm.

B The graph shows the mean � SEM of the percentage of nuclear TFEB translocation in Ezrin-inhibited cells compared to control; n = 3 independent experiments
were performed. Mann and Whitney test (NSC668394 and stv versus DMSO; siEZR versus siCTRL) *P ≤ 0.05.

C The graph shows the mean � SEM of the percentage of nuclear TFEB translocation in Ezrin-inhibited cells and subjected to the silencing of PPP3CB. At least three
independent experiments were performed. Mann and Whitney test (siPPP3CB versus siCTRL) *P ≤ 0.05.

D qRT-PCR assay for PPP3CB from HeLaTFEB-GFP cells transfected with siPPP3CB and siCTRL. The graph shows the reduction in PPP3CB expression level normalized to the
Hprt. Bar graphs represent mean values � SEM Mann and Whitney test (siPPP3CB versus siCTRL), ***P ≤ 0.005 (n = 6 independent experiments).

E Both pharmacological inhibition and silencing of EZRIN induce downshift of endogenous TFEB electrophoretic mobility in Western blot analysis. Torin treatment was
used as control.

F Representative traces of ML1-GCaMP3 normalized fluorescence recorded in transiently transfected ARPE-19 cells. During time-lapse recording, cells were stimulated
with ML-SA1 (20 lM) after addition (arrowhead) of DMSO or NSC668394. Where indicated, the specific ML1 inhibitor ML-SI3 (10 lM) was added. Bar graph reports
the mean values � SEM of the time required by fluorescence to decay to half of the ML-SA1-induced peak. n = 50 cells from three independent experiments.
***P < 0.005 by Mann and Whitney test.

G Nuclear translocation of TFEB in stable HeLaTFEB-GFP cells subjected to the indicated conditions is reduced after Ca2+ chelator BAPTA treatment. Scale bar 5 lm.
H The graph shows the mean � SEM of the percentage of nuclear TFEB translocation in Ezrin-inhibited cells compared with DMSO under Ca2+ chelator BAPTA

treatment. At least three independent experiments were performed. Mann and Whitney test (stv, stv+BAPTA, BAPTA, NSC668394, NSC668394+BAPTA versus DMSO)
*P ≤ 0.05.

I qRT-PCR analysis for TFEB target genes (TRPML1, BECLIN, MAPLC3B, and LAMP1) was performed on ARPE-19 cells treated with DMSO or NSC668394. Bar graphs
represent mean values � SEM of at least three independent experiments. Mann and Whitney *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.005.

Source data are available online for this figure.

ª 2020 The Authors The EMBO Journal 39: e102468 | 2020 11 of 21

Federica Naso et al The EMBO Journal



Discussion

It is well established that two independent autophagy pathways

support diurnal waste clearance in the RPE and both are finely regu-

lated by circadian and non-circadian processes, with a daily induc-

tion that relies on and occurs after the peak period of POS disk-

shedding and can be evoked by a light pulse (Kim et al, 2013;

Muniz-Feliciano et al, 2017). Although our understanding of the

regulation of autophagy pathways has improved, a gap remains in

our understanding on how the diurnal activation of both lysosomal

biogenesis and function is generated, maintained, and successively

repressed daily upon a switch from dark to light conditions in the

RPE. MiR-211 has discrete and dynamic expression domains in the

RPE/retina, its expression being highly controlled by light–dark

conditions (Krol et al, 2010). In vitro studies have shown that miR-

211 contributes to RPE differentiation and homeostasis (Wang et al,

2010; Dai et al, 2015). To date, however, miR-211 function in the

RPE has not been thoroughly analyzed and its in vivo role in this

tissue remains unclear. Interestingly, recent findings suggest that

induction of miR-211 expression correlates with an increase in

autophagosomes during osteogenic differentiation (Ozeki et al,

2017) and with repression of the mTOR pathway during cellular

stress (Ozturk et al, 2019), but the mechanism of action in these

processes was largely unknown.

The results described herein indicate that miR-211-mediated

repression of Ezrin is necessary for both daily-inducing
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phagolysosomal and autophagolysosomal cargo degradation in the

RPE. We found that this lysosome-regulating pathway is mediated

by an increase in TRPML1-dependent Ca2+, which, as a second

messenger, triggers activation of calcineurin and stimulation of lyso-

somal biogenesis and waste clearance via the TFEB-mediated tran-

scriptional network. This regulatory cascade is strongly supported

by a number of observations. In the RPE, a daily switch from dark

to light conditions induces miR-211 expression (Krol et al, 2010),

which in turn targets and represses Ezrin. The inhibition of Ezrin

promotes a Ca2+-mediated activation of calcineurin, which in turn

leads to an increase in both TFEB dephosphorylation and TFEB

nuclear translocation thus inducing the expression of lysosomal and

autophagic genes (Fig 7). Conversely, during dark conditions,

miR-211 is down-regulated leading to upregulation of Ezrin which is

activated by phosphorylation on threonine Thr567 at the carboxyl-

terminal C-ERMAD domain, which in turn represses Ca2+-mediated

activation of calcineurin. An imbalance in this molecular network

during the switch from dark to light conditions in miR-211�/� mice

induces a diurnal impairment of lysosomal biogenesis with conse-

quent defective phagolysosomal and autophagolysosomal cargo

processing. These dysfunctions cause age-dependent lipofuscin

accumulation and possibly cone degeneration. This last possibility

is highly likely, because cones are more sensitive to lipofuscin accu-

mulation and stress (Conley et al, 2012). In support of this interpre-

tation, a daily pulsatile drug-mediated inhibition of Ezrin function

was sufficient to restore the levels of active Ezrin form to values

statistically indistinguishable from those of the control eyes, rescu-

ing lysosomal pathways, lipofuscin accumulation and most impor-

tantly the miR-211�/� ocular phenotype.

Interestingly, previous studies implicated distinct and context-

dependent targeting activities for miR-211 and its paralog miR-204

depending on the cellular environment (Abraham et al, 2016;

Vitiello et al, 2017). In cancer, miR-204 upregulation was shown to

inhibit autophagic flux by targeting both LC3 and Caveolin1-

mediated repression of Ca2+ flux (Xiao et al, 2011; Hall et al, 2014).

More recently, miR-204 deletion in the RPE was associated with

◀ Figure 5. NSC668394 rescues lysosomal biogenesis in miR-211�/� mice.

A Confocal images of representative eye cryosections immunostained with anti-Ezrin (green)/anti-ZO-1 (red), anti-Ezrin-pT567 (green)/anti-ZO-1 (red), anti-Lamp1
(green), and anti-Sqstm1/p62 (green) antibodies from 6-month-old miR-211�/� sacrificed 5 months after DMSO or NSC668394 treatment. Nuclei are counterstained
with DAPI (blue). At least n = 6 mice per group. Scale bar 100 lm.

B RPE was isolated 5 months after DMSO or NSC668394 treatment from 6-month-old miR-211�/� mice. Representative Western blot proteins from these tissues were
performed to determine the expression levels of Lamp1, Ezrin, Ezrin-pT567, Sqstm1/p62, and LC3. The plots show the quantification of the indicated proteins
normalized to the b-actin loading control. Bar graphs represent mean values � SEM of independent experiments (n = 6 mice). Mann and Whitney test (DMSO versus
WT; NSC668394 versus DMSO), *P ≤ 0.05, ***P ≤ 0.005.

C Cathepsin B (CtsB) activity in RPE lysates from miR-211�/� and WT mice sacrificed 3 h after light on at 10 AM (diurnal condition). RPE was isolated 1 week after
DMSO or NSC668394 treatment from 2-month-old miR-211�/� mice. CtsB was rescued in NSC668394-treated miR-211�/� compared to DMSO-control miR-211�/�

mice. Bar graphs represent percentage of CtsB activity � SEM of independent experiments (n = 3 mice). Mann and Whitney test (DMSO-miR-211�/� versus WT;
NSC668394-miR-211�/� versus DMSO-miR-211�/�), *P ≤ 0.05.

D GUSB activity from retina from miR-211�/� and control mice sacrificed 3 h after light on at 10 AM (diurnal condition). Retina was isolated 1 week after DMSO or
NSC668394 treatment from 2-month-old miR-211�/� mice. GUSB was rescued in NSC668394-treated miR-211�/� compared to DMSO-control miR-211�/� mice. Bar
graphs represent percentage of GUSB activity � SEM of independent experiments (n = 3 mice). Mann and Whitney test (DMSO-miR-211�/� versus WT; NSC668394-
miR-211�/� versus DMSO-miR-211�/�).

Data information: (RPE) retinal pigment epithelium; (OS) outer segment; (ONL) outer nuclear layer.
Source data are available online for this figure.

▸Figure 6. Pharmacological inhibition of Ezrin rescues the miR-211�/� phenotype.

A Representative images of conventional TEM analysis of RPE of WT, DMSO-treated miR-211�/� mice, and NSC668394-treated miR-211�/� 3-month-old mice.
NSC668394-treated miR-211�/� mice show rescue of accumulation of double-membrane phagolysosome-like structures containing poorly processed POS (red
arrows) compared to DMSO-treated miR-211�/� mice. Scale bar 1 mm.

B Confocal images of representative eye cryosections immunostained with anti-Rhodopsin (green) antibody from WT and miR-211�/� mice at 3 months of age after
DMSO or NSC668394 treatment, which are sacrificed 3 h after light on at 10 AM (diurnal condition). Nuclei are counterstained with DAPI (blue). At least n = 6 mice
per group. Scale bar 100 lm. The enlarged box highlights rhodopsin accumulation in the RPE (green spots). Scale bar 5 lm. Autofluorescence from lipofuscin
granules from WT and miR-211�/� mice at 3 months of age after DMSO or NSC668394 treatment. Representative images of retina cryosections immunostained with
anti-Cone-Arrestin (green) antibody from WT and miR-211�/� mice at 3 months of age after DMSO or NSC668394 treatment. Nuclei are counterstained with DAPI
(blue). N = at least 6 mice per group. Scale bar 100 lm.

C Graphs showing number of lipofuscin granules from the RPE of mice as in (B). Bar graphs represent mean values � SEM. Mann and Whitney test (miR-211�/� DMSO
versus WT and miR-211�/� NSC668394 versus DMSO-treated mice) ***P ≤ 0.005. *P ≤ 0.05 (n = 6 mice).

D Graphs show cone percentage (cones/area) from the retina of mice treated as in (B). Error bars represent SEM. Mann and Whitney test (DMSO versus WT and
NSC668394 versus DMSO-treated mice) ***P ≤ 0.005 (n = 6 mice).

E Representative flicker traces at 3 months of age show the rescue of flicker responses of NSC668394-treated miR-211�/� mice (green lines) compared to DMSO-
treated miR-211�/� control mice (red lines). WT mice were used as a control (black lines). Flicker recordings were performed with light intensities ranging from 10�4
to 15 cd s/m2 in steps of 0.6 logarithmic units at 6 Hz frequency.

F Flicker responses, plotted as a function of stimulus intensity, from WT (black lines), DMSO-treated miR-211�/� (red lines), and NSC668394-treated miR-211�/� (green
lines) mice, at 3 months of age. The amplitude of the recordings from NSC668394 miR-211�/� treated mice is significantly rescued compared to DMSO-treated miR-
211�/� mice. WT mice were used as a control. Error bars represent SEM. ANOVA test (DMSO versus WT and NSC668394 versus DMSO-treated mice) **P ≤ 0.01,
***P ≤ 0.005.

Data information: (OS) outer segment; (ONL) outer nuclear layer; (RPE) retinal pigment epithelium.
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strong upregulation of autophagic markers accompanied by an

imbalance of phagocytic degradation (Zhang et al, 2019), in line

with previous results (Muniz-Feliciano et al, 2017). Notably, miR-

204 and its host gene, namely TRPM3, show an expression pattern

opposite to that of miR-211 in the retinal ONL (Krol et al, 2010).

These observations together with our data highlight the complexity

A

C

D

B

E

F

Figure 6.
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Figure 7. Model of miR-211-mediated regulation of lysosomal biogenesis and function.

Under light-phase conditions, Ezrin is repressed by miR-211. The inhibition of Ezrin releases a Ca2+ microdomain flux into cells thorough the TRPML1 channel. This leads to
calcineurin (Cn) activation and lysosomal biogenesis via TFEB nuclear translocation. Under night-phase conditions, miR-211 is down-regulated, this in turn induces Ezrin
upregulation and repression of TFEB-mediated lysosomal biogenesis. Both miR-211 and Ezrin may converge on and integrate into the mTOR pathway.
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of the function of miRNAs operating in the RPE to control cell clear-

ance, suggesting that these two miRNAs could be antagonistic and

be key elements in modulating the light-dependent lysosomal/

autophagic pathways.

Of note, the ocular phenotype in the miR-211�/� mice resembles

that observed in animal models of human pathological conditions

such as Stargardt’s disease and AMD. The use of miR-211 in gene

therapy is also being explored to promote RPE and PR survival in

AMD (Cunnusamy et al, 2012). Therefore, it is of the utmost impor-

tance to identify all miR-211’s functions and targets to determine

whether alterations in miR-211 expression and its targets may

contribute to the pathogenesis of AMD in humans.

Several targets of miR-211 have been identified in cancer cells.

However, whether and how miR-211 target genes might modulate

lysosomal biogenesis in cells is largely unexplored. Recent findings

identified Ezrin as the most promising candidate target gene partici-

pating in the miR-211 ocular phenotype: First, Ezrin is highly

expressed in the RPE; second, its expression is opposite to miR-211

and modulated by light stimulus; and third, upregulation of Ezrin

has been proposed to reduce Lamp1 expression. Our findings help

to define the relevance of the miR-211/Ezrin axis in lysosomal

biogenesis in the RPE upon light stimulus. They also provide mecha-

nistic insights into how the Ca2+-dependent calcineurin network

originates from the miR-211-mediated inhibition of Ezrin, an impor-

tant regulatory protein that links cell membrane proteins to actin

(Fehon et al, 2010).

Previous studies reported that the NH2-terminal FERM domain

of Ezrin has a dominant negative effect on Ezrin function (Crepaldi

et al, 1997; Zhao et al, 2004). Recent findings have reported that

the FERM domain of Ezrin induces both the assembly of the actin

scaffold at the phagosome membrane and phagolysosomal fusion

(Marion et al, 2011). Interestingly, the composition of the phago-

some membrane, its degradative contents, and the phosphorylated

status of the C-terminus of the Ezrin protein appear to be crucial

components for the actin assembly machinery to facilitate

phagolysosomal fusion (Erwig et al, 2006). Notably, the amino

acid sequence of Ezrin contains unique phosphorylation sites

(Y353, Y477, and T567) in the C-terminal C-ERMAD domain,

suggesting that Ezrin may have multiple context-dependent roles

depending on its phosphorylation state. Y353-phosphorylated Ezrin

was shown to regulate the JNK activation pathway in endosomes

(Parameswaran et al, 2013), whereas Y477 phosphorylation of

Ezrin regulates growth and invasion of Src-transformed epithelial

cells (Heiska et al, 2011). Moreover, Ezrin overexpression was

found to mediate invasion via the AKT/mTOR signal transduction

pathway (Krishnan et al, 2006) and Ezrin inhibition was found to

inhibit the mTOR pathway (Wan et al, 2005), a major signaling

pathway controlling lysosomal function.

Intriguingly, Lamp1 on late endosomes was found to be a key

factor for the phosphorylation of Ezrin at amino acid residue 567

(Thr567) on the C-ERMAD domain (Parameswaran et al, 2013; Bian

& Murad, 2014). However, an increase in Ezrin expression resulted

in a reduction of Lamp1 in cancer cells (Federici et al, 2009) and

affected Lamp1 protein levels in RPE cells (Bian & Murad, 2014).

We envisage that Ezrin recruitment and phosphorylation of residue

Thr567 on the C-ERMAD domain might play distinct roles in lysoso-

mal biogenesis, phagolysosome, and autophago-lysosome fusion at

distinct stages of lysosomal-mediated waste clearance in the RPE. In

support of this hypothesis, the simultaneous observations of lyso-

some-opposite diurnal recruitment of Ezrin and its phosphorylated

Thr567-active form in dark conditions and the following dismissal

and dephosphorylation in light condition demonstrate the need for a

strict spatial and temporal restriction of Ezrin function in the RPE.

Our findings further suggest that Ezrin-exerted inhibition of the lyso-

somal pathway is very likely to be Ca2+-dependent and mediated by

regulation of calcineurin and its target TFEB. Importantly, Ezrin has

been reported to participate in retaining Ca2+ ion channels within

multiprotein complexes at cytoplasmic membranes and to regulate

Ca2+ homeostasis in different cell types (Lockwich et al, 2001;

Padanyi et al, 2010; Hatano et al, 2013). Here, we found a yet unre-

ported function of Ezrin inhibition in inducing an increased rate of

Ca2+-mediated activation of calcineurin through potentiation of

TRPML1 sensitivity and the corresponding activation of lysosomal

biogenesis and autophagy via TFEB nuclear translocation. Thus,

miR-211/Ezrin axis might ensure correct lysosomal biogenesis by

also controlling TRPML1 phosphorylation status. This last possibil-

ity is particularly attractive, because phosphorylation of the C-term-

inal TRPML1 serine residues regulates its autophagic function

(Onyenwoke et al, 2015). However, the mode of induction of lyso-

somal biogenesis and function by miR-211-mediated Ezrin inhibition

may be more complex than our initially envisaged by also involving

a direct regulation of the mTOR pathway (Fig 7).

Importantly, the potential applications of our newly identified

molecular network extend beyond the comprehensive and highly

relevant identification of diurnal regulation of endocytic/

autophagy–lysosomal pathways in the RPE/retina crosstalk.

Recently, several attempts have been made to develop therapeutic

pharmacological approaches to treat AMD in which lipofuscin has

accumulated. However, despite initial promising results, developing

therapeutic strategies to treat AMD still represents a challenge. Our

study shows the efficacy of induction of lysosomal biogenesis and

activity, via pharmacological repression of Ezrin, for the clearance

of lipofuscin accumulation in the miR-211�/� mice, which could

represent an important therapeutic strategy to treat lysosomal

impairment associated with retinal diseases including the most

common cause of blindness worldwide such as age-related macular

degeneration (Wang et al, 2009; Ferrington et al, 2016).

Materials and Methods

Animals

The miR-211 knockout mouse line (mir-211�/�) employed in this

study was generated by the Wellcome Trust Sanger Institute as

previously described (Barbato et al, 2017). For the ISH experiments,

CD1 albino mice were used as previously described (Karali et al,

2010). All studies on animals were conducted in strict accordance

with the institutional guidelines for animal research and approved

by the Italian Ministry of Health; Department of Public Health,

Animal Health, Nutrition and Food Safety in accordance with the

law on animal experimentation (article 7; D.L. 116/92; protocol

number: 00001/11/IGB; approval date June 6, 2011). Furthermore,

all animal treatments were reviewed and approved in advance by

the Ethics Committee of Ospedale Cardarelli (Naples, Italy). MiR-

211�/� mice were maintained on the C57Bl/6J background. In all
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experiments, we used as controls aged-matched littermates of miR-

211�/� mice.

Subretinal injection of AAV vectors in mice

GFP-LC3 mice were housed at the Institute of Genetics and Biophy-

sics animal house (Naples, Italy) and maintained under a 12-h light/

dark cycle (10–50 lux exposure during the light phase). Mice were

anesthetized as previously described (Gargiulo et al, 2012); then,

AAV 2/8 vectors were delivered subretinally via a trans-scleral

trans-choroidal approach as described by Liang et al (2001). All

eyes were treated with 1 ll of AAV 2/8 vector solution, at a dose of

1 × 109 genome copies/eye. Mice were sacrificed 1 month post-

injection as previously described (Barbato et al, 2017). Overnight

dark adaptation of mice was performed before sacrifice. This study

was carried out in accordance with the Association for Research in

Vision and Ophthalmology Statement for the Use of Animals in

Ophthalmic and Vision Research and with the Italian Ministry of

Health regulation for animal procedures. All procedures were

submitted to the Italian Ministry of Health; Department of Public

Health, Animal Health, Nutrition and Food Safety. Surgery was

performed under anesthesia and all efforts were made to minimize

suffering.

Drug treatments and Light/Dark adaptation of mice for
tissue isolation

Drug treatments were performed by once-daily intraperitoneal injec-

tion of NSC668394, at a dose of 0.226 mg/kg, as previously

described (Celik et al, 2016). For chloroquine assays, animals

underwent to single intraperitoneal injection of 100 mg/kg chloro-

quine as previously described (Gaynes et al, 2008) followed by

NSC668394 administration. Light/dark adaptation of treated mice

was performed following standard procedures (Krol et al, 2010). In

particular, the mice were maintained in dark condition with maxi-

mum of 0.4 lux from 19:00 pm to 7:00 am. Then, animals were kept

in a room with the light phase (450 lux) from 7:00 am to 19:00 pm.

For light/dark transition studies, some animals were transferred

after 3 h from light condition to dark condition and sacrificed to

selected time points. Tissues from DA mice were isolated under dim

red light.

Electrophysiological recordings

Scotopic and photopic electrophysiological recordings were

performed as described (Barbato et al, 2017). A National Instru-

ments amplifier with a xenon Ganzfeld stimulator (CSO, Costru-

zione Strumenti Oftalmici, Florence, Italy) was used to record

miR-211 mice. Briefly, mice were dark-adapted for 3 h. Animals

were anesthetized and positioned in a stereotaxic apparatus under

dim red light. Their pupils were dilated with a drop of 0.5% tropi-

camide (Visufarma, Rome, Italy), and body temperature was main-

tained at 37.5°C. The electrophysiological signals were recorded

through gold-plate electrodes inserted under the lower eyelids in

contact with the cornea. The electrodes in each eye were referred to

a needle electrode inserted subcutaneously at the level of the corre-

sponding frontal region. The different electrodes were connected to

a two-channel amplifier. For ERG analysis in dark-adapted

conditions (scotopic), eyes were stimulated with light flashes.

Eleven different light intensity stimuli were used ranging from

1 × 10�4 to 20 cd s/m2. Amplitudes of a- and b-waves were plotted

as a function of increasing light intensity. After completion of

responses obtained in scotopic conditions, the recording session

continued with the purpose of dissecting the cone pathway through

the photopic ERG. Photopic cone responses were isolated in light

conditions with a constant background illumination of 50 cd/m2,

with 10 flashes and a light intensity of 20 cd s/m2. Cone response

was then better isolated using Flicker analysis (An et al, 2012).

Mice were stimulated with a fixed frequency of 6 Hz and flashes

of 13 different light intensities, ranging from 10�4 to 15 cd s/m2

generated by the Ganzfeld stimulator. To minimize the noise, dif-

ferent responses evoked by light were averaged for each luminance

step.

Western blot analysis

Mouse eyes were enucleated and the RPE was separated from the

retina. Cells were collected after transfections or treatments to

extract total protein. Both mice and cell samples were lysed by using

RIPA buffer (150 mM sodium chloride, 1% Triton X-100, 0.5%

sodium deoxycholate, 0.1% sodium dodecyl sulfate, 50 mM Tris,

pH 8.0) with inhibitors cocktail (Thermo Fischer Scientific, 78420).

The concentration of total protein was determined by Bradford anal-

ysis and quantified by using a NanoDrop ND-8000 spectrophotome-

ter (NanoDrop Technologies). Proteins were fractionated by sodium

dodecyl sulfate–polyacrylamide gel electrophoresis (SDS–PAGE) and

transferred to PVDF membranes (EMD Millipore, IPVH00010), then

blocked in Tween 0.1%–Tris-buffered saline containing 5% non-fat

milk or 5% bovine serum albumin (Sigma-Aldrich, 9048-46-8) for

1 h at room temperature and subsequently incubated overnight at

4°C with primary antibodies. For Western blot analysis, the follow-

ing antibodies were used: mouse anti-Lamp1 (1:500, Sigma-Aldrich,

L1418), rabbit anti-Cln5 (1:1,000, Abcam AB126306), rabbit anti-

Trpml1 (1:1,000, ALOMONE Lab ACC-081), rabbit anti-LC3

(1:1,000, Novus LC3B/MAP1LC3B), rabbit anti-SQSTM1/p62

(1:1,000, Sigma-Aldrich, P0067), mouse anti-CtsD (1:1,000, Santa

Cruz SC-377124), mouse anti-Ezrin (1:1,000, Novex, 357300), rabbit

anti-phospho-Ezrin (Th567) that detects endogenous levels of Ezrin

only when phosphorylated at threonine 567 (1:700 Sigma-Aldrich,

PA5-37763), mouse anti-Gapdh (1:1,000, Santa Cruz, SC-32233),

mouse anti-b-actin (1:700, Sigma-Aldrich, A5441), anti-TFEB

(1:1,000 Cell Signaling, 4240), mouse anti-FLAG (1:1,000, Sigma,

F3165). After washing with 1% TBS, the membranes were incu-

bated for 1 h at room temperature with the following secondary

antibodies: goat anti-rabbit IgG antibody, HPR conjugate, and goat

anti-mouse IgG antibody HPR conjugate (1:10,000 EMD Millipore,

12-348; 12-349). Western blot detection was done with a GE detec-

tor (GE Healthcare Life Sciences) and quantified using ImageJ soft-

ware. To check retina contamination, the protein levels of

photoreceptors (Rhodopsin) marker were analyzed as control in

RPE protein samples.

Immunofluorescence

Mouse eyes were fixed overnight in 4% paraformaldehyde in PBS at

4°C and then cryopreserved by treatment first with 15% and then
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with 30% sucrose in phosphate-buffered saline and embedded in

OCT. Twelve-micrometer cryosections were collected on slides

(Superfrost Plus; Fisher Scientific, Pittsburgh, PA). Cells were fixed

with 4% formaldehyde (Sigma-Aldrich) for 10 min at room temper-

ature followed by washing with 1% PBS. After the fixation, the cells

were permeated with blocking buffer (0.5% BSA, 0.005% saponin,

0.02% NaN3) for 1 h at room temperature. The following primary

antibodies were used: mouse anti-Lamp1 (Hybridoma Bank 1D4B),

rat anti-Lamp1 (Santa Cruz 1D4B: sc19992), rabbit anti-LC3B

(1:100, Novus bio NB100-2220), rabbit anti-Cone-Arrestin (1:1,000,

EMD Millipore, AB15282), mouse anti-Ezrin to detect total Ezrin

(1:100, Novex, 357300), rabbit anti-phospho-Ezrin (Th567) to detect

phosphorylated form of Ezrin at threonine 567 (1:100, Sigma-

Aldrich, PA5-37763), mouse anti-Rhodopsin (1:5000, Abcam,

ab3267), rabbit serum anti-GFP (1:100, Life Technologies, A6455),

rabbit anti-SQSTM1/p62 (1:1,000, Sigma-Aldrich, P0067), mouse

anti-ZO-1 (1:100 Invitrogen #339100). All incubations were

performed overnight at 4°C. After washing with 1% PBS, slides

were incubated with the following secondary antibodies: Alexa 594

goat anti-rabbit/mouse/rat (1:1,000, Invitrogen A-11037 rabbit, A-

11032 mouse) or Alexa 488 goat anti-rabbit/mouse/rat (1:1,000,

Invitrogen A-11008 rabbit, A-11001 mouse) and DAPI (1:500, Vector

Laboratories H-1200) for 1 h at room temperature; then, the slides

were washed with 1% PBS and mounted with PBS/glycerol and

imaged with a Zeiss LSM700 microscope. For detection of Lipofus-

cin autofluorescence in the RPE, confocal images were acquired by

using excitation 543 nm and emission 570 nm as previously

reported (Zhao et al, 2011). All samples were imaged, and images

were identically processed. For phagosome counting, tissue sections

were labeled with the Rhodopsin antibody. Confocal stacks of

precisely 0.41-lm thickness were acquired to yield maximal projec-

tions showing phagosomes in a constant tissue volume. ImageJ soft-

ware was used for processing images, and the average number of

phagosomes per 100 lm of retina was calculated.

Electron microscopy analysis

Mice retinae were fixed using a mixture of 2% paraformaldehyde

and 1% glutaraldehyde prepared in 0.2 M HEPES buffer (pH 7.4)

for 24 h at 4°C. ARPE-19 cells were fixed with a mixture of 4%

PFA and 0.05% GA for 10 min at room temperature, then washed

with 4% PFA once to remove the residual GA, and fixed again

with 4% PFA for 30 min at room temperature. Next, the cells

were incubated with a blocking/permeabilizing mixture (0.5%

BSA, 0.1% saponin, 50 mM NH4Cl) for 30 min and subsequently

with the primary monoclonal antibody against LAMP1, diluted

1:500 in blocking/permeabilizing solution. The following day, the

cells were washed and incubated with the secondary antibody,

the anti-mouse Fab fragment coupled to 1.4 nm gold particles (di-

luted 1:50 in blocking/permeabilizing solution) for 2 h at room

temperature. All specimens (retina and cells) were then post-fixed

as described in Ref. (Polishchuk & Polishchuk, 2013). After dehy-

dration, the specimens were embedded in epoxy resin and poly-

merized at 60°C for 72 h. Thin 60-nm sections were cut on a

Leica EM UC7 microtome. EM images were acquired from thin

sections using a FEI Tecnai-12 electron microscope equipped with

a VELETTA CCD digital camera (FEI, Eindhoven, the Nether-

lands). Morphometric analysis on the size of lysosomes and the

distribution of gold particles (Lamp1-labeled) at the lysosomal

structures was performed using iTEM software (Olympus SYS,

Germany).

Cone cell counts

Cone cell counts were performed as previously described (Barbato

et al, 2017). Evaluation of the number of cones was performed by

counting the cells positive for cone-Arrestin staining in standard

areas at a comparable distance from the optic nerve. The number of

cones/area was evaluated by manual counts with a Leica DM-6000

microscope, with the objective Leica ∞/0.17/D, HCX PL FLUOTAR,

40×/0.75 that has an area of 0.31 mm2.

Expanded View for this article is available online.
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