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Compromised Phagosome Maturation Underlies RPE Pathology in Cell Culture
and Whole Animal Models of Smith-Lemli-Opitz Syndrome

Abstract

Treatment of rats with the cholesterol pathway inhibitor AY9944 produces an animal model of Smith-
Lemli-Opitz syndrome (SLOS), an autosomal recessive disease caused by defective cholesterol synthesis.
This SLOS rat model undergoes progressive and irreversible degeneration of the neural retina, with
associated pathological features of the retinal pigmented epithelium (RPE). Here, we provide further
insights into the mechanism involved in the RPE pathology. In the SLOS rat model, markedly increased
RPE apical autofluorescence is observed, compared to untreated animals, which correlates with
increased levels of A2E and other bisretinoids. Utilizing cultured human induced pluripotent stem cell
(iPSC)- derived SLOS RPE cells, we found significantly elevated steady-state levels of
7-dehydrocholesterol (7DHC) and decreased cholesterol levels (key biochemical hallmarks of SLOS).
Western blot analysis revealed altered levels of the macroautophagy/autophagy markers MAP1LC3B-II
and SQSTM1/p62, and build-up of ubiquitinated proteins. Accumulation of immature autophagosomes
was accompanied by inefficient degradation of phagocytized, exogenously supplied retinal rod outer
segments (as evidenced by persistence of the C-terminal 1D4 epitope of RHO [rhodopsin]) in SLOS RPE
compared to iPSC-derived normal human control. SLOS RPE cells exhibited lysosomal pH levels and
CTSD activity within normal physiological limits, thus discounting the involvement of perturbed lysosomal
function. Furthermore, 1D4-positive phagosomes that accumulated in the RPE in both pharmacological
and genetic rodent models of SLOS failed to fuse with lysosomes. Taken together, these observations
suggest that defective phagosome maturation underlies the observed RPE pathology. The potential
relevance of these findings to SLOS and the requirement of cholesterol for phagosome maturation are
discussed. © 2018, © 2018 Informa UK Limited, trading as Taylor & Francis Group.
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ABSTRACT

Treatment of rats with the cholesterol pathway inhibitor AY9944 produces an animal model of Smith-
Lemli-Opitz syndrome (SLOS), an autosomal recessive disease caused by defective cholesterol synthesis.
This SLOS rat model undergoes progressive and irreversible degeneration of the neural retina, with
associated pathological features of the retinal pigmented epithelium (RPE). Here, we provide further
insights into the mechanism involved in the RPE pathology. In the SLOS rat model, markedly increased
RPE apical autofluorescence is observed, compared to untreated animals, which correlates with
increased levels of A2E and other bisretinoids. Utilizing cultured human induced pluripotent stem cell
(iPSC)- derived SLOS RPE cells, we found significantly elevated steady-state levels of 7-dehydrocholes-
terol (7DHC) and decreased cholesterol levels (key biochemical hallmarks of SLOS). Western blot analysis
revealed altered levels of the macroautophagy/autophagy markers MAP1LC3B-Il and SQSTM1/p62, and
build-up of ubiquitinated proteins. Accumulation of immature autophagosomes was accompanied by
inefficient degradation of phagocytized, exogenously supplied retinal rod outer segments (as evidenced
by persistence of the C-terminal 1D4 epitope of RHO [rhodopsin]) in SLOS RPE compared to iPSC-derived
normal human control. SLOS RPE cells exhibited lysosomal pH levels and CTSD activity within normal
physiological limits, thus discounting the involvement of perturbed lysosomal function. Furthermore,
1D4-positive phagosomes that accumulated in the RPE in both pharmacological and genetic rodent
models of SLOS failed to fuse with lysosomes. Taken together, these observations suggest that defective
phagosome maturation underlies the observed RPE pathology. The potential relevance of these findings
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to SLOS and the requirement of cholesterol for phagosome maturation are discussed.

Introduction

Smith-Lemli-Opitz Syndrome (SLOS) (OMIM: 270,400) is the
most common recessive genetic disorder of the cholesterol
biosynthetic pathway (frequency 1:20,000-1:60,000 live births,
and carrier frequency of 1:30), caused by mutations in the
gene coding for 7-dehydrocholesterol reductase (3p-hydroxys-
terol-A”-reductase, DHCR7) [1]. DHCR? catalyzes the last
step of cholesterol synthesis, the NADPH-dependent reduc-
tion of the A” bond of 7-dehydrocholesterol (7DHC) to form
cholesterol (Chol) [2]. Over 150 mutations in the human
DHCR7 gene have been reported (reviewed in [3]), causing
reduced steady-state levels of Chol and increased levels of
7DHC and 7DHC-specific oxysterols in plasma and all bodily
tissues of affected individuals [4-8]. Although no strict geno-
type-phenotype correlations exist, common SLOS phenotypic
manifestations include mental retardation, autism, and a vari-
ety of dysmorphologies, particularly 2,3-toe syndactyly, cra-
niofacial malformations, cardiovascular malformations and
skeletal defects, as well as visual deficits and vision-associated

electrophysiological abnormalities [1,9-12]. An electroretino-
graphic (ERG) study on a cohort of 13 SLOS patients indi-
cated significantly attenuated rod photosensitivity involving
slow activation and deactivation kinetics of the phototrans-
duction cascade [12]. We have previously reported the bio-
chemical  (lipidomic and  proteomic), histological,
ultrastructural, electroretinographic and cell-death character-
istics of a time-dependent retinal degeneration that occurs in
a pharmacologically-induced rat model of SLOS, produced by
treatment of normal Sprague-Dawley rats with AY9944
(trans-1,4-bis[2-chlorobenzylaminoethyl] cyclohexane dihy-
drochloride), a relatively specific inhibitor of DHCR7 [13-
17]. Dramatic alterations are observed in the sterol composi-
tion of all tissues examined (including blood, liver, retina, and
brain), with 7DHC:Chol mole ratios > 5 (this ratio is typically
< 0.01 under normal conditions) [13]. Electron microscopy
analysis of the retina and retinal pigment epithelium (RPE) in
this model reveals defects in the ability of the RPE to effi-
ciently degrade and eliminate phagocytized retinal rod outer
segment (OS) material, even prior to onset of obvious
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degenerative features in the neural retina (at postnatal day 30
[P30]) [13], and the continued OS accumulation is observed
at P80 [18]. The RPE in AY9944-treated rats exhibits excessive
accumulation of phagosomes, lipid-rich particles and other
cytoplasmic inclusions, indicative of compromised organelle
clearance. Apart from basal damaged intracellular organelle
clearance (autophagy), the lysosome-dependent degradation
process of the OS disks in the RPE is indispensable for OS
homeostasis (heterophagy), and thereby for maintaining nor-
mal visual function (reviewed in [19]). Hence, we have revis-
ited this SLOS animal model with a focus on the pathological
features of the RPE and the mechanism(s) by which they arise.
We propose that defective clearance of accumulated material
in the RPE contributes to the observed retinal degeneration,
and is due to deranged Chol synthesis plus the formation and
build-up of cytotoxic 7DHC-derived oxysterols.

The RPE consists of a single layer of post-mitotic, polar-
ized, cuboidal epithelial cells sandwiched between the neural
retina and the choroidal blood supply, and forms the outer
blood-retinal barrier. Major functions of the RPE include
nutrient transport to, and waste transport away from, photo-
receptors; replenishment of the 11-cis-retinaldehyde chromo-
phore necessary to regenerate the visual pigment rhodopsin
(via action of the ‘visual cycle’); and diurnal heterophagic
degradation of the shed tips of the photoreceptor (rod and
cone) OS (reviewed in [19,20]). In mammals, retinal rod
photoreceptors shed about 10% of their apical OS material
daily; the shed OS tips are then phagocytically degraded by
the RPE (‘heterophagy’), using, in part, the same phagolyso-
somal machinery that degrades endogenous intracellular
material, such as damaged organelles (‘autophagy’) [21]. A
single RPE cell may be responsible for processing the shed
OS membranes from up to 50 photoreceptor cells; hence, the
phagocytic processing burden of the RPE is substantial, espe-
cially when considered over the lifetime of the organism.
Direct interference with this clearance pathway, either at the
level of phagocytic uptake, or phagosome maturation, or
lysosomal function, leads to retinopathies. For example, chlor-
oquine (CHQ)-induced maculopathy [22-25]: CHQ is a qua-
ternary amine, which can alkalinize lysosomal pH, thereby
compromising lysosomal function. Similarly, rodent mutant
and knockout models of key players of phagocytic uptake, and
the autophagic machinery, such as Mertk and Atg5, exhibit
altered phagocytosis and deficient OS degradation accompa-
nied by defective rod photosensitivity, respectively [26,27].
Three observations (in chronological order) of the degenerat-
ing retina in the AY9944-induced SLOS rat model are: 1)
altered OS processing by the RPE starting around the third
postnatal week, followed by 2) progressive shortening of
photoreceptor OS length, and 3) photoreceptor-specific cell
death, which continues thereafter to about 3 months (the
longest time point studied) [13].

In the present study, we investigated the mechanism(s)
underlying the clearance defect in the RPE previously docu-
mented using the AY9944-induced SLOS rat model, with the
ultimate goal of understanding more fully the mechanism(s)
underlying the observed retinal degeneration in that model,
and their correlations to the human disease. Given that inves-
tigation of dynamic cellular processes in complex metabolic
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diseases such as SLOS can be challenging, we employed a
combination of in vivo (whole organisms) as well as in vitro
(cell culture) models that mimic key hallmarks of the disease.

Results
Characterization of control and SLOS RPE cells

To facilitate investigation of the mechanism underlying RPE
pathology observed in vivo in the SLOS rat model, we set out
to generate a convenient, reliable, and clinically relevant in
vitro model (see Discussion for rationale). RPE cells were
generated from iPSCs that had been reprogrammed from
skin fibroblasts of clinically diagnosed and well-characterized
SLOS patients [28]. We first characterized the morphological,
biochemical, and genotypic parameters of this novel RPE in
vitro model. These features were compared with control RPE
cells - in this case, iPSC-derived normal, control RPE cells
reprogrammed from skin fibroblasts obtained from a normal
neonatal human subject (ATCC-Dys0100), or RPE cells repro-
grammed from human embryonic stem cells (HsESCs) that
were obtained from a human donor lacking any currently
known disease-associated mutations.

Epithelial morphology was recorded by bright-field,
phase-contrast and immunofluorescence microscopy. As
shown in Figure 1, cultures of both control iPSC-derived
RPE cells (control RPE) (Figure 1a) and SLOS iPSC-derived
RPE cells (SLOS RPE) (Figure 1b) exhibit melanin-contain-
ing, confluent monolayers with phase-bright cellular bor-
ders (Figure 1(c,d)). Polarized control and SLOS RPE cells
also routinely formed ‘domes’ (representative dome: white
asterisk, Figure 1d), i.e., patches of the cellular monolayer
that bulged up from the culture substrate, an expected
result of vectorial (apical to basolateral) transport of ions
and water (not shown) [29]. We observed TJP1 (tight
junction protein 1)-positive cell borders (green channel)
and RLBP1 (retinaldehyde binding protein 1; red channel)
cytoplasmic immunoreactivity in both control RPE
(Figure le) and SLOS RPE (Figure 1f) cell cultures. The
TJP1-positive cell border of SLOS RPE (Figure 1f) appears
aberrant, along with unexpected cytoplasmic punctate
staining (white arrows, Figure 1f). To test if the pathologic
appearance of SLOS RPE affects transepithelial electrical
resistance (TEER), we maintained control and SLOS RPE
cells on laminin-coated Transwell® inserts, and performed
weekly measurements of TEER (after subtracting TEER
measured from plain inserts). Surprisingly, the SLOS RPE
cells established healthy monolayers (as we have observed
serially), with robust TEER (> 300 Q*cm?) within 2 to
3 weeks, earlier than control cells (Figure 1g).

Western blot analysis (Figure 1h), using passage 6 control
and SLOS RPE cells, showed expression of known RPE
markers: RLBP1 (a key player in the visual cycle [30]),
acetylated TUBA/a-tubulin (a marker for RPE cilia, and
generally required for phagosome maturation [31,32]),
BEST1/bestrophin-1, a basolaterally located chloride channel
[33]), and KRT8 (keratin 8)-KRT18. In addition, qPCR ana-
lysis (Figure 1i) revealed significant (ca. 10°- to 10°-fold)
enrichment of RPE-specific transcripts, including RPE65,
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translational and functional features of RPE. Phase-contrast microscopy images of

cultured control (a,c) and SLOS (b,d) RPE cells exhibit establishment of stable monolayers having the characteristic morphological features of RPE cells, including
polygonal shape, phase-bright borders, and a ‘cobblestone’-like appearance. Dark pigmentation indicates the presence of melanin, another key feature of RPE cells.
Higher magnification confocal fluorescence microscopy images of control (e) and SLOS (f) RPE cells demonstrate expression of characteristic RPE markers, including

TJP1-positive tight junctions (green) and cellular RLBP1 (red). DAPI nuclear stain

is shown in blue. Scale bars: (a,b) 40 um; (c,d) 20 um; (e,f) 5 um. Please observe

aqueous domes (white asterisk, panel d), a signature of polarized RPE cultured on non-permeable membrane. Although SLOS RPE cells exhibit cytoplasmic TJP1
labeling (white arrows, panel f), and occasionally aberrant cell borders decorated with TJP1, both control and SLOS RPE cells exhibit robust transepithelial electrical
resistance (TEER) values (> 300 Q*cm?, denoted by gray dotted line, panel g). Correlative western blot analysis (h) shows that both control and SLOS RPE cells express
functional RPE markers: RLBP1, acetylated TUBA/a-tubulin, BEST1, and KRT8-KRT18; ACTB was used as a loading control. (i) gPCR analysis demonstrated expression of
RPE marker transcripts: RPE65, MERTK, and MITF. (j) Corresponding agarose gel electrophoresis image of qPCR products.

MERTK, and MITF, in control and SLOS RPE (normalized
to ACTB mRNA), relative to expression levels in HEK293S
cells (which served as a negative control [34]), further vali-
dating our strategy of cell culture and propagation [35,36].
[Note the log scale of the Y-axis, Figure 1li] The data
represent normalized expression ratios for the RPE-specific
transcripts from control and SLOS RPE cells, in comparison
to HEK293S cells. The corresponding gel image of the PCR
products is shown in Figure 1j. Preliminary RNA-Seq analy-
sis of iPSC-derived control and SLOS RPE cells (S.]. Fliesler
and M.H. Farkas, unpublished) also suggests that both lines
of RPE cultures express > 90% of known RPE-specific tran-
scripts, thus reinforcing confidence in those RPE cell cul-
tures as suitable in vitro models.

A commonly occurring SLOS point mutation is the T93M
point mutation of DHCR?7, resulting in a mild, hypomorphic
enzymatic defect [3]. IVS8-1G> C is the most common SLOS
mutation, occurring at the junction of intron 8 and exon 9;
thus, inhibits splicing of intron 8 in the mRNA. This mutation
causes ‘nonsense’ translation of the predicted NADPH binding
domain of DHCR?7, producing a nonfunctional enzyme [37].
The original ‘CWT" donor fibroblasts utilized to generate SLOS
RPE harbored compound heterozygous mutations (T93M and
IVS8-1G> C) (based upon the genotype information previously
determined from the patient-derived fibroblasts and the iPSCs
derived therefrom (refs [28,38]. and F.D. Porter, personal com-
munication). The PCR assay for T93M and IVS8-1G> C muta-
tions yielded gene products of 296 bp and 557 bp (see
Fig. S1A). The PCR product was sequenced and the sequencing
outputs were aligned against the published DHCR? sequence

(NM_001360). Sequence alignment (see Fig. SIB) confirmed
the occurrence of the expected compound heterozygous muta-
tion in the SLOS RPE cells.

Increase in steady-state levels of 7DHC and ubiquitinated
protein load in SLOS RPE cells

Since SLOS RPE cells harbor verified mutant DHCR? alleles,
they would be expected to show an increase in de novo cellular
7DHC levels and the 7DHC:Chol mole ratio, compared to
those values obtained with normal (nhRPE) cells. To test this,
we performed reverse-phase HPLC analysis on the nonsaponi-
fiable lipids extracted from both HsSESC-derived nhRPE and
SLOS RPE cells that had been maintained in culture medium
supplemented with 0.9% delipidated (i.e., sterol-depleted)
bovine calf serum (BCS) for 2 weeks (after culturing in high-
calcium medium with 0.9% neat BCS for 2 months). [The
rationale for this approach is provided in the Discussion.] We
empirically determined that the protocol used for delipidation
of serum removed ca. 99% of the sterols (see Fig. S2A). The
cellular sterol composition observed under the culture condi-
tions employed is representative of steady-state levels of the de
novo synthesized sterol pool. We found that the 7DHC:Chol
mole ratio for SLOS RPE was 0.697 + 0.064 (n = 3), which was
~ 20-fold greater (P < 0.01, Welch t test) than that of nhRPE
(0.035 + 0.009; n = 3) (see Fig. S2A for graphical representa-
tion; and Fig. S2B, which shows representative HPLC chroma-
tograms from which the quantitative data were derived). We
assume that the residual 7DHC observed in nhRPE is a



reflection of the Chol synthesis pathway in flux under the
culture conditions employed. Regardless, the highly elevated
7DHC:Chol mole ratio observed in SLOS RPE cells is indicative
of hampered DHCR7 catalytic activity, consistent with the
verified DHCR7 mutations in those cells and the original
donor source.

The heterophagic pathway in the RPE of the SLOS rat
model is compromised (as evidenced in [13,18]). Several
lines of evidence implicate autophagy in the clearance of
ubiquitinated protein load [39,40]. Further, the mevalonate
pathway regulates proteostasis through autophagy [41,42]. To
test whether proteostasis was occurring in SLOS RPE, we
performed immunoblot analysis of control and SLOS RPE
cells, probing the blots with anti-ubiquitin antibody. As
shown in Figure 2(b,c), SLOS RPE cells exhibited increased
steady-state levels of ubiquitinated proteins, relative to control
RPE cells.

Lysosomal ph and CTSD activity of SLOS RPE is within
normal physiological range

One possible explanation for the proposed RPE phagolysoso-
mal processing defect in the SLOS rat model might be defec-
tive lysosomal function. Experimentally, this dysfunction can
be induced in normal cells by treatment with lysosomal alka-
linizing agents (e.g., quaternary amines, such as CHQ or
NH,CI). The lysosomal lumen is normally acidic (pH ~ 4.5),
corresponding to the pH optima of various lysosomal pro-
teases, including CTSD (cathepsin D). Experimental
approaches to facilitate the understanding of lysosomal func-
tion in the context of health and disease have been established
and successfully applied using various in vitro models [43,44].
Here, we directly measured lysosomal pH with a pH-sensitive
dye, and also employed a BODIPY-tagged pepstatin-A-based
binding assay (see Methods, below) as a surrogate for estimat-
ing CTSD activity to assess lysosomal function in SLOS RPE
vs. control RPE cells in culture.

Lysosomal pH was measured in SLOS RPE cells cultured in
medium containing either 0.9% normal BCS or delipidated

A B

Control
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BCS (DLS). The ability of the assay to detect a broad pH range
(pH 4.0-6.0) was validated by our calibration data (see repre-
sentative calibration, Fig. S3). The difference in mean lysoso-
mal pH values measured in SLOS RPE cells cultured in 0.9%
BCS (pH 4.50 + 0.02) vs. SLOS RPE cells cultured in 0.9%
DLS (pH 4.65 + 0.03) was statistically significant (P < 0.05,
n = 15 each), although both means were within the normal
range for lysosomes and the pH optima range for lysosomal
enzymes (Figure 3a). CTSD activity (Figure 3b) mirrored the
trends observed in lysosomal pH values under both culture
conditions. CTSD activity values (expressed as Relative
Fluorescence Units, RFU) in SLOS RPE cells cultured in
0.9% BCS were significantly higher (P < 0.05), relative to the
values obtained from cells cultured in normal 0.9% DLS.
Therefore, lysosomal function in SLOS RPE cells may not be
optimal when cultured in the presence of delipidated serum.
Since we cannot rule out the possibility of a role of altered
lysosomal pH in phagosome clearance when cultured in deli-
pidated serum, the next set of autophagy and heterophagy-
related experiments were performed in the presence of 0.9%
BCS (containing Chol), comparing iPSC-derived control and
SLOS RPE cells in parallel.

Alterations in autophagic markers, phagosome
maturation, and rod outer segment clearance in SLOS
RPE cells

The autophagy process can be monitored using well-defined
protein markers such as MAP1LC3B-II/LC3B-II (microtubule
associated protein 1 light chain 3 beta) and SQSTM1 [45].
LC3B-II is a lipidated (conjugated with phosphatidylethano-
lamine) derivative of LC3B-I, a cytosolic protein; lipidation
anchors the protein to associate with the phagophore mem-
brane, and its level correlates with autophagosomal volume
[46]. The SQSTMI1 protein binds to ubiquitinated cargo,
interacts with LC3B-II, and is subsequently degraded through
autophagy [47]; hence, SQSTMI1 serves as a faithful proxy for
assessing autophagic processing. However, the steady-state
level of either protein, although potentially informative, does
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Figure 2. Elevated 7DHC steady-state level is accompanied by ubiquitinated protein accumulation in SLOS RPE cells. 7DHC and Chol levels were measured in both
normal human (nhRPE; control) and SLOS RPE cells using reverse phase-HPLC (see Fig. S2B). (a) Graphical representation of 7DHC:Chol mole ratio, demonstrating
markedly and statistically elevated 7DHC steady-state level in SLOS vs. control RPE cells. (b) Western blot analysis of control and SLOS RPE cells, probing with anti-
ubiquitin antibody, and (c) corresponding densitometric quantification, illustrating a ~ 1.5-fold increase in steady-state levels of ubiquitinated proteins in SLOS vs.

control RPE cells. *P < 0.05, ** P < 0.01, Welch (unpaired) t test.
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Figure 3. Lysosomal pH and CTSD activity in SLOS RPE cells is within normal physiological range. (a) Graphical representation of lysosomal pH values of SLOS RPE
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containing 0.9% (v:v) delipidated serum (DLS; where > 90% of sterol had been removed). (b) Graphical representation of CTSD activity of SLOS RPE cells incubated in
medium containing standard (BCS) and delipidated serum (DLS) (n = 15 each). CTSD activity was lower when the culture medium contained 0.9% DLS as compared
to 0.9% BCS, in agreement with lysosomal pH measurements, corresponding to mild acidification of lysosomes in cells cultured in 0.9% DLS, indicating a deviation
from optimal pH for this lysosomal enzyme activity. *P < 0.05, **P < 0.01; Welch (unpaired) t test.

not directly reflect autophagic flux [48,49]. To investigate
autophagic flux, we treated both SLOS RPE and control RPE
cells with a physiologically perturbing, but tolerated, concen-
tration of CHQ, which is taken up by and alkalinizes lyso-
somes. This compromises lysosomal function, in turn
inhibiting lysosome-dependent clearance of autophagosomes
and phagosomes; the altered levels of LC3B-II and SQSTM1
reflects autophagy initiation and would-be clearance over the
period of CHQ treatment [47,49].

The top 2 panels in Figure 4a represent an immunoblot
assay, probing with antibodies against SQSTM1 and
MAPILC3B, using proteins extracted from SLOS RPE and
control RPE cells that had been cultured in the presence and
absence of CHQ (150 uM) for 24 h (see Methods, below).
Notably, under the conditions employed, we did not observe
appreciable cell death due to CHQ treatment.
Semiquantitative densitometry (Figure 4c) revealed the fol-
lowing: First, steady-state levels of LC3B-II (normalized to
ACTB) in SLOS RPE were significantly higher (n = 3,
P < 0.05, one-way ANOVA and Welch’s t-test) compared to
those in control RPE (Figure 4b). Second, concomitantly,
there was a significant increase in SQSTM1 levels (normalized
to ACTB), relative to control RPE SQSTM1 levels, at steady-
state (Figure 4c). Taken together, the increased steady-state
levels of LC3B-II and SQSTM1 may indicate decreased autop-
hagic flux in SLOS RPE, as compared to control RPE. CHQ
treatment increased LC3B-II levels (P < 0.05, one-way
ANOVA and Welch’s t-test) in both control and SLOS RPE

cells (due to halted autophagosomal clearance). However,
CHQ treatment did not significantly alter SQSTM1 levels in
SLOS RPE (compared to untreated SLOS RPE, P > 0.05, one-
way ANOVA and Welch’s t-test), unlike the trend in treated
vs. untreated control RPE (Figure 4c). This may be due to
decreased autophagic flux and maximal accumulation of
SQSTMI at steady-state [50].

As mentioned above, LC3B-II is recruited to the phago-
phore membrane by ATG12 (autophagy related 12)-ATGS5-
mediated C-terminal lipidation of cytosolic LC3B-I with
phosphatidylethanolamine (PE) [51], resulting in the forma-
tion of LC3B-II (which has increased hydrophobicity and
therefore becomes noncovalently associated with the phago-
phore membrane) - i.e., the ATG12-ATG5 complex functions
as an E3-ubiquitin ligase-like complex. Mutations in the
ATGS5 gene have been shown to cause familial ataxia [52], a
characteristic of which is chronically low steady-state levels of
LC3B-II. We tested the possibility that ATG12-ATG5 levels
might be altered in SLOS RPE, relative to those in control
RPE cells. However, Western blot analysis (Figure 4a), prob-
ing with antibodies to ATG12-ATG5 complex, showed no
appreciable differences between SLOS RPE and control RPE,
with or without CHQ treatment (densitometric quantification
not shown). Collectively, these observations suggest that SLOS
RPE exhibit altered autophagic flux.

Multiple strategies have been utilized to monitor autopha-
gosomes, including electron microscopy and tandem fluores-
cent-tagging of the autophagosome marker MAP1LC3B (RFP-
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Figure 4. Monitoring autophagic flux. (@) Immunoblot analysis of steady-state levels of SQSTM1, LC3B-I and LC3B-II, and ATG12-ATG5 complex in control RPE and
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Values for apparent molecular mass (M,, in kDa) of each protein are indicated on the left-hand side of the figure. Densitometric quantification of (b) LC3B-Il and (c)
SQSTM1 levels, normalized to ACTB levels, for both control and SLOS RPE cells, incubated with (cross-line bars) or without (solid bars) CHQ (See key inset). The
steady-state level of LC3B-Il in SLOS RPE was significantly higher compared to that of control RPE cells; this was accompanied by a significant (P < 0.05) increase in
SQSTM1 levels in SLOS RPE, vs. control RPE cells. Upon CHQ treatment, significant increases in LC3B-Il and SQSTM1 levels were observed in control RPE, but SLOS RPE
exhibited an increase in LC3B-II levels only. Two-way ANOVA analysis: *P < 0.05; ns, not significant. Quantitatively, no appreciable difference was observed in ATG5

levels under normal or CHQ-treated conditions in SLOS RPE vs. control RPE cells.

GFP-LC3B) [53]. In this study, we utilized the convenient and
effective tandem-tagging strategy (See Methods) to monitor
the nature of the autophagic defect as observed in Figure 4.
The RFP-GFP-LC3B approach takes advantage of differences
in the pH sensitivity of the fluorescence of GFP (pKa 5.9) and
RFP (pKa: 4.5): GFP is acid-sensitive, whereas RFP is not.
Immature autophagosomes, which have not yet fused with
acidic late endosomes or lysosomes, are expected to exhibit
both GFP (green) and RFP (red) fluorescence (merged yellow
signal when viewed by confocal fluorescence microscopy).
Mature, acidified autolysosomes are expected to exhibit only
the RFP (red) signal, due to acid-induced quenching of the
GFP fluorescence. We transduced control and SLOS RPE cells
with RFP-GFP-LC3B, and compared them with CHQ-treated
control RPE cells as a positive control for accumulation of
immature autophagosomes. Control RPE cells exhibited
mostly REP-positive signal, indicative of normal, active autop-
hagosome maturation; by contrast, the SLOS RPE cells exhib-
ited punctate vesicles that were both GFP- and RFP-positive,
consistent with immature autophagosomes. CHQ-treated
control and SLOS RPE cells exhibited, as expected, GFP-
and RFP-positive punctate vesicles (Figure 5a). RFP-positive

autophagosome puncta were counted in all groups/treatments
(n = 100 each), and examined for GFP fluorescence. The bar
graph shown in Figure 5b depicts the fraction of GFP-positive
puncta compared to RFP-positive puncta, representing the
percentage of immature autophagosomes in control and
SLOS RPE cells. Also shown are the corresponding quantita-
tive data for CHQ-treated cells. The percentage of GFP- and
RFP-positive autophagosomes in SLOS RPE cells (49%), with-
out CHQ treatment, was nearly 3-fold higher than that in
control RPE cells (17%). CHQ treatment resulted in a sub-
stantial increase in GFP- and RFP-positive autophagosomes in
both control (82%) and SLOS RPE cells (69%). Given that the
lysosomal pH in SLOS RPE cells is within the normal physio-
logical range (Figure 3), the data shown in Figure 5 suggest
that the autophagic defect observed in SLOS RPE cells is due
to defective autophagosome maturation or fusion with
lysosomes.

Since the steady-state levels of LC3B-II and SQSTM1 were
elevated in SLOS RPE compared to control RPE, and we
observed accumulation of GFP- and RFP-positive immature
autophagosomes in SLOS RPE cells, we predicted that SLOS
RPE would exhibit defective degradation and clearance of
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Figure 5. SLOS RPE cells are defective in phagosome maturation. (a) Control and SLOS RPE cells were transduced with RFP-GFP-LC3B and incubated in the presence
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positive puncta (n = 100/group/treatment) under conditions as in panel A. The ratio of GFP- to RFP-positive puncta (GFP:RFP) was calculated, and expressed as a

percentage value, equating to the population of immature phagosomes.

retinal rod outer segment (ROS) membranes in vitro. Hence,
control and SLOS RPE cells were incubated with purified
bovine retinal ROS (5 particles/cell) for 2 h (to allow binding
and phagocytosis of ROS), and then briefly rinsed with fresh
culture medium and incubated further for 48 h (to allow
sufficient time for heterophagic processing of the phagocy-
tized ROS to occur). Following the incubation period, cells
were harvested and the efficiency of ROS degradation was
assessed by western blot analysis, probing the blots with anti-
bodies raised against the C-terminal (1D4 epitope) domain of
RHO (rhodopsin). The evidence-based rationale for this
approach is as follows: Independent evidence suggests the
onset of degradation of outer segment material upon acidifi-
cation (due to lysosomal fusion) [54,55]. Because the
C-terminal domain of RHO is exposed to lysosomal proteo-
Iytic attack at the cytoplasm-facing surface of the ROS disc
membranes (in preference to the N-terminal domain at the
luminal aspect of the discs), 1D4 degradation is the first step
in the sequential phagolysosomal degradation of RHO in the
RPE [56,57]. It follows that persistence of 1D4-positive mate-
rial in the cells signifies defects in early processing of ROS (i.
e., merging of phagosomes with lysosomes), which also may
indicate defective phagosomal trafficking of the exogenously
supplied and ingested ROS material. As shown in Figure 6,
the amount of residual 1D4-positive material in SLOS RPE
cells was significantly greater than that observed in control
RPE cells. Residual, undigested OS was estimated as the per-
centage of total RHO degraded at 48 h, with respect to the
initial RHO content at 2 h (i.e., the ratio of ACTB-normalized
opsin 1D4 content at 48 h to that at 2 h, expressed as
percentage). Residual 1D4-positive material after 48 h in
SLOS RPE (88.2 + 7.2%) was significantly higher compared

to that in control RPE (31.8 £ 4; n = 3/group, P < 0.05)
(Figure 6a,b). Immunohistochemical analysis of OS phagocy-
tosis (Figure 6¢) shows juxtaposition of successfully phagocy-
tized 1D4-positive early phagosomes (red channel) with
CTSD-positive lysosomes (green channel) after 2 h in control
RPE cells (white arrows, 3D inset). SLOS RPE cells exhibited
successful phagocytosis; however, 1D4-CTSD overlap was not
readily observable. At 48 h, 1D4-positive immunostaining was
no longer observable in control RPE cells, unlike SLOS RPE
cells, which showed persistence of 1D4-positive material.

We hypothesized that the LC3-associated phagocytosis
(LAP) clearance mechanism is also utilized in the clearance
of heterophagic cargo by RPE cells in vitro. To test this,
control and SLOS RPE cells were incubated in the presence
or absence of 3-methyladenine (3-MA), an inhibitor of autop-
hagy [58], followed by challenge with purified ROS mem-
branes for 2 h and 48 h (again in the presence or absence of
3-MA), using the same protocol as described above. Cells
were then rinsed and harvested at both time points, and
subjected to western blot analysis, probing the blot with 1D4
monoclonal antibody as well as anti-ACTB. As shown in
Fig. S6, the RHO content (normalized to ACTB) of untreated
control RPE cells at 48 h post-challenge with ROS was about
4-fold lower than that at 2 h post-challenge, indicating that
the degradative pathway was intact and functional. However,
the normalized opsin content of control cells treated with 3-
MA was comparable at 48 h post-challenge to the levels at 2 h
post-challenge with ROS, indicating that 3-MA had effectively
blocked the degradation of ingested ROS membranes. By
contrast, the normalized RHO content of untreated SLOS
RPE cells at 48-h post-challenge with ROS was only reduced
by about 30% relative to that at 2 h post-challenge, consistent
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prepared and then electrophoresed and probed with 1D4 anti-RHO (1D4) monoclonal antibody to test for successful phagocytosis (at 2 h) and degradation (at 48 h).
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a loading control. (b) Densitometric quantification of ROS degradation at 48 h, with respect to the initial phagocytic uptake. At 48 h, SLOS RPE cells exhibited
persistence of undigested RHO carboxy terminus (~ 88% of initial phagocytized load at 2 h), as compared to control RPE cells, which exhibited ~ 30% residual ROS
load at 48 h. (*P < 0.05, Welch unpaired t test). (c) Immunohistochemical analysis to monitor the maturation fate of phagocytized ROS (monitored using 1D4
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RPE cells (white arrows; 3-dimensional inset), and were successfully cleared by 48 h. In contrast, although SLOS RPE cells were able to bind and ingest ROS, neither
early phagosome-lysosome juxtaposition nor subsequent degradation of 1D4-positive (ROS) material was observed by 48 h. Scale bar: 5 pm.

with defective degradation machinery. Treatment of SLOS
RPE cells with 3-MA blocked even this modest reduction in
opsin levels: the normalized opsin content was comparable at
both 2-h and 48-h post-challenge with ROS. (Note: 3-MA did
not perturb binding or phagocytosis of ROS.) These observa-
tions are consistent with our initial hypothesis.

Proteostasis, altered autophagic flux, and defective phago-
some maturation, accompanied by the inability to degrade
exogenously supplied ROS material are some of the key
pathologic features of this novel in vitro SLOS RPE model.
We hypothesize that these defects arise due to the defective
DHCR?7 activity and consequent accumulation of 7DHC and
its derivative oxysterols through mechanisms yet to be eluci-
dated [59,60].

Elevated ocular A2E and other bis-retinoids of RPE in
SLOS rat model

We have previously shown that the RPE in the SLOS rat model
exhibits marked accumulation of lipid-laden material and mem-
branous inclusions - consistent in size and appearance with
phagosomes derived from ingestion of shed ROS tips - com-
pared to age-matched controls [13]. Based on this observation

and a variety of studies by others [61], we hypothesized that the
RPE in the SLOS rat model may contain substantially elevated
amounts of A2E and other bisretinoids, relative to normal age-
matched controls. In addition, since A2E and other bisretinoids
are known to be cytotoxic to RPE cells in vitro and have been
associated with a variety of processes that lead to retinal degen-
eration in vivo [62,63], we further hypothesized that this might
be a significant contributing factor to the retinal degeneration
observed in this animal model.

As shown in Figure 7, compared to age-matched control
rat eyes, SLOS rat model posterior eyecups at 3 months of age
exhibited the following fold-change increases (P < 0.05) in
retinoids (Figure 7a): A2E, 1.52X; isoA2E, 2.20X; total A2Es,
1.71X; all-trans retinaldehyde, 1.57X. Representative reverse-
phase UPLC chromatograms showing changes in bisretinoid
levels are shown in Figure 7b. These results are consistent
with our hypothesis, as stated above.

Given the finding of elevated bisretinoid levels (particularly
of A2E, a prominent fluorophore component of RPE lipofus-
cin), we expected to observe increased autofluorescence in the
RPE of SLOS rat eyes compared to age-matched controls
when tissue sections were viewed by fluorescence microscopy
(488 nm excitation, and 500 to 600 nm emission).
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significantly (*P < 0.05, n = 3) elevated levels of bisretinoid species and all-trans retinal, compared to eyes from untreated, age-matched (control) rats. (b)
Representative reverse-phase UPLC chromatogram of lipid extracts of eyes from untreated (control) rats (upper panel) and SLOS (AY9944-treated) rats (lower panel).
The chromatogram demonstrates detection and resolution of A2E and other bisretinoids (e.g., iso-A2E); quantification of each component is determined by integrated
peak area. (c) Representative confocal fluorescence micrographs depicting RPE autofluorescence in 3-month-old control (upper panel) and AY9944-treated (lower
panel) rat eyes. Scale bar: 25 pm. (d) Pixel quantification of autofluorescence intensity observed in RPE in the representative confocal image shown in (c), measured
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compared to control RPE, consistent in size (0.28 to 0.70 pm diameter) and distribution with phagosome-derived material (i.e., lipofuscin granules) [62] .

Representative images obtained by confocal fluorescence
microscopy of cryosections of fixed eyes harvested from 3-
month-old control and SLOS rats validated this expectation.
Eyes were harvest 6 h into the light phase of the light-dark
cycle, a time point by which most phagocytized ROS tips
should have been degraded by the RPE phagolysosomal
machinery [21,64]. A representative micrograph of the SLOS
rat RPE (lower panel, Figure 7c) shows accumulation of
numerous hyperfluorescent puncta in the apical cytoplasm.
By contrast, the RPE cytoplasm of control rat eyes (upper
panel, Figure 7c) exhibited mostly diffuse autofluorescence.
Size-based quantitative image analysis of the autofluorescent
puncta from a representative tissue specimen (Figure 7d)
revealed a substantial increase (1.91-fold) in the number of
puncta with diameters ranging from 0.28 to 0.70 pm. These
observations are consistent with the original histological find-
ings in this SLOS rat model, and further suggest that the
heterophagic processing of phagocytized ROS tips is somehow
hampered at an early stage of phagosome maturation.

Phagosomes in the RPE fail to fuse with lysosomes in vivo

As mentioned above, the sequential degradation of RHO/
opsin can be used as an indicator to monitor phagosome

maturation and concurrent OS clearance by RPE. The early
phase in ROS clearance is characterized by the degradation of
the cytosol-exposed C terminus of RHO (1D4 epitope) upon
early endosome fusion with phagosomes [56]. By contrast,
rhodopsin’s N-terminal domain is located in the ROS disk
lumen, thus inaccessible initially to proteolysis, and is
degraded in a later stage of phagolysosomal processing. As a
follow-up to our prior electron microscopic observations of
the RPE in the SLOS rat model [11], we tested whether or not:
a) accumulated phagosomes in the RPE are 1D4-immunopo-
sitive, and b) if the phagosomes fuse with lysosomes.

In agreement with our previous findings, we observed poor
clearance of phagocytosed ROS (6 h post light onset) in vivo
by the RPE of AY9944-treated Sprague Dawley rats (age: one
month postnatal), relative to age-matched controls. Upon
examination by confocal immunofluorescence microscopy,
using antibodies raised against the 1D4 epitope of RHO, we
observed persistence of 1D4-immunopositive (1D4") material
in the RPE in SLOS rat eyes, while the RPE in age-matched
control rats exhibited little or no 1D4" immunoreactivity
(Figure 8), the latter being consistent with the expected clear-
ance of phagocytized ROS material at that time point in the
light-dark cycle. Higher magnification micrographs further
illustrate persistence of 1D4" immunoreactivity in the apical



RPE cytoplasm, signifying retention of an intact RHO/opsin
C-terminal domain in the phagosomes (Fig. S4). The
C-terminal domain of RHO, which contains the epitope
recognized by the 1D4 monoclonal antibody, is proteolytically
degraded by the RPE heterophagic machinery upon early
phagosome maturation [56]. Therefore, the finding of 1D4
+ material suggests that RHO-containing phagosomes failed
to mature and fuse with lysosomes (Figure 8, S4). We pursued
this further using dual-label immunohistochemistry, using
monospecific antibodies raised against the RHO C-terminal
domain (1D4) and CTSD, a lysosomal protease. RPE cells in
control rat eyes were essentially devoid of 1D4" material
(Figure 8), indicating no steady-state accumulation of rho-
dopsin, but exhibited a spatial distribution of CTSD-positive
material (Figure 8, and higher magnification image in Fig. S4)
consistent with that of lysosomes. By contrast, there were
numerous focal clusters of 1D4" material found in the RPE
of SLOS model animals (Figure. 8 and S4), congruent in size
and spatial distribution with early phagosomes, that were
completely distinct and spatially segregated from the CTSD-
positive material. These results are consistent with failure of
(rhod)opsin-containing phagosomes in SLOS rat RPE cells to
mature and fuse with lysosomes.

To rule out the possibility that the phagosome clearance
defect observed in the SLOS AY9944 rat model in vivo might
be due to unknown off-target effects of AY9944, we further
tested for clearance of ROS material in a genetic mouse model
of SLOS (bearing compound heterozygous mutations: T93M
and deletion of exons 3-5 in Dhcr7) [65,66]. As shown in
Fig. S5, the genetic murine model of SLOS exhibited a severe
defect in the clearance of phagocytized ROS, relative to age
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and sex-matched controls - in strong agreement with the
prior observations made using the AY9944 SLOS rat model.
This finding, along with those previously described from in
vitro and in vivo experiments, further validate the conclusion
that defective cholesterol synthesis, as occurs in SLOS, leads to
defects in RPE phagosomal maturation and fusion with lyso-
somes, with no discernable issues in binding or internalization
of exogenous cargo.

Discussion

We have previously provided the first ultrastructural descrip-
tion of heterophagic defects in the RPE, upon perturbing the
last step in cellular Chol synthesis [13]. Chol is a known
structural component of phagosome membranes [67,68].
Recent reports concerning the functional role of Chol in
autophagy and the phagolysosomal system (see below, and
[42,69-73]) have prompted us to address the mechanism
underlying the observed RPE pathology in the SLOS rat
model. Furthermore, the fact that the RPE ultrastructural
abnormalities exhibiting altered phagosome clearance in
SLOS rat model precede any observable morphological or
electrophysiological defects in the neural retina made us
rethink our original assumptions that discounted, or pre-
sumed a secondary role, that these RPE defects might play
in the retinal degeneration. More recently, 7DHC dose-depen-
dent accumulation of autophagosomes in fibroblasts from
multiple SLOS patients, has been observed [74]. The results
of the present study provide preliminary mechanistic evidence
for defective outer segment clearance upon 7DHC accumula-
tion: failure of phagosomes to fuse with late endosomes or
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Figure 8. Accumulation of 1D4-positive phagosomes in the RPE of AY9944-treated animals, and their failure to fuse with lysosomes. Immunohistochemical
localization of RHO C-terminal domain (detected by 1D4 monoclonal antibody and Alexa Fluor 647-conjugated secondary antibody; red pseudocolor) in RPE and
outer retina of 1-month-old control and AY9944-treated Sprague-Dawley rats. Animals were maintained on a 12L:12D light-dark cycle (ca. 40 lux ambient light
intensity), and eyes were harvested 6 h post light onset (i.e., well after daily shedding, phagocytosis, and degradation of ROS tips by the RPE normally has occurred).
Note the lack of 1D4-positive phagosomes in the RPE (demarcated by dashed lines) of the control eye (upper panels). However, the RPE layer in AY9944-treated rats
(lower panels) exhibited substantial accumulation of 1D4-positive phagosomes, indicative of unprocessed C-terminal domain of RHO (white arrows). Dual-label
immunohistochemical localization of RHO vs. CTSD (the latter detected with a rabbit polyclonal anti-CTSD antibody and Alexa Fluor 568-conjugated secondary
antibody; green pseudocolor) shows that the accumulated 1D4-positive phagosomes in the RPE of AY9944-treated rats (arrows, merge panel) do not colocalize with
CTSD immunoreactivity, and that CTSD immunoreactivity is more intense in the RPE of AY9944-treated rats, relative to that in control animals, in agreement with our
previous study [14]. Scale bars: 10 pm. See Fig. S4 for higher magnification images.
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lysosomes. To the extent that the AY9944-induced rat model
and the genetic mouse model of SLOS reliably reflect the
pathobiology of the human genetic disease, a more fulsome
understanding of the RPE pathology observed in the SLOS rat
model may provide useful insights into the SLOS-associated
retinopathy.

Ipsc-derived SLOS RPE as an in vitro model

The utility of SLOS iPSCs to design reliable in vitro models of
this complex metabolic disorder was recently demonstrated
[28]. The iPSC-derived SLOS RPE in vitro model has certain
advantages over the 2 other in vitro approaches currently in
use: transient treatment with 7DHC-derived oxysterol, or
AY9944 treatment of normal cells. Exogenous oxysterol treat-
ment of RPE cells cannot account for the most significant
biochemical defect in SLOS, i.e., accumulation of de novo
synthesized 7DHC. Short-term, exogenous oxysterol treat-
ment may require exaggerated concentrations to trigger cell
pathology or cell death. While AY9944 treatment of cells may
offer a tractable approach, one cannot obviate potential off-
target pharmacological effects, nor can it predictably replicate
the extent of DHCR7 inhibition that occurs in vivo in the
SLOS rat model. Complete inhibition of Chol synthesis is not
representative of the human disease with mutant DHCR?.
Gene product of mutant DHCR? isoforms possess hampered,
rather than absent (null), enzymatic activity, resulting in frac-
tional 7DHC:Chol mole ratios in plasma and bodily tissues
[3]. The in vitro model employed in this study involves 2 of
the most commonly observed disease-causing mutations in
SLOS, and faithfully mimics the typical sterol profiles
observed in cells and tissues from SLOS patients bearing the
same compound heterozygous mutations (i.e., about 40% of
cellular sterol content in SLOS RPE was 7DHC) [10], while
generating 7DHC-derived oxysterols (unpublished result).
Patients with T93M and IVS8-1G> C compound heterozy-
gous mutation exhibit serum cholesterol percentage between
38.4% to 62.3%, with clinical severity scores ranging from 74
to 26 (as well as postnatal lethality) [3]. Detailed transcrip-
tomic analysis of this novel in vitro resource (in progress) is
expected to shed light on the pertinent pathological mechan-
isms involved.

Morphologically, the SLOS RPE cells exhibited the poly-
gonal shape characteristic of RPE cells and formed confluent
monolayers with a cobblestone-like appearance typical of RPE
cells; however, their TJP1-positive cell borders often appeared
to be somewhat disorganized (Figure 1f). We observed punc-
tate cytoplasmic immunohistochemical staining of TJPI,
along with stable cell border decoration in SLOS RPE cells.
Whether the cytoplasmic, punctate appearance of TJP1-posi-
tive structure in SLOS RPE cells occurs due to defects in
trafficking of elements of the junctional complex or, alterna-
tively, to autophagy-dependent degradation remains to be
understood [75,76]. However, this defect does not affect the
ability of SLOS RPE cells to form an electrically tight mono-
layer. SLOS RPE cells were comparable to control RPE cells in
their capacity to successfully establish confluent monolayers
on laminin-coated permeable membrane inserts, resulting in
the development of transepithelial resistance (TEER) values

> 300 Q*cm” within 2-3 weeks of seeding (Figure 1g). In the
current study, we adapted a previously established strategy
(low-calcium medium) to propagate and subculture control
and SLOS RPE cells [35,36,77]. This strategy avoids trypsin
treatment to dislodge cells from their culture substrate for
serial passaging. Utilizing this approach, we have verified
that our RPE cell cultures express RPE-specific markers up
until at least passage number 6 at the transcriptional
(Figure 1i,j) and translational (Figure 1h) levels.

The LDL receptor-mediated Chol uptake mechanism in the
RPE has been observed in vivo and in vitro [78,79]. This is
further corroborated by the accumulation of Chol in lyso-
somes of the RPE in Niemann Pick type C-1 (npcl) knockout
mice [80]. It is reasonable to expect that RPE cells in SLOS
animal models and in SLOS patients would import blood-
borne 7DHC and oxLDL (packaged by the liver in lipoprotein
particles), in addition to engaging in endogenous active de
novo 7DHC synthesis. Our iPSC-derived RPE cell culture
model mimics the defective de novo synthesis of Chol (a key
biochemical hallmark of SLOS), while generating 7DHC and
7DHC-specific oxysterols (unpublished results), but does not
account for LDL-bound 7DHC and/or oxLDL supply
expected in vivo. As part of our culture media formulations
that largely replaced serum with more defined components,
we provided low levels of exogenous cholesterol (in the form
of 0.9% BCS) in our culture system to maximize the effect of
the onboard DHCR7 mutations on the biosynthetic
machinery.

Elevated lipofuscin in the SLOS rat model

Autophagy is an evolutionarily conserved cellular homeostatic
process required to remove large, endogenous cellular debris,
such as damaged organelles (e.g., mitochondria, peroxisomes,
ER membranes, etc.) and protein aggregates (reviewed in
[81,82]). Chronic downregulation of autophagy in long-
lived, post-mitotic cells, such as neurons, cardiac myocytes,
and RPE cells (reviewed in [83-87]), leads to accumulation of
damaged organelles, increased oxidative stress, leading to
accelerated aging and cell death [88,89]. The RPE is addition-
ally challenged with photooxidative stress associated with
bisretinoid accumulation [51] and diurnal phagocytic degra-
dation of OS membranes shed by the adjacent photoreceptor
cells [21,90]. OS membranes, which are enriched in phospho-
lipids containing oxygen-labile polyunsaturated fatty acids
(notably, docosahexaenoic acid (C22:6,n-3)) and all-trans reti-
naldehyde (the isomerized chromophore of the visual pig-
ment, rhodopsin, hydrolytically liberated from the protein
following absorption of light by rhodopsin) are the major
precursors responsible of the formation of bisretinoid lipofus-
cin in photoreceptor OS [91].

Lipofuscin is a compositionally complex material that is
essentially devoid of proteins, but consists of A2E and other
bisretinoids (which account for the autofluorescent nature of
lipofuscin), in addition to their oxidized forms, and its accu-
mulation is an indicator of aging in the RPE [61,92]. In vitro
evidence suggests that lipofuscin components, including A2E,
can inhibit phagosome formation and phagosome trafficking
in the RPE [31]. A2E also can inhibit Chol metabolism and



retard Chol efflux in RPE cells, which in turn can further exert
deleterious effects on the phagolysosomal machinery of the
RPE [31,93]. In this study, we found increased levels of auto-
fluorescent, lipofuscin-like material in the apical cytoplasm of
the RPE, as well as increased levels of bisretinoids (A2E and
related molecules, which initially form in the photoreceptor
0S), in the eyes of the SLOS rat model, compared to eyes
from normal, age-matched control rats. We observed this
finding in animals that were 3 postnatal months of age, a
time point at which advanced panretinal degeneration is
observed. We have not investigated bisretinoid accumulation
at earlier time points. However, defective clearance of phago-
cytized photoreceptor OS membranes and direct inhibition of
autophagy in RPE cells has been associated with lipofuscin (or
lipofuscin-like material) accumulation [94-96]. In the SLOS
rat model employed here, the increased steady-state load of
undigested OS may provide a local, concentrated depot of the
2 essential building blocks required to make A2E and other
bisretinoids: all-trans retinaldehyde (from photo-bleached
rhodopsin) and ethanolamine (from PE, the dominant glycer-
ophospholipid ~ component of OS  membranes).
Concomitantly, bisretinoids, at sufficiently high levels, can
be cytotoxic and can accelerate RPE pathology [51]. Further
elucidation of the interplay between heterophagy and bisreti-
noids in the context of the SLOS-associated pathology
remains to be pursued.

Parallel evidence for the requirement of chol in
phagosome maturation

Chol is a key component of the detergent-resistant membrane
(DRM) domains, (i.e. ‘lipid rafts’) that form transient, spa-
tially segregated membrane microdomains in biological mem-
branes, supporting a variety of critical cell signaling processes
(reviewed in [97,98]). Autophagy is dysfunctional in several
human disorders and animal models involving altered Chol
metabolism, trafficking and homeostasis. For example, in
NPCI1 disease, a lysosomal Chol storage disorder, autophago-
somes fail to fuse with Chol-laden late endosomes [99].
Similar manifestations have been observed in a widely
accepted in vitro model of atherosclerosis, involving treatment
of peripheral macrophages with U18666A, which binds to the
NPCI1 protein and inhibits Chol trafficking from lysosomes to
the endoplasmic reticulum (ER) [100,101]. In the present
study, we have described the effects of distal inhibition of
Chol biosynthesis (at the level of DHCR?, the final enzymatic
step) on autophagy, further corroborating prior studies (dis-
cussed below) that have implicated a requirement for Chol in
the mechanism of autophagic flux.

Freeze-fracture and transmission electron microscopic stu-
dies of filipin binding to phagosomal vacuoles have demon-
strated the differential distribution of Chol in phagosomes
[68]. The membrane content of Chol and sphingomyelin
(the principle lipid components of lipid rafts) is about 1.5-
to 1.75-fold higher in phagolysosomes than in nascent phago-
somes [72]. The RPE phagosomal envelope (containing mem-
branes originating from distal OS tips) is relatively enriched in
Chol, while the distal portion of the OS itself exhibits rela-
tively sparse Chol content [67]. Recent investigations on the
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regulatory role of lipid rafts in phagosome maturation have
shown that dynein motors cluster in the lipid rafts of matur-
ing phagosomes and orchestrate unidirectional, retrograde
phagosome trafficking towards microtubule ‘minus’ end to
fuse with lysosomes [72]. OSBPL1A/ORPIL (oxysterol bind-
ing protein like 1A), a component of the Chol/oxysterol-sen-
sing machinery in cells, recruits the RAB7 small GTPase and
dynein motors to the phagosomal membrane in the presence
of Chol [73,102]. Simultaneous LDL-starvation and statin
treatment in vitro retards phagosome motility, and hence,
phagosome maturation [73]. Cyclodextrin-mediated depletion
of Chol from phagosomal membranes retards late endosome
and lysosome fusion by inhibiting phagosome motility
[71,72]. Knowledge about the direct involvement of Chol in
autophagy stems from studies based on cell culture, purified
organelles, upstream pharmacological inhibition of rate-limit-
ing step in sterol biosynthesis, and cyclodextrin-mediated
disruption of lipid rafts. The current SLOS study is the first
in vivo investigation of LAP-dependent RPE photoreceptor
outer segment clearance upon distal inhibition of Chol synth-
esis. The accumulation of 1D4-positive, CTSD-negative ROS
material in the RPE in vivo is a direct indication of stagnation
of phagosomes at an early stage of phagosome processing.
Oxidation of 7DHC to form 7DHC-specific oxysterols may
also contribute to defective phagosome maturation. This is in
agreement with a study by Hoppe et al. [103], which reports
defective phagosome maturation in RPE loaded with oxLDL.

Chol colocalizes with LC3B-II, the lipidated, membrane-
associated form of LC3B, a membrane marker of autophago-
somes [100]. LC3B-I (cytosolic form) is conjugated with PE to
form LC3B-II by the action of the ATG12-ATG5 complex.
RPE-specific atg5 knockout results in halted clearance of OS
load, suggesting RPE clearance involves LC3-associated pha-
gocytosis (LAP) [20,26]. LC3B-II levels in the RPE undergo
diurnal changes, exhibiting peak levels that correspond to
maximal phagocytic activity (i.e., about 1 h post-light onset)
[104]. The baseline autophagic function of LC3B-II is to
recruit SQSTM1-bound ubiquitinated cargo to phagosomes
for lysosomal degradation [47]. Hence, under normal circum-
stances, the cargo and its chaperone (SQSTM1) are degraded
via the phagolysosomal machinery, so steady-state levels of
SQSTM1 (and ubiquitinated proteins) are low [47]. However,
in our cultured SLOS RPE cells, the steady-state levels of
ubiquitinated proteins, LC3B-II, SQSTM1, and undigested
1D4-positive material (undegraded visual pigment in the
ROS) were significantly higher, compared to those in control
RPE, indicating proteostasis as well as defective processing
and maturation of autophagosomes, as well as heterophago-
somes. Defective phagosome maturation and LC3-associated
phagocytosis in SLOS RPE was further evidenced as accumu-
lation of GFP- and RFP-positive phagosomes (in RFP-GFP-
LC3B transduced cells), accumulation of 1D4-positive mate-
rial, and lack of juxtaposition of 1D4-positive material and
(CTSD-positive) lysosomes upon challenge with bovine ROS
membranes.

7DHC readily undergoes free-radical (nonenzymatic)-
mediated, as well as cytochrome P450-enzymatic, oxidation
to give rise to a variety of 7TDHC-specific oxysterols [7,105]. In
the present study, we demonstrated that SLOS RPE cells
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synthesize and accumulate 7DHC. We have recently verified
the generation of 7DHC-derived oxysterols in the SLOS RPE
cells (unpublished result), similar to what has been observed
in SLOS fibroblasts [105], as well as what we’ve previously
documented using the SLOS rat model [8,106]. We also
observed elevated steady-state levels of ubiquitinated proteins
in our in vitro model. Multiple factors may contribute to the
occurrence of proteostasis; the mechanisms involved in the
present case remain to be elucidated. While increased steady-
state level of polyubiquitinated proteins may be suggestive of
increased oxidative damage to cellular proteins due to ele-
vated oxidative stress (unpublished results), it is plausible,
alternatively, that there was decreased clearance of the ubi-
quitinated proteins by the 26S proteasomal system and/or
SQSTM1-bound phagosomal cargo. Proteostasis in post-mito-
tic cells, such as neurons, RPE cells, and cardiomyocytes, is
reflective of cellular pathology. Accumulation of ubiquitinated
proteins in SLOS RPE cells, as compared to controls, should
be considered a key feature of the RPE pathology.

Role of phagosome maturation in SLOS RPE pathology

We investigated the possible contribution of diminished lyso-
somal function to the RPE pathology observed in the SLOS rat
model. However, the results obtained by measuring lysosomal
pH as well as CTSD activity in cultured SLOS RPE indicated
that, contrary to our alternative hypothesis, lysosomal func-
tion was not compromised. We considered the possibility that
AY9944 itself (a quaternary amine, hence a base) might
directly alkalinize lysosomes in the rat model; however,
empirically, we found that even at a concentration of 30 uM
(which is far greater than what would be achieved in vivo),
AY9944 treatment of ARPE-19 cells failed to alter lysosomal
pH (data not shown). We were surprised that the presence of
delipidated serum in the culture medium led to a statistically
significant elevation in lysosomal pH (by ~ 0.15 pH units),
compared to using normal levels of serum. While the exact
mechanism underlying this effect remains to be determined, it
represents only a very minor alkalinizing effect, and the
resulting lysosomal pH was still within the physiological
range. We are unaware of prior reports concerning this effect
of delipidated serum on lysosomal pH in cultured cells.
Therefore, the endogenous formation and accumulation of
7DHC, per se, most likely does not lead to significant altera-
tions in lysosomal function. In another study [107], it has
been demonstrated that skin fibroblasts derived from SLOS
patients also exhibited unesterified sterol accumulation, remi-
niscent of what occurs in Niemann-Pick type C-1 (NPC1)
disease (which is characterized by accumulation of unester-
ified Chol in the lysosomal lumen). Lysosomal pH is not
altered in NPC1 disease [108]. Therefore, altering Chol synth-
esis or its trafficking may not affect lysosomal pH directly.
Our in vitro model system does not incorporate, or
address, the potential effects of exogenous LDL-bound
7DHC or oxLDL on RPE lysosome health. This seeming
drawback can be more fully addressed in the SLOS animal
model (where cells import 7DHC-laden LDL particles) by
testing the colocalization of phagocytized material with lyso-
somes. Had we observed colocalization of 1D4-containing

phagocytized material with the lysosomes, persisting 6 h into
the light phase of the light-dark cycle, we would have attrib-
uted the phagocytic defect to dysfunctional lysosomal activity.
However, the accumulated OS cargo was immunopositive for
the 1D4 (RHO C-terminal) epitope and did not colocalize
with lysosomes (as represented by CTSD immunoreactivity),
essentially exhibiting characteristics of early phagosomes in
the RPE [56]. Therefore, we attribute the failure of hetero-
phagic RPE clearance in SLOS RPE to defective phagosome
maturation. The apparent failure of phagosomes to fuse with
lysosomes limits our ability to predict lysosomal function in
vivo. We cannot discount the possibility of lysosomal alkani-
zation in vivo, because it’s known that chronic loading of
macrophages with oxLDL can lead to lysosomal alkalinization
[109]. The other possible mechanism for retarded phagosome
maturation could be perturbation of phagosome lipid rafts,
and downstream signaling, by 7DHC-derived oxysterols,
which in turn may affect phagosome mobility and processing.
We have discounted the possibility of AY9944-induced, oft-
target perturbation of autophagy in the AY9944-induced
SLOS rat model by testing phagocytic clearance in a genetic
murine model of SLOS (Dhcr7™*™/AExon3-5). This mouse
model (at postnatal week 16) [serum 7DHC:Chol ratio of 0.1
[65,110]] also exhibits hindered clearance of photoreceptor
outer segments, strongly suggesting that the observed phago-
cytic clearance defect is a consequence of altered sterol synth-
esis and aberrant steady-state accumulation of 7DHC and
biogenically related oxysterols in the RPE as a direct conse-
quence of DHCR?Y inhibition.

Phagosome clearance was inhibited by CHQ-induced alka-
linization of lysosomes. We quantified protein levels of the
autophagic markers LC3B-II and SQSTM1 in both normal
steady-state and CHQ-treated conditions. A significant
increase in steady-state LC3B-II levels was accompanied by
elevated SQSTM1 levels in SLOS RPE, compared to control
RPE cells. Upon CHQ treatment, LC3B-II accumulation in
SLOS RPE was comparable to that observed in control RPE
cells, suggesting unhindered activation of autophagy. CHQ
treatment, while inducing an increase in LC3B-II levels in
SLOS RPE cells, did not alter SQSTMI1 levels. Mizushima
et al. [50] have previously demonstrated similar trends in
LC3B-II and SQSTM1 levels upon CHQ treatment of amino
acid-starved fibroblasts. This is further a reflection of stagnant
autophagy, as the model [50] suggests that the amino acids
derived from lysosomal degradation of proteins are utilized to
synthesize new SQSTM1 protein. These specific signatures of
alteration in autophagy flux, alongside the accumulation of
GFP and RFP-positive immature phagosomes in SLOS RPE,
and accumulation of 1D4-positive material in vitro and in vivo
models, indicate that LC3-convergent mechanisms of autop-
hagy and LAP are defective at the level of phagolysosome
formation. The role and regulation of LC3-associated phago-
cytosis in this pathology remains to be studied [111].

In conclusion, the current work has provided new insights
into the nature of the RPE pathology observed in the AY9944-
induced SLOS rat model, pinpointing the defect to phago-
some maturation and contributing further to the existing
literature that points to an important role for Chol in that
process. Further investigation into the specific mechanisms of



the phagosome maturation defect may reveal new therapeutic
targets for the treatment of SLOS and related Chol pathway
disorders, for which no effective therapies currently exist.

Materials and methods
Materials and reagents

Unless otherwise specified, common laboratory chemicals,
reagents, enzymes, and routine tissue culture reagents were
used as purchased from Sigma-Aldrich. Organic solvents for
lipid extraction and HPLC analysis were of the highest analy-
tical grade or ‘HPLC grade’ (Thermo Fisher Scientific).
AY9944 (trans-1,4-bis[2-chlorobenzyl aminoethyl] cyclohex-
ane dihydrochloride) was custom synthesized, recrystallized
to homogeneity, and the structure and purity verified by
HPLC, LC-MS, NMR, and UV-VIS spectroscopy
(Vanderbilt University Chemistry Core), in comparison with
an authentic sample of AY9944 (a generous gift from Wyeth-
Ayerst Research). Authentic chromatographic standards of
Chol and 7DHC were obtained from Research Plus; 7DHC
was purified, as needed, by repeated recrystallization prior to
use (confirmed purity > 99%, by HPLC). All reagents and
materials utilized for SDS-PAGE and western blot analyses
were obtained from Bio-Rad Laboratories. Cell culture media
and plasticware (Falcon™) and all other general lab supplies
were obtained from Thermo Fisher Scientific, unless other-
wise indicated. Dulbecco modified Eagle medium (DMEM)
with HEPES (Sigma-Aldrich, D5546), DMEM without cal-
cium chloride (ThermoFisher Scientific, 21,068,028). KBM-
Gold™ (keratinocyte basal medium, calcium ion-free; Lonza,
192,151) and bovine calf serum (Hyclone Laboratories,
SH30073) were purchased as indicated.

Cells and cell culture

Induced pluripotent stem cells (iPSCs; line ‘CWT’, a generous
gift from Drs. Kevin Francis and F.D. Porter, NIH/NICHD)
were generated from dermal fibroblasts obtained from a clini-
cally diagnosed, well-characterized SLOS patient (6-day-old,
male) harboring known disease-causing DHCR7 mutations
(T93M and IVS8-1G> C compound heterozygous mutations)
[28]. The iPSCs were further differentiated to generate RPE
cells (‘SLOS RPE’) harboring the same DHCR7 mutations
(fee-for-service; Neural Stem Cell Institute, Rensselaer, NY,
USA). iPSCs generated from human foreskin fibroblasts
obtained from a normal neonatal male subject (line ATCC-
Dys0100; ATCC, ACS-1019™) were differentiated to RPE cells
using the same methods [112-114] (fee-for-service; Columbia
University Stem Cell Core Facility, New York, NY, USA), and
served as ‘control RPE’ cells. Alternatively, in some experi-
ments (specifically noted in the Results section), RPE cells
differentiated from normal human embryonic stem cells
(hesRPE, strain En74, derived from the h9 HsESC line, NIH
registration number 0062; a generous gift of Dr. Lincoln V.
Johnson, UCSB, Santa Barbara, CA, USA) were utilized as
controls, designated ‘nhRPE’ cells.

The general procedures utilized for culture and treatment
of RPE cells were as described in detail previously [115].
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Passage 3 control and SLOS RPE cells were seeded onto 60-
mm diameter culture dishes (~ 100,000 cells/ml, total
volume of 4 ml) or 4-well Falcon™ culture slides coated
with poly-L-ornithine or iMatrix-511° (recombinant laminin
511-E8 fragment; Takara Bio Inc., T301) (~ 150,000 cells/
ml, total volume of 1 ml), in Tow-calcium’ medium (1:1
calcium-free DMEM:KBM Gold® basal medium, [Ca®']
< 0.1 mM, supplemented with 1% [v:v] BCS [Hyclone
Laboratories, SH30073], and 0.5% [v:v] bovine retinal
extract [BRE; Animal Technologies incorporated, Tyler,
TX]). RPE cells were proliferative under low-calcium con-
ditions, generating both nonadherent cells (‘floaters’) from
adherent RPE monolayers; ‘floaters’ were collected up to
2 weeks after initial seeding, and then reseeded onto new
60-mm dishes (maintained in culture up to passage 6).
Confluent RPE monolayers were switched to ‘high-calcium’
medium ([Ca®*] adjusted to 0.45 mM and supplemented
with 0.9% BCS and 0.25% BRE by substituting an appro-
priate volume of HEPES-buffered DMEM) [36,77]. Stable,
confluent control and SLOS RPE monolayer cultures were
maintained for 2 to 3 months, under humidified 94% 0,:6%
CO, atmosphere at 36.5°C, with retention of characteristic
RPE morphology, viability, and cellular integrity. For rou-
tine inspection and imaging, cell cultures were viewed using
an Axiovert 25 CFL inverted photomicroscope (Carl Zeiss
Microscopy LLC, Thornwood, NY, USA), equipped with an
Evolution® MP  digital CCD 50 MP camera
(MediaCybernetics, Rockville, MD, USA); digital images
were captured and stored as .tif files on a standard PC
computer (Dell).

For verification of on-board 7DHC synthesis and accumu-
lation in SLOS RPE, cells were first seeded in low calcium
medium. When the cells attained confluence, they were
switched to, and maintained in, high calcium medium, sup-
plemented with 0.9% BCS, for approximately 2 mo. To verify
the functionality of the endogenous, defective DHCR7, paral-
lel cultures were switched to high calcium medium, supple-
mented with 0.9% delipidated BCS, for 2 weeks, before
harvesting the cells for Chol and 7DHC quantification.

For chloroquine (CHQ) treatment experiments, freshly
made chloroquine diphosphate stock (15 mM in water, fil-
ter-sterilized; 100X stock; Sigma Aldrich, C6628) was diluted
into appropriate volumes of high-calcium medium. Control
and SLOS RPE cells (3-month-old cultures) were switched to
high-calcium medium containing 150 pM CHQ and main-
tained for 24 h under standard conditions (see above). Parallel
negative control cultures were switched to fresh high-calcium
medium (no CHQ) to ensure that autophagy was not aber-
rantly upregulated due to lack of requisite nutrition.

For 3-methyladenine (3-MA; Cayman Chemical, 5142-23-
4) treatment experiments, cells were incubated as described
above in the presence (‘treated’) or absence (‘untreated’) of
15 mM 3-MA for 4 h, followed by 2 h of challenge with
bovine ROS membranes (in the presence or absence of
7.5 mM 3-MA). After ROS challenge, cells were quickly rinsed
with fresh medium, and allowed to incubate further for 48 h
in the presence or absence of 7.5 mM 3-MA (3-MA concen-
tration was reduced from the intial 15 mM to 7.5 mM to
preserve cellular viability over the subsequent 48-h time
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course). Cells were then rinsed, harvested, and subjected to
western blot analysis.

For experiments involving immunohistochemical analyses
(see below), RPE cells were cultured for 2-3 months on glass
chamberslides coated with poly-L-ornithine and iMatrix-511°.
Alternatively, cells were cultured on Rinzl plastic coverslips
(Electron Microscopy Sciences, 72,261-22). Specimens were
then treated as described below, probing with various primary
and secondary antibodies, followed by imaging using scanning
laser confocal fluorescence microscopy (additional details in
Results and figure legends).

Pharmacological and genetic SLOS rodent models

The in vitro cell culture experiments were complemented by
in vivo experiments employing rodent models of SLOS. The
pharmacological SLOS rat model employed was as described
in detail previously [11]. In brief, pregnant Sprague-Dawley
dams (6-days sperm-positive; ENVIGO (formerly Harlan
Labs)) were administered AY9944 via subcutaneously-
implanted Alzet® osmotic pumps (DURECT Corp.) during
the second and third gestational weeks; thereafter, rat pups
were given subcutaneous injections of AY9944 (30 mg/kg, in
phosphate-buffered saline [PBS; ThermoFisher Scientific,
AM9625]) starting on postnatal day one, 3 times per week,
throughout their life span (up to 3 months of age). Animals
were maintained on a standard rodent diet, which is plant-
based and, hence, Chol-free (Teklad, ENVIGO). Age/sex-
matched untreated rats from parallel litters served as controls.
Animals were maintained on a 12-h light:12-h dark cyclic
light schedule (20 to 40 lux ambient light intensity at cage
level), at 22 to 25°C, and typically were sacrificed 6 h into the
light phase. All procedures conformed to the National
Research Council’s Guide for the Care and Use of Laboratory
Animals (https://grants.nih.gov/grants/olaw/Guide-for-the-
Care-and-use-of-laboratory-animals.pdf). ~ Animals  were
euthanized by CO, exposure in a closed, plexiglass chamber,
followed by cervical dislocation, in accordance with the pro-
cedures proscribed by the AVMA Guidelines for the
Euthanasia of Animals (2013 Edition; https://www.avma.org/
KB/Policies/Documents/euthanasia.pdf).

Eyes from a genetic mouse model of SLOS (Dhcr
AExon3-5) [65,66], fixed in buffered paraformaldehyde, were
obtained from Drs. Christopher Wassif and Forbes D. Porter
(NIH/NICHD, Bethesda, MD). The methods employed for
processing of fixed ocular tissues from both rat and mouse
models are described below.

7T93M /

Sterol composition analysis

For this preliminary experiment aimed at verifying the cata-
Iytic inefficiency of DHCR?, sterol content of SLOS RPE was
compared with HsESC-derived control RPE (nhRPE). Stable
(ca. 2-month-old) monolayer cultures of nhRPE and SLOS
RPE cells were switched from their standard culture medium
(see above) to medium containing 0.9% (v:v) delipidated (i.e.
sterol-depleted) BCS (prepared as described elsewhere [116]),
and maintained for 2 weeks [see Discussion for rationale]. We
verified that the delipidation protocol removes > 98% of the

Chol from the BCS (see Fig. S2A). The culture medium was
then aspirated, cells were rinsed 3 times with sterile PBS, and
their steady-state sterol composition was determined by
reverse-phase HPLC analysis, as described in detail elsewhere
[117].

PCR and mutation verification

Genomic DNA from SLOS RPE cells was extracted using a
proteinase K-based method. Briefly, SLOS RPE cells were
scraped and pelleted followed by a 4-h incubation at 55°C in
All®-In-One™ Mouse Tail Direct PCR buffer (Allele
Biotechnology, ABP-PP-MT01500). The one-step reaction
provided the genomic template that was directly applied for
PCR amplification using REDTaq® DNA Polymerase (Sigma-
Aldrich, D4309), and MyIQ™ Single Color Real-Time PCR
Detection System (Biorad Laboratories, 170-9740). The
SLOS patient’s DHCR7 mutations (in the strain of fibroblasts
from which the iPSCs were generated) previously had been
determined to be compound heterozygous mutations consist-
ing of T93M and IVS8G-C point mutations [28,118]. Primers
designed to flank the 2 point mutations were as follows: a)
T93M Fwd 5 - GCGAGCGTCATCTTCCTAC - 3', T93M
Rev 5" - CAGGATCCATGTCCCAGAC - 3’ (which yields a
296 bp PCR product), and b) IVS8G-C Fwd 5’
CAGAGGCAGAGCTGGGG - 3', IVS8G-C Rev 5'-
CAGCAGGCGGTAAGGCA - 3’ (which yields a 557 bp
PCR product). The PCR products thus obtained were electro-
phoresed on a 1.5% agarose gel to verify product size, in
comparison with a DNA standard mixture (ThermoFisher
Scientific, 15,628,019) applied in a separate lane, and visua-
lized using a FOTODYNE FOTO/UV® 21 Transilluminator
(FOTODYNE Inc.,USA). PCR products were excised from the
gel and extracted using a QIAquick® Gel Extraction Kit
(Qiagen, 28,704), per the manufacturer’s protocol, then
sequenced at Roswell Park Cancer Institute (RPCI)
Genomics Shared Resource (Buffalo, NY, USA). The sequence
readout from SLOS RPE was compared to the known DHCR7
sequence (NM_001360) using the ClustalW2 (now Clustal
Omega) Multiple Sequence Alignment Program (EMBL-EBI)
to verify the presence and identity of point mutations in the
SLOS RPE cells [119].

SDS-PAGE, western blot and densitometric analyses

Cells were washed 3 times with modified Hanks’ Balanced Salt
Solution (HBSS), and lysed with RIPA lysis and extraction
buffer (ThermoFisher Scientific, 89,900) supplemented with
protease inhibitor cocktail (ThermoFisher Scientific, 78,441)
at 1:100 dilution. Protein yield was estimated using a Pierce™
BCA Protein Assay Kit (ThermoFisher Scientific, 23,225).
Equal amounts of protein were loaded in each lane on either
12% or 15% SDS-PAGE gels. Upon electrophoresis, western
blot analysis of proteins was performed as previously
described [12]. In brief, proteins were electrophoretically
transferred to low fluorescence PVDF membrane (Bio-Rad
Laboratories, 1,620,264) using a semi-dry transfer apparatus
(Bio-Rad) [12]. Membranes were blocked for 1 h at room
temperature using 5% (w:v) nonfat dry milk in Tris-buffered
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saline (TBST; 50 mM Tris-Cl, 150 mM NaCl, 0.1% [v:v]
Tween-20 [Sigma Aldrich, 9005-64-5], pH 7.5), and then
incubated overnight at 4°C with primary antibodies at 4°C:
Rabbit anti-RLBP1 protein (Abcam, ab154898; 1:1000); mouse
anti-acetylated tubulin (ThermoFisher Scientific, 32-2700;
1:500); mouse anti-BEST1/bestrophin-1 (Novus Biologicals,
NB300-164; 1:1000); mouse anti-KRT8-KRT18/cytokeratin 8/
18 (Abcam, ab17139; 1:1000); mouse anti-ubiquitin (Santa
Cruz Biotechnology, Inc., scP1A6; 1:500; a generous gift
from Dr. Wilma Hoffman, SUNY Buffalo, NY, USA); rabbit
anti-MAPILC3B (Cell Signaling Technology, 2775; 1:1000);
mouse anti-SQSTM1 (Abcam, ab56416; 1:1000); rabbit anti-
ATG5 (Cell Signaling Technology, 2630; 1:1000); anti-RHO
mouse monoclonal antibody (1D4, 1:2000; a generous gift
from Dr. Robert Molday, University of British Columbia,
Canada); rabbit anti-ACTB (Cell Signaling Technology,
4967; 1:1000). After rinsing the membranes 3 times with
TBST, a follow-up incubation was carried out using appro-
priate host-specific alkaline phosphatase-tagged secondary
antibodies (1 h at room temperature). Detection of antibody
binding was achieved using chemifluorescent enzyme sub-
strate (GE Healthcare Life Sciences, 45,000,947) and a
ChemiDoc™ MP Imaging System (Bio-Rad Laboratories,
USA). Semi-quantitative densitometric analysis was per-
formed using ImageLab® 5.0 software (Bio-Rad Laboratories,
USA), with band intensities of target antigens normalized to
ACTB levels.

Immunohistochemistry and confocal microscopy

Eyes from control and AY9944-treated animals were enu-
cleated (6-h post light onset), fixed in PBS 3.7% (w:v) for-
maldehyde (prepared from paraformaldehyde; Electron
Microscopy Sciences, 30,525-89-4)) on ice for 15 min, and
then rinsed in chilled PBS 3 times. Fixed eyes were cryopro-
tected overnight at 4°C by immersion in 30% (w:v) sucrose
(Sigma Aldrich, 57-50-1) in PBS, and then embedded in
TissueTek® Optimal Cutting Temperature Compound
(Electron Microscopy Sciences, 62,550-01). Cryosections
(10-micron thickness) were collected onto glass Gold Seal™
UltraFrost™ microscope slides (Thermo Fisher Scientific,
3063-002), using a cryostat (CM3050S, Leica Microsystems,
Buffalo Grove, IL, USA). Tissue cryosections were then trea-
ted with dry ice-chilled acetone for 10 min, air-dried, and
subjected to brief immersion in PBS containing 100 mM
glycine (to block free aldehyde groups), followed by 2 brief
rinses in PBS. To block nonspecific binding of secondary
antibodies (host origin: donkey or goat), sections were treated
with nonimmune (normal) donkey (Sigma Aldrich, D9663) or
goat (Sigma Aldrich, G9023) serum (5% [v:v] in TBS, supple-
mented with 0.2% [v:v] Tween-20, 0.5% [w:v] BSA (Sigma
Aldrich, A3059), and 0.5% [w:v] fish skin gelatin (Sigma
Aldrich, G7061). Cryosections were then briefly rinsed with
TBST, and exposed (overnight at 4°C in a humidified cham-
ber) to primary antibodies (diluted in TBST supplemented
with 0.5% [w:v] BSA): rabbit anti-RLBP1 (1:200); mouse anti-
TJP1 (Molecular Probes, 339,100; 1:100); mouse anti-RHO
(1D4; 1:200); rabbit anti-CTSD (Calbiochem, M16; 1:100).
Negative controls consisted of nonimmune IgG (10 pg/ml)
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(Sigma Aldrich; rabbit: 12-370, mouse: 12-371): from the
same host species as that from which the primary antibody
was derived. After 3 rinses with TBST, tissue sections were
incubated for 45 min at room temperature with secondary
IgG from suitable host species, conjugated with Alexa Fluor®
410/488/568/647 (1:500 in antibody diluent; ThermoFisher
Scientific, Grand Island, NY). Slides were rinsed with TBS,
counterstained with DAPI (4',6-diamido-2-phenylindole),
coverslip mounted using Vectashield® mounting medium
(Vector Laboratories, H-1000), and examined with a Leica
TCS SPEIl DMI4000 scanning laser confocal fluorescence
microscope (Leica Microscystems, Buffalo Grove, IL, USA).
Images were captured using a 40X or 63X oil immersion (RI-
1.518) objective under nominal laser intensity (10%-20% of
maximum intensity), arbitrary gain (800-900) and offset
(=0.2) values, to optimize the signal-to-noise ratio.

For analysis of autofluorescence, cryosections of formalde-
hyde-fixed Optimal Cutting Temperature Compound-
embedded eyes (see above) from 3-month old-untreated (con-
trol) and AY9944-treated rats were mounted, air-dried,
hydrated, and coverslipped on glass slides without staining.
Maximum z-stack projections (42 x 0.065-pum Xy sections)
were captured by scanning laser confocal fluorescence micro-
scopy, using 488-nm excitation and emission window set
between 500- to 600-nm[120]. Leica software (LAS-AF, ver-
sion 4.4) functions (thresholding with pixel-oriented segmen-
tation) were employed for quantification of RPE
autofluorescent inclusions; pixel intensities were summed
and grouped as a function of particle diameter (d) into 3
groups: those with d < 0.28 pm; those with d = 0.28 to 0.70
um; and those with d > 0.70 pm.

Lysosomal ph measurement

SLOS RPE cells cultured on 96-well plates were utilized for
lysosomal pH measurements, using LysoSensor™ Yellow/Blue
DND-160 (ThermoFisher Scientific, L7545), a membrane-
permeable ratiometric pH-sensitive probe (pKa ~ 4.2), which
emits a blue fluorescence in neutral pH environments, but
changes to yellow fluorescence in more acidic environments.
The procedure employed was essentially as described pre-
viously [44]. Culture medium was aspirated from the cells,
which were then incubated with LysoSensor™ Yellow/Blue
DND-160 (2 uM; ThermoFisher Scientific, L7545), prepared
in an isotonic solution containing 105 mM NaCl, 5 mM KClI,
6 mM HEPES-acid, 4 mM HEPES-Na, 5 mM NaHCO;,
60 mM mannitol (Sigma Aldrich, M4125), 5 mM glucose
(Sigma Aldrich, G8270), 500 uM MgCl,, and 1.3 mM CaCl,,
pH 7.4; 300 mOsm. After a 3-min incubation, cells were
rinsed 3 times with the same isotonic solution, followed by
treatment with chloroquine (CHQ, as the diphosphate) and
pH standards. Lysosomal pH of cells in ‘calibration wells” was
calibrated against a range of pH values (pH 4.0, 4.5, 5.0, 5.5
and 6.5) by incubation in a solution containing 20 mM MES
(2-(N-morpholino)ethanesulfonic acid), 110 mM NaCl, 5 mM
KCl, 15 pM monensin (Sigma Aldrich, M5273), and 30 uM
nigericin (Sigma Aldrich, N7143). Monensin and nigericin are
proton-cation ionophores that render membranes permeable
to Na" and K", respectively. Lysosomal pH values were
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expressed as the ratio of the emitted light intensities (mea-
sured at 527 nm) with excitation at 340 nm vs. 380 nm, using
a Fluoroskan Ascent™ FL Microplate Fluorometer and
Ascent™ software (ThermoFisher Scientific, Grand Island,
NY). Eleven iterations of readings were obtained between 12
to 14 min after removal of the dye, of which reading 3
through 7 were used to determine lysosomal pH. Excitation
wavelength readouts from calibrated RPE cells with known
pH values were used as standards to plot absolute pH values
of cells.

Measurement of CTSD activity

CTSD activity in cultured cells was estimated using an assay
based on binding of fluor-tagged pepstatin A (BODIPY-FL
Pepstatin-A analog; Invitrogen, P12271), as previously
described [43,44]. Briefly, SLOS RPE cells were cultured to
confluence in black-walled, clear-bottomed 96-well plates.
Cells were incubated in Mg**-free isotonic solution for an
hour, followed by a 30-min dark incubation with 10 uM
Bodipy FL-labelled Pepstatin-A (Molecular Probes®) at 37°C.
CTSD active site levels were evaluated as an autofluorescence-
corrected fluorescence readout (excitation/emission ratio:
Aex = 340 nm; A, = 380 nm), obtained using the aforemen-
tioned fluorescence microplate reader.

A2E and bisretinoid measurements

Eyes (n = 4 per group/treatment) from untreated and
AY9944-treated rats were harvested, flash frozen in liquid
nitrogen, and stored at —80°C until ready for analysis.
Analysis of A2E, related bisretinoids, and all-trans retinalde-
hyde was performed by ultra-performance liquid chromato-
graphy-mass spectrometry (UPLC-MS) as described in detail
elsewhere [121]. In brief, after extraction in the presence of
chloroform and methanol, analysis was performed on a
Waters ACQUITY UPLC System (Waters/Millipore) that
was coupled on-line with a Waters SQD single quadrupole
mass spectrometer (electrospray ion multi-mode ionization,
ESCi) and both photodiode array (PDA) eX and fluorescence
(FLR, Waters, Milford, MA, USA) detectors. For elution, a
Waters XBridge™ C18 reversed phase column (2.5 pm,
3 x 50 mm) was used with a mobile phase of acetonitrile/
methanol (1:1) in water. Peak area was determined from
chromatograms using Waters Empower software and molar
quantity per eye was determined using calibration curves
constructed from known concentrations of synthesized stan-
dards and by normalizing to the ratio of the HPLC injection
volume (10 pl) vs. total extract volume. These data were then
correlated with the qualitative and quantitative autofluores-
cence data obtained from the scanning laser confocal fluores-
cence microscopy analysis of ocular cryosections (see above,
and Results).

Transduction with bacmam RFP-GFP-LC3B construct to
detect autophagic flux

Formation and maturation of autophagosomes was monitored
in control and SLOS RPE cells by transient transduction

utilizing a Premo™ Autophagy Tandem Sensor RFP-GFP-
LC3B Kit (ThermoFisher Scientific, P36239) as described by
the manufacturer. Briefly, RPE cells cultured on RINZL cover-
slips were incubated with 30 particles/cell of the BacMam
reagent containing the RFP-GFP-LC3B construct (n = 3), for
24 h in the cell culture incubator as described above.
Transduced control RPE cells (n = 3) were incubated in
150 uM CHQ for 8 h. The cells were rinsed in 1X PBS
followed by 4% buffered paraformaldehyde fixation for
10 min. Fixed coverslips were then rinsed, and counterstained
with DAPI. Coverslips were mounted using Vectashield®
mounting medium, and high magnification confocal fluores-
cence microscopy images were obtained as described in
Section 4.7. Transduced cells were selected for microscopy
based on RFP signal alone and RFP/GFP signals were subse-
quently captured. The number of GFP- and RFP-positive
puncta were manually counted (n = 100/group/treatment),
and the GFP/RFP ratio provided an estimate of the percentage
of unacidified (immature) phagosomes under each condition.

Bovine rod outer segment (ROS) phagocytosis and
degradation assay

ROS prepared under dim red light from dark-adapted bovine
retinas was obtained commercially (InVision BioResources,
98,740). Phagocytosis assay was performed as described in
detail elsewhere [122]. Briefly, control and SLOS RPE cells
were maintained at confluence in 6-well plates for 2 to
3 months. Cultures were then treated for 2 h (at 37°C) with
aliquots of ROS (suspended in culture medium), at a final
calculated ratio of 5 ROS particles/cell, followed by 3x washes
of all cultures with fresh medium to remove any nonphago-
cytosed ROS. Triplicate cultures were harvested at 2 h, to
verify and quantify outer segment phagocytosis. The remain-
ing 3 wells were then incubated for an additional 48 h (at 37°
C), before lysing the cells in RIPA buffer supplemented with
protease inhibitors. The protein concentration in the lysates
was determined (micro-BCA assay; Pierce), followed by
immunoblot analysis (see above), utilizing antibodies against
RHO (1D4 mouse monoclonal) and ACTB (rabbit monoclo-
nal; [Cell Signaling Technology, 4970S]).

Measurement of transepithelial electrical resistance
(TEER)

Control and SLOS RPE cells were seeded in triplicate on
12-well Transwell® inserts (Millipore, MCRP12H48) coated
with iMatrix-511°, at a density of ~ 3.2 x 10* cells/
Transwell®. The cells were cultured using the strategy
described above. To monitor the establishment of an elec-
trically tight epithelial monolayer, TEER measurements
were made every week using an epithelial volt-ohm meter
(E-VOM?, World Precision Instruments, Sarasota, FL,
USA). Three measurements were obtained from each well,
and an average TEER value (expressed as Q*cm?) was
calculated as the product of the area of the insert and the
epithelial resistance measurement (obtained by subtracting
the TEER measurements obtained from a blank insert from
total TEER measurement) [123].



RNA extraction, cdna synthesis and qpcr

Cultured control and SLOS RPE cells (n = 3 each) were
dislodged using accutase treatment and pelleted by centrifu-
gation. Cells were lysed using an RNeasy® Plus Mini Kit
(Qiagen, 74,134) per manufacturer’s instructions; lysates
were passed through a QIAshredder column (Qiagen,
79,654) to ensure homogenization, followed by genomic
DNA digestion using gDNA eliminator spin columns. RNA
was purified using RNeasy® columns, and quantified. Samples
of RNA (150 ng each) were taken for cDNA preparation,
using an AffinityScript® QPCR cDNA synthesis kit (Agilent
Technologies, 600,559) per the manufacturer’s instruction.
c¢DNA was subjected to qPCR using iQ™ SYBR® Green RT
mix (Bio-Rad, 1,708,880). The primer sequence for RPE-spe-
cific/housekeeping transcript targets were as follows: RPE65:
Fwd 5" CTGTTCAAGTTCCTTTCTTCATGG 3', Rev 5’ G
TCAGCAATATGAAGCCAACC 35 MERTK: Fwd 5 CTT
CGTGCTGGGCTTCTAC 3', Rev 5" TTGCTCGTCCTTGC
CTTC 3’5 MITF: Fwd 5 CCAGTATGACATCACGCATCT
3’, Rev 5 ACTCACGGGCACTCTCT 3'; and, ACTB: Fwd 5'
GTCCCCCAACTTGAGATGTATG 3', Rev 5 AAGTCAG
TGTACAGGTAAGCC 3'. A HEK293S ¢DNA library (a gen-
erous gift from Zahra Fayazi, University at Buffalo, NY, USA)
was used as a negative control for gPCR analysis of RPE-
specific transcript targets in control and SLOS RPE. The
normalized expression ratio [2C24CY9] (normalized to ACTB)
for the target transcripts was calculated using the Livak
method [34].

Statistical analysis of quantitative data

One-way ANOVA (analysis of variance) was performed to
test for statistical significance of differences between quanti-
tative values derived from specific experimental protocols,
using GraphPad® software package. One-ANOVA determined
statististical significance, if any, between three or more cate-
gorical groups. Further, the Welch’s unpaired t test (which
assumes unequal variances between individual groups of data)
was employed as post-hoc test. In either case, a significance
threshold of P < 0.05 was applied.

Abbreviations

3-MA 3-methyladenine;

7DHC 7-dehydrocholesterol;

ACTB actin beta;

ATG5 autophagy related 5;

BCS bovine calf serum;

Chol cholesterol;

CHQ chloroquine;

DHCR7? 7-dehydrocholesterol reductase;

DLS delipidated serum;

ERG electroretinography/electroretinographic;
ESC embryonic stem cell;

GFP green fluorescent protein;

HPLC high-pressure liquid chromatography;
iPSC induced pluripotent stem cell;

LAP LC3-associated phagocytosis;

LDL low-density lipoprotein;

MAPILC3B microtubule associated protein 1 light chain 3 beta;
MERTK MER proto-oncogene tyrosine kinase;
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MITF melanogenesis associated transcription factor;
NPC1 NPC intracellular cholesterol transporter 1;
PE phosphatidylethanolamine;

qPCR quantitative polymerase chain reaction;
RAB7 RAB7, member RAS oncogene family;
RFP red fluorescent protein;

RFU relative fluorescence unit;

RHO rhodopsin;

RLBP1 retinaldehyde binding protein 1;

ROS rod outer segment;

RPE retinal pigment epithelium;

RPE65 RPE65, retinoid isomerohydrolase;
SLOS: Smith-Lemli-Opitz syndrome;

TEER transepithelial electrical resistance;
TJP1 tight junction protein 1;
TUBA/a-tubulin  tubulin alpha;

UPLC-MS ultra-performance  liquid  chromatography-mass

spectrometry
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