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ABSTRACT Choroideremia (CHM) is a rare form of retinal degeneration caused by muta-
tions in the ubiquitously expressed CHM gene, encoding for Rab escort-protein-1 (REP-1).
REP-1 is required for the prenylation of Rab GTPase proteins, regulators of intracellular
membrane traffic, yet what specific cellular pathways are affected in CHM and how this
contributes to disease progression remain unclear. Using both ARPE-19 and iPSC-derived
retinal-pigmented epithelium (RPE) cells, where the CHM gene was knocked-out using
CRISPR/Cas9, we show that CHM~ cells have an increased number of lysosomes. Cathep-
sins and BSA-Gold were correctly delivered to the lysosomes, suggesting that lysosome
organelle identity and targeting machinery are largely unaffected, yet, digestion of pho-
toreceptor outer segments (POS)-derived-phagosomes is impaired, resulting in a doubling
of undigested POS-derived autofluorescent material in CHM~ cells. Delayed acquisition of
LAMP1 by the phagosome was observed. These findings reveal that REP-1 loss leads to
subtle lysosomal pathway dysfunction, resulting in defects in phagosome targeting and/or
digestion. Our data are consistent with the idea that gradual lysosomal impairment is as-
sociated with a premature aging process, characterized by the accumulation of lipofuscin
toxic material and eventual RPE and photoreceptor degeneration, which likely drives the
progressive vision loss observed in patients with CHM.

SIGNIFICANCE STATEMENT

® CHM is a disease of membrane traffic but its pathogenesis leading to retinal degeneration
remains unclear.

® The authors show that REP-1 deficiency in RPE cells leads to lysosomal dysfunction, contribut-
ing to impaired POS digestion and the accumulation of undigested autofluorescent material.

® These findings suggest that subtle alterations in the lysosomal pathway in CHM may con-
tribute to a long-term, aging-related phenotype, potentially explaining progressive retinal
degeneration.
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INTRODUCTION

Choroideremia (CHM) is a rare monogenic X-linked form of retinal
degeneration caused by mutations in the ubiquitously expressed
CHM gene, which encodes for Rab escort-protein-1 (REP-1). Male
patients with CHM begin experiencing vision symptoms in the first
decade of life, including nyctalopia (night blindness), followed by a
gradual loss in peripheral vision and reaching complete blindness
in late adulthood. The product of the CHM gene, REP-1, is required
for the prenylation of Rab GTPase proteins, central regulators of in-
tracellular membrane traffic as well as other basic cellular functions
(Seabra et al., 1993; 1995; Pereira-Leal et al., 2001).

The loss of REP-1 can be compensated in most of the body by
the ubiquitously expressed isoform REP-2 (encoded by CHM-like
gene, CHML) (Cremers et al., 1992; Tolmachova et al., 2006; 2010;
Sarkar and Moosajee, 2022). However, in the retina, the absence
of REP-1 leads to slow-onset retinal degeneration starting in the
periphery of the eye. We have previously shown that some critical
key Rabs have a lower affinity for REP-2 in the retina (Seabra et al.,
1995; Seabra, 1996; Larijani et al., 2003), resulting in an accumu-
lation of unprenylated Rabs in various layers of the eye, including
the choroid, the retinal-pigmented epithelium (RPE) and photore-
ceptors (Cremers et al., 1994; Tolmachova et al., 2006; Gordiyenko
et al., 2010). Although the REP-1 defect is apparent in most cells
and tissues studied (Tolmachova et al., 2006; Gordiyenko et al.,
2010), these defects are subclinical such that patients with CHM
exhibit only retinal disease. In a mouse model, the defects caused
by the loss of REP-1, specifically in the RPE, are more akin to ag-
ing, that is, a generalized defect in many trafficking pathways and
accumulation of aging signs, rather than the result of a defect in a
single or a few Rab GTPases (Wavre-Shapton et al., 2013). In ze-
brafish there is no equivalent CHML gene, and mutations in CHM
are lethal (Moosajee et al., 2009).

Many questions remain regarding the molecular and cellular
mechanisms of disease progression in CHM. Studies so far show
that CHM cell phenotypes in vitro are subtle and often variable
(unpublished observations). Therefore, there is a pressing need for
reliable humanized in vitro cellular models where REP-1 is fully de-
pleted. We have recently described new human-induced pluripo-
tent stem cell-derived (iPSC) RPE CHM models, with isogenic con-
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trols, where the CHM gene was knocked-out using CRISPR/Cas?
(Fonseca et al., 2024). Using a similar model, Raeker and colleagues
show that Rab12 is significantly underprenylated in CHM~/~ cells,
leading to increased mTORC1 signaling and reduced autophagic
flux (Raeker et al., 2024). Interestingly, other Rabs that were sig-
nificantly underprenylated included multiple Rabs involved in the
endo-lysosome and secretory pathways, pointing toward the criti-
cal importance of these pathways in CHM disease progression. This
study by Raeker et al. also confirms previous results using mouse
embryonic fibroblasts, where Rab12 is the most underprenylated
Rab in CHM (Storck et al., 2019).

One of the main functions of the RPE is the daily phagocyto-
sis of shed photoreceptor outer segments (POS), a complex pro-
cess in which Rabs are critical players. Impaired POS degradation
has been shown in human fetal RPE cells (Gordiyenko et al., 2010),
CHM patient—derived iPSC-RPE (Duong et al., 2018), mice (Wavre-
Shapton et al., 2013) and zebrafish (Krock et al., 2007) CHM mod-
els. CHM patient-derived fibroblasts and monocytes also showed
delays in phagocytosis and lysosomal degradation (Strunnikova et
al., 2009). A recent study showed that CHM~ patient fibroblasts
have increased levels of endoplasmic reticulum stress and oxida-
tive stress when compared with fibroblasts from an age-matched
control donor (Sarkar et al., 2023). Given the role of Rab GTPases in
membrane traffic and the reported defects in POS degradation by
RPE cells, it is not surprising that this continuous accumulation of
undigested material can result in cell stress and eventually retinal
degeneration.

The lack of robust models and adequate controls has hindered
progress discovering new cell biological pathways affected by the
absence of REP-1. Although there is some evidence that suggests
that there are differences in immunomodulation of inflammatory
factors in CHM cells, different cell models show conflicting re-
sults. Although a pool of CHM patient-derived fibroblasts showed
that the levels of secreted monocyte chemotactic protein were de-
creased when compared with a pool of control donor-derived cells
(Strunnikova et al., 2009), others have shown the opposite trend
using siRNA-treated human fetal RPE (Gordiyenko et al., 2010).
In this study, we use two newly described CHM RPE cell models;
iPSC-derived human RPE and ARPE-19 cell line, to analyze in de-
tail various steps along the endocytic, phagocytic, and lysosome
pathways.

RESULTS

REP-1-deficient cells have increased numbers of lysosomal
structures

To study the role of REP-1 in the lysosome pathway of RPE cells,
we developed a new cellular model system where the human im-
mortalized RPE cell line (ARPE-19) was used and the CHM gene
was knocked-out using CRISPR/Cas? (hereby named CHM™ cells).
Western blotting confirmed that this new CHM~ cell line had no
detectable REP-1 (Figure 1A; Supplemental Figure S2) and had a
slight but consistent increase in the levels of REP-2. Moreover, in
vitro prenylation assays revealed a significant increase in the overall
levels of unprenylated Rabs (Figure 1A).

When structures of the lysosome pathway were analyzed in
detail by immunofluorescence, ARPE-19 CHM~ cells showed no
difference in the morphology and number of early endosomes
stained with an early endosome-associated protein 1 (EEA1) anti-
body (Figure 1, B and C), yet showed increased numbers of CD63
(Figure 1, B and D) and LAMP1-stained vesicles when compared
with control cells (Figure 1, B and E). The mean particle size of
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REP-1-deficient cells have increased numbers of lysosomal structures. (A) Western blot of WT and CHM~
ARPE-19 cells, showing complete absence of REP-1 protein, levels of REP-2 protein and accumulation of unprenylated
Rabs in CHM™ cells, detected by in vitro prenylation with a biotin-labeled prenyl donor. (B) Immunofluorescence of
ARPE-19 cells stained with early and late endolysosomal markers (green) with nuclei stained with DAPI (blue). (C)
Quantification of the number of EEA1* vesicles per nuclei in ARPE-19 cells. Data are presented as mean + SEM,
representative of n = 3 independent experiments. (D) Quantification of the number of CD63" vesicles per nuclei in
ARPE-19 cells. Data are presented as mean =+ SEM, representative of n = 3 independent experiments. (E)
Quantification of the number of LAMP1* vesicles per nuclei in ARPE-19 cells. Data are presented as mean + SEM,
representative of n = 10 independent experiments. (F) Quantification of the average size of CD63" vesicles (um?2) in
ARPE-19 cells, as measured from confocal images. Data are presented as mean + SEM, representative of n = 3
independent experiments. (G) Quantification of the average size of LAMP1* vesicles (um?) in ARPE-19 cells, as
measured from confocal images. Data are presented as mean + SEM, representative of n = 10 independent
experiments. (H) Immunofluorescence of iPSC-RPE cells stained with LAMP1 (green) with nuclei stained with DAPI
(blue). (1) Quantification of the number of LAMP1* vesicles per nuclei in iPSC-RPE cells. Data are presented as mean =+
SEM, representative of n = 3 independent experiments. All statistical comparisons were performed using unpaired
Student’s t test (ns, not significant; *p < 0.05); scale bar, 10 um for all images shown.
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CD63* and LAMP1* vesicles was not affected (Figure 1, B, F, and
G). This suggests that although the earlier stages of the lysosome
pathway seem unaffected, late-stage vesicles such as multivesicu-
lar bodies and lysosomes are disturbed by the loss of REP-1.

To verify these results in another human cell model, a hu-
man donor isogenic iPSC-derived RPE line was created using
CRISPR/Cas? to knockout the CHM gene (hereby named RBi
CHM™) (Fonseca et al., 2024). The same increase in the number
of LAMP1-stained vesicles was observed in iPSC-RPE RBi CHM~
cells when compared with matched controls (Figure 1, H and |).

To investigate whether there were detectable morphological
differences in these late-stage lysosome vesicles at the ultrastruc-
tural level, we performed transmission electron microscopy (TEM)
of both cell models. To correctly identify lysosomes in ARPE-19, we
preloaded the cells with BSA-gold particles by pulsing for 4 h and
then chasing for 3 h in normal medium before fixation, to allow
for BSA-gold particles to enter and aggregate inside lysosomes
(Futter et al., 1996; Burgoyne et al., 2013). We could not detect
any noticeable morphological differences in gold-loaded vesicles
between control and CHM™ cells (Figure 2A) but observed an in-
crease in their number (Figure 2B) as observed by light microscopy.

When we analyzed control and CHM~ iPSC-RPE cells by TEM
(Figure 2C), we observed that iPSC-derived RPE cells are packed
full of immature melanosomes, lysosome-like organelles that share
constituents with lysosomes. Furthermore, when we measured the
diameter of all lysosome-like vesicles we observed no difference in
control and CHM™ cells (Figure 2, C and D), suggesting that these
vesicles are morphologically normal. Reassuringly, we observed the
same increase in their number (Figure 2, C and E) as previously seen
by light microscopy.

Because we observed an increase in the number of lysosome
structures, we wanted to check whether this was due to an increase
in the biogenesis of lysosomal pathway proteins. Real-time PCR of
lysosomes constituents, such as LAMP1, Cathepsin D and Cathep-
sin B, as well as lysosomal-associated transcription factors such as
transcription factor EB (TFEB) and melanocyte-inducing transcrip-
tion factor (MITF), did not show any differences in mRNA levels be-
tween control and REP-1-deficient cells (Figure 2, F and G). No dif-
ferences were also observed at the protein level of LAMP1, LAMP2,
EEA1, Cathepsin D (pro and mature levels) (Supplemental Figure
S2). This suggests that the increase in the number of lysosome vesi-
cles is due to a defect in lysosome consumption/reformation and
not increased biogenesis.

REP-1 loss causes increased levels of active Cathepsin D in

lysosomes

Because REP-1-deficient cells have an increase in the number of
lysosome structures, we proceeded to analyze their functional ac-
tivity by measuring the activity levels of the most abundant lysoso-
mal proteases, the cathepsins. First, correct targeting of Cathep-
sin D (CatD) to LAMP1-stained vesicles was observed in both con-
trol and CHM~ cells (Supplemental Figure S1A). The number of
antibody-stained CatD vesicles (which detects both pro and ma-
ture CatD) was not altered in CHM~ cells when compared with
controls (Figure 3, A and B). To assess active CatD vesicles only, we
used SiR-lysosome, a cell permeable fluorescent probe that only
fluoresces when it binds to active CatD (Albrecht et al., 2020). We
observed a significant increase in the number of active CatD vesi-
cles in CHM~ cells when compared with control cells (Figure 3, C
and D). An even more pronounced increase was observed in iPSC-
RPE CHM~ cells when compared with isogenic controls (Figure 3,
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E and F). Importantly, no SiR-lysosome stain was observed in CatD-
knockout ARPE-19 cells (Supplemental Figure S1B).

To further support these results, we quantified the total cellular
levels of active CatD using a plate-based assay, where a substrate
becomes fluorescent when it is cleaved by active Cathepsin D/E
in cell lysates. We observed that CHM~ cells showed increased
levels of active Cathepsin D/E in their cytoplasm when compared
with control cells (Figure 3G), in line with the results obtained with
SiR-lysosome.

Together, this suggests that as the total amount of lysosomes
is increased in CHM™ cells, the amount of functional and the ac-
tive degradative enzyme CatD also increases. Notably, this increase
seems to be specific for Cathepsin D as Cathepsin B and Cathepsin
L showed no changes in both ARPE-19 cells (Supplemental Figure
S1, Cand D) and iPSC-RPE cells (Supplemental Figure S1, E and F).

Loss of REP-1 affects targeting of degradative lysosomes
for phagosome degradation

Previous studies showed that POS phagocytosis was impaired in
REP-1-deficient human fetal RPE cells (Gordiyenko et al., 2010).
Conversely, we observed a significant increase in the number of
late-stage lysosome vesicles and of active CatD in CHM™ cells, so
we wanted to investigate if their degradative power was affected
and in what way. We have previously shown that feeding ARPE-
19 cells with a single high dose of unlabeled porcine POS, the
appearance of POS-derived undigested autofluorescent granules
(AFG) (reminiscent of lipofuscin in vivo) can be observed over time
(Escrevente et al., 2021) (Figure 4A). Using this assay, we observed
an increased number of CHM™ cells containing undigested AFGs
at 72 h postincubation, as measured by flow cytometry (Figure 4B).
Immunofluorescence imaging and quantification of the number of
AFGs per field-of-view (fov) confirmed this increase at both 24 and
72 h post-POS incubation (Figure 4, C and D). Importantly, this in-
crease in AFG was not due to an increase in the amount of POS
initially phagocytosed (Supplemental Figure S1G) as both control
and CHM~ cells fed 488-labebled POS had similar amounts of in-
ternalized phagosomes at 4 h.

We conclude that digestion of phagocytic POS in CHM™ cell
is defective despite increased numbers of active lysosomes. Given
that REP-1 affects the membrane targeting and function of Rab GT-
Pases, we hypothesize that phagosome maturation and fusion with
lysosomes could be affected in CHM~ cells. Thus, we analyzed the
degree of colocalization between AFGs and LAMP1-stained vesi-
cles to determine whether these degradative compartments were
indeed fusing with phagosomes. We observed a slight but signif-
icant decrease in the amount of AFGs with at least one LAMP1*
vesicle in its direct vicinity at 72 h (Figure 4, E and F). This decrease
in colocalization was not significant in the initial hours after POS-
feeding (Figure 4G) and was not observed with CD63 (Supplemen-
tal Figure S1, H and I).

DISCUSSION

Over the last decades, CHM research has largely focused on the
clinical features and the development of new therapies, with less
interest being awarded to the cellular and molecular dysfunctions
underlying this disease, mainly due to a lack of adequate human-
ized cell models. In this study, we present evidence that the loss of
REP-1 leads to subtle defects in the lysosome pathway that result in
reduced digestive function and the accumulation of lipofuscin-like
AFGs upon POS phagocytosis (Figure 5).
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FIGURE 2: REP-1-deficient cells have morphologically normal lysosomes. (A) TEM images of ARPE-19 cells, where
lysosomes have been loaded with BSA-Gold particles. Examples of lysosome-like structures are shown (arrowheads);
scale bar, 1 pm. (B) Quantification of the number of lysosome-like structures in ARPE-19 cells as measured from TEM
images. Data are presented as mean + SD, representative of n = 1 independent experiments (n =79 and n = 185
vesicles or n = 18 and n = 25 fov for WT and CHM~ ARPE-19 cells, respectively. Statistical comparisons were
performed using the unpaired Mann-Whitney test (**p <0.01). (C) TEM images of control and CHM~ iPSC-RPE cells
showing multiple melanosome and lysosome-like structures; scale bar, 5 and 1 pm in inset images. (D) Quantification of
the diameter of lysosome-like structures in iPSC-RPE cells as measured from TEM images. Data are presented as mean
+ SEM, representative of n = 3 independent experiments. Statistical comparisons were performed using unpaired
Student's t test (ns, not significant). (E) Quantification of the number of lysosome-like structures in iPSC-RPE cells as
measured from TEM images. Data are presented as mean + SEM, representative of n = 3 independent experiments.
Statistical comparisons were performed using unpaired Student’s t test (*p <0.05). (F) mRNA levels of specified
transcripts in ARPE-19 cells. Values for each gene are relative to WT control cells. Data are presented as mean + SEM,
representative of n = 4 independent experiments. No significant differences were seen. (G) mRNA levels of specified
transcripts in iPSC-RPE cells. Values for each gene are relative to WT control cells. Data are presented as mean + SEM,
representative of n = 6 independent experiments. No significant differences were seen.
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REP-1 loss causes increased levels of active Cathepsin D in lysosomes. (A) Immunofluorescence of
anti-cathepsin D antibody (green)-stained vesicles with nuclei stained with DAPI (blue) in ARPE-19 cells; scale bar, 10

pm. (B) Quantification of the number of cathepsin D* vesicles per nuclei in ARPE-19 cells. Data are presented as mean
+ SEM, representative of n = 3 independent experiments. Statistical comparisons were performed using the unpaired
Mann-Whitney test (ns, not significant). (C) Immunofluorescence of active cathepsin D* (SiR-lysosome)-stained vesicles
(green) with nuclei stained with DAPI (blue) in ARPE-19 cells; scale bar, 10 pm. (D) Quantification of the number of active
cathepsin D* vesicles per nuclei in ARPE-19 cells. Data are presented as mean =+ SEM, representative of n =5
independent experiments. Statistical comparisons were performed using the unpaired Student’s t test (**p <0.01). (E)
Immunofluorescence of active cathepsin D* vesicles (SiR-lysosome) marker (green) with nuclei stained with DAPI (blue)
in iPSC-RPE cells; scale bar, 10 pm. (F) Quantification of the number of active cathepsin D* vesicles (SiR-lysosome) per
nuclei in iPSC-RPE cells. Data are presented as mean + SD, representative of n = 1 independent experiment (n = 5 fov).
Statistical comparisons were performed using the unpaired Student’s t test (***p < 0.001). (G) Quantification of relative

units of cathepsin D/E activity in ARPE-19 cells. Data are presented as mean + SEM, representative of n =4
independent experiments. Statistical comparisons were performed using unpaired Student’s t test (*p <0.05).

The unavailability of reliable cellular models for CHM has hin-
dered the dissection of the associated cellular defects, namely in
the RPE. Here we show, wherever possible, matching results be-
tween our new ARPE-19 CHM™ cell line and our recently described
iPSC-derived RPE CHM~ model (Fonseca et al., 2024), demonstrat-
ing their utility for studying this debilitating disease. Furthermore,
both models were generated using CRISPR/Cas? editing resulting
in a complete knock out of the REP-1 gene, which is what typically
occurs in patients with CHM, as opposed to knockdown experi-
ments with siRNAs that typically result in some residual protein left.
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We show here that REP-1-deficient RPE cells have more lyso-
somes with no gross morphological defects. Also, the targeting of
newly synthesized Cathepsins, including CatD, which are delivered
to the lysosome via endosomes (Press et al., 1998), is not affected
in CHM~ cells. Furthermore, endocytosed BSA-Gold reached lyso-
somes, where gold particles aggregated, providing evidence of
an acidic degradative intra-lysosomal environment (Futter et al.,
1996), again suggesting that the lysosome pathway, including or-
ganelle identity and targeting machinery is only subtly affected in
the absence of REP-1.
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In healthy RPE cells, POS are phagocytosed by fusion of
the entering phagosome with existing lysosomes. Effective and
complete degradation is achieved by intralysosomal Cathepsins in
the phagolysosome. In CHM-diseased RPE cells, there is increased
numbers of lysosomes but nevertheless, incoming POS are not as
well targeted for lysosome degradation, leading to the accumulation
of undigested POS-derived material, much akin to lipofuscin in vivo.

Despite the subtle changes observed in CHM™ cells, the ac-
cumulation of POS-derived AFGs was more than double that ob-
served in control cells, as previously reported using CHM knock-
down in human fetal RPE (Gordiyenko et al., 2010). This is also
consistent with observations in a mouse model, where the Chm
gene was deleted only in the RPE, whereby phagosome matura-
tion was delayed and the RPE-accumulated pathological changes
prematurely, including the builup of lipofuscin-containing deposits
as well as other age-related changes (Wavre-Shapton et al., 2013).

What could explain these functional defects in vitro and in vivo?
CHM is a disease characterized by a generalized partial defect in
Rab GTPase activity. Furthermore, Rabs control membrane iden-
tity and fusion events between organelles of the endophagocytic
system. We report here a small but significant decrease in the
association of lysosome makers with incoming POS-containing
phagosomes, which only decreased further with time. We suggest
that this may be due to a partial defect in the targeting of lyso-
somes to the incoming late phagosome, and/or an inhibition of
phagosome-lysosome fusion. A partial defect in Rab7 could be an
attractive hypothesis, but the observation that multiple Rabs are
severely underprenylated in CHM cells (Storck et al., 2019; Raeker
et al., 2024), including Rabs associated with the endocytic system
such as Rab9%a, Rab12, Rab24, and Rab36, leads us to suggest that
multiple Rabs are involved.

The accumulation of undigested AFGs, which in our model
are a direct measure of incompletely digested POS, over time
and with daily repeated POS pulses, could begin a cascade of
events where undigested AFG material becomes toxic to cells,
eventually leading to RPE stress and degeneration. Although we
have shown that lysosome fusion with the incoming phagosome
is required for AFG formation in the first place (Escrevente et al.,
2021), partial defects in lysosome function and/or phagolysosome
fusion could explain the incomplete digestion of AFG and their
increased numbers in CHM~ cells. The role of melanosomes, a
lysosome-related organelle filled with melanin that possesses
chemiexcitation properties, in phagosome digestion, is yet to be
revealed (Lyu et al., 2023).

We observed no difference in the amount of mRNA of multi-
ple lysosomal proteins (LAMP1, CathD, and CathB) as well as lyso-
somal transcription factors (TFEB and MITF), suggesting that the
observed increase in the number of lysosomal vesicles in CHM~
cells is not due to an increase in biosynthesis but instead could
be a problem in the degradation/consumption of lysosomes. An-
other possibility could be defects in the process of lysosome refor-
mation, which is not well understood, but surely involves multiple
steps and molecular players. We have recently proposed that the
drug Chloroquine acts to block lysosome fusion by interfering with
lysosome reformation (Cardoso et al., 2023). Chloroquine causes
a gradual depletion of lysosomes with accumulation of newly syn-
thesized procathepsin D and LAMP1, reflecting inhibition of normal
turnover of lysosomal constituents. These phenotypes are clearly
distinct from those observed here, and although we know that REP-
1 depletion undoubtedly effects multiple steps of the lysosome
pathway, we propose that the increase in the number of lysosomes
observed in CHM~ cells is mainly due to a fusion defect.

A recent report described the case of a 54-y-old presenting with
a mild retinal degeneration initially diagnosed as a female CHM
carrier (Narayan et al., 2024). However, initial genetic testing did
not detect a pathogenic variant and upon further testing, a novel
pathogenic heterozygous variant of the LAMP2 gene was found,
confirming the diagnosis of X-linked Danon disease. The similari-
ties in retinal phenotypes between CHM and Danon disease sug-
gest a possible common cellular mechanism, where lysosome dys-
function plays a central role in RPE degeneration, in line with our
current data. Indeed, mouse studies have shown that the lack of
LAMP2 leads to defect in phagocytosis and the age-related ap-
pearance of autofluorescence abnormalities, as observed in age-
related macular degeneration patients (Notomi et al., 2019).

Overall, we show evidence that REP-1 deficiency does not cause
gross defects in the lysosomal pathway, but instead produces sub-
tle changes, which may only become problematic under certain
(stress) conditions and/or with time (ageing). This confirms our
previous suggestion that the pathogenesis of CHM is more akin
to premature aging (Wavre-Shapton et al., 2013). Because the
RPE is responsible for the daily phagocytosis of POS, which im-
poses a huge and continuous phagocytic burden on these cells,
these subtle alterations in the lysosomal pathway can add-up over
time, and eventually cause destructive effects, such as RPE and

(magenta); scale bar, 10 pm. Examples of positive and negative colocalization are shown. (F) Quantification of the number of AFGs that
colocalize with at least one LAMP1 vesicle at 72 h post-POS feeding in ARPE-19 cells. Data are presented as mean + SEM, representative of n
= 3 independent experiments. Statistical comparisons were performed using unpaired Student’s t test (**p < 0.01). (G) Quantification of the
number of AFGs that colocalize with at least one LAMP1 vesicle at the timepoints indicated post-POS feeding in ARPE-19 cells. Data are
presented as mean =+ SEM, representative of n = 3 independent experiments. Statistical comparisons were performed using unpaired

Student'’s t test (*p < 0.05; **p < 0.01).
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photoreceptor atrophy, contributing to vision loss in patients with
CHM later in life.

MATERIALS AND METHODS
Request a protocol through Bio-protocol

Cell culture—ARPE-19 and iPSC

ARPE-19 cells (ATCC) were cultured in DMEM/F-12 (Life Tech-
nologies) supplemented with 10% FBS (Life Technologies) and
1% penicillin—streptomycin (Life Technologies). The production of
ARPE-19 Cathepsin D-knockout cells is described in Escrevente et
al. (2021). ARPE-19 cells were seeded at high confluency (confluent
24 h later) and were allowed to grow and polarize for at least 5 to
7 d before each assay (unless otherwise stated).

Human iPSC-derived RPE were differentiated and cultured as
described in Fonseca et al. (2024). Gene-editing details to produce
the isogenic CHM™ line are also described in Fonseca et al. (2024).
Cells were typically used for experiments around 30 d after each
passage (used only during the first four passages).

ARPE-19-making CHM KO line

To generate CHM~ knockout ARPE-19 cells, single-guide RNA
(sgRNA) was designed for specific target regions, using the
CRISPOR ( http://crispor.tefor.net/) online tool and synthetically
produced by Integrated DNA Technologies. CHM was targeted
using the gRNA: 5'gtaaatggtgctgaagtgac3’. ARPE-19 cells were
transfected following the CRISPRMAX Reagent Cas? nuclease
transfection protocol for synthetic gRNA (CMAX00001 Invitrogen)
accordingly to the manufacturer's instructions. For Cas9 ribonucle-
ase protein complex, the synthetic sgRNA was incubated with True-
Cut Cas9 Protein v2 (#A36496, Invitrogen). Forty-eight hours after
transfection, cells were selected by sorting as single cells and ex-
panded for genomic DNA extraction. The targeted locus was am-
plified by PCR. Indel mutations were confirmed by sequencing and
loss of protein by Western blot analysis.

Immunofluorescence microscopy

Cells grown on coverslips were fixed for 15 min either in 4%
paraformaldehyde (Alfa Aesar) at room temperature (RT) or cold
methanol on ice, according to the antibodies used. Cells were
blocked/permeabilized for 30 min in PBS containing 1% BSA and
0.05% saponin for ARPE-19 cells and 1 h in PBS containing 0.05%
vol/vol Triton-X100 and 10% Donkey serum for iPSC-RPE cells. Pri-
mary antibodies (1:100) were incubated with cells for 1 or 2 h at
RT for ARPE-19 and iPSC-RPE, respectively. The following anti-
bodies were used: mouse anti-LAMP1 conjugated with Alexa-fluor
647 (BioLegend, clone H4A3, Catalogue no. #328612 in 4% PFA),
mouse anti-LAMP1 conjugated with Alexa-fluor 488 (BioLegend,
clone H4A3, Catalogue no. #328610 in 4% PFA) rabbit anti-LAMP1
(Cell Signaling Technology, Catalogue no. #3243S in 4% PFA),
mouse anti-EEAT (BDT, Catalogue no. #610456 in 4% PFA), mouse
anti-CD63 (Santa Cruz Biotechnology, Catalogue no. #sc-5275 in
4% PFA), goat anti-CTSD (SicGen, Catalogue no. #AB0043-200
in methanol). Secondary antibodies were Alexa-fluorescent conju-
gated (Albrecht et al., 2020) and incubated at 1:500 dilution.

AFG was visualized in the 488-nm excitation wavelength.
Cell nuclei were labeled with DAPI (Sigma-Aldrich, Catalogue
no. #D9542-5MG) (1 pg/ml) and cells were mounted in Mowiol-
mounting media (Calbiochem). Images were acquired using a
Zeiss LSM980 confocal, with a Plan-Apochromat 63 x 1.4 NA oil-
immersion objective. All images within the same experiment were
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acquired on the same day and using the same acquisition set-
tings. Digital images were analyzed using ImageJ version 2.9.0
(https://imagej.nih.gov/ij/).

SiR-lysosome (Albrecht et al., 2020) (Spirochrome, Catalogue
no. #251SC012-5) staining was performed at a final concentration
of 1 uM for 20 min or 1 h at 37°C for ARPE-19 and iPSC-RPE, respec-
tively. Cells were fixed with 4% PFA for 15 min at RT, washed with
PBS, stained with DAPI, and immediately mounted with Mowiol
(Calbiochem) and imaged within 2 to 3 d.

IF quantifications

AFGs were automatically segmented and quantified using an Im-
ageJ macro, which automatically identifies and segments each
structure, implementing the use of automatic or manual threshold-
ing, separation of closely joined vesicles and size exclusion. The
number of AFGs was normalized by the number of nuclei in each
fov (minimum eight fov; per independent experiment) and repre-
sented as the mean number of AFG detected per independent ex-
periment = SEM. The size of each AFGs was measured in pm? (area)
and represented as the mean AFGs area per experiment + SEM.

The count of lysosome structures was also carried out using
an ImageJ macro, where each positively stained structure was au-
tomatically identified and segmented. The number of lysosome
structures was normalized by the number of nuclei in each fov (min-
imum five fov per independent experiment) and represented as the
mean number of lysosomal structures detected per independent
experiment + SEM. The size of lysosome structures was measured
in um? (area) for each individual structure and represented as the
mean area per experiment = SEM. Full macroscripts are available
upon request.

For the colocalization of AFGs with lysosome structures, at least
eight fov per independent experiment were used, wherein for each
fov, a positive or negative value was attributed for each AFGs iden-
tified. Colocalization between AFGs and lysosome structures was
represented as a percentage of positive AFGs relative to total AFGs
per independent experiment + SEM.

Cathepsin assays

ARPE-19 cells were trypsinized using TrypLE Express Enzyme (Life
Technologies), washed with PBS, and lysed using a 50 mM sodium
acetate buffer (0.1 M NaCl, 1 mM EDTA, 0.2% Triton X-100, pH
5.5) for 30 min at 4°C with shaking. Samples were centrifuged at
13,000 rpm for 10 min at 4°C. Protein concentration of the su-
pernatant was quantified using the BCA protein assay kit (Thermo
Fisher Scientific, #23227) according to the manufacturer’s instruc-
tions. Ten micrograms of lysis protein were loaded onto a black-
bottomed 96-well plate in the presence of 100 pL of sodium ac-
etate buffer containing 10 uM of Cathepsin D/E substrate (Enzo
Life Sciences, BML-P145-0001), 20 pM of Cathepsin B substrate
(Enzo Life Sciences, BML-P137-0010) or 20 uM of Cathepsin L sub-
strate (Bachem, 4003379). For Cathepsin D/E experiments an ad-
ditional 25 pM of Leupeptin was added to samples and 25 pM of
pepstatin A was used as a negative control. For Cathepsin B and
L experiments, 25 uM of leupeptin were used as a negative con-
trol. Samples were incubated for 60 min at 37°C with fluorescence
measured every 2 min with a plate reader (Synergy HT, ex: 360/40
nm; em: 420/27 nm).

RT-gPCR

mRNA from either iPSC-RPE or ARPE-19 was extracted using the
RNeasy Mini Kit (#74104, Quiagen), according to the manufac-
turer's instructions. Next, 1 pg of purified mRNA was reverse
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Primer Sequence 5-3’ Forward Sequence 5'-3’ Reverse
ACTB GAAGATCAAGATCATTGCTCCTC ATCCACATCTGCTGGAAGG
LAMP1 CGTGTCACGAAGGCGTTTTCAG CTGTTCTCGTCCAGCAGACACT
Cathepsin B GCTTCGATGCACGGGAACAATG CATTGGTGTGGATGCAGATCCG
Cathepsin D GCAAACTGCTGGACATCGCTTG GCCATAGTGGATGTCAAACGAGG
TFEB AGCTCACAGATGCTGAGAG TGTTGAACCTTCGTCTCCT
MITF CGTCCTGTATGCAGATGGA CATCAAGCCCAAGATTTCCTC

Primer sequences used for RT-qPCR.

transcribed into cDNA using SuperScript Il Reverse Transcriptase
(#18064022, Invitrogen). Reverse transcriptase quantitative PCR
(RT-qPCR) was carried out in a QuantStudio 5 system (Applied
Biosystems) using PowerUp SYBR Green Master Mix (#A25742,
Applied Biosystems) following the manufacturer’s instructions. The
primer pairs (forward/reverse) used are described in Table 1 and
relative gene expression results were analyzed using the 274ACt
method, normalized to the housekeeping gene ACTB levels.

TEM (+quantification)

All reagents and materials were purchased from Electron Mi-
croscopy Sciences unless otherwise stated. Cells on glass cover-
slips were fixed in 2% PFA, 2% glutaraldehyde in 0.1 M PB at pH
7.4 overnight at 4°C. After washing with PB, specimens were post-
fixed with 1% osmium tetroxide and 1.5% potassium ferrocyanide
in distilled water for 1 h on ice, and then incubated with 1% tannic
acid for 30 min at RT. Specimens were subsequently dehydrated
with a series of increasing ethanol concentrations (50, 70, 90, 2
x 100%) before infiltrating and embedding in Epon resin (EMbed
812). After polymerizing at 65°C overnight, resin blocks were sec-
tioned at 60 to 70 nm using a Reichart Ultracut S ultramicrotome
(Leica) and a diamond knife (Diatome), and sections collected on
copper mesh grids. Sections on grids were poststained with uranyl
acetate and Reynold’s lead citrate and imaged using a Hitachi H-
7650 TEM equipped with an AMT XR41 M digital camera.

The number of lysosome-like structures in each fov was identi-
fied and counted manually. To account for variations in the cytosolic
area among fovs that could result in higher counts, the number of
counted structures was normalized to the cytosolic area (um?) for
the corresponding fov. To determine the size of the lysosome-like
structures, the longest diameter (um) of each vesicle was measured
and recorded.

Preparation and loading of BSA-gold conjugate

After performing a stabilization test to determine the amount of
protecting BSA (Sigma) required to stabilize a fixed volume of 5-
nm gold colloid suspension (BBI Solutions), the appropriate vol-
umes of BSA in 2 mM borax and 20 ml gold colloid suspension
were combined. After gentle agitation for 5 min, the preparation
was secondarily stabilized with a solution of 10% BSA in 2 mM bo-
rax to a final concentration of 1% BSA. The preparation was cen-
trifuged at 45,000 rpm (205,250 x g) for 25 min and the fluid pellet
containing the BSA-gold conjugate was extracted. The final fluid
pellet formed from 22.5 ml of the starting gold colloid suspension
was diluted 1:5 in media and fed to ARPE-19 cells for 4 h and then
washed and further incubated for 3 h to allow for the loading of
the entire lysosome pathway.

POS production and feeding

Porcine POS were isolated as described in Parinot et al. (2014) with
some minor modifications (Escrevente et al., 2021) and stored at
—80°C. POS were covalently labeled with Alexa-Fluor 488 (Invitro-
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gen) or used unlabeled. When thawed, POS were washed with PBS
with three rounds of centrifugations at 5000 rpm, for 10 min at 4°C.
After washing, POS were resuspended in 1 ml of PBS and kept at
4 °C until used (within one week, with minimum light exposure).
ARPE-19 cells were incubated with POS for 4 h (pulse period) at
a final concentration of 200 pg/ml (~2.6 x 10° POS particles/cm?
or ~1 x 10® POS particles/ml) in DMEM/F-12 supplemented with
10% FBS. After this pulse, external POS were washed, and cells
were cultured in normal ARPE-19 medium.

Flow cytometry

For the quantification of AFG using flow cytometry, cells were
trypsinized with TrypLE Express Enzyme (Life Technologies) for 15
min at 37°C. Cells were resuspended in cold flow cytometry buffer
(1% FBS and 2 mM EDTA in PBS), centrifuged at 1200 rpm for 5
min at 4°C and resuspended in flow cytometry buffer. Data ac-
quisition was performed using a FACS CANTO I flow cytometer
(BD Biosciences) using the 488 nm excitation wavelength to evalu-
ate cellular AFG. 20,000 events were acquired per condition using
BD FACSDiva software (Version 6.1.3, BD Biosciences) and gates
were used to establish a threshold for positive 488 cells relative
to no POS conditions. Results from independent experiments (at
least three replicates), were represented as the percentage of 488-
positive cells.

Western blot analysis

Cells were lysed in ice-cold cell lysis buffer (Cell Signaling Tech-
nology) supplemented with protease and phosphatase inhibitor
cocktails (Thermo Fisher Scientific, #78444) for at least 20 min at
—80°C. Lysates were scraped of the plates and pelleted for 10 min
at 13,000 x g at 4°C and supernatants were kept for protein quan-
tification using BCA the Protein Assay Kit (Thermo Fisher Scientific,
#23227). Equal amounts of cellular proteins were resolved on 8%
SDS-PAGE and subsequently transferred to 0.2-pm nitrocellulose
membranes using the Trans-Blot Turbo Transfer System (Bio-Rad
Laboratories, #1704150). Membranes were blocked using 5% non-
fat dry milk in TBS (20 mM Tris, 140 mM NaCl, pH = 7.6) containing
0.1% Tween-20 (Sigma-Aldrich) (TBS-T) for 1 h at RT. REP-1 Primary
antibody (SicGen, AB0123, 1500 dilution), REP-2 (SicGen, AB0132,
1:500 dilution), LAMP1 (Cell Signaling Technology, #3243S, 1:1500
dilution), LAMP2 (Santa Cruz Biotechnology, SC-18822), 1:1500 di-
lution), EEA1 (Cell Signaling Technology, #2411S, 1:1000 dilution),
proCathepsinD (SicGen, AB0043-200, 1:100 dilution) were pre-
pared in 5% BSA (NZYTech, #MB04603) and incubated overnight
at 4°C. After washing with TBS-T, membranes were incubated
with anti-goat, anti-mouse, or anti-rabbit horseradishe peroxidase
(HRP)-conjugated secondary antibody (1:5000 in blocking buffer)
for 1 h at RT. Antibody binding was detected using chemilumi-
nescence ECL Prime Western Blotting Substrate (GE Healthcare,
#RPN2232) and a ChemiDoc Touch Imaging System (Bio-Rad). An
antibody to B-Actin (Sigma-Aldrich, #A3854, 1:25,000) or calnexin
(SicGen, AB0041-20, 1:2000) was used as loading control.
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In vitro prenylation assay

Prenylation assays were performed as described previously
(Nguyen et al., 2010), with minor modifications. Briefly, cells cul-
tured in 12-well plates were washed three times with ice-cold PBS
and scrapped into 100 pl of prenylation/lysis buffer (25 mM HEPES
pH 7.2, 50 mM NaCl, 2 mM MgCl,, 2 mM DTE, 20 pM GDP,
1x Protease and Phosphatase Inhibitor Cocktail). The cell suspen-
sions were snap-frozen at —80°C for 30 min and then disrupted
by passing through a 23-G syringe needle 20 times. Nuclei and
cell debris were removed by centrifugation at 1500 x g for 5 min
at 4°C. The resulting supernatants were collected and ultracen-
trifuged at 100,000 x g for 30 min at 4°C in an Optima XL-100K
(Beckman Coulter) to separate cytosolic proteins. After quantifica-
tion by BCA assay, 50 pg of cytosolic protein extract were sub-
jected to an in vitro prenylation reaction with 20 uM GDP (Sigma-
Aldrich #G7127), 0.5 uM recombinant Rab geranylgeranyl trans-
ferase (Jena Bioscience #PR-103), 0.5 uM recombinant His-tagged
REP-1 (Jena Bioscience #PR-105), and 5 uM biotin-labeled ger-
anyl pyrophosphate (Jena Bioscience #LI-015). The reaction mix-
ture was incubated at 37°C for 1 h and then quenched with 6x
SDS loading buffer. Samples were boiled at 90°C for 5 min, and
biotin incorporation was analyzed by Western blot. Membranes
were blocked with 5% dry milk in TBS-T for 1 h at RT, followed
by overnight incubation at 4°C with HRP-conjugated streptavidin
(1:2,500 in 5% dry milk; Jackson Immunoresearch #016-030-084)
and anti—B-actin antibody (1:25,000 in PBS; Sigma-Aldrich #A3854)
as a loading control. Chemiluminescence detection was performed
using the ChemiDoc MP Imaging system (Bio-Rad). Three indepen-
dent experiments were performed.

Statistical analysis

Statistical analysis was performed using GraphPad Prism, version
9.0.1 Software. All our results are shown as mean + SEM unless oth-
erwise stated. Normal distribution was analyzed using the Shapiro-
Wilk test. Unpaired Student’s t and Mann-Whitney tests were used
to compare between groups if samples followed or not a normal
distribution, respectively. The p values less than 0.05 were consid-
ered statistically significant.
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