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Introduction

The retinal pigment epithelium (RPE) is a single layer of 
pigmented cells situated between the neurosensory retina and 
the choroid, the vascular layer at the back of the eye.1 The RPE 
serves many crucial physiological roles that are vital for the 

normal functioning of the retina.2 One such function is critical 
to the well-being of the light-sensitive cells of the retina, the 
photoreceptors. Photoreceptors continually grow new outer 
segments (OS), where the photosensitive protein rhodopsin is 
deployed to absorb incident light. As the OS are renewed from 
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In phagocytic cells, including the retinal pigment epithelium (RPE), acidic compartments of the endolysosomal system 
are regulators of both phagocytosis and autophagy, thereby helping to maintain cellular homeostasis. The acidification 
of the endolysosomal system is modulated by a proton pump, the V-ATPase, but the mechanisms that direct the activity 
of the V-ATPase remain elusive. We found that in RPE cells, CRYBA1/βA3/A1-crystallin, a lens protein also expressed in RPE, 
is localized to lysosomes, where it regulates endolysosomal acidification by modulating the V-ATPase, thereby controlling 
both phagocytosis and autophagy. We demonstrated that CRYBA1 coimmunoprecipitates with the ATP6V0A1/V0-ATPase 
a1 subunit. Interestingly, in mice when Cryba1 (the gene encoding both the βA3- and βA1-crystallin forms) is knocked 
out specifically in RPE, V-ATPase activity is decreased and lysosomal pH is elevated, while cathepsin D (CTSD) activity is 
decreased. Fundus photographs of these Cryba1 conditional knockout (cKO) mice showed scattered lesions by 4 months 
of age that increased in older mice, with accumulation of lipid-droplets as determined by immunohistochemistry. 
Transmission electron microscopy (TEM) of cryba1 cKO mice revealed vacuole-like structures with partially degraded 
cellular organelles, undigested photoreceptor outer segments and accumulation of autophagosomes. Further, following 
autophagy induction both in vivo and in vitro, phospho-AKT and phospho-RPTOR/Raptor decrease, while pMTOR 
increases in RPE cells, inhibiting autophagy and AKT-MTORC1 signaling. Impaired lysosomal clearance in the RPE 
of the cryba1 cKO mice also resulted in abnormalities in retinal function that increased with age, as demonstrated by 
electroretinography. Our findings suggest that loss of CRYBA1 causes lysosomal dysregulation leading to the impairment 
of both autophagy and phagocytosis.
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the base, the oldest terminal membrane disks are released into the 
space between the photoreceptors and RPE. The RPE cells must 
engulf and digest this material by a process called phagocytosis, 
recycling the constituent molecules back to the retina so the 
photoreceptors can produce new OS.3

In phagocytic cells, the endolysosomal system is a crucial 
regulator of both phagocytosis and autophagy, the process 
by which damaged proteins or organelles within the cell are 
collected, degraded, and removed.4 Prime examples of this are 
RPE cells, which are not only among the most active phagocytic 
cells, continuously phagocytosing shed OS, but also are post-
mitotic cells with high metabolic activity, where a high rate 
of autophagy could be expected.3,5 To ensure the functional 
integrity of the neural retina, both phagocytosis and autophagy 
need to be in balance.

In mammalian cells, the most acidic compartments are in the 
endocytic pathway. Moving from the endoplasmic reticulum, 
through early endosomes to late endosomes and lysosomes, 
acidity increases, reaching a pH of about 4.5 in lysosomes.6 The 
acidity of these organelles affects a number of biological events, 
including autophagy and phagocytosis. The acidic lumenal 
environment of the endolysosomal system is primarily established 
by vacuolar-type H+-ATPase (V-ATPase), which pumps protons 
into the lumen.7,8 V-ATPases play an important role in normal 
physiological processes; when deficient they may cause various 
human diseases, including renal and bone disease and tumor 
metastasis.9 V-ATPases are multisubunit complexes, composed 
of a peripheral V

1
 domain that hydrolyzes ATP and an integral 

V
0
 domain that translocates protons from the cytoplasm to the 

lumen.10 Different V
0
 subunits (ATP6V0A1/a1, ATP6V0A2/a2, 

TCIRG1/a3, and ATP6VOA4/a4 in mammals) have been shown 
to target V-ATPase to distinct cellular destinations.10,11

We have recently shown in RPE cells that phagocytosis is 
impaired by loss of CRYBA1, perhaps as a result of a defective 
lysosomal digestion process.12 We report here that CRYBA1 
is also involved in autophagy in RPE cells, not affecting 
autophagosome biogenesis or fusion with lysosomes, but rather 
the terminal degradative stage of the process. Conditional 
knockout (cKO) of Cryba1 from RPE in mice reduces normal 
V-ATPase activity, increasing lysosomal pH and resulting in 
decreased CTSD activity. CRYBA1 coimmunoprecipitates with 
V

0
-ATPase ATP6V0A1 subunit and is the first binding partner 

for the V
0
 domain of V-ATPase to be reported in a mammalian 

system. Our data also suggest that CRYBA1 regulates 
endolysosomal acidification by modulating V-ATPase via the 
AKT-MTORC1 (mechanistic target of rapamycin, complex 
1) signaling cascade. In an elegant study,13 V-ATPase has been 
shown to be a component of the MTORC1 pathway in lysosomes 
and crosstalk between V-ATPase and MTORC1 is necessary for 
regulating autophagy.14 The cellular structure of RPE in aging 
cKO mice is disorganized with numerous vacuole-like structures, 
undigested phagosomes, autophagosomes, cellular materials, and 
increased lipid deposition compared with the floxed controls. 
In this study, we have linked impaired lysosomal function to 
decreased phagocytosis and autophagy in the RPE of our genetic 
mouse model.

Results

Loss of Cryba1 causes age-dependent abnormalities in the 
cellular architecture of RPE cells

Mice homozygous for deletion of Cryba1 specifically in RPE, 
were generated and used to explore functions of CRYBA1 in 
RPE cells. The normal βA3 and βA1-crystallin polypeptides, 
like all β-crystallins, form homo- and heterodimers and higher 
oligomers with other β-crystallins.15 Each polypeptide is 
comprised of 2 similar domains, which are extended such that 
the domains of 2 polypeptides interact with each other. Three-
dimensional modeling indicates that the severely truncated 
CRYBA1 polypeptides produced by the cKO construct could not 
fold properly or be functional (Fig. 1A). RPE cells isolated from 
Cryba1 floxed (Cryba1f l/f l) mice18 were used as controls in this 
study and express both the A3 and A1 polypeptides coded for by 
Cryba1; however, expression of A3 and A1 is markedly decreased 
in cKO RPE cells as demonstrated by western blotting (Fig. 1B). 
The decrease is consistent with the fact that only 80% to 85% of 
RPE cells express Cre recombinase.17

Loss of CRYBA1 causes age-dependent abnormalities in 
the cellular architecture of RPE cells. As seen in flat mounts 
(Fig.  2A), the tightly connected monolayer of pigmented 
cells with cuboidal morphology (arrows in Cryba1f l/f l), well-
defined cell junctions, apical microvilli, and basal infoldings, 
characteristics of normal RPE,2 is disrupted in aging cKO mice. 
Like the Nuc1 rat (a spontaneous mutation in the Cryba1 gene), 
these mice also exhibit abnormal lipid accumulation in the RPE.12 
We immunostained Cryba1f l/f l and cKO retinal sections with 
anti-PLIN2/adipophilin/perilipin 2. PLIN2, which localizes to 
the surface of lipid droplets, is a marker for lipid accumulation 
in cells.21,22 RPE from 12-mo old Cryba1f l/f l mice exhibited some 
anti-PLIN2-positive lipid droplets as a consequence of normal 
aging; however, staining is increased in the 12-mo old cKO RPE 
(Fig.  2B, arrowheads) as evaluated immediately after staining 
following a previously described grading system.19,20

Fundus photographs of cKO mice show abnormalities in the 
RPE, with areas of hypo- and hyper-pigmentation and scattered 
lesions evident by 4 mo of age and increasing in older mice 
(Fig. 2C). Morphological changes in the RPE of cKO mice were 
also evaluated by TEM. Mice were maintained on a 12 h light/dark 
cycle and euthanized 2 h after onset of light, when the shedding 
of OS is maximal.23 TEM of 2-mo-old cKO RPE revealed many 
vacuole-like structures (Fig. 2D, red arrows), some with undigested 
OS, as well as loss and truncation of basal infoldings (Fig. 2D, blue 
asterisks). At 9 mo, larger vacuoles containing partially degraded 
cellular organelles (Fig. 2E, blue arrows), as well as degradative 
autophagic vacuoles (red arrow) are evident. Interestingly, it has 
been previously shown that PLIN2-positive lipid droplets appear 
as vacuole-like structures by electron microscopy.24 TEM also 
revealed a significant decrease in type 1 lysosomes (a unique type 
of autophagic melano-lysosome)25 and an increased number of 
melanosomes in cKO RPE (Fig. 2E, red arrowheads). In normal 
RPE, melanosomes are homogeneously dark with a circular or 
elliptical shape and they decrease in number with age, as type 1 
lysosomes engulf and degrade them.25 Our TEM data also reveals 
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Loss of Cryba1 affects 
lysosomal acidification by 
regulating V-ATPase

Based on evidence from our EM 
studies it appears that lysosomal-
mediated clearance is inhibited 
in the RPE of cryba1 cKO mice. 
We have previously reported that 
CRYBA1 is localized to lysosomes 
in RPE.12 In order to localize 
CRYBA1 to a subcompartment 
within the lysosome, we isolated 
the lysosomal fraction from 
cultured primary RPE cells on a 
discontinuous sucrose gradient 
and then separated the lysosomal 
lumen and membrane fractions. 
In order to test the purity of the 
fractions, we measured the HEXA 
(hexosaminidase A, α subunit) 
activity in the cellular homogenate, 
post-nuclear supernatant, crude 
organelle fraction, lysosomal 
lumen, and lysosomal membrane. 
Our results show maximal 
enzymatic activity for HEXA, an 
essential enzyme of the lysosomal 
lumen, in the lumenal fraction, 
demonstrating the purity of 

the extracts (Fig.  4A). We also performed immunoblotting 
to determine the localization of CRYBA1 in the subcellular 
fractions. Our results show that CRYBA1 is concentrated in the 
lysosomal lumen (fraction 1) in the Cryba1f l/f l RPE cells, with 
only a trace in the membrane (fraction 2). Confirmation of this 
distribution was shown by localization of HEXA to the lumen 
(fraction 1) and LAMP1 (a lysosomal membrane protein) to 
fraction 2 (Fig. 4B).

Lysosomes are essential components of various degradative 
pathways, including phagocytosis and autophagy.26 While 
phagocytosis degrades components from the extracellular milieu 
(heterophagy);5 autophagy degrades intracellular components.4 
In each case, the degradation is dependent upon the acidic 

that phagosomes form in the cKO RPE and move from the apical 
surface of the RPE to its basal surface (Fig.  2D, right panel, 
red arrow), however the contents of phagosomes are degraded 
less efficiently than would occur under normal physiological 
conditions, perhaps as a result of a defective lysosomal digestion 
process. Figure 3A and B (high magnification) show phagosomes 
enclosed in single membranes in the cKO RPE. It is also clear 
from our EM data that autophagosomes (exemplified by a double 
membrane) are present in cKO RPE, where they accumulate, 
due to inhibition of the proteolytic degradation by the lysosomes 
(Fig. 3C and D, arrows). Both phagosomes and autophagosomes 
were evident in Cryba1fl/fl control mice as well, following starvation 
for 24 h (Fig. 3E and F, arrows).

Figure 1. Conditional knockout of CRYBA1 in RPE cells. (A) Three-dimensional modeling, depicting struc-
tures for CRYBA1 polypeptides. The normal βA3- and βA1-crystallin polypeptides, like all β-crystallins, form 
homo- and heterodimers and higher oligomers with other β-crystallins. Each polypeptide is comprised 
of 2 similar domains, which are extended such that each domain of 1 polypeptide interacts with 1 of the 
domains of another β-crystallin polypeptide. At left is shown the stable homodimer as would be found in 
the normal lens. Each polypeptide is an extended 2-domain structure with each domain interacting with 
one of the domains of the second polypeptide. The center model shows a single polypeptide with the Nuc1 
mutation. Nuc1 is a spontaneous mutation in the Sprague-Dawley rat in which there is a 27 base-pair inser-
tion in exon 6 of the Cryba1 gene (see ref. 16). The upper domain is normal (viewed from a different perspec-
tive), the lower domain is encoded in part by exon 6 containing the mutation with the inserted sequence 
constituting a loop (arrow) extending from the surface of the domain. It folds improperly, preventing stable 
dimer formation. To the right is modeled the portion of a CRYBA1 polypeptide produced by the conditional 
knockout construct. Only one severely altered domain is formed, eliminating any possibility of dimer for-
mation or normal function. (B) Loss of CRYBA1 in the cryba1 cKO RPE cells is demonstrated by western blot-
ting with CRYBA1-specific antibody. Cryba1fl/fl RPE clearly show expression of the A3 and A1 polypeptides of 
CRYBA1; expression of A3 and A1 is markedly decreased in cryba1 cKO RPE cells. This is consistent with the 
mosaic expression of Cre recombinase by the RPE cells with only 80% to 85% of the cells being positive for 
the enzyme (see ref. 17).

Figure 2 (See opposite page). Age-dependent abnormalities in the RPE cells of cryba1 cKO mice. (A) RPE flatmounts from 7-mo-old Cryba1fl/fl and cKO 
mice were stained with DAPI for nuclei (red) and FITC-phalloidin to label the actin cytoskeleton (green). In Cryba1fl/fl RPE, cells are cuboidal and regularly 
arranged with cell membranes clearly defined by phalloidin staining (arrows). Cellular architecture is disordered in the cKO sample with poorly defined 
cell margins and weaker phalloidin staining. Bar: 50 μm. (B) Immunostaining of 12 mo old Cryba1fl/fl and cKO retinal sections with the lipid droplet marker 
PLIN2. PLIN2-positive lipid droplets (arrows) are present in the RPE layer of the Cryba1fl/fl retina, owing to age-related accumulation of lipids, but are much 
more prominent in the cKO sample. Based on an established grading system (see refs. 19 and 20), the Cryba1fl/fl scored 3 and the cKO scored 5 on a scale 
where 7 was maximal staining intensity. Bar: 10 µm. (C) Fundus photographs showed dark hyperpigmentation of RPE cells and subretinal lesions at the 
posterior pole in cKO mice by 4 mo of age. With increasing age, the lesions increased in number and were scattered throughout the fundus in cKO mice. 
n = 7 WT, 10 cKO mice. (D) Transmission electron microscopy of 2-mo-old cKO RPE shows many vacuole-like structures with degenerated membrane-
bound cellular organelles (red arrows, center), undigested photoreceptor outer segments (red arrow, right) and loss and truncation of basal infoldings 
(blue asterisks), as compared with Cryba1fl/fl (left). Bar: 500 nm. (E) At 9 mo, RPE from cKO mice shows large vacuoles (blue arrows, middle image) contain-
ing partially degraded cellular debris. Interestingly, type 1 lysosomes are present in Cryba1fl/fl (green asterisks, left image), but rarely seen in cKO RPE. 
Moreover, loss of Cryba1 impedes lysosomal function because more melanosomes (red arrowheads) are retained in cKO, as compared with Cryba1fl/fl. The 
right image shows, at higher magnification, a degradative autophagic vacuole (Avd, red arrow) and a very large vacuole containing partially degraded 
cellular material (blue arrow) in a cKO sample. Bar: 2 μm.
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activity in the RPE from cKO mice and 
shows that this activity was rescued by 
CRYBA1 overexpression, suggesting that 
loss of CRYBA1 impairs acidification 
of the endolysosomal compartments by 
decreasing V-ATPase activity.

We next investigated possible 
mechanisms whereby CRYBA1 could 
modulate lysosomal V-ATPase in RPE cells. 
In a pulldown (coimmunoprecipitation) 
assay, polyclonal antibody to CRYBA1 
precipitated V

0
-ATPase ATP6V0A1 

from Cryba1f l/f l RPE cells (Fig.  5B), but 
not from cKO RPE (Fig. S1), suggesting 
that CRYBA1 interacts directly with 
the V

0
-ATPase ATP6V0A1 subunit. 

By binding to V
0
-ATPase ATP6V0A1, 

CRYBA1 may modulate the ratio of 
V

1
/V

0
 in the lysosomes of RPE cells, a 

factor thought to regulate the level of 
acidification.27,28 Furthermore, computer 
modeling suggests that CRYBA1 and 

V-ATPase may interact, with formation of a hypothetical complex 
(Fig. 5C).

Autophagy is decreased in RPE lacking Cryba1
In view of the obvious abnormalities in the morphology and 

V-ATPase-mediated lysosomal acidification of the cKO RPE, we 
investigated further the status of autophagy in the RPE of cKO 
mice. Previously, we have shown that CRYBA1 is required in the 
phagocytosis process in the RPE and may also be required during 
autophagy.12 Phagocytosis and autophagy occur continuously 
in RPE cells, generating phagosomes and autophagosomes, 
respectively, each of which fuses with endolysosomes, producing 
a mixture of degradative products for final clearance. Lysosomal 
acidification is necessary for fusion of (auto) phagosomes to 

environment of the lysosomal lumen.26 We next asked whether 
CRYBA1 was required for proper acidification of the RPE 
endolysosomal system. In primary RPE cells cultured from 
Cryba1 cKO mice, endolysosomal pH was found to be ~0.7 pH 
units higher than in WT cells. This was true both for cells in 
normal medium and for starved cells (Fig. 4C). Overexpression 
of CRYBA1 in the cKO cells restored pH to nearly normal levels 
(Fig. 4D).

Because V-ATPase acidifies endolysosomal compartments,8,27 
with pH decreasing along the pathway and culminating at ~pH 
4.5 in the lysosome, where digestion takes place, we sought to 
determine whether V-ATPase activity is compromised in the 
RPE of cKO mice. Figure 5A demonstrates reduced V-ATPase 

Figure  3. Phagosomes and autophagosomes 
in conditional knockout of CRYBA1 in RPE 
cells. (A) Transmission electron microscopy 
image from a 2-mo-old RPE of cryba1 cKO 
mouse showing phagosomes containing 
shed outer segment discs (arrows). Bar: 2 μm. 
(B) TEM showing the same phagosomes (as 
in A) at higher magnification to demonstrate 
that they are enclosed by a single mem-
brane. Bar: 500 nm. (C) A 5-mo-old cryba1 
cKO mouse RPE shows autophagosomes with 
double membranes (arrows). M designates 
mitochondria, which also have double mem-
branes. Bar: 500 nm. (D) TEM images from 
RPE of a 7-mo-old cryba1 cKO mouse showing 
an autophagosome with double membrane 
(arrows). Bar: 500 nm. (E) A 12-mo-old starved  
Cryba1fl/fl mouse RPE shows a phagosome  
containing shed outer segment discs (arrow). 
Bar: 500 nm. (F) TEM showing an autoph-
agosome with double membrane (arrows) in 
a 12-mo-old Cryba1fl/fl mouse following starva-
tion. Bar: 500 nm.
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lysosomes. Further, lysosomal hydrolases require an acidic pH for 
optimal activity.29 Our data show a difference in lysosomal pH in 
fresh RPE (tissue taken immediately after euthanization) isolated 
from Cryba1f l/f l and cKO mice, both before and after autophagy 
induction in vivo (Fig. 6A). Since CRYBA1 appears to be involved 
in regulation of endolysosomal acidification,18 we asked whether 
the higher pH of the lysosomes in the RPE of cKO mice affects 
fusion (between autophagosome and lysosome), degradation of 
autolysosome contents, or both. To address this question, we first 
transfected primary cultures of RPE cells isolated from Cryba1f l/

f l or cKO mice with tandem mCherry-GFP-LC3, a pH-sensitive 
reporter construct.30 LC3 is the marker generally used to assess 
autophagy.31 In this assay, mCherry fluorescence is stable in the 
acidic endolysosome compartments, whereas GFP fluorescence is 
rapidly quenched. Live-cell imaging (Fig. 6B) showed mostly red 

puncta in the Cryba1f l/f l cells (autolysosomes), with some yellow 
puncta (autophagosomes). When Cryba1f l/f l cells were pretreated 
with bafilomycin A

1
 (an inhibitor of the V-ATPase) to inhibit 

lysosomal acidification, the number of yellow puncta increased, 
indicating failure of normal processing of autophagosomes. When 
cKO cells were imaged, we found predominantly yellow puncta, 
indicative of accumulation of autophagosomes; however, when 
CRYBA1 was overexpressed in these cells, the yellow puncta 
decreased and red puncta predominated, indicating recovery of 
normal processing of autophagosomes.

To determine if loss of CRYBA1 specifically affects fusion 
between autophagosomes and lysosomes, we transfected cells 
with mCherry-LC3B to label autophagosomes (red), and 
LAMP1-YFP to label lysosomes (green), and performed live- 
cell imaging after inducing autophagy. Previously, it has been 

Figure 4. Loss of Cryba1 affects lysosomal acidification. (A) Subcellular fractionation as assessed by measuring the activity of HEXA, a lysosomal lumenal 
enzyme. The purification factor is calculated from the ratio of the specific activities by normalizing the specific activity of the post-nuclear supernatant 
(PNS) to 1. (B) Western blotting of lysosomal fractions showed CRYBA1 to be in the lysosomal lumen fraction (fraction 1), with minimal immunostaining in 
the lysosomal membrane fraction (fraction 2). LAMP1 and HEXA indicate the purity of the fractions. (C) Lysosomal pH in cultured primary RPE cells from 
Cryba1fl/fl mice was ~4.5, while in cKO cells it was ~5.2. The lysosomal pH was not significantly changed when cells were starved (St) to induce autophagy. 
(D) Overexpression of CRYBA1 in cKO cells reduced lysosomal pH to the normal value of 4.5, while empty vector had no effect. Graphs (C and D) show 
mean values and error bars represent s.d. from a triplicate experiment, representative of at least 3 independent experiments. Statistical analysis was 
performed by a 2-tailed Student t test: *P < 0.05.
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shown that V0-ATPase ATP6V0A1 subunit mediates the 
fusion between phagosomes and lysosomes in the brain during 
phagocytosis.32 The fusion to form autolysosomes, as indicated 

by increase in yellow puncta (since both fluorophores fluoresce 
at cytoplasmic pH), was similar in both Cryba1f l/f l and cKO 
RPE (Fig. 6C). Colocalization coefficients (Pearson correlation 

Figure 5. V-ATPase is regulated by CRYBA1 in RPE cells. (A) Left panel: V-ATPase activity in isolated lysosomes from Cryba1fl/fl RPE cells is about twice 
that of cKO cells. Bafilomycin A1 (Baf-1) reduced activity markedly in both cell types. Right panel: Overexpression of CRYBA1 in cultured RPE cells from 
cKO mice restored lysosomal V-ATPase activity to near normal level. The point of addition of ATP (1.4 μM final concentration) to activate the enzyme is 
indicated. Each point represents the average of 3 determinations; error bars represent mean ± s.d. (B) Coimmunoprecipitation of lysosomal lumen and 
membrane extracts from Cryba1fl/fl cells with CRYBA1 antibody and immunoblotting with V0-ATPase ATP6V0A1 antibody, demonstrating pulldown of 
V0-ATPase ATP6V0A1 by the crystallin antibody. Nonspecific IgG was used as negative control. (C) Hypothetical complex of open conformer of CRYBA3 
and the V-ATPase monomer obtained by Hex Protein Docking is shown. Molecular surface of CRYBA3 is shown in green. The V-ATPase monomer is 
shown as a ribbon model where α-helical and β-sheet structures are shown by red arrows and blue cylinders, respectively.

Figure 6 (See opposite page). Loss of Cryba1 affects lysosome-mediated autophagic clearance in RPE. (A) Lysosomal pH was increased in RPE/cho-
roid preparations from cKO relative to Cryba1fl/fl mice, with or without starvation-induced autophagy. (B) Single-frame images from live-cell imaging 
to visualize autophagosomes as yellow puncta (since both fluorophores fluoresce at cytoplasmic pH) and autolysosomes as red puncta (because GFP 
is quenched by the low pH of lysosomes) using the pH-sensitive reporter mcherry-GFP-LC3. In Cryba1fl/fl, most puncta were red indicating the fusion 
of autophagosome with lysosome, as expected. In cKO, most puncta were yellow suggesting that either fusion is inhibited or that fusion occurs but 
endolysosomal pH is too high to quench GFP fluorescence. The pattern seen in the cKO cells is similar to that seen in Cryba1fl/fl cells treated with bafilomy-
cin A1 (Baf-1). Overexpression of CRYBA1 in the cKO cells (bottom panels) rescued the phenotype to that of Cryba1fl/fl. The numbers of autophagosomes 
and autolysosomes were quantified from at least 50 images per group per experiment. The histogram gives number of autophagosomes and autolyso-
somes for each of the 4 cells depicted. Bar: 20 μm. (C) Cryba1fl/fl and cKO cells transfected with both mCherry-LC3 to label autophagosomes and LAMP1-
YFP to label lysosomes. Yellow fluorescence indicates fusion of the autophagosome and the lysosome. The extent of colocalization of LAMP1-YFP and 
mCherry-LC3 was determined by calculating the Pearson correlation coefficient and Mander overlap coefficient from 20 independent fields of cells in 
3 different experiments. The colocalization coefficients (Pearson and Mander) were not significantly different in the Cryba1fl/fl and cKO cells. Percentage 
of LAMP1-YFP and mCherry-GFP colocalized aggregates was measured by using the ImageJ software. Colocalized aggregates were more numerous 
in cKO. Bar: 20 μm. (D) In autophagy-induced Cryba1fl/fl and cKO RPE cells, levels of the proteins involved in both the early maturation process (DNM1, 
RAB5 GTPase, and the EZR/Ezrin, RDX/Radixin and MSN/Moesin [ERM family of proteins]) and the later stages of maturation (RAB7 GTPase, RILP [Rab-
interacting lysosomal protein], and LAMP1 [lysosomal-associated membrane protein 1]) are unaffected by loss of CRYBA1. In panels (A–C), graphs show 
mean values and error bars represent s.d. from a triplicate experiment, representative of at least 3 independent experiments. Statistical analysis was 
performed by a 2-tailed Student t test: *P < 0.05.
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coefficient and Mander overlap coefficient) were not significantly 
different between the two groups, but there was an increase in the 
number of colocalized aggregates in the cKO cells. This suggests 
that accumulation and aggregation of autophagosomes and 
autolysosomes occurs in cKO RPE due to inefficient degradation 
of the cargo. Our TEM studies also show accumulation of 
autophagosomes in unstarved cKO RPE cells (Fig. 3). Consistent 
with this, the cellular levels of proteins involved in the fusion 
process were unaffected by loss of CRYBA1 (Fig. 6D).

In view of the obvious abnormalities in V-ATPase-mediated 
lysosomal acidification of the cKO RPE, we investigated further the 
status of autophagy in the RPE of cKO mice using bafilomycin A

1
 

to inhibit V-ATPase. At concentrations above 10 nM, bafilomycin 
A

1
 completely inhibits V-ATPase activity; between 0.3 and 10 nM 

it reduces V-ATPase activity to 10 to 40% of normal.33,34 Under 
normal physiological conditions, both Cryba1f l/f l and cKO RPE 
cells transfected with GFP-LC3 showed a uniform cytoplasmic 
distribution of GFP-LC3 (Fig.  7A). However, upon starvation 
the cKO cells showed a significant increase in GFP-LC3 puncta 
formation; this was similar to Cryba1f l/f l RPE cells following 
treatment with bafilomycin A

1
 (Fig. 7A). This increase in GFP-

LC3-positive puncta in cKO RPE cells decreased to Cryba1f l/f l 
levels following overexpression of CRYBA1 (Fig. 7B). To assess 
the effect of loss of CRYBA1 on autophagy as a dynamic process, 
autophagy flux was determined from LC3-II levels.35 When 
autophagosomes are formed, the soluble form of LC3 (LC3-I) is 
conjugated with phosphatidylethanolamine and localizes to the 
autophagosome membrane. This form, called LC3-II, is the best 

Figure  7. Decreased autophagy in 
RPE deficient in Cryba1. (A) Cryba1fl/fl 
and cKO cells were transfected with 
GFP-LC3. GFP-LC3 was uniformly dis-
tributed in both cell types (left pan-
els). Following autophagy induction 
(St), GFP fluorescence appeared as 
punctate spots representing autoph-
agosomes and autolysosomes, 
which were more dense in the cKO 
cells than in Cryba1fl/fl. Bafilomycin A1 
(Baf-1, right panels) increased puncta 
density in Cryba1fl/fl, but had no 
obvious effect in the cKO cells. The 
histogram demonstrates a statisti-
cally significant increase in puncta 
in Cryba1fl/fl following treatment with 
bafilomycin A1, but no such increase 
in cKO cells. After autophagy induc-
tion, cKO cells had about twice as 
many puncta as Cryba1fl/fl cells. Bar: 
30 μm. (B) GFP-LC3-positive puncta 
were significantly diminished in 
the cKO cells when CRYBA1 was 
overexpressed. Empty vector had 
no effect. Bar: 30 μm. (C) Level of 
LC3-II is increased to greater extent 
by 12 h of starvation (st) in cKO 
cells than in Cryba1fl/fl. Exposure to  
20 nM rapamycin (Rapa) for 12 h also 
increased LC3-II levels, especially in 
the cKO cells. Bafilomycin A1 mark-
edly increased LC3-II in both cell 
types. The histogram shows that 
the LC3-flux ratio (speed of autoph-
agy) is decreased by ~50% in cKO 
cells. In all panels, graphs show mean 
values and error bars represent s.d. 
from a triplicate experiment, repre-
sentative of at least 3 independent 
experiments. For the quantification 
of GFP-LC3 puncta, at least 100 cells 
per group were counted and the per-
centage of GFP-LC3 puncta as shown 
are the mean ± s.d. of 3 individual 
experiments (in A and B). Statistical 
analysis was performed by a 2-tailed 
Student t test: *P < 0.05.
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indicator of autophagy activity.35 In a recent study of RPE cells,36 
LC3 has also been shown to be associated with single-membrane 
phagosomes containing engulfed photoreceptor outer segments. 
As shown in Figure 7C, after 12 h of starvation, LC3-II increases in 
Cryba1f l/f l cells, and to a greater extent in cKO cells in culture, that 
were not undergoing phagocytosis. Exposure to rapamycin (12 h,  
20 nM), which stimulates autophagy, markedly increased LC3-II 
levels, again to a greater extent in cKO cells. Twelve hours exposure 
to bafilomycin A

1
, which blocks autophagosome degradation, 

strongly increased levels of LC3-II in both cell types. As seen 
in the histogram, LC3-II flux in the cKO cells was just half the 
normal rate. Moreover, we observed increased accumulation 
of SQSTM1/p62 in cKO cells relative to Cryba1f l/f l cells after 
autophagy induction (Fig. S2). SQSTM1 is known to accumulate 
when autophagy is inhibited and is also used as a marker to study 
autophagic flux.37,38 Therefore, our data indicate that loss of 
CRYBA1 does not affect autophagosome biogenesis; however, the 
normal clearance of autophagosomes is compromised.

Thus, lysosome-mediated degradation is compromised in 
RPE cells from cKO mice, resulting in the accumulation of 
autophagosomes and autolysosomes. This is consistent with 
the observed decrease in CTSD activity in RPE of cKO mice 
(Fig. 8A). CTSD is a lysosomal aspartic proteinase and the major 
enzyme involved in digestion of rhodopsin in shed OS.39 CTSD 
is also involved in autophagic degradation.40 Overexpression of 
CRYBA1 in RPE cells from cKO mice restored normal activity 
(Fig.  8B). Further, a similar difference in CTSD activity was 
found in freshly isolated RPE tissue from Cryba1f l/f l and cKO 
mice (Fig. 8C).

Cryba1 regulates MTORC1 signaling
These data, and recent work on astrocytes,18 suggest that 

CRYBA1 directly affects lysosomal V-ATPase activity. In an 

elegant study, the V-ATPase has been shown to play a direct role 
in amino acid signaling to MTORC1 and to be a component 
of the MTOR pathway in lysosomes.14 Previous studies have 
also shown the existence of bidirectional regulatory loops 
between MTORC1 and V-ATPase.13 Lumenal pH is involved 
in MTORC1 regulation and has important implications for  
its ability to control autophagy.41 We have previously shown  
that CRYBA1 can regulate cell survival through signaling 
by PI3K-AKT-MTOR and MAPK1/ERK2-MAPK3/ERK1 
signaling.42

In RPE isolated from cKO mice following autophagy induction 
in vivo, phospho-AKT is decreased while phospho-MTOR is 
increased (relative to RPE from Cryba1f l/f l mice), consistent with 
inhibition of autophagy (Fig. 9A). In primary cultures of RPE 
cells from cKO mice, the level of phospho-AKT was rescued 
by overexpressing CRYBA1; concomitantly, phospho-MTOR 
was decreased, stimulating autophagy (Fig. 9B). Our data also 
shows that phosphorylation of RPTOR, a regulatory subunit 
of the MTORC114 is upregulated in cKO cells overexpressing 
CRYBA1, suggesting an inhibition of MTORC1. Additionally, 
downregulation of CRYBA1 in cultured Cryba1f l/f l RPE cells 
using a specific siRNA, following starvation-induced autophagy, 
also caused phospho-AKT, and phospho-RPTOR to decrease, 
while phospho-MTOR was increased (Fig.  9C). Finally, 
treatment with rapamycin (an inhibitor of MTOR) activated 
autophagy in RPE from cKO mice, as indicated by a decrease in 
phospho-MTOR and an increase in phospho-RPTOR (Fig. 9D). 
Therefore, crosstalk between the V-ATPase and MTORC1 is 
necessary for regulating autophagy, and CRYBA1 is required for 
proper functioning of this signaling axis.

Dysregulation of lysosomal function in the RPE of cKO 
mice affects cellular homeostasis

Figure 8. Decreased CTSD activity in RPE deficient of Cryba1. (A) CTSD activity in primary cultures of RPE cells from cKO mice was only about a third of 
normal. Starvation (St) to induce autophagy had no effect. (B) Overexpression of CRYBA1 in the cKO cells restored CTSD activity to the normal range. 
(C) CTSD activity was decreased by about 50% in freshly isolated RPE/choroid preparations from cKO mice as compared with Cryba1fl/fl samples. Activity 
was not significantly affected by induction of autophagy in vivo. Graphs show mean values and error bars represent s.d. from a triplicate experiment 
representative of at least 3 independent experiments. Statistical analysis was performed by a 2-tailed Student t test: *P < 0.05.
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Finally, we asked if the defect in lysosomal-mediated 
clearance in the RPE of cryba1 cKO mice compromised 
retinal function. Electroretinography (ERG) revealed 
impaired retinal function that increased over time in 
cKO mice. At 4 mo, cKO mice and Cryba1f l/f l mice 
showed no significant difference in scotopic a-wave 
amplitudes at any stimulus intensity, suggesting that rod 
photoreceptor function was still intact (Fig.  10A). But 
cKO mice showed a significant reduction in photopic 
b-wave amplitudes at the 2 highest stimulus intensities, 
indicating cone photoreceptor dysfunction (Fig.  10B). At  
7 mo of age, cKO mice showed significant reductions in both 
scotopic a-wave and photopic b-wave amplitudes indicating 
dysfunction in both rod and cone photoreceptors (Fig. 10C 
and D). Since cones constitute only 2% of the photoreceptor 
population in mice, gradual loss of both rods and cones 
would result in a greater percentage loss of cones than rods at 
early time points and hence loss of cone function would be 
identifiable prior to rod dysfunction, as reported here.

Discussion

Lysosomes are dynamic organelles that degrade 
endocytic, autophagic, and phagocytic cargo. CRYBA1 is a 
novel lysosomal component in the RPE that appears to be 
required for normal autophagy and phagocytosis, processes 
that require the lysosomal-mediated removal of waste 
products. The RPE has many physiological functions critical 
to retinal homeostasis. Phagocytosis and autophagy are 2 
of its most important functions; however, both processes 
are poorly understood in the RPE. The RPE phagocytoses 
10% of total photoreceptor volume every day.3 In addition 
to this phagocytic activity, RPE cells are post-mitotic with 
high metabolic demands. This suggests that autophagy, 
the process whereby cells degrade and recycle intracellular 
components in normal cellular remodeling, is also likely to 
function at a high rate. Thus, autophagy and phagocytosis 
must both be in balance in RPE cells. Both autophagy and 
phagocytosis are dynamic, multistep processes that can 
be modulated at several points. For example, in the Atg5-
deficient RPE cells,36 the initial 2 stages of phagocytosis, 
namely engulfment and internalization, are not affected; 
however, the phagosomes fail to move from the apical 
surface of the RPE to its basal surface and, most importantly, 
phagosome maturation as well as phagosome-lysosome 
fusion is defective, ultimately preventing degradation. Their 
study shows that phagocytosis and the visual cycle are linked 
through a noncanonical autophagy process. In contrast, 
CRYBA1 has no apparent role in recognition, ingestion, 
maturation of the phagosomes, or fusion of phagosomes to 
lysosomes during RPE phagocytosis as we have now shown 
in 2 independent genetic models, previously in the Nuc1 
rat model12 and here in the Cryba1 cKO mice. In addition, 
here we show that CRYBA1 is also involved in autophagy in 
RPE cells, not affecting autophagosome biogenesis or fusion 

Figure  9. Cryba1 regulates the MTORC1 signaling pathway. (A) Following 
induction of autophagy in vivo by starvation, RPE/choroid was isolated and 
levels of signaling intermediates determined. In the cKO samples p-AKT was 
decreased compared with Cryba1fl/fl, while p-MTOR was increased. Total AKT 
and total MTOR were not changed. (B) In starved RPE cells cultured from cKO 
mice, overexpression of CRYBA1 increased p-AKT and p-RPTOR expression, 
while p-MTOR decreased. (C) Conversely, downregulation of βA3/A1- crystal-
lin expression in Cryba1fl/fl cells using siRNA, decreased p-AKT, and p-RPTOR 
while p-MTOR was upregulated. (D) Rapamycin, an inhibitor of MTOR, was 
effective at decreasing p-MTOR and increasing p-RPTOR levels in the cKO 
cells.
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with lysosomes, but rather the terminal degradative stage of the 
process.

The data reported in this study, and our recent work on 
astrocytes,18 suggest that CRYBA1 affects V-ATPase activity 
and, thereby, acidification of endolysosomal compartments. That 
V-ATPase can regulate the activation of MTORC1 in response 
to lysosomal amino acids has been demonstrated both in D. 
melanogaster and mammalian cells.14 All essential amino acids are 
found to be concentrated within lysosomes.43 The translocation 
of MTORC1 to the lysosomes is regulated by the multiprotein 
complex, Ragulator, which is an amino acid-regulated docking 
site for MTORC1 on lysosomes.26 In the lysosomes, MTORC1 
phosphorylates downstream effectors leading to modulation 
of cell metabolism and inhibition of autophagy.44 Therefore, 
by establishing proton gradients in the lysosomes of RPE cells, 
V-ATPase not only maintains normal acidic pH, but also 
allows amino acid signaling to MTORC1. In an elegant study, 
MTORC1 was shown to regulate V-ATPase expression, both 

in cells in culture and in mice, in vivo.13 In vivo, V-ATPase 
activity is regulated by several mechanisms, including reversible 
dissociation of the V

1
 and V

0
 domains.9 We therefore speculate 

that binding of CRYBA1 to V
0
-ATPase ATP6V0A1 regulates 

H+-pumping activity by assembly/disassembly of the holoenzyme. 
Interestingly, PSEN1 (presenilin 1), a protein that is often mutated 
in Alzheimer disease, is required for the ATP6V0A1 subunit of 
V-ATPase to be translocated to lysosomes.45 MTORC1 is also 
known to indirectly regulate autophagy by controlling lysosomal 
biogenesis.46 Collectively, our findings suggest that CRYBA1 is 
upstream of the MTORC1 signaling pathway that is modulated 
by V-ATPase, presumably at the lysosome.

Mutations in VMA21 (vacuolar H+-ATPase homolog  
[S. cerevisiae]) cause X-linked myopathy with excessive autophagy 
(XMEA), a childhood onset disease characterized by progressive 
vacuolation and atrophy of skeletal muscle resulting from an 
autophagy defect associated with decreased V-ATPase activity 
(10% to 30% of normal) and elevated lysosomal pH (from  

Figure 10. Decreased lysosomal clearance leads to loss of cellular homeostasis in RPE of cryba1 cKO mice. (A) Scotopic ERGs from eyes of 4-mo-old 
cryba1 cKO mice showed similar a-wave amplitudes as those in Cryba1fl/fl mice (n = 10 for each group), indicating that rod photoreceptor function was not 
affected. (B) Photopic ERGs of cKO mice from the same age (4 mo) showed smaller b-wave amplitudes in comparison to Cryba1fl/fl mice (n = 10 for each 
group), indicating reduced cone photoreceptor function (*P ≤ 0.018 by ANOVA with Dunnett correction for multiple comparisons). (C) Scotopic ERGs 
from 7-mo-old cKO mice showed decreased a-wave amplitudes when compared with Cryba1fl/fl mice (n = 10 for each group), demonstrating that rod 
photoreceptor function was reduced significantly (*P ≤ 0.0002 by ANOVA with Dunnett correction for multiple comparisons). (D) Photopic ERGs from 
these 7-mo-old cKO mice also showed further decrease in b-wave amplitudes compared with Cryba1fl/fl mice (n = 10 for each group), indicating the cone 
function had been reduced (*P ≤ 0.0001 by ANOVA with Dunnett correction for multiple comparisons).
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4.7 to 5.2).47 Previously, it has been shown that chloroquine 
and siramesine accumulate in lysosomes, raising lysosomal pH, 
blocking autophagy, and leading to MTORC1 inactivation-
dependent macroautophagy and autophagic vacuolation, as seen 
in XMEA patients.48,49 These models are similar to our cKO mice, 
in inhibiting V-ATPase, raising lysosomal pH, and inhibiting 
autophagy, but have the opposite effect on MTORC1 activity. 
Therefore, our data suggest that CRYBA1 in the lysosomes 
of RPE may regulate MTORC1 through multiple pathways. 
MTORC1 is a kinase that regulates the cellular response 
to amino acids, growth factors, and changing energy levels 
within the cell.46 We have previously shown that in astrocytes, 
CRYBA1 can regulate MTOR signaling by modulating IGF2 
(insulin-like growth factor 2 [somatomedin A]).42 A recent 
report indicates that insulin-dependent MTORC1 activation 
requires the presence of amino acids, and an intact lysosome-
associated Ragulator complex.44,50 Our findings also suggest that 
CRYBA1 may participate in autophagic lysosome reformation, 
an MTORC1-dependent process whereby prolonged starvation 
(over 6 h) induces MTORC1 activation and formation of tubular 
structures on autolysosomal membranes that pinch off to yield 
protolysosomes.51 Protolysosomes permit recycling of lysosomal 
membranes, but not autolysosomal contents.51 An elegant study 
has demonstrated that lysosomal positioning within the cell also 
regulates MTORC1 signaling.41 Taken together, the data indicate 
that CRYBA1 is a crucial regulator of RPE cell homeostasis and 
probably a link between lysosomes and MTORC1.

Lysosomal dysfunction may result from abnormal functioning 
of any of the myriad of proteins required for maintaining 
lysosomal homeostasis; in each case the disease phenotype and 
tissue(s) affected can be different. For example, deficiency in 
LAMP2, a lysosomal membrane protein, causes Danon disease,52 
while XMEA results from loss of V-ATPase activity.47 Both 
diseases exhibit vacuolar myopathy, however the pathway leading 
to degradative autophagy is completely different.53 Moreover, 
prolonged exposure to chloroquine, clinically affects only skeletal 
muscle and retina, despite the fact that lysosomes of all tissues 
accumulate the drug.48,54 Therefore, the mechanisms by which 
CRYBA1 affects lysosomal function in RPE may be unique.

In neurodegenerative diseases of the brain, such as Alzheimer 
and Parkinson diseases, a number of studies suggest that defective 
lysosomal clearance is involved in the disease pathogenesis.55-57 
The autophagy-lysosomal degradation pathway has been shown 
to decline with age in the human brain;58 this decline may 
play a role in the onset and progression of neurodegenerative 
diseases.16,59-61 Since both phagocytosis and autophagy are 
dependent on proper lysosomal function, agents that disrupt 
lysosomal function may be causal and/or contributory to clinical 
onset and progression of retinal degenerative diseases. In cryba1 
cKO mice, loss of CRYBA1 leads to lysosomal instability and 
phagocytosis/autophagy insufficiency, changes that probably 
occur at the early stage of disease and these cellular abnormalities 
are likely a risk factor for pathogenic events seen in several retinal 
degenerative diseases.

In summary, our data indicate that in the lysosomes of RPE cells, 
CRYBA1 interacts with V

0
-ATPase ATP6V0A1, a subunit of the 

proton pump (V-ATPase) that acidifies the lysosomal machinery. 
Based on our findings, we postulate that loss of CRYBA1 inhibits 
V-ATPase activity, leading to increased lysosomal pH, thereby 
hindering both autophagy and phagocytosis in the RPE of cKO 
mice. This study suggests a novel role for CRYBA1 in lysosomal-
mediated clearance in RPE.

Materials and Methods

Molecular modeling
The homology model of the dimeric rat CRYBA3/βA3-

crystallin was built using the crystal coordinates of the bovine 
βB2-crystallin (RCSB file: 1blb.pdb) as the structural template, 
as previously described.62

The possible interaction between CRYBA3 and the V-ATPase 
monomer was tested using an interactive protein docking and 
molecular superposition program Hex Protein Docking, version 
6.3 (http://hex.loria.fr/manual63/hex_manual.pdf).63 The 
structure of V-ATPase (residues 19 to 363) was generated using 
a Swiss-model server (www.swissmodel.expasy.org) and the 
cytoplasmic N-terminal domain of subunit I, homolog of subunit 
a, of V-ATPase (PDB file: 3rrk_A) as the structural template. 
Structure of CRYBA3 as an open conformer was modeled as 
previously described.64,65

Conditional knockout mice
CRYBA1 floxed homozygous mice (Cryba1f l/f l) were generated 

as described previously.18 Cryba1 floxed mice were mated with 
Best1-cre mice17 that express Cre recombinase specifically in RPE. 
Offspring that were determined to be cKO/+ and Cre+ were 
subsequently mated together to produce the F

2
 generation. PCR 

analysis identified F
2
 progeny homozygous for the knockout 

allele. These cKO/cKO mice were subsequently analyzed for 
presence of Cre. Animals both cKO/cKO and Cre+ were mated to 
produce the F

3
 and subsequent generations. The floxed mice were 

originally bred into the C57BL/6N strain which carries the rd8 
mutation, but this retinal degeneration mutation was bred out of 
the colony before this study was conducted. All animal studies 
were conducted in accordance with the Guide for the Care and 
Use of Animals (National Academy Press) and were approved 
by the Animal Care and Use Committee of Johns Hopkins 
University.

Isolation and culture of mouse primary RPE cells
Mouse RPE cells were isolated as previously described.66 Eyes 

were removed from 4- wk-old mice, washed twice in 5 ml DMEM 
containing high glucose, then incubated with 5 ml 2% (wt/vol) 
Dispase (Roche, 10269638001), in DMEM for 45 min at 37 
°C. They were then washed twice in growth medium consisting 
of DMEM (high glucose) plus 10% FCS, 1% penicillin/
streptomycin, 2.5 mM L-glutamine, and 1× MEM nonessential 
amino acids (Gibco, Invitrogen, 11095). After an incision was 
made around the ora serrata of each eye, the anterior segment 
was removed. The resulting posterior eyecups were incubated 
in growth medium for 20 min at 37 °C to facilitate separation 
of the neural retina from the RPE. After removal of the neural 
retina, intact sheets of RPE cells were peeled off the underlying 
basement membrane (Bruch’s membrane) and transferred into 
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a sterile 60-mm culture dish, containing 5 ml of fresh growth 
medium. The sheets of RPE were washed 3 times with growth 
medium and twice with Ca2+- and Mg2+-free Hanks’ balanced 
salt solution and then briefly triturated by using a fine point 
Pasteur pipette. RPE cells were sedimented by centrifugation at 
200 g for 5 min and cultured in growth medium.

Plasmids and transfection
Primary RPE cells were transfected with X-tremeGENE 

transfection reagent (Roche, 06366244001) following the 
manufacturer’s instructions.

RPE flatmounts and immunofluorescence
The anterior chamber was carefully removed from freshly 

enucleated eyes and the posterior eye cup was then fixed in 4% 
paraformaldehyde (Polysciences, Inc., 00380) for 2 h at 4 °C. After 
the retina was removed, the sample was transferred to phosphate- 
buffered saline (Life Technologies, 10010, pH 7.4, Ca2+- and 
Mg2+-free) and cut radially into 4 to 6 pieces from the optic nerve 
head to the periphery. After carefully peeling away the sclera, 
the RPE-Bruch’s membrane-choroid complex was mounted on 
a microscope slide with RPE on top. Immunofluorescence was 
performed as described previously.12

Electron microscopy
Samples were prepared and transmission electron microscopy 

was performed as described.12

Fundus photography
Fundus photographs were obtained from anesthetized WT and 

cKO mice using the Micron III Laser Scanning Ophthalmoscope 
(Phoenix Research Lab, Inc) as previously described.67

Antibodies and reagents
The following antibodies were used in this study: LC3 (1:1000) 

(PM036, MBL International), actin (1:2500) (A2066, Sigma 
Aldrich), LAMP1 (1:2000) (H4A3, Developmental studies 
hybridoma bank, developed by August, J.T./Hildreth, J.E.K. 
obtained under the auspices of the NICHD and maintained 
by The University of Iowa, Department of Biology, Iowa City, 
IA). The signaling pathway antibodies were purchased from Cell 
Signaling Technology unless otherwise stated: phospho-AKT 
(1:100) (9271), AKT (1:1000) (9272), phospho-MTOR (1:500) 
(2974), phospho-RPTOR (1:500) (2083), MTOR (1:1000) 
(2983), RAB5 (1:1000) (3547S), ERM (1:1000) (3142S), cleaved 
caspase-3 (1:100) (9664), SQSTM1 (1:500) (MABC32, EMD 
Millipore), DNM1/dynamin-1(1:1000) (SAB450066, Sigma 
Aldrich), RAB7 (1:1000) (ab50533, Abcam), RILP (1:500) 
(ab54559, Abcam), ATP6V0A1 (1:500) (ab105937, Abcam), 
PLIN2/adipophilin (1:500–1:1000) (GP40, Progen). The 
antibody to CRYBA1 has been described previously (1:1000).12 
FITC-phalloidin was obtained from Molecular Probes-Invitrogen 
(F432). Rapamycin (R8781) and bafilomycin A

1
 (B1793) were 

purchased from Sigma.
Autophagy induction
Autophagy was induced in Cryba1f l/f l and cKO mice by 

withholding food for 24 h, but with no restriction on water 
availability. At the end of the 24 h period, mice were euthanized 
using CO

2
 gas and eyes were immediately enucleated. RPE/

choroid preparations were dissected and protein extracted as 
previously described.12

To induce autophagy in vitro, primary cultures of RPE 
cells from Cryba1f l/f l and cKO mice were maintained in growth 
medium lacking serum and amino acids for 8 to 12 h. The cells 
were then harvested and extracts prepared as required.

Measurement of endolysosomal pH
The lumenal pH of endolysosomal vesicles was measured by a 

dual excitation ratiometric method using a fluid phase fluorescent 
marker, fluorescein isothiocyanate (FITC)-conjugated dextran 
(Invitrogen, D34682), as previously described.18

Lysosomal V-ATPase activity
For the measurement of lysosomal V-ATPase activity, an 

acridine orange (Invitrogen, 930.01) uptake assay was performed 
with isolated lysosomes as previously outlined.18 To confirm 
V-ATPase activity, stimulation of intralysosomal fluorescence 
and the quenching of the extralysosomal fluorescence was 
measured with or without 1 μM bafilomycin A

1
 (Sigma).

CTSD activity assay
CTSD activity was determined using a fluorometric CTSD 

activity assay kit (Sigma, CS0800). The assay was performed 
according to the manufacturer’s instructions. Twenty micrograms 
of the RPE lysate was used per well in a 96-well plate. The assay 
substrate and the sample were incubated for 30 min at 37 °C. The 
readings were taken every 2 min on a fluorescence plate reader 
with excitation at 328 nm and emission wavelength at 393 nm.

Fusion assay
Cryba1f l/f l and cKO cells were transiently transfected with 

a tandem fluorescently tagged LC3 (GFP-mCherry-LC3).30 
Autophagy was induced in cells by serum-starving them for  
12 h. CRYBA1 was overexpressed in cKO cells by transfecting 
with pcDNA-Cryba1 vector prior to autophagy induction. 
Certain Cryba1f l/f l and cKO cultures were treated with 
bafilomycin A

1
 for 12 h prior to autophagy induction. At neutral 

pH, both fluorophores will fluoresce and the vesicles will show 
as “yellow” puncta (autophagosomes). When autophagosomes 
fuse with normal lysosomes, the acidification quenches the 
GFP signal and only mCherry is visible. Consequently, red 
puncta indicate autolysosomes or lysosomes. The number of 
autophagosomes (yellow) and the number of autolysosomes (red 
only) was calculated using Image J.

Autophagy flux
Autophagy flux is the difference in the levels of LC3-II in 

the presence and absence of saturating levels of lysosomal 
inhibitors that prevent the fusion of autophagosomes with 
lysosomes. The conversion from endogenous LC3-I to LC3-II 
was detected by immunoblotting with antibodies against LC3 
(MBL International, PM036). Autophagy was induced in cells 
by serum starving them for 12 h. Autophagy flux was measured 
by treating the control and cKO cells with the lysosomotropic 
agent, bafilomycin A

1
, which inhibits acidification inside the 

lysosome.35 Rapamycin was used as an inducer of autophagy. 
LC3-flux ratio for the control and cKO cells was determined by 
measuring the ratio of LC3-II levels in the presence and absence 
of bafilomycin A

1
.

Quantification of LC3 and LAMP1 colocalization
Colocalization of LC3 and LAMP1 was imaged using an 

LSM510 META confocal microscope (Carl Zeiss, Oberkochen, 
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Germany) (63 × NA 1.4 Plan-Apochromat oil-immersion lens) 
along with the LSM510 version 3.2 software. A minimum of  
20 images with a mean of 4 cells per image were taken per 
condition, per experiment. Each experiment was run at least 3 
times. Exposure settings were unchanged throughout acquisition. 
Images were analyzed using ImageJ software. Pearson correlation 
and Mander overlap (original, nonthreshold) coefficients were used 
for assessing colocalization.68 Student t tests were performed to 
determine statistical significance for correlation and colocalization 
coefficients. Images shown are single plane projections of 
representative images using ImageJ and Photoshop software.

Quantification of GFP-LC3-positive puncta
Quantification of GFP-LC3 puncta was performed as 

previously described.35 About 100 GFP-LC3-positive cells were 
counted per group after selection of cells with ~10 or more LC3-
labeled vesicles. The experiments were performed in triplicate 
and repeated at least 3 times.

Electroretinography
ERGs were recorded with an Espion ERG Diagnosys machine 

(Diagnosys, Littleton, MA) as previously described.69 Mice 
were dark-adapted overnight for 12 h and scotopic ERGs were 
performed under dim red illumination. Mice were anesthetized 
with intraperitoneal injection of Avertin (Aldrich, T48402) and 
topical administration of 0.5% proparacaine hydrochloride 
(Bausch and Lomb, NDC 24208-730-06). Pupils were dilated 
with 1% tropicamide (Bausch and Lomb, NDC 24208-585-
59) and 2.5% phenylephrine (Alcon Labs, NDC 17478-200-
20). Mice were placed on a pad heated to 37 °C, and platinum 
loop electrodes were placed on each cornea after application of 
Gonioscopic prism solution (Alcon Labs, NDC 17478-064-12). 
A reference electrode was placed subcutaneously in the anterior 
scalp between the eyes, and a ground electrode was inserted into 
the tail. The head of the mouse was held in a standardized position 
in a ganzfeld bowl illuminator that ensured equal illumination 
of the eyes. Recordings for both eyes were made simultaneously 
with electrical impedance balanced. Six scotopic recordings were 
made at each of 11 intensity levels of white light ranging from 
−3.00 to 1.40 log cd-s/m2. For photopic measurements, mice 
were adapted for 10 min to a background of white light at an 
intensity of 30 cd/m2, and then under a background of 10 cd/
m2, 60 recordings were made at 3 intensity levels of white light, 
ranging from 0.6 to 1.4log cd-s/m2. The Espion ERG apparatus 
measures the ERG response multiple times at each flash intensity 
and records average values. The software does the measurement 
for the a- and b-waves automatically. The a-wave is measured 

from the baseline to the negative peak and the b-wave is measured 
from peak to peak.

Subcellular fractionation of lysosomes
Lysosomes were isolated from Cryba1f l/f l and cKO RPE cells 

as described.18,70 Lysosomes were pelleted by centrifugation at 
77,000 g for 2 h in a discontinuous sucrose gradient. The pelleted 
lysosomes were suspended in 0.2–0.3 ml of soluble fractionation 
buffer (50 mM TRIS-HCl, pH 8.0, 0.2 M NaCl and 1 mM 
EDTA with protease inhibitors [Sigma, P8340]) and centrifuged 
for 30 min at 355,000 g. The resulting supernatant fraction 
contains soluble lysosomal proteins and the pellet fraction is 
resuspended in 0.1 M Na

2
CO

3
 and centrifuged at 355,000 g for 

30 min to yield a supernatant fraction containing membrane-
associated lysosomal proteins.

Statistical analysis
Statistical analysis was performed using Microsoft Excel and 

GraphPad 5.0 software. The P values were determined by 2-tailed 
Student t test in a triplicate experiment representative of at least 
3 independent experiments. Multiple comparisons were made 
using Kruskal-Wallis test. Significance was defined as *P ≤ 0.05. 
Results are presented as mean ± SD. Each biological replicate has 
at least 3 technical replicates.
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