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Purrosk. Bietti crystalline dystrophy (BCD) is a progressive retinal degenerative disease
primarily characterized by numerous crystal-like deposits and degeneration of retinal
pigment epithelium (RPE) and photoreceptor cells. CYP4V2 (cytochrome P450 family 4
subfamily V member 2) is currently the only disease-causing gene for BCD. We aimed to
generate a zebrafish model to explore the functional role of CYP4V2 in the development
of BCD and identify potential therapeutic targets for future studies.

MetHops. The cyp4v7 and cyp4v8 (homologous genes of CYP4V2) knockout zebrafish
lines were generated by CRISPR/Cas9 technology. The morphology of photoreceptor and
RPE cells and the accumulation of lipid droplets in RPE cells were investigated at a series
of different developmental stages through histological analysis, immunofluorescence, and
lipid staining. Transcriptome analysis was performed to investigate the changes in gene
expression of RPE cells during the progression of BCD.

Resurrs. Progressive retinal degeneration including RPE atrophy and photoreceptor loss
was observed in the mutant zebrafish as early as seven months after fertilization. We also
observed the excessive accumulation of lipid droplets in RPE cells from three months after
fertilization, which preceded the retinal degeneration by several months. Transcriptome
analysis suggested that multiple metabolism pathways, especially the lipid metabolism
pathways, were significantly changed in RPE cells. The down-regulation of the perox-
isome proliferator-activated receptor o (PPAR«) pathway was further confirmed in the
mutant zebrafish and CYP4V2-knockdown human RPE-1 cells.

Concrusions. Our work established an animal model that recapitulates the symptoms of
BCD patients and revealed that abnormal lipid metabolism in RPE cells, probably caused
by dysregulation of the PPAR«x pathway, might be the main and direct consequence of
CYP4V2 deficiency. These findings will deepen our understanding of the pathogenesis
of BCD and provide potential therapeutic approaches.

Keywords: CYP4V2, Bietti crystalline dystrophy, retinal degeneration, lipid droplets,
PPAR«x

B ietti crystalline dystrophy (BCD) is an inherited progres-
sive retinal degeneration disease that was first described
in 1937 by Bietti.! BCD appears to be more common in
East Asia, especially in Chinese and Japanese people.?~® The
frequency of pathogenic alleles of BCD has been estimated
to be 1:67000.”-® BCD patients often show clinical symptoms
similar to those of retinitis pigmentosa (RP), including night
blindness, progressive loss of visual field, vision decline, and
eventually total blindness.® The numerous small crystal-like
deposits in the fundus are the most obvious feature of BCD
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patients. Optical coherence tomography imaging studies of
BCD patients showed that the crystals were predominantly
located in the retinal pigment epithelium (RPE) layer.”~!2 The
above clinical findings indicate that RPE may be the cell type
that is predominantly damaged in BCD. Currently, there is
no effective treatment for BCD.

Until now, mutations of CYP4V2 (cytochrome P450
family 4 subfamily V member 2) are the only known
genetic cause of BCD. Three mutations of CYP4V2, includ-
ing ¢.802_810dell17insGC, c.992A>C, and ¢.1091-2A>G,
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account for more than 80% of the mutant alleles identi-
fied in BCD.%'3-15> CYP4V2 is a member of the cytochrome
P450 (CYP) 4 family of enzymes, which catalyzed the w-
hydroxylation of fatty acid.'®!” In vitro experiments have
shown that recombinant CYP4V2 can selectively hydroxy-
late long-chain and medium-long chain saturated and unsat-
urated fatty acids in the presence of NADPH.!® Lai et al."’
have reported a higher concentration of octadecanoic acid
[18:0] and the lower concentrations of octadecadienoic acid
[18:1n-9] and overall monounsaturated fatty acid in serum
samples of 16 Chinese BCD patients. In the Cyp4v3 knock-
out mouse model, changes in serum fatty acid composition
were also observed, but in the opposite direction.?®

More importantly, the exclusive ocular phenotypes found
in BCD patients and the BCD mouse models suggest that
the CYP4V2 gene may play an essential role in these types
of cells, especially the RPE cells. Recently, Hata et al.*!
have successfully generated BCD patient-specific RPE cells
by induced pluripotent stem cell (iPSC) technology and
revealed the accumulation of free cholesterol and the impair-
ment of autophagy flux in these BCD-affected RPE cells.
However, because of the difficulties in accessing RPE cells
from BCD patients or appropriate animal models of BCD,
their findings have not been verified in vivo. Therefore
it is particularly important to establish appropriate animal
models that could recapitulate the lipid metabolism defects
and retinal degeneration phenotypes and so facilitate the
molecular mechanism studies of BCD.

In the present study, we generated a BCD animal model
by knocking out the homologous genes of CYP4V2 in
zebrafish through CRISPR/Cas9 technology. The accumu-
lation of lipid droplets in RPE cells and the progressive
degeneration of RPE and photoreceptor cells were observed.
Furthermore, we performed transcriptome analysis on the
isolated RPE cells to investigate the potential pathways medi-
ated by CYP4V2 and to identify the molecular mechanism
underlying the abnormal lipid metabolism and the onset and
progression of BCD.

MATERIALS AND METHODS
Zebrafish Husbandry

Zebrafish were cultured in a circulated water system at
28.5°C and in a daily cycle of 14-hour-light and 10-hour-
dark. The study was approved by the Ethics Committee of
Huazhong University of Science and Technology.

Mutants Generation by CRISPR/Cas9 Technology

The sgRNAs and Cas9 mRNA were synthesized using the
Transcript Aid T7 High Yield Transcription Kit (K0441;
Thermo Fisher Scientific, Waltham, MA, USA) and mMES-
SAGE mMACHINE T3 Transcription Kit (AM1348; Invitrogen,
Carlsbad, CA, USA), respectively. Cas9 mRNA (300 ng/uL)
and two sgRNAs for cyp4v7 and cyp4v8 genes (20 ng/pL
each) were co-injected into the one-cell stage embryos.

Cryo-sectioning and Hematoxylin and Eosin
(H&E) Staining

Whole zebrafish eyes were dissected and fixed in 4%
paraformaldehyde. Then, the eyes were dehydrated in 30%
sucrose and embedded in optical coherence tomography.
Retinal sections with a thickness of 10 pm were cut with a
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cryostat (Leica CM1950; Leica, Wetzlar, Germany). Sections
were stained with H&E for analysis. The sections after H&E
staining were observed and photographed under the optical
microscope BX53.

Nile Red Staining and Filipin Staining

Cryosections were used for Nile Red (cat. N-1142; Invit-
rogen) staining. The slides were washed with phosphate-
buffered saline solution three times and incubated with Nile
Red (2 pg/ml in DMSO) for 10 min in the dark. The nuclei
were labeled with DAPI (5 pg/ml) for 5 min. The stain-
ing method for cultured cells is the same as above. RPE
flat mounts were prepared as described and stained using
the same protocol.?? Filipin staining was performed using
a cell-based cholesterol detection kit (Sigma, SAE0087).
The cryosections were balanced at room temperature for
20 min and washed three times with phosphate-buffered
saline solution, followed by incubation for two hours with
Filipin III. The nuclei were stained with PI for five minutes.
The sections were mounted under glass coverslips. Fluores-
cence images were captured using a confocal laser-scanning
microscope (FluoView FV1000 confocal microscope; Olym-
pus Imaging, Tokyo, Japan). Triglyceride and free cholesterol
concentrations were measured by commercial kits (Beijing
Solarbio Science & Technology Co. Ltd, Beijing, China)
according to the manufacturer’s instructions.

Transmission Electron Microscopy (TEM)

TEM was performed according to a previous report.?> Ultra-
thin sections of 100 nm thickness were prepared using an
ultramicrotome and stained for TEM.

Immunofluorescence and Western Blotting

The preparation of RPE flat mounts and immunofluores-
cence analysis were performed as described previously.??24
Fluorescent images were captured using a confocal laser-
scanning microscope (FluoView FV1000 confocal micro-
scope; Olympus Imaging). Fresh cells and zebrafish eyes
were isolated and lysed in RIPA buffer. Lysates were mixed
with loading buffer and boiled for 10 minutes. Protein
samples were separated by SDS-PAGE and transferred to
nitrocellulose membranes. The membranes were blocked for
one hour in 5% skim milk and incubated with primary anti-
bodies overnight at 4°C. The membranes were then washed
three times in TBST for five minutes each and incubated
with either a goat anti-rabbit or a goat anti-mouse HRP-
conjugated secondary antibody (1:20,000; Thermo Fisher
Scientific) for two hours at room temperature. The protein
bands were detected using a ChemiDoc XRS™ system (Bio-
Rad Life Science, Hercules, CA, USA) with the SuperSignal
Sensitivity Substrate (Thermo Fisher Scientific), and quanti-
fied with the Quantity One software (Bio-Rad Life Science).

In Situ Hybridization

In situ hybridization for retinal sections was performed as
previously described.?> Probes were synthesized and labeled
with the Digoxigenin using the MAXIscript SP6/T7 Tran-
scription Kit (Invitrogen).
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RNA Isolation and Quantitative PCR

Total RNA samples were extracted by Trizol reagents (Takara
Biotechnology Co., Kyoto, Japan) according to the manu-
facturer’s instruction. The first strand cDNAs was synthe-
sized by MMLV reverse transcriptase (Invitrogen). Quanti-
tative PCR (qPCR) was performed using AceQ qPCR SYBR
Green Master Mix (Vazyme Biotech, Nanjing, China) on the
StepOnePlus quantitative PCR System (Life Technologies,
Carlsbad, CA, USA) according to the manufacturer’s instruc-
tions. The relative gene expression was quantified using the
StepOne software v2.3. Gene primers are listed in Supple-
mentary Table S2.

Transcriptional Profiling

Eyeballs from 7-month-old wildtype (WTI) and
cyp4v7/cyp4v8 DKO zebrafish were dissected, and the
RPE layer was collected. Total RNA samples were extracted
by Trizol Regent. RNA sequencing was performed on an
Illumina HiSeq2000 platform (Gene Denovo Biotechnology,
Co., Ltd., Guangzhou, China). The trimmed mean of M values
was used to normalize raw counts of samples. Differently
expressed genes were identified by the edgeR and DESeq2
using the following cut-off values: FC>2 and adjusted P
value <0.05. Kyoto Encyclopedia of Genes and Genomes
(KEGG) enrichment analysis was performed with DAVID.

Cell Culture and RNA Interference

Human RPE-1 cells (American Type Culture Collection, CRL-
4000) were cultured in DMEM (Gibco 11330057; Thermo
Fisher Scientific) supplemented with 10% FBS. Human
CYP4V2 small interfering RNA (siRNA) was synthesized
and purified by RiboBio (Guangzhou RiboBio, Guangzhou,
China). The target sequence of CYP4V2 siRNA (siCYP4V2)
was ACAGAGATCCGAGATACTT. The siRNA duplexes target-
ing nonspecific sequences were used as negative control
(siNC). Cells were transfected with siNC or siCYP4V2 by
Lipofectamine 3000 (L3000015, Invitrogen) for 72 hours and
then collected according to the requirements of subsequent
experiments.

Statistical Analysis

All data were presented as mean with SEM. Data groups were
compared by Student’s ¢ tests (Prism 6.0 software; Graph-
Pad Software, Inc., La Jolla, CA, USA). Differences between
groups were considered statistically significant if P < 0.05.

RESuULTS

Generation of the cyp4v7/cyp4v8
Double-Knockout Zebrafish

In zebrafish, two proteins encoded by the cyp4v7 and
cyp4v8 genes both showed a high degree of homology to
CYP4V2. About 65% of amino acid residues are identical and
60% of amino acid residues are positive between zebrafish
Cyp4v7/Cyp4v8 and human CYP4V2 (Supplementary Fig.
S1). In addition, we constructed a phylogenetic tree based
on the amino acid sequences of all CYP4 (cytochrome P450
gene 4) family proteins in human and zebrafish genomes
using the maximum likelihood with 500 bootstrap repli-
cates from MEGA 7.0 (Molecular Evolutionary Genetics
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Analysis).?® As shown in Figure 1A, there are only four
CYP4 family genes in zebrafish, and the cyp4v7 and cyp4v8
genes show the closest evolutionary distance to the human
CYP4V2 gene.

Next, we detected the expression distribution of cyp4v7
and cyp4v8 in zebrafish retinas by in situ hybridization
(Fig. 1B). Noticeably, cyp4v7 and cyp4v8 were both widely
expressed throughout the retina, and cyp4v7 showed a
relatively enriched expression in RPE cells. These expres-
sion patterns are similar to that of CYP4V2 in human reti-
nas reported previously.!® The expression levels of cyp4v7
and cyp4v8 were also detected by semiquantitative reverse-
transcription PCR. The mRNA level of c¢yp4v7 was much
higher than cyp4v8 in zebrafish retinas (Fig. 1C). These
results suggested that compared with other members in the
CYP4 family of zebrafish, cyp4v7 and cyp4v8 are the most
likely homologous genes of human CYP4V2 in zebrafish.

To further confirm the functional conservation between
zebrafish Cyp4v7/Cyp4v8 and human CYP4V2 and estab-
lish an appropriate BCD disease model, we generated the
cyp4v7 and cyp4v8 double knockout (DKO) zebrafish line by
CRISPR/Cas9 technology. Two sgRNA target sites in the exon
9 of cyp4v7 and the exon 6 of ¢yp4v8 (Fig. 1D), which are
located in the corresponding mutational hotspots of human
CYP4V2, were chosen for knockout experiments.?” Through
three rounds of screening, we obtained the cyp4v7/cyp4v8
double knockout (named cyp4v7/cyp4v8 DKO) zebrafish
line (Fig. 1E). The mRNA levels of cyp4v7 were reduced
by about 50% in the mutant group compared with the
WT group, although there was no significant decrease of
cyp4v8 mRNA levels (Fig. 1F). Meanwhile, we amplified and
sequenced the cDNA fragments spanning the two muta-
tions in cyp4v7 and cyp4v8, respectively (Supplementary Fig.
S$2). There were no alternative splicing events that could
skip the mutant exons, and the mutations indeed existed
in the mature mRNAs of ¢yp4v7 and cyp4v8. These results
suggested that the functions of cyp4v7 and cyp4v8 are likely
destroyed in the cyp4v7/cyp4v8 DKO zebrafish.

Progressive Degeneration of Photoreceptor and
RPE Cells in cyp4v7/cyp4v8 DKO Zebrafish

To investigate the retinal phenotypes of the cyp4v7/cyp4v8
DKO zebrafish, histological analysis was performed at 7,
10, 12, and 20 months after fertilization (Figs. 2A, 2B). At
7 and 10 mpf, there were no significant differences in the
retinal structure or the thickness of retinal layers between
WT and mutant zebrafish. However, at 12 mpf, we observed
obvious attenuation of the photoreceptor layer, especially
the outer segment layer, in cyp4v7/cyp4v8 DKO zebrafish.
This situation became much more severe at 20 mpf. The
expression of rod-specific (Gnatl) and cone-specific (Gnat2)
phototransduction cascade proteins were detected by West-
ern blotting at 10 and 12 mpf (Fig. 2C). The protein levels
of Gnatl were decreased mildly at 10 mpf and severely
at 12 mpf. Meanwhile, the protein levels of Gnat2 were
unchanged at 10 mpf, but significantly decreased at 12 mpf
(Figs. 2C, 2D). These results further supported the existence
of progressive photoreceptor degeneration with a rod-first
and cone-later pattern.

RPE cells are considered the main affected cells in
BCD patients. Consequently, we checked the morphology
of RPE cells in WT and cyp4v7/cyp4v8 DKO zebrafish by
immunostaining using the anti-ZO-1 antibody on RPE flat
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Generation of the ¢yp4v7 and cyp4v8 double knockout zebrafish. (A) Phylogenetic relationships and gene structures of CYP4

family genes in human and zebrafish. (B) In situ hybridization of cyp4v7 and cyp4v8 in retinas of two-month-old WT zebrafish. IS+OS,

inner segment and outer segment; ONL, outer nuclear layer; INL, inn

er nuclear layer; GCL, ganglion cell layer. Scale bars: 20 pm. (C)

Semiquantitative RT-PCR analysis of cyp4v7 and cyp4v8 expression in two-month-old zebrafish eyes. (D) CRISPR/Cas9 target sites. (E) DNA
sequencing of the corresponding genomic region for WT and mutant zebrafish. The sequencing traces revealed a 2 bp deletion/6 bp insertion
mutation in ¢yp4v7 and a 2 bp deletion mutation in cyp4v8. (F) Relative mRNA levels of cyp4v7 and cyp4v8 were detected by qPCR in WT
and cyp4v7 and cyp4v8 double knockout zebrafish at 1 mpf. The results are shown as mean £ SD. **P < 0.001.

mounts from 7 to 20 months after fertilization (Fig. 3A).
In cyp4v7/cyp4v8 DKO zebrafish, the loss of hexagonal
cellular architecture and junctional integrity RPE cells could
be observed as early as seven after fertilization, suggest-
ing the dysfunction and atrophy of RPE cells. The number
of degenerative RPE cells increased with age dramatically
in the mutant zebrafish (Fig. 3B). These results demon-
strated that there was also progressive degeneration of RPE
cells occurring before photoreceptor degeneration in the
cyp4v7/cyp4v8 DKO zebrafish.

Excessive Accumulation of Lipid Droplets in RPE
Cells of cyp4v7/cyp4v8 DKO Zebrafish

CYP4V2 is supposed to play a role in lipid metabolism.?®
We wondered whether there was abnormal lipid accumula-
tion in the retina of cyp4v7/cyp4v8 DKO zebrafish. We found
that accumulation of lipid droplets (LDs) could be observed
in RPE layer by Nile red staining in the cyp4v7/cyp4v8 DKO
zebrafish as early as 3 mpf (Fig. 4A). RPE flat mounts of
WT and cyp4v7/cyp4v8 DKO zebrafish were also prepared
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Ficure 2. Progressive degeneration of photoreceptor cells in cyp4v7/cyp4v8 DKO zebrafish. (A) Histological analysis revealed the progres-
sive degeneration of the outer retinal layer in cyp4v7 /= cyp4v8~/~ zebrafish. OS, outer segment; IS, inner segment; ONL, outer nuclear layer;
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and stained with Nile Red. LDs could be observed in nearly
all RPE cells in the mutant zebrafish at 10 months after
fertilization (Fig. 4B). From 3 to 10 months after fertiliza-
tion, the number and size of LDs located in the RPE cells
were significantly increased with age (Fig. 4B). The existence
of LDs in RPE cells of cyp4v7/cyp4v8 DKO zebrafish was
further validated by TEM (Fig. 4C). These results suggested
that the excessive accumulation of lipid droplets in RPE
cells may be a major pathological change at the cellular

level before photoreceptor degeneration in the progression
of BCD.

Accumulation of free cholesterol has been reported in
the BCD iPSC-RPE cells.?! We also detected the content of
cholesterol in the retinas of WT and cyp4v7/cyp4v8 DKO
zebrafish by Filipin staining (Supplementary Fig. S3). No
significant accumulation in free cholesterol was observed in
3-month-old cyp4v7/cyp4v8 DKO zebrafish. However, at 12
months after fertilization, free cholesterol was specifically
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Ficure 3. Abnormal morphologic characteristics of RPE cells in cyp4v7/cyp4v8 DKO zebrafish. (A) Immunofluorescence analysis of flat-
mounted eyecups from WT and cyp4v7~/~ cyp4v8~/~ zebrafish at 7, 10, 12, and 20 months after fertilization using the anti-ZO-1 antibody. We
defined the loss of hexagonal cellular architecture and junctional integrity cells as abnormal RPE cells. White arrows indicate the abnormal
RPE cells. Scale bar: 20 nm. (B) The numbers of abnormal RPE cells were quantified for each of the images. The results are shown as mean

+ SD. **P < 0.001; **P < 0.01; *P < 0.05.

enriched in the RPE layer of cyp4v7/cyp4v8 DKO retinas,
compared with WT retinas. Our result suggested that free
cholesterol accumulation might be a feature of BCD in the
middle and late stages and is likely not the direct cause of
CYP4V2 deficiency.

Downregulation of the PPARx Pathway is
Involved in the Accumulation of Lipids Caused by
CYP4V2 Deficiency

To investigate the molecular mechanism underlying the
onset and development of BCD, we performed tran-
scriptional profiling of the RPE tissues from WT and
cyp4v7/cyp4v8 DKO zebrafish at seven months after fertil-
ization by RNA sequencing (RNA-seq). A total of 3170 differ-
entially expressed genes were identified, of which 1341
were upregulated and 1829 were downregulated (Fig. 5A).
The top 20 KEGG enriched pathways (Fig. 5B) involved in

metabolism processes accounted for 30% of all pathways.
The lipid metabolism pathways could be further divided
into bile acid biosynthesis, arachidonic acid metabolism,
steroid biosynthesis, linoleic acid metabolism, and fatty
acid elongation (Fig. 5C). Interestingly, some of the lipid
metabolism-related genes were regulated by peroxisome
proliferators activated receptors alpha (PPARw), and its
pathway (ko03320) also significantly enriched in the top
20 KEGG pathways. Furthermore, we checked the expres-
sion of genes involved in the PPARa pathway by show-
ing them in the heatmap based on our RNA-seq data
(Fig. 5D). The fabp (fatty acid binding protein) family
genes (fabpla, fabp7a, fabp7b, fabp11a, fabp11b) and other
PPARe-regulated genes such as apo-Al (apolipoprotein A-
D and cyp27a1.2 (cytochrome P450 family 7 subfamily
A member 27a) were significantly downregulated, which
was also verified by qPCR (Fig. 5E). We also observed
the decreased protein levels of PPARa in 7-month-old
cyp4v7/cyp4v8 DKO zebrafish (Fig. 5F). Finally, we knocked
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red (1-2 pm), and blue (0-1 um) (n = 88-103 RPE cells examined over three biologically independent experiments). (C) TEM images of
retinal ultrathin sections from WT and cyp4v7 /= cyp4v8~/~ zebrafish at seven months after fertilization. Lipid droplets are labeled with red
text “LD”. Vacuoles are labeled with red text “V.”

down the expression of CYP4V2 in the human RPE-1 cell line increased levels of triglycerides and free cholesterol were
by siRNA interference and detected the change of PPAR« also observed in CYP4V2-depleted human RPE-1 cells (Figs.
protein levels. Similar to what we found in the BCD zebrafish 6B-E). These results suggested a conserved and probably
model, knockdown of CYP4V2 alleviate the PPAR« protein direct role of CYP4V2 in the regulation of PPARx pathway
level (Fig. 6A). Moreover, the accumulation of LDs and and lipid metabolism.
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Ficure 5. Downregulation of the PPARx pathway was involved in cyp4v7/cyp4v8 DKO zebrafish RPE cells. (A) Volcano plot of differentially
expressed genes in cyp4v7 /" cyp4v8~/~ zebrafish compared with WT. (B) KEGG circle enrichment analysis of the differentially expressed
genes. The first lap indicates the top 20 KEGG terms. The second lap represents the gene numbers in the genome backdrop. The third
circle represents the ratio of the upregulated genes (dark purple) and downregulated genes (light purple). The fourth circle represents the
enrichment element of each KEGG term. (C) KEGG enriched metabolism pathways (P < 0.05) are shown. (D) Expression patterns of genes
in PPAR« signaling pathway in WT and cyp4v7 /"~ cyp4v8~/~ zebrafish RPE cells are shown in the heatmap. (E) Validation of the expression
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of genes in PPARa pathway by qPCR in ¢yp4v7 and cyp4v8 DKO zebrafish RPE cells at seven months after fertilization. (F) Detection of the
protein level of PPAR« in WT and cyp4v7 /= cyp4v8~/~ zebrafish RPE cells by Western blot. The results are shown as mean + SD. **P <
0.001; *P < 0.01; *P < 0.05.
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Figure 6. Knockdown of CYP4V2 increases LDs and free cholesterol accumulation in human RPE-1 cells. (A) Analysis of CYP4V2 and
PPAR« protein levels in negative control (NC) and siCYP4V2 RPE-1 cells by Western blotting. (B) Quantitative analysis of the Western blot
data. At least three independent experiments were performed and quantified. The results are shown as mean £ SD. **P < 0.01. (C) Increased
LDs in siCYP4V2 RPE-1 cells as revealed by Nile red staining. Scale bar: 10 pm. (D) Measurement of triglyceride concentrations in NC and
siCYP4V2 RPE-1 cells. (E) Filipin staining in NC and siCYP4V2 RPE-1 cells. Scale bar, 10 pm. (F) Free cholesterol concentration in NC and
siCYP4V2 RPE-1 cells. The results are shown as mean + SD. **P < 0.001; **P < 0.01.

DiscussioN The progressive degeneration of RPE and photoreceptor
cells and the accumulation of lipid droplets in RPE cells
suggest that the cyp4v7/cyp4v8 double knockout zebrafish
is an appropriate model for BCD, in addition to the cyp4v3-

In this study, we generated a novel BCD animal model by
knocking out the homologous genes of CYP4V2 in zebrafish.
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knockout mice reported in 2014.2° Compared with the
CYP4V2 KO mice, we have made several important improve-
ments in this study. First of all, we described a more detailed
cellular phenotype during the progression of retinal degen-
eration in the cyp4v7/cyp4v8 double knockout zebrafish.
Our results clearly showed that RPE cells were affected first,
which was followed by the rod and then cone photorecep-
tors. This degenerating pattern is highly consistent with the
clinical findings from BCD patients. Second, we paid close
attention to the changes in lipids in RPE cells. By a variety of
means, we demonstrated that lipid droplets are mainly accu-
mulated inside RPE cells but no other retinal cell types in an
age-related manner. Third, we have tried to reveal the molec-
ular mechanisms of BCD through transcriptome analysis
using the RPE tissues isolated from WT and cyp4v7/cyp4v8
double knockout zebrafish. We found that downregulation
of the PPAR« pathway may be involved in the lipid accumu-
lation caused by CYP4V2 deficiency in both zebrafish RPE
cells and cultured human RPE cells. Furthermore, as a popu-
lar laboratory animal model, zebrafish demonstrated many
advantages, such as the short growth cycle, the low breeding
cost, the strong reproductive ability, the small body size, and
the convenience for genetic manipulation and drug screen-
ing. Establishment of the BCD zebrafish model will provide
sufficient experimental materials and lay a solid foundation
for further studies in the related fields.

BCD has been considered as a lipid metabolic disor-
der for a long time. However, because of the limita-
tion of material, this assumption has not been experimen-
tally confirmed until recently. Two previous studies have
analyzed serum lipid constituents in, respectively, BCD
patients and the BCD mouse model, although inconsistent
results were reported.®?° The major shortcoming is that
the data obtained from serum samples may not accurately
reflect the conditions in the mainly damaged tissues, such
as the retina, in BCD. Besides, only a few types of lipids
were tested in the two previous studies. In 2018, Hata et
al.?! performed untargeted lipidomics in BCD iPSC-RPE cells
and found the accumulation of various glucosylceramides
and free cholesterol. However, lipid analysis in another BCD
iPSC-RPE model reported in 2020 revealed the accumulation
of lipid droplets caused by poly-unsaturated fatty acid accu-
mulation.?® In our BCD zebrafish model, we also observed
the accumulation of lipid droplets and free cholesterol in
RPE cells in an age-related manner. However, there are still
many differences among the three models in detail, proba-
bly because of the following reasons: (1) Lack of interactions
between RPE cells and photoreceptors and choroid may
cause unpredictable consequences in the in vitro cultured
RPE cells; (2) Unlike what we have achieved with animal
models, it is difficult to match the in vitro cultured RPE cells
to the different stages of BCD progression. Therefore a time-
course and comprehensive lipidomics analysis of RPE cells
in the BCD zebrafish model helped to clarify the above ques-
tions and provided cues for further studies.

The mechanisms by which CYP4V2 deficiency causes
abnormal lipid accumulation and retinal degeneration
remain inconclusive. Dysfunctions of lysosomes and mito-
chondria have been reported in the two BCD iPSC-RPE
models, respectively.?? In this study, we revealed that
inhibition of the PPARx pathway may be responsible for
the lipid accumulation caused by CYP4V2 deficiency. It
remains to be demonstrated whether the three mechanisms
complement each other or function at different stages of
BCD development. PPAR« is a ligand-inducible transcription
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factor controlling multiple processes in lipid metabolism,
such as microsomal, peroxisomal, and mitochondrial fatty
acid oxidation, synthesis, and breakdown of triglycerides,
fatty acid binding and activation, fatty acid elongation, and
desaturation.?*~3 A variety of endogenous fatty acids and
their metabolites can bind to PPARw as ligands and regulate
lipid metabolism.>® A reasonable assumption is that dysfunc-
tion of CYP4V2 may cause the reduction of certain bioac-
tive metabolites that could activate the PPARx pathway as
ligands. This will also be investigated in our future studies.

In summary, we generated an interesting BCD zebrafish
model and investigated the retinal phenotypes and
pathogenic mechanisms by a combination of multiple tech-
nologies. The accumulation of lipid droplets in RPE cells
was observed and became more substantial with increased
age. Down-regulation of the PPARx pathway was discov-
ered in both RPE cells of BCD zebrafish and the CYP4V2-
knockdown human RPE cell line, suggesting a conserved
and causative role of CYP4V2 in regulating the PPAR«
pathway. These findings will deepen our understanding of
the pathogenesis of BCD and provide potential therapeutic
targets for future studies.
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