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Abstract

Retinal pigment epithelium (RPE) cells have to phagocytose shed photoreceptor outer segments (POS)
on a daily basis over the lifetime of an organism, but the mechanisms involved in the digestion and
recycling of POS lipids are poorly understood. Although it was frequently assumed that peroxisomes
may play an essential role, this was never investigated. Here, we show that global as well as RPE-
selective loss of peroxisomal 3-oxidation in multifunctional protein 2 (MFP2) knockout mice impairs the
digestive function of lysosomes in the RPE at a very early age, followed by RPE degeneration. This was
accompanied by prolonged mammalian target of rapamycin (mTOR) activation, lipid deregulation and
mitochondrial structural anomalies without, however, causing oxidative stress or energy shortage. The
RPE degeneration caused secondary photoreceptor death. Notably, the deterioration of the RPE did not
occur in an Mfp2/rd1 mutant mouse line, characterized by absent POS shedding. Our findings prove
that peroxisomal B-oxidation in the RPE is essential for handling the polyunsaturated fatty acids present
in ingested POS and shed light on the retinopathy in patients with peroxisomal disorders. Our data also
have implications for gene therapy development as they highlight the importance of targeting the RPE
in addition to the photoreceptor cells.

Significance Statement

The retinopathy in patients with peroxisomal disorders is poorly understood. There is a lack of
pathological data and mechanisms were not investigated. Herein, we reveal that loss of peroxisomal 3-
oxidation in the murine retinal pigment epithelium (RPE) induces instant dedifferentiation and secondary
neural retina degeneration. Inactivity of this pathway disables the handling of polyunsaturated fatty acids
present in the ingested photoreceptor outer segments, leading to lysosomal dysfunction. These data
shift the focus of peroxisomal function in the retina from the photoreceptors to the RPE and warn that
the RPE should be targeted in gene therapy approaches. Furthermore, they uncover novel aspects of
the lipid homeostasis in the retina, which is affected in other, more common retinal pathologies.

Main Text
Introduction

The RPE is a monolayer of hexagonally shaped post-mitotic pigmented cells interconnected by
tight junctions (1). It performs a host of functions essential for maintaining retinal homeostasis and
proper vision (2).

One of the most important tasks of the RPE involves the daily phagocytosis and degradation of
damaged photoreceptor outer segment (POS) tips (2). These POS have an unusual lipid composition
being enriched in docosahexaenoic acid (DHA, C22:6n3) and very long chain polyunsaturated fatty
acids (VLC-PUFAs) (3). While it is widely accepted that most of the nutrients released from the ingested
POS are recycled back to the photoreceptors (4), it has also been shown that the RPE digests some of
these fatty acids and exports them as ketone bodies to photoreceptors (5). The high content of DHA
and VLC-PUFAs in these POS fuels the hypothesis that the RPE would require peroxisomal p-oxidation
in addition to its mitochondrial equivalent to be able to digest these lipids.

Consistent with this reasoning, patients with peroxisome biogenesis disorders (PBD) commonly
experience retinal abnormalities and vision loss (6). Likewise, individuals with mutations in the HSD17B4
gene that codes for multifunctional protein 2 (MFP2), the central enzyme of peroxisomal 3-oxidation also
called D-bifunctional protein (D-BP), are similarly affected (7-9). Peroxisomal p-oxidation is a process
which is essential for the degradation of very long chain fatty acids (VLCFAs) and VLC-PUFAs, which
cannot be handled by the mitochondria (10). It is also essential for the synthesis of DHA from its
precursor C24:6, primarily occurring in the liver (10). Notably, the retinal histopathology of PBD patients
was only poorly described, involving photoreceptor degeneration and RPE atrophy, and was even not
reported for MFP2 patients (9). We previously showed that peroxisomes and peroxisomal 3-oxidation
enzymes occur in all retinal layers in mice with varying levels (11). We also generated a mouse model
lacking MFP2, which showed abnormal photoreceptor development, with shortened POS length already
at 2w, followed by reduced visual function at 3w and reduced visual acuity at 8w (12). These Mfp2+
mice have significant reductions of phospholipids containing DHA, both systemically and in the retina
(12). Interestingly, loss of MFP2 specifically in the photoreceptors does not cause this early
degeneration phenotype (13).

Here, we use global Mfp27 mice and RPE-specific Best1-Mfp27 mice to elucidate the
importance of peroxisomal (3-oxidation in the RPE. In both models, the RPE cells show a variety of
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cellular anomalies with very early onset including lipid accumulations, lysosomal dysfunction,
dedifferentiation, structural mitochondrial impairments and prolonged mTORC1 activation, the latter
likely caused by the accumulation of undigested POS. Importantly, the MFP2-deficient RPE of rd1
mutant mice, where POS shedding is absent, does not show these degenerative events, proving our
hypothesis that peroxisomal 3-oxidation in the RPE is primarily essential for digestion of the VLC-PUFAs
contained in the ingested POS.

Results
Early-onset and progressive RPE degeneration in global Mfp2” mice

We previously reported that the neural retina of Mfp27- mice extensively deteriorates by the age
of 9w, but anomalies in the RPE were also observed (12). To characterize the RPE degeneration, we
first performed haematoxylin and eosin (H&E) staining of Mfp2+ retinal sections at various ages (3, 9,
12 and 16w). Already at 3w, signs of RPE degeneration were obvious, including cysts or vacuolization,
hypopigmentation, and a wavy apical side (Fig. 1A). By 4-6w, the RPE started to protrude into the
photoreceptor layer, which became more frequent and prominent at 9w (Fig. 1A) and was followed by
RPE cells detaching from the monolayer and migrating deeper into the inner retinal layers by the age of
12w, predominantly in the peripheral retina (Fig. 1B). We excluded the possibility that the migrating cells
are phagocytes that have ingested pigmented cells, as they did not stain with the marker Iba1 (Fig.
S1A). This is in contrast to observations in a model of age-related macular degeneration where migrating
pigmented cells were found to be melanophages (14).

To visualize how these changes affected the regular hexagonal shape of the RPE cells, we
performed an immunostaining for zonula occludens protein (ZO1), a tight junction marker. In agreement
with the histology, from the age of 3w, the Mfp27- RPE cells became irregular in size and shape, which
aggravated with age (Fig. 1C). Furthermore, towards later ages of 9w and 16w, the mutant RPE cells
were significantly more multinucleated (Fig. 1C). Quantification (Fig S1B) further revealed a significant
reduction in number of cells in a particular field of image suggesting increased surface area of RPE cells
(Fig. S1B). Together, these observations indicate that MFP2 deficiency initiates an early onset RPE
degeneration.

MFP2-deficient RPE cells lose polarity and dedifferentiate in a cell autonomous way

Upon stress, RPE cells often lose their characteristic differentiated features such as their
hexagonal shape, polarized nature, and RPE-specific visual cycle gene expression and start to express
mesenchymal markers (15-17). Because the observed RPE degeneration in Mfp2/- mice is reminiscent
of a dedifferentiation phenotype (15, 17), we studied the distribution of proteins that typically localize to
the apical or basolateral cell membranes. Immunohistochemical (IHC) staining for ezrin, an apical
membrane marker (18), revealed mislocalization to the basolateral membrane in Mfp2-- RPE already at
3w (Fig. 1D). This loss of polarity was further confirmed by the mislocalization of the principal lactate
transporters of the RPE, monocarboxylate transporters 1 and 3 (MCT1 and MCT3) (19) (Fig. S1C-D).

A major RPE marker is the visual cycle protein RPE65, which catalyses the conversion of all-
trans retinyl ester to 11-cis-retinol (2). Whereas RPE65 was normally expressed at 3w in Mfp27- RPE,
levels were significantly reduced starting from 4w, as seen from IHC staining on retinal sections (Fig.
1E). The loss of RPE6B5 expression in the Mfp27- RPE was further confirmed by immunoblotting (Fig.
1F). Moreover, the transcripts of Rpe65 and other RPE-specific visual cycle genes Lrat, RIbp1 and Rdh5
were significantly reduced in 9-week-old Mfp2- RPE cells (Fig. 1G), further confirming the loss of their
differentiated state. Finally, the increased expression of RPE dedifferentiation markers, proliferating cell
nuclear antigen (PCNA) at 7w (20) and a-smooth muscle actin (a-SMA) at 16w (15) further prove the
dedifferentiation of Mfp27- RPE (Fig. S1E-F).

Given the close interdependence of photoreceptors and RPE, and our previous observations of
photoreceptor damage and loss in Mfp2+ retina (12), we asked if the RPE degeneration in Mfp27 mice
is cell autonomous. Interestingly, RPE-specific Best1-Mfp27 mice (validation in S| appendix, Fig. S2)
exhibit similar loss of RPE hexagonal shape, ezrin mislocalization and RPEG65 reduction (S| appendix,
Fig. S3). Importantly, despite the RPE-specific loss of MFP2, there were multiple signs of secondary
retinal degeneration including the loss of photoreceptor nuclei, reduced rhodopsin levels and increased
inflammatory responses. These retinal defects also translated into reduced retinal function as measured
by electroretinograms (ERGs) (Sl appendix, Fig S3). Our observations prove that specific loss of
peroxisomal -oxidation from the RPE causes cell-autonomous dedifferentiation triggering secondary
retinal degeneration.
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Ultrastructural analysis reveals lipid droplet accumulations, and lysosomal and mitochondrial
impairments in Mfp2” RPE

To investigate how MFP2 deficiency affected RPE cells at the subcellular level, we performed
transmission electron microscopy (TEM) analysis. Already at 3w, electron-dense lipid-droplets
accumulated in Mfp27- RPE compared to controls (Fig. 2A), which were also observed in the RPE of 9-
week old Mfp2-mice and 26-week-old Best1-Mfp27 mice (Fig S4B). Further inspection of the RPE at 7
h after light onset, a time point when most POS are digested, revealed that the lysosomal compartment
was affected. Whereas there were only rare instances of phagosomes containing stacked POS
membrane discs in the RPE of control mice, numerous partially digested POS phagosomes occurred in
the Mfp2-RPE (Fig. 2A-E, quantified in 2F). When POS are ingested by the RPE, they are destined for
degradation via 2 pathways: the conventional phagocytic degradation and LC3-associated phagocytic
(LAP) degradation (1). In LAP, the POS phagosomes recruit autophagic machinery in the form of LC3BII
onto their membranes forming LAPosomes, which then fuse with lysosomes for degradation. In
conventional phagocytic degradation, a POS phagosome first fuses with an early endosome and later
with late endosomes, finally fusing with lysosomes for complete degradation (1). In either process, the
LAPosome or POS phagosome finally ends up at the basal side of the RPE (Fig. 2A) into fully matured
lysosomes. The observation that the partially digested POS are accumulating predominantly towards
the basal side of the RPE, suggests that the fusion of POS phagosomes with early and late endosomes
and their transport to the basal side are not affected in Mfp27- RPE. Moreover, the frequent presence of
partially digested POS phagosomes, while undigested POS phagosomes were not discernible, indicates
that their final fusion with the lysosomes is unaffected. Partially digested pigment granules were also
found in the RPE of 9-week-old Mfp2- (Fig. 2A and D) and in Best1-Mfp27- mice (Fig. S4B), but were
never seen in controls. Interestingly, these RPE additionally showed instances of partially digested POS
material fused with pigment granules (Fig. 2E), similar to the phago-melanosomes reported in CIB2-
deficient RPE (21). This fusion of melanosomes with phagocytic material has been reported to occur in
the RPE upon ingestion of material that is not digestible by lysosomes or upon high load on the
lysosomes (22). Taken together, these observations strongly indicate that the lysosomal digestive
function is impaired in MFP2-deficient RPE cells. Further, the mitochondria of Mfp2” RPE were
morphologically affected, including less electron-density and a more rounded shape, with less dense
cristae as compared to the mitochondria of control RPE (Fig. S4C-E). The potential causes and impact
of these ultrastructural alterations were further investigated.

Mfp2’ RPE shows a highly altered lipid profile

To confirm the increased presence of lipid droplets seen by TEM, we stained retinal sections of
Mfp2+-and Best1-Mfp2+ mice for perilipin 2 (Plin2), a lipid droplet membrane protein (23). As expected,
there were extensive accumulations of Plin2-positive lipid droplets in the RPE of 3-week-old Mfp2 mice,
but not in the controls (Fig. 3A). Interestingly, these lipid accumulations were not present in 2-week-old
Mifp2+RPE (Fig. 3A). It can be assumed that the shedding of POS and its uptake by the RPE only starts
after 2 weeks because: (i) complete maturation of RPE apical microvilli only happens at 2w (18, 24) and
POS continue to elongate until P17 (25); and (ii) mice open their eyes only after 2w. Hence, the onset
of lipid droplet accumulation in 3-week-old Mfp27- RPE suggests that MFP2 in the RPE is essential for
the handling of ingested POS lipids. Consistent with this, the extent of Plin2 signal diminished from the
central to peripheral RPE, coinciding with the reduction in photoreceptor density in mouse retina (26)
(Fig. S5A). Thus, the more POS each MFP2-deficient RPE cell has to digest, the more it accumulates
undigested lipids. Importantly, the Best?1-Mfp27- RPE also showed similar lipid accumulations already
starting from 3w (Fig 3A), which is extremely quick given the time course of Cre expression in these
cells (27).

Next, we analysed the lipid composition of 3-week-old Mfp27- RPE using LC-MS/MS. This
confirmed the lipid accumulations observed by Plin2 staining as it showed significant increases in neutral
lipid classes triglycerides (TG), including ether lipid variants of TG (TG(Q)), and cholesteryl esters (CE)
in Mfp27- RPE (Fig. 3B).

The acyl chain composition of the lipids also strongly deviated in MFP2-deficient RPE compared
to controls. First, inspecting the lysophosphatidyl choline (LPC) and CE in which the number of carbons
in the single acyl chain is known, revealed that the saturated VLCFA C26:0 strongly accumulated in
LPC, as expected, but not in CE (Fig. 3C-D). Also ceramides containing saturated or mono-unsaturated
C24 fatty acids were increased (Fig. S5B). The w-3 PUFA, DHA was significantly reduced in LPC but
not in CE. Additional indications of lower concentrations of DHA containing lipids in the RPE were the
virtual depletion of PC(44:12) and PE(44:12), which likely contain two DHA moieties each (Fig. 3E). This
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is probably related to the strong reduction in DHA levels previously found in plasma and neural retina of
3-week-old Mfp2- mice (12). Importantly, despite this decrease in DHA, the elongation products strongly
accumulated in several lipid classes (LPC, PC, TG) (Fig. 3C, 3F and S5C). Indeed, species containing
VLC-PUFAs with more than 30 to even 40 carbons and 6 double bonds highly accumulated.
Interestingly, some species containing long-chain fatty acids are lower (represented with LPC in Fig.
3C), which might reflect a compensatory mechanism, and could explain a lack of change in the total
levels of most lipid classes. Taken together, these results point towards a critical role for peroxisomal [3-
oxidation in the RPE in the homeostasis of lipid species containing very long acyl chains, both saturated
and poly-unsaturated.

Mfp2’ RPE exhibits lysosomal dysfunction

The strong indications for impaired lysosomal function from the ultrastructural analysis urged to
further investigate the endolysosomal system. First, the processing of rhodopsin that is present in the
ingested POS phagosomes was assessed on RPE flat mounts of 3-week-old Mfp2+and Best1-Mfp2+
mice dissected 7h after light onset. We took advantage of the temporal discrimination allowed by two
different clones of rhodopsin antibodies. The 1D4 antibody clone recognizes the C-terminus of
rhodopsin, which under normal conditions, is already cleaved in the acidic environment of early
endosomes, whereas the B630 clone binds to the N-terminus that remains intact until fusion with and
degradation in lysosomes (1). In wild type RPE, only few rhodopsin-positive POS phagosomes were
detectable using both antibodies, reflecting normal digestion of POS at this point in time. However, both
the B630 (Fig. 4A and C) and the 1D4 (Fig. 4B and D) antibody revealed accumulation of rhodopsin in
both strains of MFP2-deficiency, albeit with the quantification in Best1-Mfp27- RPE not reaching
significance. In all rhodopsin immunostainings, the POS phagosomes appeared larger in size compared
to those of control RPE. These observations point towards dysfunctions in digestion of proteins, not only
in mature lysosomes, but also in immature early and late endosomes.

We obtained further evidence for compromised POS digestion by assessing the
autofluorescence (excitation 405 nm, emission 440-560 nm) which occurs in lysosomes with impaired
catalytic activity (28). Important to note is that these autofluorescent granules can only be formed when
POS phagosomes are fused with lysosomes (28). We detected autofluorescent granules in MFP2
deficient RPE but not in controls (Fig. S6A). This was better detectable in Mfp27 mice in an albino
background, avoiding masking effects of pigment in the RPE. This further confirms that the fusion of
phagosomes with lysosomes works normally in Mfp27- RPE and suggests that the lysosomal dysfunction
is related to the digestion process in the organelle.

In these circumstances, it can be expected that not only the degradation of phagosomal material
is impaired, but that also the digestion of autophagic cargo is hampered in Mfp27 RPE. To study this,
the levels of p62, a protein that binds to autophagic cargo marking it for degradation by lysosomes (29),
were quantified by immunoblotting. In agreement with lysosomal dysfunction, the Mfp2” RPE showed a
clear accumulation of p62 at 3w (Fig. S6B).

Based on previous literature, one possible cause for this lysosomal dysfunction in the RPE can
be an increase in the levels of oxidative stress in these cells (30). Peroxisomal $-oxidation defects were
shown to cause increased levels of reactive oxygen species (ROS) in certain cell types (31, 32).
However, we detected no oxidative stress in the RPE of Mfp2-- mice at various ages, tested by using
multiple biomarkers (S| appendix, Fig. S7).

In sum, these results along with the observations from the TEM analysis confirm defects in the
endolysosomal digestion in Mfp27- RPE, without any clear shortcomings in the upstream processes of
POS trafficking and fusion with endolysosomes.

Mfp2 RPE shows prolonged mTOR activation, but no consequential Transcription Factor EB
inactivation

The mechanisms leading to the dedifferentiation of MFP2-deficient RPE were further
investigated. Mitochondria play a crucial role in the RPE that relies on oxidative phosphorylation for
energy generation (33, 34) and mitochondrial dysfunction was shown to induce RPE dedifferentiation
(17). Unfortunately, the limited RPE material did not allow to thoroughly assess whether the
mitochondrial morphological changes were accompanied by functional impairments in Mfp2” RPE.
Nevertheless, we evaluated the mitochondrial membrane potential using MitoTracker™ CMX Red on
live RPE flat mounts (35). Concurrent with our observations from TEM, there were marked changes in
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mitochondrial localization in the Mfp27- RPE. However, there were no clear differences in the intensities
of MitoTracker™ staining of the mitochondria, indicative of a preserved electron transport chain (Fig.
S8A). Due to the marked divergent distribution of mitochondria between the two genotypes, it was not
feasible to accurately quantify and compare the fluorescence intensities.

We further analysed whether there was an energy shortage at the onset of RPE degeneration.
The levels of ATP, ADP and AMP were, however, unaltered in Mfp2 RPE compared to controls (Fig.
S8B), concurrent with the lack of changes in the levels of NAD(H)(Fig. S7B). There was also no change
in the levels of Kreb’s cycle intermediates in these cells, suggesting no major functional impairments of
the mitochondria in Mfp27 RPE at this age (Fig. S8C).

Several studies have shown that RPE dedifferentiation is mediated by activation of mammalian
target of rapamycin (mTOR) (17, 36). Moreover, after ingestion by the RPE, the POS activate mTOR,
which is thought to suppress conventional autophagy, so that the endolysosomal system is reserved for
timely digestion of these POS (37, 38). An impairment of POS degradation may cause prolonged mTOR
activation. To explore the activation status of mTOR at 7h post light onset, we first performed
immunostaining on RPE flat mounts for the phosphorylated active form of mMTOR (P-mTOR). Already at
3w, there was a clear increase in signal for P-mTOR, which became stronger in 9-week-old Mfp2/ RPE
(Fig. 5A). This was confirmed by immunoblotting for the phosphorylated form of the ribosomal protein
s6 (P-s6), a downstream target of mTOR, which was highly increased in 3-week-old Mfp2- RPE at 7h
post light onset (Fig. 5B and C).

We further investigated whether mTOR activation was responsible, at least partly, for the RPE
degeneration in MFP2 deficiency by treating Best-Mfp27 mice with rapamycin between the age of 2.5
and 6 weeks. The inhibition of mTOR in the RPE was confirmed by immunoblotting for P-s6 (Fig. S9A).
Surprisingly, while the vehicle treated Best7-Mfp27- mice showed the expected RPE degeneration, the
rapamycin treated mice exhibited a much worse phenotype with abundance of cysts, protrusions and
RPE hypopigmentation (Fig. S9B). There was also increased degeneration of the neural retina with
conspicuous loss of retinal cells. An immunostaining for Plin2 revealed much more lipid accumulations
in the Best1-Mfp2/ mice treated with rapamycin than those treated with vehicle (Fig. S9C). These
observations prevented us from further exploring whether mTOR activation drives the RPE
dedifferentiation.

In addition to mTOR'’s role in dedifferentiation, it is well known that mTORC1 inhibits the
transcription factor EB (TFEB) (39), the master regulator of lysosomal biogenesis and function (40).
However, this relationship is complex because in a few instances of constitutive mTOR activation,
lysosomal function was not affected (36, 41). Therefore, we asked whether the prolonged mTOR
activation seen in MFP2-deficient RPE causes TFEB inactivation by examining lysosomal enzymes. We
analysed transcript levels of two of the many important TFEB targets namely LAMP1, a lysosomal
membrane protein essential for its biogenesis and function (42), and cathepsin D (CtsD), the primary
lysosomal protease in the RPE (28). Surprisingly, while LAMP1 showed no significant changes, CtsD
was significantly upregulated in the Mfp27- RPE at the age of 3w (Fig. 5D), suggesting that there is no
mTOR-mediated transcriptional inhibition on TFEB in these cells. To further confirm this, an
immunoblotting for CtsD was performed. In order to be functional, CtsD undergoes post-translational
maturation events involving its cleavage. This maturation of CtsD requires normal lysosomal pH (30),
which in turn is maintained by the proper functioning of TFEB targets like the various components of the
vacuolar (V)-ATPase (43). Surprisingly, the mature form (CtsDm) was significantly increased in Mfp2-
RPE at the age of 9w (Fig. 5E-F). There was also an increased tendency in the rate of CtsD maturation
(CtsDm/CtsDi) in Mfp2” RPE.

Together, these results demonstrate that Mfp2 RPE exhibit prolonged mTOR activation, but its
role in RPE dedifferentiation could not be delineated. However, we confirmed that the activation of
mTOR was not involved in the initiation of lysosomal dysfunction as TFEB was not inhibited in Mfp2+
RPE.

Inability to digest the POS is the primary cause of RPE degeneration in Mfp2” RPE

The extremely early onset of RPE degeneration in Mfp27- RPE at 3w, without any signs at 2w,
strongly suggests that the phenotype is induced by the impaired processing of POS, in turn causing
prolonged mTOR activation and RPE dedifferentiation (17, 36, 37). Therefore, we explored how the
MFP2-deficient RPE cells would fare if they would not have to digest any POS. To investigate this, we
crossed the global Mfp27-mice with an established mouse model of retinal degeneration, the rd1 mutant
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mice. These mice harbour an autosomal recessive mutation in the Pde6b gene, which leads to
degeneration of photoreceptor cells already from P8, and by P21 there are no photoreceptor nuclei left
(44). Therefore, the RPE of rd7 mutant mice is presumably minimally challenged by POS.

We first studied the histology of the retinas of 4-week-old rd1 Mfp2- mice. The neural retina
showed the expected degeneration in rd7 mutants, both in the control and Mfp2- mice, where there
were none, or only a single layer of photoreceptor nuclei left at this age (Fig. 6A). However, while the
RPE of Mfp27 mice showed the expected degeneration phenotype of cysts and protrusions, the RPE of
Mfp27- mice harbouring the rd7 mutation did not show any of these degenerative features (Fig. 6A). In
addition, immunostaining for ezrin on retinal sections of 4-week-old mice, showed that the polarity was
maintained in the RPE of rd7 Mfp27 mice (Fig. 6B), On the other hand, the expression of RPE65 could
not be used as a parameter of dedifferentiation as this protein was reduced in both rd7 control and Mfp2-
~mice (Fig. S10).

To further validate the potential rescue of RPE degeneration in the rd1 Mfp2-- mice, the status
of mTOR activation and lysosomal dysfunction were studied by immunoblotting for P-s6 and p62
respectively. Both these proteins normalized to the levels in wild-type mice without rd7 mutations even
at 8w of age (Fig. 6C-D).

We then asked if the Mfp27- RPE would still show lipid accumulations. The signal for Plin2 in
RPE of rd1 Mfp2”-mice was barely detectable compared to the Mfp27- RPE (Fig. 6E). This was confirmed
by normal levels of TG in rd1 Mfp2-- mice (Fig. S11A). With regard to the composition of various lipid
classes in the rd1 Mfp27 versus Mfp2--RPE, we first inspected species containing DHA. No significant
alterations were seen in the rd1 Mfp27 RPE, with, for example, similar profound reductions in the
PC(44:12) and PE(44:12) species (Fig. S11B). Lipids containing saturated or mono-unsaturated VLCFA
(C24) such as LPC and ceramides, were also not significantly altered in the RPE of rd1 Mfp2- mice (Fig.
S11C-D). The most striking change in the lipidome of RPE of rd1 Mfp27- versus Mfp27 mice was in the
levels of VLC-PUFAs containing species. Indeed, whereas in Mfp2” RPE TG, PC and CE species that
contain VLC-PUFAs were highly elevated, the levels were reduced by more than 10-fold in rd1 Mfp2+
RPE (Fig. 6F-G and Fig. S11E). Interestingly, this rescue was not evident in the LPC lipid class (Fig.
S11F).

Collectively, these results point to VLC-PUFAs contained in the ingested POS as the culprits
driving the RPE degeneration in Mfp27 mice. Preventing exposure to these lipids rescues lipid
accumulations, lysosomal dysfunctions and prolonged mTOR activation, along with preserving the cell
polarity.

Discussion

We here show that peroxisomal B-oxidation in the RPE is crucial for normal degradation of POS-
derived fatty acids using mouse models lacking MFP2, the central enzyme of this pathway. Failure to
degrade the lipids results in accumulation of lipid droplets, lysosomal dysfunction, prolonged mTOR
activation and RPE dedifferentiation. Importantly, this also affects the neural retina with loss of
photoreceptors and impaired visual function.

It is remarkable that the Mfp27-RPE, immediately after the first exposures to POS, accumulate
lipids and develop lysosomal dysfunction at the age of 3w. This degeneration is very early compared to
most models of gene ablation phenotypes (35, 45, 46). This is especially striking in the RPE-selective
Best1-Mfp2- mice, in which the deletion of MFP2, starting from the age of P10 already gave rise to lipid
and POS accumulations at 3w.

Although the exact sequence of the multiple cell biological disruptions in Mfp27 RPE could not
yet be pinpointed and requires in vitro approaches, a plausible sequence of events is postulated and
summarized in Fig. 7. It is likely that impaired handling of the POS lipids by peroxisomes is the earliest
event. Lipid droplets indeed accumulate immediately after the start of POS release by photoreceptors
not only in global Mfp2+ but also in Best1-Mfp2-- mice. The latter suggests that the inability to process
POS lipids is not caused by the altered lipid composition of the POS in global knockouts, which we
previously showed are depleted in DHA-containing phospholipids and enriched in VLC-PUFAs (12).
According to lipidome analysis, the cholesterylesters and triglycerides in the RPE contain high levels of
VLCFAs and VLC-PUFAs, as would be expected following loss of peroxisomal -oxidation. However, it
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cannot be excluded that the accumulation of lipid droplets is in part due to defects in lysosomal
degradation of these storage vesicles by lipophagy.

The analysis of rd1 Mfp2+ mice enabled the identification of POS-derived lipids as primarily
responsible for the degeneration of Mfp2 RPE. Some ceramide species, which are implicated in
endolysosomal defects (1) were increased in the RPE of Mfp27 mice, but were not normalized in rd?
Mfp2+ mice, eliminating them as the potential toxic lipid species in Mfp2- RPE. Likewise, reductions in
DHA-containing species and increased levels of saturated or mono-unsaturated fatty acids (C24 and
C26) in Mfp27-mice were not rescued in the rd1 Mfp27 mice. On the other hand, the increases in VLC-
PUFA-containing species observed in Mfp2-RPE were normalized to a large extent in TG, CE and PC
lipid classes, indicating that these are the primary cause of degeneration in Mfp2- RPE.

As an immediate consequence of peroxisomal B-oxidation dysfunction in the RPE, there is
impaired lysosomal degradation of POS phagosomes, leading to mTOR activation, and of autophagic
cargo. Endolysosomal function can be impeded at many different stages, but several data indicate that
the early steps in the phagocytosis process involving the trafficking and fusion of POS phagosomes with
endolysosomes work normally in Mfp27 RPE. We therefore assume that the lysosomal function is
obstructed at the level of the digestion process. Although the exact cause for this has not been
elucidated here, various possible causes have been ruled out. The lack of TFEB inhibition despite
mTOR activation is particularly interesting as it contradicts the well-known inhibitory relationship
between mTOR and TFEB (39). However, it is in line with a few previous studies on RPE models with
constitutive mTOR hyperactivation where no clear lysosomal defect was reported (36, 41). A second
potential cause for lysosomal dysfunction that could be invalidated was oxidative stress (30, 47). Our
investigations showed no indications of increased ROS, in the retinas of mice as old as 16w of age.

There is still a possibility that the strong deviations in the membrane phospholipid profile of the
Mfp2+ RPE also pertains to the phospholipid constitution of the lysosomal membrane, which can further
contribute to and aggravate the lysosomal dysfunctions observed in these cells. Interestingly, similar
impairments in lysosomal function were previously observed upon a peroxisomal defect in Schwann
cell-specific Pex5 and Mfp2 mutant mice (48). To date, the interrelation between peroxisomes and
lysosomes has been poorly characterized. Direct contacts were visualized (49) and claimed to occur
through lysosomal synaptotagmin VII and PI(4,5)P2 on the peroxisomal membrane serving to transport
cholesterol from lysosomes to peroxisomes (50, 51). The mechanistic details of the transfer of fatty acids
between both organelles need to be elucidated.

Our data further demonstrate that peroxisomal 3-oxidation is essential to maintain the epithelial
characteristics of the RPE. RPE dedifferentiation commonly occurs when RPE cells are stressed (16,
17, 20). As a consequence, it is thought that the RPE cells dedifferentiate, become mitotic and
multinucleated, migrate out of the RPE layer to regions of extensive damage and differentiate back to
their RPE state, constituting a potential repair mechanism (16). It is also well-known that the RPE cells
in the peripheral retina are more susceptible to dedifferentiation and proliferation than the RPE cells in
the central retina (52). This explains our observations of more severe dedifferentiation phenotypes in
the peripheral RPE cells than in the central ones, despite the more extensive lipid accumulations in the
central RPE.

Our attempt to define the role of mMTOR in the dedifferentiation of the Mfp27 RPE by treating
Best1-Mfp27-mice with rapamycin, an mTOR inhibitor, yielded unexpected, yet explainable results. The
aggravated RPE degeneration is likely caused by the activation of catabolic processes upon inhibition
of mMTOR (53, 54). Given the dysfunction of lysosomes in the MFP2-deficient RPE cells, this leads to an
additional load on the lysosomes, further stressing the cells. This is supported by similar arguments
provided against the use of rapamycin in treating conditions like Alzheimer’'s disease, where the
lysosomes are also dysfunctional (55). In this respect, it should be considered that the prolonged
activation of mTOR in Mfp27 RPE is a protective mechanism that safeguards the cell from superfluous
catabolism of endogenous cargo on the short run. However, as extensively shown, continuous mTOR
activation is detrimental to the RPE (17, 36, 41), and thus may, in concert with obstructed lipid
homeostasis, eventually cause RPE demise in MFP2 deficiency.

Previously, the consequences of MFP2 deficiency were studied in other phagocytizing cells
including bone marrow derived macrophages (56) and microglia (57) but the impact was much more
limited than in the RPE. In contrast, loss of peroxisomal B-oxidation from Sertoli cells resulted in lipid
accumulations, disruption of spermatogenesis and testicular atrophy (58). Strikingly, Sertoli cells also
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have to handle VLC-PUFAs after reabsorption of residual bodies during spermatogenesis. Collectively,
the data strongly indicate that phagocytizing cells with peroxisomal B-oxidation deficiency that are
continuously exposed to high levels of VLCFAs or VLC-PUFAs are prone to degeneration.

The tight dependence of the retina on peroxisomal B-oxidation, shown using MFP2 knockout
mice, is in line with the retinal degeneration in patients with single enzyme deficiencies of this pathway
such as MFP2 (D-BP) and ACOX1 (9). We previously showed that all the peroxisomal B-oxidation
enzymes are expressed in both the neural retina and the RPE (11), with MFP2 specifically expressed
in all the major cell-types of the murine retina (12). Unfortunately, the retina was not studied in ACOX1
knockout and other mice with targeted deficiencies of this pathway. Remarkably, in fruit fies ACOX1
deficiency causes a progressive retinal degeneration (59), which was mediated by VLCFA accumulation,
affecting phototransduction and synaptic transmission. It was further shown that in Drosophila, VLCFAs
can be converted by glia to sphingosine-1-phosphate (S1P), which causes neuroinflammation (60). In
order to decipher whether there are similarities in the mechanisms underlying retinal demise in
peroxisomal 3-oxidation deficient flies and mice, PUFAs need to be investigated in Drosophila and S1P
in mice. The latter was not reliably identified in the lipidome analyses that were currently performed.

Our study suffers from several limitations. It remains unclear whether the mitochondrial
ultrastructural changes in Mfp2- RPE contribute to the onset of the phenotype. At the age of 3w,
metabolome analysis shows normal energy balance and NAD(H) levels, with no clear-cut changes in
Kreb’s cycle intermediates and mitochondrial membrane potential. However, we cannot rule out that
other functional mitochondrial changes occur at this early age. For instance, parameters such as the
oxygen consumption rate need to be studied using cultured Mfp2” RPE cells. Further, the relationship
between the induced peroxisomal insult and the very early lysosomal dysfunction remains elusive and
requires in vitro studies as well. Based on the current findings of a preserved RPE phenotype in rd1
Mfp27- mice, such cultures will need to be challenged with POS on a daily basis. Further, it will be
essential that our findings are translated to human patients with peroxisome biogenesis or peroxisomal
B-oxidation dysfunction.

Despite the lack of patient data, our findings indicate a major role for the RPE in the development
and progression of retinal degeneration occurring in peroxisomal disorder patients. Consequently, our
data alert that gene therapy approaches (61), should consider targeting the RPE along with
photoreceptors.

Materials and Methods

All experiments were performed in accordance with the Guidelines for Care and Use of
Experimental Animals (NIH) and were fully approved by the Research Ethical Committee of the KU
Leuven (P166/2017, P129/2022).

For antibodies sources and dilutions, primer sequences used for RT-PCR, and detailed methods
in H&E and immunohistochemical stainings, TEM, lipidomics and metabolomics analyses, and other
procedures, please see Sl appendix, materials and methods section. These procedures were replicated
as previously described (12, 13).
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636

637 Figure 1. Mfp2- RPE shows progressive degeneration and dedifferentiation. A) H&E staining of
638 central retinal sections of control and Mfp2 mice of various ages. Cysts (green arrow), instances of
639 hypopigmentation (red arrow) and protrusions of RPE cells into the PR layer (black arrows) are
640 indicated. B) Representative peripheral retina images of 12 and 16w Mfp2+ retinas showing RPE cells
641 migrating into the inner retinal layers, seen as pigmented cells in the INL and GCL (black arrowheads).
642 N =4 per age. C) RPE flat mounts from 3-, 9- and 16-week-old Mfp27 mice immunostained for the tight
643  junction protein ZO1. White arrowheads indicate loss of the characteristic hexagonal shape of the RPE
644 cells and yellow arrowheads indicate multinucleate RPE cells with >2 nuclei. N = 3 per age. D) IHC for
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ezrin on retinal sections of 3w and 16w mice shows apical expression in controls and mislocalization to
the basolateral membrane (white arrows) of the RPE in Mfp27 mice. N = 3 per age. E) IHC for RPE65
on 4w retinal sections shows reduced expression in Mfp27 RPE. N 2 4. F) Immunoblotting of RPE65 on
4w RPE samples. The size of the protein ladder in kDa is indicated. N= 4. G) RT-qgPCR on 9w control
and Mfp27 RPE samples for selected RPE specific visual cycle genes. N= 4 control, 6 Mfp2+. Statistical
differences in (F) and (G) are based on unpaired t-test. ** p < 0.01, **** p < 0.0001. Error bars indicate
SD. Scale bar is 50 ym in (A,B) and 20 ym in (C-E). RPE: retinal pigment epithelium, PR: photoreceptor,
ONL: outer nuclear layer, OPL: outer plexiform layer, INL: inner nuclear layer, IPL: inner plexiform layer,
GCL: ganglion cell layer, DIC: differential interference contrast.
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Figure 2. Loss of MFP2 causes lipid accumulations, lysosomal dysfunction and mitochondrial
impairments. A) Representative overview TEM micrographs of RPE from Mfp2-mice and (B-E) higher
magnification TEM images.N= 6 per age. The 3-week-old Mfp2”RPE shows more lipid droplets (yellow
arrowheads), accumulation of undigested POS material (U) and autophagic cargo (AC) compared to
controls. Note that mitochondria (yellow *) are predominantly localized to the basolateral side of the RPE
(yellow dashed line demarcates two RPE cells) in controls but are mislocalized in the Mfp2" RPE (A).
The RPE from 9-week-old Mfp27 and 26-week-old Best1-Mfp27- mice additionally contain partially
digested pigment granules (yellow #) in (A,D), vacuolizations (red V) in (A) and ) instances of fusion of
pigment granules (P) with undigested POS material (U), represented for 26w Best1-Mfp27 mice in (E)
(outlined by red dashed line). Scale bar is 1 ym in (A) and 200 nm in (B). F) Bar graph showing number
of phagocytosed POS present in the RPE over a distance of 100 ym in 3- and 9-week old control and
Mfp2+ mice, quantified using TEM images. N2 3 per age. Statistical differences are based on one-way
ANOVA with multiple comparisons. **** p < 0.0001. Error bars indicate SD. BrM- Bruch’s membrane.
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Figure 3. MFP2-deficient RPE exhibits altered lipid profiles. A) IHC for Plin2 on retinal sections of
control, 2w and 3w Mfp27 and 3w Best1-Mfp27 mice reveals the accumulation of lipid droplets in 3-
week-old RPE lacking MFP2 (white arrows), but not in RPE of 2-week-old mice. N = 3 per age per
genotype. Scale bar is 20 um. B-F) Lipidomics on 3-week-old Mfp27- RPE shown as fold change from
controls, presented as a dashed line (CT). B) Profile of major lipid classes. C-D) Fold change profiles
of selected LPC and cholesteryl ester species in Mfp2- RPE. E) Fold change profiles of selected species
containing DHA. F) Fold change profiles of selected VLC-PUFA-containing PC species. N= 3. See
methods for statistical analysis used. Error bars indicate SD. * p < 0.05, ** p < 0.01, *** p < 0.001, ****
p < 0.0001. DHA: docosahexaenoic acid, CE: cholesteryl esters, TG: triglycerides, DG: diglycerides,
PC: phosphatidylcholines, PE: phosphatidylethanolamines, PA: phosphatidic acid, PG:
phosphatidylglycerol, LPC/LPE/LPA/LPG: lyso-variant of PC/PE/PA/PG, PI: phosphatidyl inositols, PS:
phosphatidylserines, x(O): ether-variant of the respective lipid species, SM (d) or (t): sphingomyelin
(dihydroxy) or (trihydroxy) respectively, RPE: retinal pigment epithelium, PR: photoreceptor, ONL: outer
nuclear layer.
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Figure 4. Mfp2’- RPE exhibits lysosomal dysfunction already at 3 weeks of age. A-D)
Immunostaining of RPE flat mounts of 3-week-old Mfp27 and Best1-Mfp2/ mice, with rhodopsin B630
clone antibody (A), showing accumulation of undigested POS phagosomes, quantified in (C) and with
rhodopsin 1D4 clone antibody (B) showing accumulation of undigested early-stage POS phagosomes
in the MFP2-deficient RPE, quantified in (D). N= 3 per genotype. Statistical differences are based on
one-way ANOVA with multiple comparisons. ** p<0.01, *** p<0.001, ns- not significant. Error bars
indicate SD. Scale bar is 20 pm.
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744 Figure 5. Mfp2- RPE shows activation of mTOR, but no TFEB inactivation. A) Immunostaining on
745 RPE flat mounts for P-mTOR, counterstained with phalloidin to mark the cell boundaries, showing clear
746 increase in phosphorylation of mTOR already at 3w in Mfp2/RPE. N= 3 per age. Scale bar: 20 um. B)
747 Immunoblotting for P-s6 and s6 on 3-week-old control and Mfp2- RPE samples, quantified in (C). N= 4.
748 D) RT-gPCR for LAMP1 and CtsD on RPE of 3-week-old Mfp2+mice. N= 6. E) Immunoblotting for CtsD
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on unpaired t-test. * p < 0.05, ** p < 0.01, **** p < 0.0001, ns- not significant. Error bars indicate SD.
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Figure 6. Rescue of RPE degeneration in rd1 Mfp2- RPE. A) H&E staining of retinas of 4-week-old
control and Mfp2+ retinas with or without rd7 mutation. Cysts (white arrow) and RPE protrusions (black
arrow) are indicated in Mfp27- RPE but do not occur in rd1 Mfp27 RPE. N = 4 per genotype. B) IHC for
ezrin reveals mislocalization in Mfp27- RPE (red arrows) but not in rd1 Mfp2/-RPE. N= 4 per genotype.
C) Representative immunoblotting and quantification for P-s6 and s6 on 8-week-old control and Mfp2+
RPE with or without rd7 mutation. The size of the protein ladder in kDa is indicated. N= 3 per genotype.
D) Representative immunoblotting and quantification for p62 on 8-week-old control and Mfp2-RPE with
or without rd7 mutation. N= 3. Samples in C) and D) were run together and the images were obtained
from the same blot. E) IHC for Plin2 shows lipid accumulations (red arrows) that are barely detectable
in the RPE of rd1 Mfp27- mice. N = 4 per genotype. Scale bar is 50 um in (A) and 20 ym in (B) and (E).
F-G) Bar graphs showing the levels of representative TG (F) and PC (G) species containing VLC-PUFAs
in 3-week-old rd1 Mfp27- RPE. N= 4. Statistical differences are based on one-way ANOVA with multiple
comparisons. Only significant changes are indicated in (F-G). * p < 0.05, ** p<0.01, *** p<0.001, ****
p<0.0001. Error bars indicate SD. DIC: differential interference contrast, RPE: retinal pigment
epithelium, PR: photoreceptor, ONL: outer nuclear layer, OPL: outer plexiform layer, INL: inner nuclear
layer, IPL: inner plexiform layer, GCL: ganglion cell layer, TG: triglycerides, PC: phosphatidylcholines,
VLC-PUFAs: very long chain polyunsaturated fatty acids.
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Figure 7. Scheme depicting the hypothesis on the mechanisms of RPE degeneration in MFP2-
deficient mice. In control mice, following POS ingestion by the RPE, mTOR is activated transiently and
the POS phagosome is transported to the basal side, concomitantly fusing with early and late
endosomes. At the basal side, it fuses with lysosomes, releasing the constituent proteins and lipids. It
is not yet known how the released VLC-PUFAs are sent to the peroxisomes for degradation. While the
control RPE can digest these lipids, the Mfp2/ RPE cannot, leading to lipid accumulations (in green) in
the form of neutral lipids (as seen in lipid droplets) and phospholipids. Although the trafficking of the
POS phagosome and its fusion with the endolysosomes is unaffected, the final degradation of POS and
autophagic cargo is impaired in Mfp27- RPE. This lysosomal dysfunction (in red) could in turn further
contribute to the lipid droplet accumulations due to impaired lipophagy. The accumulation of VLC-PUFAs
plays a major role in the RPE degeneration as they do not accrue in the non-affected RPE of rd71 Mfp2-
~mice. The link between the block in peroxisomal B-oxidation and instant lysosomal dysfunction remains
unsolved, but may either be a direct suppression due to the inability of peroxisomes to degrade the large
supply of VLC-PUFAs (1) or may be mediated by secondary deregulation such as changes in lysosomal
membrane composition due to lipid abnormalities (2). The sustained presence of POS causes prolonged
mTOR activation, which might be protective in first instance. lts potential role in subsequent RPE
dedifferentiation could not be elucidated in this study (light and dark blue lines). The deterioration of the
RPE leads to secondary retinal degeneration (in orange). Dashed lines indicate unresolved mechanism.
Created with BioRender.com.
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Results
RPE-specific Best1-Mfp2’- mice show similar RPE degeneration, impacting on the neural retina

To investigate if the degeneration of MFP2-deficient RPE is cell autonomous, we generated
RPE-specific MFP2 knockout mice by crossing floxed Hsd17b4 mice (1) with Best7-Cre mice (2). In
these mice, Cre recombinase expression starts at postnatal day 10 (P10) in a subset of RPE cells
reaching maximal expression by 9w in 90% of RPE cells. Loss of MFP2 was confirmed by
immunoblotting on isolated RPE eyecups (Fig. S2A-B). It is important to note that Best7-Cre mice are
well known to show mosaic expression of Cre recombinase (2-4). Therefore, in all subsequent analyses,
only mice in which > 70% of RPE cells showed Cre expression were used, based on immunostaining
for Cre and ZO1 on RPE flat mounts on one eye, whereas analyses were done on the other (examples
in Fig. S2C).

H&E staining on the retinal sections of Best1-Mfp2-- mice showed RPE cysts, protrusions and
hypopigmentation in 6-week-old mice (Fig. S3A), which became more frequent and more prominent with
age, similar to the global Mfp27 mice. Interestingly, ZO1 staining on flat mounts revealed that RPE cells
expressing Cre recombinase showed distortion of RPE cell shape already from 3w, while those not
expressing Cre retained their characteristic hexagonal shape (represented in Fig. S3B with 9-week-old
RPE). We ruled out the possibility that the distortion was due to Cre expression itself, because the RPE
of Best1-Cre"™ox mice was normal even up to 31w of age (Fig. S2D and E), also in line with other
studies (5, 6). Hence, our data not only confirm that loss of MFP2 induces RPE degeneration, but they
also provide very strong evidence that this occurs in a strictly cell autonomous way.

IHC for the visual cycle protein RPE65 showed patches of complete loss of RPEG5 expression
starting from 6w in Best1-Mfp2+ mice (Fig. S3C), as expected from the mosaic loss of MFP2 in the RPE.
IHC for ezrin showed mislocalization in certain regions starting from 6w, becoming more prominent
towards 9w (Fig. S3D). Given that the Cre expression only starts at P10 in these mice (2), the
observation of gross RPE distortion already starting at 3w points towards an acute and indispensable
role of MFP2 in the RPE.

Next, we studied if the RPE-specific deletion of MFP2 also affected the underlying neural retina.
While there were no obvious morphological differences in the neural retina of Best1-Mfp27- mice at early
ages, there was disorganization of photoreceptor nuclei in the outer nuclear layer (ONL) of these mice,
starting from 16w of age (Fig. S3A). At later ages, the number of photoreceptor nuclei was reduced,
(shown at 40-48w in Fig. S3E), suggesting photoreceptor cell death in these mice. The loss of
photoreceptors was confirmed by a ~75% depletion in the levels of rhodopsin, a rod specific protein that
is crucial for phototransduction (Fig. S3F). To evaluate the functional consequences, we performed
electroretinograms (ERGs) on 40-48-week-old Best1-Mfp27 mice. The values of scotopic a-wave,
corresponding to the rod photoreceptor function, and those of scotopic b-wave, corresponding to the
rod-related interneuron function (7), both showed significant reductions in the Best1-Mfp27 mice
compared to their controls (Fig. S3G), in line with the loss of photoreceptors.

Finally, a sensitive readout for stress in the neural retina is the inflammatory response (8, 9). An
increased number of activated swollen microglia, visualized by their marker ionized calcium binding
adaptor molecule 1 (Iba1), was seen in Best1-Mfp2” retinas already at 6w, as compared to the more
dendritic microglia in control retinas (Fig. S3H). The Iba1-positive microglia are also found in the sub-
retinal space of the Best1-Mfp27-mice, which never occurred in the case of the control mice. Additionally,
the expression of Glial Fibrillary Acidic Protein (GFAP) in Miller glia was increased in the retinas of the
Best1-Mfp27- mice starting from 12w (Fig. S3I). These observations clearly indicate that loss of MFP2
from RPE cells causes stress in the adjacent neural retina leading to an inflammatory response.

Overall, the phenotype of Best1-Mfp27 mice not only proves the cell autonomous role of MFP2
in the RPE, but also shows that it is required to maintain the integrity and function of the neural retina.



Mfp2 RPE does not show oxidative stress

To evaluate the redox balance, a targeted metabolome analysis was performed on 3-week-old
Mifp2+RPE using LC-MS. The levels of the redox metabolites methionine sulfoxide, reduced glutathione
(GSH), oxidized glutathione (GSSG), and the ratio GSSG/GSH were not changed (Fig. S7A). NAD(H)
levels were also not significantly changed (Fig. S7B), while the levels of NADP(H) were below the
detection limit. The ratio of NAD*/NADH, also showed no differences in the Mfp2/ RPE at this age (Fig.
S7B). Next, the levels of antioxidant enzymes were examined by immunoblotting. Whereas levels of
mitochondrial MnSOD2 were unaltered in Mfp2--RPE even at a later age of 6w (Fig. S7C), the protein
levels of the peroxisomal antioxidant enzyme catalase were increased significantly in Mfp2” RPE (Fig.
S7D). However, the latter is likely related to a general increase in peroxisomal volume in these cells as
evidenced by increases in the peroxisomal membrane proteins ABCD3 (Fig. S7D) and PEX14 (Fig.
S7E). Furthermore, 4-HNE immunoreactivity, a by-product of lipid peroxidation, was not detectable in
retinal sections of Mfp2” mice (Fig. S7F). These results imply that the Mfp27- RPE are not exposed to
oxidative stress at 3w of age, ruling this out as a potential contributor to lysosomal and other impairments
in these cells.

S| materials and methods

Mouse breeding

The Mfp27 mice were generated using heterozygous breeding pairs in a C57BI6 background
and identified by genotyping, as previously described (10). For detecting autofluorescence, Mfp27 mice
in a Swiss background were used. Since the Mfp2+* and Mfp2*- mice show no phenotypic differences,
either of the strains was used as control for the Mfp27 mice. For the generation of RPE-specific Best1-
Mfp27 mice, Mfp2"- mice (1) were crossed with Best7-Cre mice, kindly shared by Dr. Dunaief (2),
University of Pennsylvania. The resulting Best1-Cre Mfp2"™ mice were crossed again with Mfp2tt
mice, resulting in the generation of the Best1-Cre Mfp~* mice, referred to as Best1-Mfp2/- mice for ease
of representation. These mice were then maintained in breeding by crossing homozygous Mfp2t males
with Best1-Mfp" females. Mice with the genotype of interest were identified using Polymerase Chain
Reaction (PCR) as described (11). To generate rd1 Mfp2- mice, homozygous rd7 mutant mice were
crossed with Mfp2*- mice until homozygous rd? Mfp2* mice were obtained. The rd7 mutation
sporadically occurred in the breeding line of heterozygous C57BI6 MFP2*- mice, which were obtained
by breeding Mfp2*- mice in a Swiss background into the C57BI6 background (10, 12). Genotyping for
the rd1 mutation was done as described previously (13).

The animals were bred in the KU Leuven animal housing facility on a 13-11-hour light and dark
cycle with ad libitum access to water and standard rodent food. All experiments were in accordance with
the Guidelines for Care and Use of Experimental Animals (NIH) and were fully approved by the Research
Ethical Committee of the KU Leuven (P166/2017, P129/2022). Rapamycin treatment of Best?-Mfp2+
mice was performed with daily intraperitoneal injections (3 mg/kg dosage) from 2.5 to 6 weeks of age
as previously described (5, 14). Animals were anesthetized with a mixture of Nimatek (75 mg/kg) and
Domitor (1 mg/kg), and sacrificed by cervical dislocation, unless stated otherwise. At least 3 mice of
each genotype were used for experiments.

Histopathology

Eyes were enucleated and fixed overnight at 4°C either in New Davidson’s Fixative (NDF)
[22.2% (v/v) formaldehyde 10%, 32% (v/v) ethanol, and 11.1% (v/v) glacial acetic acid] for NDF sections,
or 1% paraformaldehyde (PFA) for PFA sections or 4% PFA for cryosections. They were then processed
accordingly as previously described (11, 12). The standard Hematoxylin-Eosin (HE) staining was
performed on NDF sections to study the gross retinal morphology. An inverted IX-81 microscope
(Olympus) was used to capture images. Photoreceptor nuclei were counted using the ImageJ (NIH)
software (15), over a distance of 100 ym at 6 different locations: central (200 pm from optic nerve head
(ONH)), middle (£1000 ym from ONH) and peripheral region (100 ym from the edge of the retina) in
both the nasal and temporal planes.

Immunohistochemistry on retinal sections and RPE flatmounts.

Depending on the protein of interest, optimized immunohistochemistry (IHC) stainings were
performed on NDF/PFA/frozen sections, following previously described methods (11, 12, 16). The



primary antibodies and the dilutions used are summarized in table S1. For visualization of HRP-
conjugated secondary antibodies, the fluorescein TSA plus amplification kit (Akoya Biosciences) was
used as per manufacturer’s instructions. Images were always acquired from the central retina unless
specified otherwise using a Leica SP8x confocal microscope. Differential interference contrast
microscopy (DIC) was used to identify the retinal layers in the immunofluorescence images.

For RPE flat mounts, enucleated eyes were dissected in PBS to remove the connective tissue,
optic nerve and the anterior eye containing cornea, iris and lens. Four radial cuts were made in the
resulting posterior eyecup and the retina removed. The eyecup was then fixed in 4% PFA for 1 hour at
room temperature, followed by washing with PBS. The fixed eyecup was then blocked for 1 hour in
blocking buffer (10% (v/v) normal goat serum in 0.3% (v/v) Triton X-100 in PBS), followed by an
overnight incubation with primary antibody (Table S1) at 4°C. Then, the eyecups were incubated
overnight at 4°C with AlexaFluor 488 goat anti-rabbit IgG or AlexaFluor 568 goat anti-mouse IgG (1/200)
(Agilent). Finally, the RPE flatmounts were counterstained with Hoechst 33342 (Sigma) and mounted
with ProLong® Gold anti-fade mountant (Invitrogen). Images were acquired with a Leica SP8x confocal
microscope. Quantification of number of RPE cells was done manually using ImageJ (15) from images
taken in at least 3 different regions per eye. Only those cells containing more than 2 nuclei were counted
as multinucleate cells. Quantification of rhodopsin-positive POS phagosomes in the RPE flat mount
images was done using ImagedJ as previously described (17). Mitotracker staining on live RPE flat
mounts was performed as previously described (18).

Transmission Electron Microscopy (TEM)

Samples for transmission electron microscopy (TEM) were prepared as previously described
(11, 12). Images were captured using JEOL JEM 2100 electron microscope (VIB Bio Imaging Core,
Leuven Platform), at 200kV. POS quantification was done as previously described (19).

Immunoblotting

Samples were collected and prepared as previously described (11, 16) with minor changes.
Twenty ug protein was loaded in case of RPE samples and 1 ug was loaded for retinal samples on pre-
cast 4-15% gradient gels (Bio-rad #4561084). For immunodetection, the blocking solution contained
defatted milk powder but 5% bovine serum albumin (BSA) in Tris buffered saline with 0.1% (v/v)
Tween20 was used for phosphorylated proteins. The primary antibodies and their dilutions used are
summarized in table S1. After the binding of primary antibodies by HRP-conjugated secondary
antibodies (1/5000, Agilent), Amersham ECL Western Blotting Detection Reagent (GE Healthcare Life
Science) was added to the membranes. The chemiluminiscent signal was visualized using the
ChemiDoc MP System (Bio-Rad) and the images were processed using the Image Lab software (Bio-
Rad). Vinculin was used as the loading control.

RT-qPCR

Real-Time quantitative PCR (RT-gPCR) measurements on RPE samples were performed as
previously described (12). To calculate the relative expression to a reference gene (Actb or 18srRNA),
the 2-AACT-method was used. All primers used were obtained from IDT and listed in table S2.

Electroretinogram (ERG) analysis

The ERG analysis to assess retinal function was performed as previously described (11, 12).
The calculation of a- and b-wave amplitudes, which respectively represent the photoreceptor and
interneuron responses, was performed by the software for the Celeris system (Diagnosys). The average
values from the two eyes of a mouse were used in the analysis.

Lipidome analysis

Lipidome analysis was performed as described previously (11, 12, 20). Mice were not
anesthetized to avoid any possible confounding effects of the anesthetics on the lipid composition.
Notably, data can only be compared within the same lipid species between different groups (Control vs
Mfp2+). Data are presented as fold change compared to control (CT) levels.



Metabolite analysis

The dissection of the RPE samples for targeted metabolomics analysis was done similarly as
for immunoblotting and stored at -80°C until use. The frozen eyecups were allowed to thaw for 60 s
before adding 100 pl of homogenization buffer (80% methanol containing 2 uM d27 myristic acid). They
were immediately homogenized using a pestle to release the RPE cells. The remaining eyecup was
discarded. The homogenate was sonicated and centrifuged at 16,100 rcf for 15 mins at 4°C. The
supernatant was collected and stored at -80°C until further use. Mass Spectrometry measurements were
performed using Dionex UltiMate 3000 LC System (Thermo Scientific) coupled to a Q Exactive Orbitrap
mass spectrometer (Thermo Scientific) operated in negative mode. 10 pyl sample was injected onto a
Poroshell 120 HILIC-Z PEEK Column (Agilent InfinityLab). A linear gradient was carried out starting with
90% solvent A (acetonitrile) and 10% solvent B (10 mM Na-acetate in H20, pH 9.3). From 2 to 12 min
the gradient changed to 60% B. The gradient was kept on 60% B for 3 minutes and followed by a
decrease to 10% B. The chromatography was stopped at 25 min. The flow was kept constant at 0.25
ml/min. The column temperature was kept constant at 25°C. The mass spectrometer operated in full
scan (range [70.0000-1050.0000]) and negative mode using a spray voltage of 2.8 kV, capillary
temperature of 320°C, sheath gas at 45, auxiliary gas at 10. Automatic gain control (AGC) target was
set at 3.0E+006 using a resolution of 70000. Data collection was performed using the Xcalibur software
(Thermo Scientific). The data analyses were performed by integrating the peak areas (EI-Maven — Polly
- Elucidata), followed by normalization with the appropriate internal standard and the respective protein
concentrations.

Statistics

GraphPad Prism software (version 9.3) was used to perform statistical analyses. Outliers in
each dataset were identified using Grubb’s test and removed from statistical analysis. To assess normal
distribution, Shapiro-Wilk test was executed, and to test equality of the variances F-test was performed.
To assess statistical differences, depending on the design of experiment, unpaired t-test, two-way
ANOVA or ordinary one-way ANOVA with multiple comparisons were performed as mentioned for each
experiment in the respective figure legends. In case of significantly high variability in control and mutant
samples, Welch’s t-test was performed instead of Student’s t-test. Data are expressed as mean + SD
and the statistical significance was set at p<0.05.



Supplementary figure S1
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Fig. S1. The RPE dedifferentiates in Mfp2”- mice. A) IHC for Iba1 on retinal sections from 12w and
16w Mfp27 mice showing Iba1-negative pigmented cells in the inner retina (red arrows). N= 3. B) Bar
graphs showing quantifications of total number of RPE cells, number of multinucleate cells and the same
normalized to the total number of cells in a given image of ZO1-stained RPE flat mounts from 9- and
16-week old mice. N= 3 per age per genotype. Statistical differences are based on one-way ANOVA
with multiple comparisons. **** p < 0.0001. Error bars indicate SD. C-D) IHC on retinal sections of 3w
(C) and 6w (D) mice, for the principal lactate transporters MCT1 and MCT3, which are localized to the
apical and basolateral membranes respectively in the controls. The staining reveals partial
mislocalization of MCT1 to basolateral membrane and MCT3 to apical membrane (white arrows). At 6w,
these transporters also showed a reduced expression in Mfp2” RPE. The red arrows indicate regions
of loss of expression. N= 3 per age. E) IHC for PCNA on 7w retinal sections shows PCNA-positive RPE
cells specifically in the Mfp27- mice. N= 4. F) IHC for a-SMA on 16w retinal sections reveal some RPE
cells expressing this fibroblast marker protein in Mfp27- mice, but not in the controls. N=3. Images in (A),
(E) and (F) taken in the peripheral retina. Scale bar is 20 ym. RPE: retinal pigment epithelium, PR:
photoreceptor, ONL: outer nuclear layer, OPL: outer plexiform layer, INL: inner nuclear layer, IPL: inner
plexiform layer, GCL: ganglion cell layer, MCT: monocarboxylate transporter, PCNA: proliferating cell
nuclear antigen, SMA: smooth muscle actin. DIC: differential interference contrast.



Supplementary figure S2
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Fig. S2 Validation of MFP2 knockout and no Cre toxicity in Best1-Mfp2’-mice. A) Immunoblotting
for MFP2 on RPE samples from 16-week-old Best?-Mfp27- mice showing both the full-length protein (79
kDa) and the processed form (45 kDa). The total levels are quantified in (B). The size of the protein
ladder in kDa is indicated. N= 4. Statistical difference is based on unpaired t-test. ** p<0.01. Error bars
indicate SD. C) ZO1-Cre dual staining on 24-week-old RPE flat mounts showing examples of Best1-
Mfp27- mice with high (90-95%) or low (30-40%) percentage of RPE cells expressing Cre recombinase.
N= 3. D) H&E staining on retinal sections of 24-week-old Mfp2t and Best1-Cre Mfp2W™.. N= 3. E) ZO1-
Cre dual staining on 31-week-old RPE flat mounts of Mfp2t and Best1-Cre Mfp2YWTL mice showing no
RPE or retinal degeneration in the Cre expressing controls. N = 3. Scale bar is 20 ym. RPE: retinal
pigment epithelium, PR: photoreceptor, ONL: outer nuclear layer, OPL: outer plexiform layer, INL: inner
nuclear layer, IPL: inner plexiform layer, GCL: ganglion cell layer.



Supplementary figure S3
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Fig. S3 Best1-Mfp2’”- RPE degenerates and affects the neural retina. A) H&E staining of retinal
sections of control and Best1-Mfp2 mice of various ages. Hypopigmentation (red arrow), RPE
protrusions (black arrows) and cysts (green arrow) mark the start of RPE degeneration in Best?-Mfp2+
mice. N = 3 per age. B) RPE flat mounts of 9w mice, immunostained for ZO1 and Cre showing the
mosaic expression of Cre recombinase in the Best?1-Mfp27- mice. White arrowhead indicates RPE
distortion in Cre-expressing cells, yellow arrowhead indicates non-Cre expressing cells. N = 3. C) IHC
for RPEG5 on 6w retinal sections reveals its reduction in patches (white arrowheads) in the RPE of the
Best1-Mfp27 mice. N= 3. D) IHC for ezrin on 9w retinal sections shows its mislocalization to the
basolateral membrane (white arrowheads) in the RPE of Best1-Mfp27 mice. N= 3. E) Quantification of



the number of photoreceptor nuclei in 40-48-week-old mice shown in a Spider diagram. Nuclei were
counted over a 100 um distance at six different positions: I, nasal-peripheral; Il, nasal-middle; 1, nasal-
central; ONH, optic nerve head; IV, temporal-central; V, temporal-middle; VI, temporal-peripheral. The
overall total number of nuclei are also quantified below. N= 5 control, 6 Best1-Mfp27 mice. F)
Immunoblotting for rhodopsin on 26w Best1-Mfp27 retinas with quantification. The size of the protein
ladder in kDa is indicated. N= 4 for control and 3 for Best71-Mfp2+ mice. G) ERG measurements on 40-
48-week-old mice in scotopic conditions. N= 5 control, 7 Best1-Mfp27 mice. H) IHC for the microglial
marker Iba1 on 6w retinal sections shows swollen activated microglia in the Best1-Mfp2+ retinas (white
arrowhead), also occurring in the sub-retinal space (red arrowhead). N= 3. I) Immunostaining for GFAP
on retinal sections of 12- and 18-week-old Best1-Mfp2+- mice. N= 3 per age. Statistical differences are
based on 2-way ANOVA (E and G) or unpaired t-test (F). * p < 0.05, ** p < 0.01, *** p < 0.001, **** p <
0.0001, ns- not significant. Error bars indicate SD. Scale bar is 50 um in (A) and 20 ym in (B), (C), (D),
(H) and (I). DIC: differential interference contrast, RPE: retinal pigment epithelium, PR: photoreceptor,
ONL: outer nuclear layer, OPL: outer plexiform layer, INL: inner nuclear layer, IPL: inner plexiform layer,
GCL: ganglion cell layer.



Supplementary figure S4
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Fig. S4 Ultrastructural changes in MFP2-deficient RPE. A-B) TEM analysis of RPE of 26-week-old
Best1-Mfp27 shows lipid droplets (yellow arrowheads), vacuolization (V), partially digested melanin
granules (yellow #) and partially digested POS phagosomes (U), similar to the RPE of 3-week-old Mfp2-
~mice. N= 3. C-E) High magnification TEM micrographs of RPE from Mfp2- mice showing alterations in
mitochondrial morphology in 3- and 9-week-old Mfp27-RPE. N= 6 per age. Yellow dashed line outlines
the mitochondrial shape. Scale bar is 1 ym in (A-B) and 200 nm in (C-E).



Supplementary figure S5
A 3w Mfp2"-

Peripheral

B Ceramide species likely containing C24 C 12 Double bond Triglycerides
39 * *
400 *k A
3004 _*I'_
*k
S 2 s 200+ :ﬂ: & &
g T 81 100 wakk kk Kk
S| || = P u
LI T
o o 304
Q 1 === S --=-CT 3 34
I8 w
i . #qﬁﬁ@ﬁﬁ%l%
1.047F -— .- --H---4-4--cT
)
0 T T 0.0 T 1
55 53 EU 82 64 66 68 7|] 72 74 76: 78: 30:
d421 d422 12 12 12 12 12 12 12 12 12 12 12 12 12

Fig. S5 Lipid alterations in Mfp2”-RPE. A) Immunostaining for Plin2 on retinal sections of 3-week-old
Mfp2+- mice showing more lipid droplets in the central RPE cells than in the peripheral ones. N = 3 per
age. Scale bar is 20 ym. B) Bar diagram showing significant increases in the levels of ceramide species
likely containing C24 in Mfp27- RPE, shown as fold change from controls, presented as a dashed line
(CT). N= 3. C) Fold change profiles of selected triglyceride species in 3-week-old Mfp2- RPE. N= 3.
See methods for statistical analysis used. Error bars indicate SD. * p < 0.05, ** p < 0.01, **** p < 0.0001.
RPE: retinal pigment epithelium, PR: photoreceptor, ONL: outer nuclear layer, OPL: outer plexiform
layer, INL: inner nuclear layer, IPL: inner plexiform layer, GCL: ganglion cell layer.



Supplementary figure S6
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Fig. S6 Lysosomal dysfunction in Mfp2”- RPE. A) Representative confocal images of RPE-choroid-
sclera flat mounts from 3-week-old Swiss Mfp2--mice showing increased autofluorescence at 405 nm
excitation with 440 to 560 nm emission filter in Mfp2-RPE. The flat mounts were counterstained to mark
RPE cell boundaries using ZO1. N = 3. Scale bar is 10 ym. B) Immunoblotting for the autophagy protein
p62 on 3-week-old control and Mfp27- RPE, quantified below. The size of the protein ladder in kDa is
indicated. N= 4. Statistical differences are based on unpaired t-test. * p<0.05. Error bars indicate SD.



Supplementary figure S7
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Fig. S7 Redox balance is unaffected in Mfp2”- RPE. A-B) Bar graphs showing the relative levels of
the redox metabolites methionine sulfoxide, GSH, GSSG and GSSG/GSH ratio (A), NAD*, NADH and
the NAD*/NADH ratio (B) in 3-week-old Mfp2/ RPE. N= 5. C) Immunoblotting and quantification for
antioxidant enzyme SOD2 on 6-week-old Mfp2-RPE. The size of the protein ladder in kDa is indicated.
N= 3. D) Representative immunoblotting and quantification for catalase and the peroxisomal membrane
transporter ABCD3 on 3-week-old Mfp2/-RPE. The size of the protein ladder in kDa is indicated. N= 4.
E) Immunostaining for PEX14 on RPE flat mounts of 3-week-old Mfp2--mice. N= 3. F) Immunostaining
for 4-HNE on retinal sections of 7-week-old Mfp27 mice. Scale bar is 100 uym in (E) and 20 ym in (F).
Statistical differences are based on unpaired t-test. * p < 0.05, ** p<0.01, ns- not significant. Error bars
indicate SD. NAD(H): nicotinamide adenine dinucleotide (hydrogen), RPE: retinal pigment epithelium,
PR: photoreceptor, ONL: outer nuclear layer, OPL: outer plexiform layer, INL: inner nuclear layer, IPL:
inner plexiform layer, GCL: ganglion cell layer.
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Fig. S8 All investigated mitochondrial parameters are unaffected in 3-week-old Mfp2”- RPE. A)
Representative confocal images from staining of live RPE flat mounts from 3-week-old mice with
Mitotracker™ CMX Red, showing a strongly altered distribution, but preserved uptake of the probe in
mitochondria of Mfp27-RPE. N=3. B) Bar graphs showing the relative levels of cellular energy molecules
ATP, ADP and AMP in RPE from 3-week-old mice. N= 5. C) Bar graphs showing the levels of Kreb’s
cycle intermediates in RPE from 3-week-old mice. N= 5. ATP: adenosine triphosphate, ADP: adenosine
diphosphate, AMP: adenosine monophosphate. Statistical differences are based on unpaired t-test. ns-
not significant. Error bars indicate SD.
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Fig. S9 Rapamycin treatment to Best1-Mfp2” mice. A) Immunoblotting for P-s6 and s6 on RPE from
6w control and Best1-Mfp27 mice treated with vehicle or rapamycin confirming the inhibition of mTOR
in rapamycin-treated mice. The size of the protein ladder in kDa is indicated. N= 3. Statistical differences
are based on one-way ANOVA with multiple comparisons. Error bars indicate SD. *** p<0.001, ****
p<0.0001, ns- not significant. B) H&E staining of retinal sections of 6w control and Best?1-Mfp2+ mice
treated with vehicle or rapamycin showing severe RPE degeneration in the RPE of Best1-Mfp2/ mice
treated with rapamycin, including the occurrence of cysts (green arrowhead), hypopigmentation (red
arrowhead) and RPE protrusions (black arrowhead). N= 3. C) IHC for Plin2 on 6w retinal sections
showing much more lipid accumulations in the RPE of Best1-Mfp27 mice treated with rapamycin than
in the mice treated with vehicle. N= 3. Scale bar is 50 ym in (B) and 20 pym in (C).
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Fig. S10 Representative immunoblotting and quantification for RPE65 on 4-week-old control and Mfp2-
~RPE with or without rd7 mutation. The size of the protein ladder in kDa is indicated. N= 5 per genotype.
Statistical differences are based on one-way ANOVA with multiple comparisons. Error bars indicate SD.

*p <0.05, **** p<0.0001, ns- not significant.
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Fig. S11 Lipidome analysis on RPE of 3-week-old mice with or without rd7 mutation. A) Bar graphs
showing the fold change values for relative total levels of important neutral lipid and phospholipid classes
in 3-week-old control and Mfp27” RPE with or without the rd7 mutation. N= 4. B) Bar graphs showing
major DHA-containing species in RPE of 3-week-old control and Mfp27 mice with or without the rd1
mutation. N= 4. C-D) Bar graphs showing levels of various LPC (C) and ceramide species (D) containing
saturated or monounsaturated VLCFAs in RPE of 3-week-old control and Mfp2+ mice with or without
the rd71 mutation. N= 4. E) Bar graphs showing relative levels of representative CE species containing
VLC-PUFAs in the rd1 Mfp2” RPE. N= 4. F) Bar graphs showing relative levels of LPC species
containing VLC-PUFAs. Statistical differences are based on one-way ANOVA with multiple
comparisons. Only significant changes are indicated. * p < 0.05, ** p<0.01, *** p<0.001, **** p<0.0001.
Error bars indicate SD. DHA: docosahexanoic acid, CE: cholesteryl esters, PC: phosphatidylcholines,
PE: phosphatidylethanolamines, LPC/LPE: lyso-variant of PC/PE, VLCFA: very long chain fatty acids,

VLC-PUFAs: Very long chain polyunsaturated fatty acids.



Table S1. List of antibodies used for IHC and Western blotting (WB).

Dilution IHC
Primary Host on retinal Dilution IHC  Dilution WB Supplier (reference)
antibody sections on RPE flat
(secondary mounts
antibody)

Z01 Rabbit - 1/100 - Invitrogen (61-7300)

Ezrin Rabbit 1/200 (HRP) - - Cell signaling technology
(3145)

MCT1 Rabbit 1/250 (Alexa) - 1/1,000 Nancy Philp Laboratory
(Thomas Jefferson
University)

MCT3 Rabbit 1/5,000 - 1/5,000 Nancy Philp Laboratory

(Alexa) (Thomas Jefferson

University)

RPEG65 Mouse 1/100 (HRP) - 1/1,000 Invitrogen (MA1-16578)

PCNA Rabbit 1/100 (HRP) - - Abcam (ab2426)

a-SMA Mouse 1/100 (HRP) - - Dako (M0851)

Cre Mouse - 1/500 - Euromedex (CRE-2D8-As)

recombinase

Iba1 Rabbit 1/500 (HRP) - - Wako (019-19741)

Plin2 Rabbit 1/1,000 - - Novus (NB110-40877)

(Alexa)

Rhodopsin Mouse - 1/250 - Novus (NBP2-25160)

B630

Rhodopsin 1D4 | Mouse - 1/250 1/2,000 Millipore (MAB-5356)

p62 Rabbit - - 1/500 Abcam(ab109012)

LC3B Rabbit - - 1/500 Cell signaling technology
(2775)

P-mTOR Rabbit - 1/100 - Cell signaling technology

(pS2448) (5536)

P-s6 Rabbit - - 1/500 Cell signaling technology

(pS235/236) (4858)

s6 Rabbit - - 1/500 Cell signaling technology

(2217)



Cathepsin D

Vinculin

GFAP

4-HNE

PEX14

PMP70

Catalase

Mouse

Mouse

Rabbit

Rabbit

Mouse

Rabbit

Rabbit

1/10,000
(HRP)

1/100 (HRP)

1/200

1/1,000

1/20,000

1/500

1/500

Santa Cruz (sc-377299)

Santa Cruz (sc-73614)

Dako (Z0334)

Calbiochem (393207)

Home-made {Lismont, 2019
#508}

Sigma (P0497)

Rockland (100—4151)

Abbreviations: ZO1: zonula occludens 1, MCT: monocarboxylate transporter, RPE: retinal pigment
epithelium, PCNA: proliferating cell nuclear antigen, SMA: smooth muscle actin, Iba1: lonized calcium
binding adaptor molecule 1, Plin2: Perilipin 2, LC3B: Microtubule-associated proteins 1A/1B light chain
3B, mTOR: mammalian target of rapamycin, GFAP: glial fibrillary acidic protein, 4-HNE: 4-hydroxy-2-
nonenal, PEX14: Peroxisomal Biogenesis Factor 14, PMP70: Peroxisomal membrane protein 70.



Table S2. List of primers used for RT-gPCR.

Gene Primer sequences (5°-3’)

Forward Reverse
Actb ATTGGCAACGAGCGGTT AGGTCTTTACGGATGTCAACG
18SrRNA CGGCTACCACATCCAAGGAA GCTGGAATTACCGCGGCT
Lrat GCGAACACTTTGTGACTTACTG AAGACAGCCGAAGCAAGAC
Rpe65 TGACAAGGTCGACACAGGCAGAAA AAATTCAAAGGCTTGACGAGGCCC
Ribp1 ATCATGGTCCTGTCTTTGGC TCCTGTAGCTCCCTCACC
Rdh5 GTCAACATCACCAGTGTCTTG GAGACTTGTACTCCGAACGG
Lamp1 ACTGCAACTGAATATCACCTACC TGATACCGCAACTCCCACTA
CtsD CACGTCCTTTGACATCCACTA TTTCTCCACCTTGATACCTCTTTG
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