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Bietti’s crystalline dystrophy (BCD) is an incurable retinal dis-
order caused by the polypeptide 2 of cytochrome P450 family 4
subfamily V (CYP4V2) mutations. Patients with BCD present
degeneration of retinal pigmented epithelial (RPE) cells and
consequent blindness. The lack of appropriate disease models
and patients’ RPE cells limits our understanding of the patho-
logical mechanism of RPE degeneration. In this study, using
CYP4V2 mutant pluripotent stem cells as disease models, we
demonstrated that RPE cells with CYP4V2 mutations pre-
sented a disrupted fatty acid homeostasis, which were charac-
terized with excessive accumulation of poly-unsaturated fatty
acid (PUFA), including arachidonic acid (AA) and eicosapen-
taenoic acid (EPA). The PUFA overload increased mitochon-
drial reactive oxygen species, impaired mitochondrial respira-
tory functions, and triggered mitochondrial stress-activated
p53-independent apoptosis in CYP4V2 mutant RPE cells.
Restoration of the mutant CYP4V2 using adeno-associated vi-
rus 2 (AAV2) can effectively reduce PUFA deposition, alleviate
mitochondria oxidative stresses, and rescue RPE cell death in
BCD RPE cells. Taken together, our results highlight a role
of PUFA-induced mitochondrial damage as a central node to
potentiate RPE degeneration in BCD patients. AAV2-mediated
gene therapymay represent a feasible strategy for the treatment
of BCD.

INTRODUCTION
Bietti’s crystalline dystrophy (BCD) is a progressive chorioretinal dis-
ease first reported by Bettie1 in 1937. Crystalline deposits appear in
the fundus, and patients normally suffer night blindness in their
20s with gradual vision loss. Blindness develops during about 30 years
due to chronic retinal degeneration.2 The penetration frequency of
BCD is rare in (around 1:67,000), but much more common in East
Asians (more than 1:25,000).2 Unfortunately, there is no effective
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treatment for BCD.Wilson et al.3 first identified cholesterol-like crys-
tals in biopsies of lymphocytes and fibroblasts from patients with
BCD. This finding suggests that BCD is possible a lipid metabolic dis-
order. High-resolution optical coherence tomography (OCT) images
showed that the crystals were deposited on the inner side of the retinal
pigmented epithelium (RPE).4,5 Li et al.6 discovered that BCD was
associated with gene mutations of CYP4V2, the polypeptide 2 of cy-
tochrome P450 family 4 subfamily V. CYP4V2 was highly expressed
in the retina of human eyes, and it was thought to act by hydroxylat-
ing fatty acids in in vitro experiments.7,8 Nonetheless, the systemic ab-
normality of fatty acid metabolism presented in patients with BCD
could not be linked to genotypes of CYP4V2 mutations, indicating
the need for more detailed examination of fatty acid profiles in the
retina.9 It has been difficult to delineate how CYP4V2 mutations
change the lipid composition and the role of lipid crystals in retinal
degeneration. A shortage of functional human retinal cells poses a
challenge for pathological mechanism studies. Although the absence
of Cyp4v3 in a mouse model reproduced some clinical manifestations
of BCD, the model did not truly recapitulate the retinal disorder of
BCD in humans due to species differences in their retinal structure
and physiology.10 More research using a model relevant to human
retinal disease is warranted.
thors.
tp://creativecommons.org/licenses/by-nc-nd/4.0/).
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Molecular Therapy
With the assistance of genome-editing techniques, such as transcrip-
tion activator-like effector nuclease (TALEN) technology and
CRISPR-Cas9, human pluripotent stem cells (PSCs) have recently
provided an efficient means by which to model various human dis-
eases and to examine effective treatments.11 Human retinal cells,
including RPE cells and photoreceptor cells, have also been success-
fully derived from human PSCs.12,13 Use of parallel PSC control
and a patient’s induced PSCs (iPSCs) enables us to elucidate the path-
ological mechanisms of BCD and develop effective therapeutic strate-
gies. Hata et al.14 described several drugs that could rescue impaired
autophagy flux and lysosomal dysfunction in BCD-iPSC-derived RPE
cells by decreasing accumulated cholesterol. However, it was not clear
what substance stimulated the autophagy in BCD-RPE cells. The
cholesterol reduction could not halt the autophagy pathway, indi-
cating that other mechanisms irrelevant to cholesterol-autophagy
may play important roles in BCD-RPE degeneration. In addition,
because of the blood-eye barrier, oral pharmacotherapy has little ef-
fect in retinal diseases. Until now, the profile and role of fatty acids
in BCD-RPE have not been clearly established in human RPE cells.
The human retina contains an abundance of fatty acids than other tis-
sues, especially poly-unsaturated fatty acids. Some increased fatty
acids in the serum of BCD patients as well as the fatty acid hydroxyl-
ation function of CYP4V2 imply that BCD may be triggered by
dysfunctional fatty acid metabolism as a result of CYP4V2 muta-
tions.7–9,15 We hypothesize that CYP4V2mutation-provoked homeo-
stasis disruption of fatty acid is a key role to induce RPE death in
BCD. In this study, we generated CYP4V2 mutant (CYP4V2mt)
RPE cells from patients’ iPSCs and independent CYP4V2 knockout
PSC lines, and investigated their genotypes-phenotypes, whole-tran-
scriptome sequencing, and fatty acid metabolism. Finally, we reported
disrupted homeostasis of fatty acids in BCD-RPE; in particular, poly-
unsaturated fatty acids (PUFAs), including arachidonic acid (AA)
and eicosapentaenoic acid (EPA) were prominently increased. The
PUFA-induced mitochondrial stress is a critical node that potentiates
BCD-RPE degeneration. We further demonstrated that the adeno-
associated virus 2 (AAV2)-mediated gene therapy could effectively
rescue the CYP4V2 mutation-induced BCD-RPE degeneration
in vitro,16,17 allowing us to explore AAV2-CYP4V2 gene therapy
for BCD in the near future.

RESULTS
Generation of BCD Patient-Specific iPSCs

To establish the disease model, BCD patients and a healthy individual
underwent careful evaluation of their clinical symptoms and genotype
Figure 1. Diagnosis of BCD Batients and iPSC Reprogramming

(A) Fundus images taken from donors. The crystalline deposits appear as tiny bright ye

deposits in whole layers of the retina and RPE (arrows) in BCD patients. Scale bars, 200 m

CYP4V2 of BCD patient 1 and patient 2, respectively. The mutations are highlighted with

transcripts in patient 2 because of the homozygous mutation. M, 100-bp ladder; H1, he

characterizations. (i) Isolated PBMCs were cultured in serum-free medium for 10 days

medium until iPSC colonies emerged. (ii) ALP assay (red dye) andmarkers (OCT4, NANO

endoderm (intestinal epithelium-like), mesoderm (cartilage-like) and ectoderm (neural ros

and 50 mm for others. (F) Karyotypes of healthy 1-iPSC. No abnormal chromosome wa
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prior to reprogramming iPSCs. First, tiny crystalline deposits were
identified on the fundus in BCD patients, but not in the healthy con-
trol (Figure 1A), evident on OCT imaging as small black points on the
inner side of the RPE layer (Figure 1B). Sanger sequencing revealed a
heterozygous point mutation (c.1199G>A, p.R400H) in patient 1 and
one homozygous deletion (c.802-8_810del17insGC) in patient 2, both
reported pathological mutations for BCD and not presented in the
healthy control (Figure 1C).18 Patient 1 was diagnosed with BCD
by clinical manifestations, and mutation of CYP4V2 in the coding re-
gion was identified in the first allele but not in the second allele. In
some patients with BCD, pathological mutations of CYP4V2 are often
not presented in coding regions or are difficult to be identified in the
second allele.19–23 We thus further examined family co-segregation
and copy number variants (CNVs) of CYP4V2 in this patient. The
pedigree showed a recessive inherited feature, but no CNV was found
in all 11 exons of CYP4V2 in this patient 1 (Figures S1A and S1B). In
addition, family co-segregation disclosed that another older female
was also diagnosed with BCD (Figure S1A). This older female pre-
sented similar clinical features and same mutation of CYP4V2
(c.1199G>A, p.R400H) in an allele (data not shown). This indicated
that other potential forms of CYP4V2 mutations are not rare. i.e.,
in non-coding regions.19–23 We also examined whether the gene mu-
tations affected the alternative splicing of patients’ CYP4V2 in tran-
scription and protein translation. For patient 2, the mRNA of
CYP4V2 lost the seventh exon, leading to the loss of a helix in its pro-
tein structure, while a shorter b sheet was predicted in patient 1’s
CYP4V2 protein because of the point mutation (Figures 1D and
S1C).24 Next, peripheral blood mononuclear cells (PBMCs) of three
donors were collected for iPSC reprogramming using an integra-
tion-free episomal plasmid-based strategy (Figure 1E).25,26 To charac-
terize pluripotency of the iPSCs, alkaline phosphatase (ALP) staining
was performed, and pluripotent markers, including OCT4, NANOG,
and SOX2, were detected. Next, all iPSCs were subcutaneously trans-
planted into severe combined immunodeficiency (SCID) mice and
formed teratomas. Ectoderm, mesoderm, and endoderm were identi-
fied using H&E staining. Karyotyping results indicated the normal
chromosomes in healthy 1 iPSCs (Figure 1F). Characteristics of pa-
tients’ iPSCs indicated that they were reprogrammed into the plurip-
otent stage with normal chromosomes as well (Figures S1D and S1E).

Fatty Acid Accumulations in CYP4V2mt PSCs

To reduce individual variations in the application of iPSCs for disease
modeling, we also used well-documented commercial PSC lines
(IMR90 and H9) with CYP4V2 mutations.11 Guide RNAs (gRNAs)
llow dots (arrow) in BCD patients. (B) OCT images show hyper-reflective crystalline

m. (C) A heterozygous point mutation and a homozygous deletion were found in the

a yellow background. (D) Gel electrophoresis shows a shorter band of the CYP4V2

althy 1-iPSC; P1, patient 1-iPSC; P2, patient 2-iPSC. (E) iPSC reprogramming and

to generate MNCs. After the nucleofection, MNCs were cultured continually in E8

G, and SOX2) for iPSCs in immunostaining. (iii) Teratoma formation andH&E staining:

ette-like) (healthy 1-iPSC). Scale bars, 15 mm for PBMCs, 200 mm for iPSCs and ALP,

s found.
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Molecular Therapy
were designed to knock out CYP4V2 in human PSCs, including
IMR90 and H9 cells, using CRISPR-Cas9 (Figures 2A and S2A; Table
S1).27 A total of 24 colonies for both IMR90 and H9 cells were picked
for genotyping after the neomycin selection. One heterozygote and
one homozygote from each IMR90 and H9 colony were selected as
the parallel controls to the patient-specific iPSCs (Figures 2B and
S2B). The quantitative polymerase chain reaction (qPCR) and immu-
nostaining results indicated the successful gene knockout of CYP4V2
in both IMR90 and H9 cells (Figures S2C and S2D). Sanger
sequencing was used and confirmed that no off-target was found (Fig-
ure S2E; Table S1). In this study, a total of nine human PSC lines were
established to model BCD, including two of CYP4V2 wild-type
(CYP4V2wt) PSCs, two of CYP4V2+/� PSCs, two of CYP4V2�/�

PSCs, and three of donor iPSCs (one healthy 1-iPSC and two patients’
iPSCs) (Figure S2C). The PSCs with CYP4V2 knockout and patients’
iPSCs were grouped as the CYP4V2 mutant (CYP4V2mt) PSCs. The
CYP4V2mt PSCs presented lower mRNA levels of CYP4V2 than did
the WTs except for patient 1-PSC in whom CYP4V2 expression
increased, possibly due to a compensatory mechanism or individual
difference.28,29 Nonetheless, the results of fundus images, OCT im-
ages, and immunostaining (Figures 1A, 1B, and S2D) indicated the
functional defect of the mutant CYP4V2 protein in patients. In this
study, we focused on lipid metabolism since BCD was being consid-
ered a disease caused by a lipid metabolic disorder.6,8 Lipid droplets
(LDs) were examined by BODIPY-493/503 staining and revealed
significantly increased LD accumulations in all CYP4V2mt PSCs
compared with the counterpart of CYP4V2wt PSCs (Figure 2C).30

To gain more information about the fatty acid components, we quan-
tified cellular fatty acids for each of the PSC lines by using gas chro-
matography-mass spectrometry (GC-MS), which were presented as a
form of the mol % ratios.9,31 Quantities of mono-unsaturated fatty
acids (MUFAs), including C18:1 cis, C20:1n9, and C22:1, were consis-
tently increased in CYP4V2mt lines, compared to counterparts of the
WT PSC lines (Figure S2F). Unexpectedly, omega-3/6 PUFAs were
undetectable because of their extremely low concentrations in human
PSCs. To provide further comprehensive information about CYP4V2
mutations and fatty acid homeostasis in PSCs and to minimize inter-
ference of genetic background and individual differences, we pooled
all the PSCs into CYP4V2wt PSCs and CYP4V2mt PSCs for statistical
analysis. Compared to CYP4V2wt PSCs, significantly increased MU-
FAs were detected in CYP4V2mt PSCs, including oleic acid (C18:1),
gondoic acid (C20:1n9), and erucic acid (C22:1) (Figure 2D). Over-
loaded fatty acids in non-adipose cells, similar to mitochondrial reac-
Figure 2. Effects of CYP4V2 Mutation on Human PSCs

(A) Sketch of CYP4V2 knockout. gRNAs were designed to target the translation start s

Sanger sequencing. (B) Genotypes of CYP4V2 knockout IMR90 cells. The non-homol

heterozygote showed ATG and messy peaks, and no ATG was found in the homozygo

distinct lipid droplets (LDs) accumulated in CYP4V2mt PSCs stained with BODIPY-493

significantly accumulated in CYP4V2+/� and CYP4V2�/� PSCs. A one-way ANOVA and

values, n = 4,000 cells). (D) Increased unsaturated fatty acids in CYP4V2mt PSCs comp

PUFA is undetectable in all nine PSCs). For the data analysis, the mol %was used for ind

tailed) and paired test were used; *p < 0.05; all versus PSC-WT (mean ± SEM values, n

CYP4V2mt and CYP4V2mt PSCs. Scale bars, 100 mm.
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tive oxygen species (mtROS), have been reported to trigger oxidative
stress or lipotoxicity.32–34 Nonetheless, there was no increase and little
difference in the mtROS between CYP4V2wt and CYP4V2mt PSCs
measured by fluorescence-activated cell sorting (FACS) (Figure 2E),
indicating that PSCs were not sensitive to these distinctly altered fatty
acid profiles. Regarding the lipotoxicity, the effect on cell survival, cell
growth, and differentiation potential of three germ layers in
CYP4V2mt PSCs with the accumulated lipids was unremarkable (Fig-
ures 2E, S2G, and S2H).

Fatty Acid Accumulations in CYP4V2mt RPE Cells

To establish a retinal disease model of BCD, functional RPE cells were
generated from the above-mentioned three donor iPSCs (healthy 1,
patient 1, and patient 2) and six parallel PSC controls using a pub-
lished protocol for RPE differentiation (Figure S3A).35 The generated
RPE cells exhibited a polygonal, cobblestone-like, and highly pig-
mented appearance, as measured by positive immunostaining of
ZO-1, bestrophin, CRALBP, and RPE65; RPE genes (MITF and
TYR) were increased more than 1,000-fold compared with undiffer-
entiated PSCs. Typical RPE ultrastructure was observed by transmis-
sion electron microscopy (TEM), functional phagocytosis of RPE was
recorded by the uptake of rhodopsin, and increased transepithelial
electrical resistance (TER) levels were evidenced (Figures S3B–S3F).
These RPEs were fully functional, mature, and used for further inves-
tigation of BCD-RPE phenotypes.

Similarly, CYP4V2mt RPE cells presented significantly decreased
levels of CYP4V2 compared with their WT counterparts except for
patient 1-RPE, in whom CYP4V2 expression increased (Figure S3G).
This is consistent with their PSCs (Figure S2C). To visualize the
neutral lipids of the cells, six parallel CYP4V2mt and three donor
RPE cells were stained with BODIPY-493/503. The results showed
significantly accumulated LDs in CYP4V2mt RPE cells but not in
CYP4V2wt RPE cells (Figure 3A). Additionally, TEM results revealed
that swollen LDs clustered in the cytoplasm of CYP4V2mt RPE cells
(Figure S3H). To examine the fatty acid profile, we quantified the total
cellular fatty acids by using GC-MS analysis, which were presented as
a form of the mol % ratios of different fatty acids.9,31 We found that
quantities of MUFAs and PUFAs, including C16:1, C18:1 cis, C18:2
cis, C18:3n6, C20:4n6, and C20:5, were consistently increased in all
individual CYP4V2mt RPE cells compared with their corresponding
CYP4V2wt controls (Figures S3I and S3J). Because RPE degeneration
was evident in all BCD patients with various CYP4V2 mutations, all
ite (ATG) of CYP4V2. Primers were designed to cover the cutting sites of gRNA for

ogous end joining (NHEJ) repair was introduced to destroy the targeted ATG. The

te. (C) Lipid accumulation in all nine PSCs. (i) The representative images show that

/503 (bright green dots). Scale bars, 25 mm. (ii) Compared with WT PSCs, Lipid is

Newman-Keuls test were used: *p < 0.05, ***p < 0.0001; all versusWT (mean ± SEM

ared to CYP4V2wt PSCs (10 million cells were used in each cell line for GC-MS, and

ividual fatty acids, normalized with theWT control for statistical analysis. A t test (two-

= 6). (E) No remarkable differences in the morphology and ROS levels between the
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CYP4V2mt RPE cells were further pooled together as CYP4V2mt RPE
cells in comparison with the WT counterparts to minimize the inter-
ference of individual differences and genetic backgrounds.36,37

Compared to the CYP4V2mt, significantly increased MUFAs were
observed in CYP4V2mt RPE cells. More obviously, remarkably accu-
mulated PUFAs were recorded in CYP4V2mt RPE cells, particularly
for AA (C20:4n6) and EPA (C20:5) (Figure 3B). CYP4V2 was re-
ported to be associated with fatty acid hydroxylation in fatty acid
metabolism.7 To determine whether the fatty acid accumulations in
CYP4V2mt RPE cells were caused by fatty acid synthesis, fatty acid
catabolism, or fatty acid uptake, the fatty acid hydroxylation was
tested in all CYP4V2mt PRE cells using liquid chromatography-
mass spectrometry (LC-MS) first.38 Only concentrations of hydroxyl
PUFAs were significantly decreased in the CYP4V2mt RPE cells
compared with the counterparts of CYP4V2wt RPE cells, indicating
inhibited fatty acid hydroxylation in both patients’ RPE cells and par-
allel CYP4V2mt RPE cells (Figures 3C and S3K). Next, qPCR results
showed that a panel of key genes involved in fatty acid synthesis
and catabolism were downregulated in CYP4V2mt RPE cells (Fig-
ure 3D).39,40 Among them, downregulated gene expression of carni-
tine palmitoyltransferases (CPTs) may suggest impaired fatty acid
catabolism in the cells. At last, BODIPY-C12 staining was performed
to evaluate the fatty acid absorption of RPE cells.41 In comparison
with CYP4V2wt RPE cells, the mutant presented lower levels of fatty
acid uptake (Figure 3E). Our results suggested a fatty acid metabolism
disorder in CYP4V2mt RPE cells caused by impaired fatty acid
hydroxylation.

Transcriptome Analysis of CYP4V2mt RPE Cells

To gain molecular insights into the CYP4V2 mutation-induced RPE
degeneration, we examined altered gene expression profiles using
genome-wide RNA sequencing. Hundreds of differentially expressed
genes with at least 1.5-fold changes (FCs) were identified between
CYP4V2wt and CYP4V2mt RPE cells (Figures 4A and S4A). Among
them, 220 genes were significantly changed in both CYP4V2+/�

and CYP4V2�/� IMR90-RPE cells, 253 genes in both the
CYP4V2+/� and CYP4V2�/� H9-RPE group, and 352 genes in pa-
tients’ RPE groups. Next, gene set enrichment analysis (GSEA) anal-
ysis indicated that major enriched signal pathways of CYP4V2�/�

RPE cells were prominently involved in fatty acid metabolism (i.e.,
upregulated lipid storage and downregulated lipid biosynthesis), as
Figure 3. Fatty Acid Accumulations in CYP4V2 Mutant RPE Cells

(A) Lipid accumulation in all nine RPE cells. (i) The representative images show that distin

dots). Scale bars, 25 mm. (ii) Compared withWT RPE cells, lipid is significantly accumulat

test were used: *p < 0.05, ***p < 0.0001; all versusWT (mean ± SEM values, n = 4,000 ce

PUFAswere found in the CYP4V2mt RPE cells. 10million cells were used in each cell line f

with the WT control. A t test (two-tailed) and paired test were used: *p < 0.05; all versus

cells. 10 million cells were used in each cell line. The mol % was used for individual fatty

*p < 0.05, **p < 0.01, ***p < 0.001; all versus RPE-WT (mean ± SEM values, n = 6). (D) G

indicated genes involved in fatty acid synthesis and catabolism were generally downregu

versus CYP4V2wt; P1, patient 1 versus healthy 1; P2, patient 2 versus healthy 1. (E) Fatt

acid uptake in CYP4V2mt RPE cells stained with BODIPY-C12 (bright green dots). Sc

increased in CYP4V2+/� and CYP4V2�/� PRE cells. A one-way ANOVA and Newman-

cells).
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well as oxidative stress (i.e., a positive response to ROS and downre-
gulated ROS biosynthesis) and apoptosis (i.e., upregulated p53-inde-
pendent apoptosis) (Figures 4B, S4B, and S4D).42 Remarkably, p53-
dependent pathways were downregulated, but p53-independent
apoptosis and the typical gene expression involved in oxidative stress
were over-represented in CYP4V2�/� H9 and IMR90-derived RPE
cells.43 It is remarkable that the differential genes of CYP4V2�/�

RPE cells were predominantly mapped to fatty acid metabolism,
oxidative stress, and apoptosis in volcano plots (Figures 4C, 4D,
and S4C). These observations are evident too in all CYP4V2mt RPE
cells (Table S2). However, the similar result was not found in CY-
P4V2�/� PSCs. These findings suggested that the absence of the
CYP4V2 disturbed fatty acid metabolism and induced oxidative stress
and apoptosis are only specifically sensitive to human RPE cells, but
not PSCs.

Mitochondrial Stress and Apoptosis of CYP4V2mt RPE Cells

The overload of fatty acid can trigger the oxidative stress to damage
cells,32,44,45 which was also supported by our transcriptome data (Fig-
ure 4). To understand whether excessive fatty acid induced mtROS in
RPE cells, we determined the mtROS level in RPE cells by co-staining
with MitoTracker and MitoSOX, sensitive markers to define mito-
chondrial oxidative status first.45,46 Compared with the CYP4V2wt

counterparts, there was a significant increase of mtROS in CYP4V2mt

RPE cells (Figure 5A). Next, the mitochondrial respiratory function
was examined by measuring the mitochondrial oxygen consumption
rate (OCR) in live RPE cell cultures.47 The significantly lower OCR
was recorded in the CYP4V2mt RPE cells in comparison to the coun-
terpart of CYP4V2wt RPE cells, which presented a lowest level
observed in homogeneous CYP4V2mt RPE cells (Figure 5B). This sug-
gested a damaged mitochondrial function in CYP4V2mt RPE cells
with fatty acid overload.47 It was reported that cells died from the fatty
acid overload-caused oxidative stress.44 The increased dead cells were
observed in the culture medium of all CYP4V2mt RPE cells (Fig-
ure S5A). To confirm the cell apoptosis, the cultured RPE cells were
harvested for an annexin V/propidium iodide (PI) assay. Significantly
increased annexin V-positive cells and a few PI-positive cells were
found, indicating early cell apoptosis in CYP4V2mt RPE cells (Fig-
ure 5C).48,49 In addition to the mitochondrial oxidative stress, the
signaling pathway involved in endoplasmic reticulum (ER) stress
was linked to lipotoxicity-induced apoptosis of non-adipose cells.50
ct LDs accumulated in CYP4V2mt RPE stained with BODIPY-493/503 (bright green

ed in CYP4V2+/� andCYP4V2�/� PRE cells. A one-way ANOVA and Newman-Keuls

lls). (B) Compared to the CYP4V2wt RPE cells, increased unsaturated fatty acids and

or GC-MS. For data analysis, themol%was used for individual fatty acid, normalized

WT (mean ± SEM values, n = 6). (C) Decreased hydroxyl PUFAs in CYP4V2mt RPE

acid, normalized with the WT control. A t test (two-tailed) and paired test were used:

ene expression level of key markers involved in fatty acid metabolism. qPCR results

lated in CYP4V2mt RPE cells. +/�, CYP4V2+/�versus CYP4V2wt;�/�, CYP4V2�/�

y acid uptake in all nine RPE cells. (i) The representative images show reduced fatty

ale bars, 25 mm. (ii) Compared with WT RPE cells, fatty acid uptake is significantly

Keuls test were used: ***p < 0.0001; all versus WT (mean ± SEM values, n = 4,000
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We therefore examined the mRNA expression of a panel of key genes
involved in these pathways using qPCR. Compared with their WT
counterparts, no obviously upregulated gene involved in the ER-stress
pathway was found in the CYP4V2mt RPE cells (Figure S5B; Table
S3). Apoptosis genes, including BBC3, were upregulated in
CYP4V2mt RPE cells, but BCL2, BCL2L1, BIRC2, and TP53 genes
were significantly downregulated (Figure 5D; Table S3), indicating
that a p53-independent apoptosis was predominantly activated in
response to fatty acid accumulation-provoked mitochondrial
stresses.51,52 Additionally, the remarkable release of cytochrome c
from mitochondria was found in the CYP4V2mt RPE cells but not
in the CYP4V2wt RPE cells (Figure 5E).53 At last, the results of west-
ern blotting indicated the activated caspase-9 cascade in CYP4V2mt

RPE cells, as well as further evidence of increased mitochondrial dam-
age and apoptosis in CYP4V2mt RPE cells (Figure 5F).54

PUFA Administration Sensitively Induces Cell Death in

CYP4V2mt RPE Cells

Saturated and unsaturated fatty acids assume different roles in hu-
mans and in retinal function. It is therefore important to determine
which compositions of fatty acids are sensitive and toxic to RPE
degeneration.46,55 No oxidative stress and cell death were found in
CYP4V2mt PSCs with no PUFA detection (Figure 2), but increased
oxidative stress and cell apoptosis were accompanied by accumulated
PUFA in CYP4V2mt RPE cells (Figures 3 and 5). This implies that the
PUFA overload might be a potential trigger of lipotoxicity-caused
RPE degeneration in BCD patients.56 Dose-escalation experiments
revealed distinct sensitivities of three CYP4V2wt RPE cells to
1 week of challenge by different fatty acids, including the saturated
fatty acids (SFAs).57 In the SFA-treated group, viability of RPE cells
was not affected by treatment with myristic acid (MA, C14:0),
palmitic acid (PA, C16:0), or stearic acid (SA, C18:0) until a high con-
centration of 200 mM was used (Figure S6A). In contrast, in the
PUFA-treated group,58 administration of PUFAs separately,
including linoleic acid (LA, C18:2), a-linolenic acid (ALA, C18:3),
AA, and EPA, could induce cell death in all human RPE cells, even
at an extremely low concentration (20 mM) (Figures 6A and 6B).
Additionally, LDs were increased in CYP4V2wt RPE cells following
treatments with AA and EPA (Figure 6C). To verify whether PUFAs
coupled with enhanced mitochondrial oxidative stress are toxic to
RPE cells, RPE cells were treated with AA and EPA to detect mtROS
as well. Both AA- and EPA-treated groups displayed significantly
higher levels of mtROS compared with untreated controls, with the
highest levels evident in EPA-treated groups (Figure 6D). This sug-
gested that PUFA-triggered oxidative stresses could cause the death
of normal RPE cells. In addition, all CYP4V2wt and CYP4V2mt
Figure 4. Transcriptome Data Analysis

(A) Differential genes (fold changes greater than 1.5) in respective iPSC- and H9-derived

GSEA analysis of the functional relevance of differential genes in CYP4V2�/� IMR90 RP

were enriched. �/�, CYP4V2�/� versus CYP4V2wt. (C) Volcano plots of DEGs in parall

oxidative stress, and apoptosis were predominantly enriched in CYP4V2�/� IMR90-RP

Volcano plots of DEGs in parallel H9 and their derived RPE controls. DEGs mapped to

CYP4V2�/� H9-RPE cells, but not in CYP4V2�/� H9 cells. �/�, CYP4V2�/� versus CY
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RPE cells were challenged with continuous exposures to AA and
EPA (40 mM and 7 days). Dramatically enhanced cell death was
evident in the CYP4V2mt RPE cells compared with the CYP4V2wt

counterparts (Figure 6E).

Functional Restoration of CYP4V2mt RPE Cells in AAV2-CYP4V2

Gene Therapy

To explore the feasibility of gene therapy for BCD, a vector of AAV2-
carrying functional CYP4V2 (AAV2-CYP4V2) was constructed and
characterized by Sanger sequencing (Figure S7A). One week after
AAV infections, the mRNA and protein levels of CYP4V2 were
measured and found to be significantly increased in CYP4V2�/�

RPE cells (Figure S7B). The functions of three CYP4V2�/� RPE cells
were examined following the AAV2-CYP4V2-mediated gene ther-
apy. First, a significant decrease in fatty acid accumulation was de-
tected in CYP4V2�/� RPE cells upon the gene therapy (Figure 7A).
Second, the damaged mitochondria of CYP4V2�/� RPE cells were
largely recovered, signified by reduced mtROS and improved mito-
chondrial respiration (Figures 7B and 7C). Importantly, cell death
of RPE was dramatically reduced in CYP4V2mt RPE cells after treat-
ment with AAV2-CYP4V2 (Figures S7C and 7D). The AAV2-
CYP4V2-treated CYP4V2�/� RPE cells were also again challenged
by continuous exposure to AA and EPA. As expected, death of these
RPE cells was remarkably reduced as well (Figure 7E). Of note,
AAV2-CYP4V2 therapy could largely recover the suppressed hydrox-
yl fatty acids and reduce the enhanced PUFA in CYP4V2�/�RPE cells
(Figures 7F and 7G), indicating that AAV2-CYP4V2 gene therapy
could preserve RPE viability and recover RPE function from
CYP4V2 mutations.

DISCUSSION
The lack of appropriate disease models and patients’ RPE cells has
made it difficult to determine how CYP4V2 mutations induce RPE
degeneration of BCD patients. Increased crystalline depositions
have been observed in a mouse model. Unfortunately, the mouse
model with absence of Cyp4v3, the murine ortholog to CYP4V2,
mainly exhibits impaired photoreceptors, not RPE degeneration, un-
like in humans with BCD, where the RPE is the primary lesion site.10

Recently, Hata et al.14 used iPSC-derived RPE cells from BCD patients
and reported increased cholesterol, impaired autophagy flux, and
lysosomal dysfunction in RPE. They reported that some proteins
related to autophagy were upregulated in patient-RPE cells; however,
activation of the autophagy pathway is not attenuated upon choles-
terol reduction treatment, implying the possibility that other mecha-
nisms are involved in RPE degeneration in BCD patients. In addition,
because of the lack of isogenic controls, the possible bias from
RPE. +/�, CYP4V2+/� versus CYP4V2wt; �/�, CYP4V2�/� versus CYP4V2wt. (B)

E cells. Pathways involved in fatty acid metabolism, oxidative stress, and apoptosis

el IMR90 cells and their derived RPE cells. DEGs mapped to fatty acid metabolism,

E cells, but not in CYP4V2�/� IMR90 cells. �/�, CYP4V2�/� versus CYP4V2wt. (D)

fatty acid metabolism, oxidative stress, and apoptosis were predominantly found in

P4V2wt.
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individual differences may also have influenced the results.59 Impor-
tantly, there is no clinical report indicating a high cholesterol level in a
BCD patient’s serum. In contrast, increased fatty acids were reported
in the serum of BCD patients.9 Indeed, human retina contains rich
components of fatty acids, and homeostasis of fatty acids is essential
for retinal functions, including oxidation.55 BCD is an autosomal
recessive disorder. It was reported that pathological mutations of
CYP4V2were not found in coding regions or were difficult to be iden-
tified in the second allele in some patients with BCD.19–23 The
CYP4V2 mutations might be presented in other forms, i.e., CNVs,
mutations in non-coding regions, or structural mutations. In our
study, similar situations also happened in patient 1 who displayed
only one point mutation in the coding region of CYP4V2 in the first
allele, but not found so in the second allele. To minimize the possible
interference from individual variants and unknown mutations in pa-
tients’ iPSCs,11 we used commercial PSCs with genome editing, pa-
tient-specific iPSCs, and their derived RPE cells for cellular fatty
acid profiling and transcriptome analysis, and identified amechanism
wherein CYP4V2 mutation-induced RPE degeneration in BCD is
attributed to mitochondrial damage triggered by excessive PUFA
accumulation.

In humans, PUFA is low in concentration, but is essential for the roles
in molecular signal transduction and hormone synthesis, and relies
more on the metabolic ways, including the peroxisome and cyto-
chrome P450 superfamilies.60–63 It has been demonstrated that
CYP4V2 is functional in the hydroxylation of some fatty acids for
omega oxidation, but there is no direct evidence to support its role
in the fatty acid metabolism in human retina.7,8 All previous studies,
including increased PUFAs in BCD patients’ serum, strongly sug-
gested the correlation among CYP4V2mutations, the fatty acid meta-
bolic disorder, and RPE degeneration in patients with BCD.4,5,7–9,15 In
our study, we determined that human CYP4V2mt PSCs contained
increased MUFAs (Figure 2D), and CYP4V2mt RPE cells contained
increased PUFAs (Figure 3B), which provided definitive evidence of
a fatty acid metabolic disorder in BCD patients’ RPE. These results
agree with previous reports of notably increased PUFAs in CYP4V2mt
Figure 5. Mitochondrial Damage-Triggered Apoptosis in CYP4V2mt RPE Cells

(A) Enhanced mitochondrial ROS (mtROS) in CYP4V2mt RPE cells. (i) Representative im

MitoSOX. Scale bars, 25 mm. (ii) Compared with the WT RPE cells, mtROS is signific

Newman-Keuls test were used: **p < 0.001, ***p < 0.0001; all versus WT (mean ± SE

CYP4V2mt RPE cells. The OCR was normalized based on the protein concentration of th

Newman-Keuls test were used: ***p < 0.0001; all versus WT (mean ± SEM values, n = 3

increased annexin V-positive population in CYP4V2mt RPE cells. (ii) Compared with WT

CYP4V2�/� PRE cells. A t test (two-tailed) and paired test were used: *p < 0.05, ***p <

markers involved in apoptosis. qPCR results indicated genes involved in the p53 signa

involved in cytochrome c release was upregulated. +/�, CYP4V2+/�versus CYP4V2wt

versus healthy 1. (E) Release of cytochrome c. (i) Representative images show increase

relocated in the cell nucleus). Scale bars, 15 mm. (ii) Western blot results showed increa

comb with 10 spacers. (iii) Statistical analysis of the western blot. A significantly increas

paired test were used: **p < 0.01, ***p < 0.001; all versusWT (mean ± SEM values, n = 3

expressions of caspase-relevant proteins in CYP4V2mt RPE cells. 40 mg per lane, 1.5

PAPR2 in CYP4V2mt RPE cells was quantified from western blotting results. A t test

CYP4V2wt; +/�, CYP4V2+/�; �/�, CYP4V2�/�, all versus WT (mean ± SEM values, n
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HepG2 cells, serum of BCD patients, and in an animal model.8–10

Indeed, CYP4V2 is expressed at a low level in normal PSCs but at a
higher level in RPE cells, implying its critical functions for RPE cells.14

The PUFA concentration was too low to be undetected in CYP4V2mt

and CYP4V2wt PSCs, but high levels of PUFAs and low levels of hy-
droxyl-PUFAs were detected in CYP4V2mt RPE cells, indicating that
excessive PUFAs are specifically accumulated only in CYP4V2mt RPE
cells (Figures 3B and 3C). Additionally, our studies demonstrated that
increased PUFAs with decreased hydroxyl-PUFAs can be rescued by
introducing functional CYP4V2 into CYP4V2mt RPE cells (Figures 7F
and 7G), indicating its functions in PUFA hydroxylation, and PUFA
accumulation induced by CYP4V2mutation triggered dysfunction of
PUFA hydroxylation in human RPE cells. This is also further sup-
ported by the consistent results of increased PUFA, decreased
PUFA hydroxylation, and decreased fatty acid uptake and synthesis
recorded in CYP4V2mt RPE cells (Figure 3).

Dietary PUFAs are widely accepted against metabolic diseases,
including cardiovascular disorders, tumors, and diabetes. However,
certain cell types, including retinal cells, are toxicity-sensitive to exces-
sive PUFAs, i.e., EPA and AA.46,64 Recently, clinical research has ques-
tioned the benefits of PUFA in the human retina. Christen et al.65 re-
vealed that over-uptake of omega-3 fatty acid increased the risk of
macular degeneration in elderly humans. Tanito et al.66 proposed the
dual role of PUFA in retinal degeneration. However, there is no study
to provide direct information about the negative part of PUFA in hu-
man retinal cells. Hence, there is no report to clarify the mechanisms of
PUFA overload-induced lipotoxicity in human RPE cells.66,67 In our
study, no PUFA, mitochondrial stress, and lipotoxicity was detected
in CYP4V2mt PSCs (Figure 2). In contrast, when PSCs were induced
into RPE cells, the polarized CYP4V2mt RPEs presented enhanced PU-
FAs (LA, ALA, AA, and EPA) accompanied by increased cell death
(Figures 3 and 5), highlighting that RPE cells, but not human PSCs,
are particularly sensitive to the CYP4V2mutation-provoked PUFA ac-
cumulations. Our transcriptomic analysis indicated the close associa-
tion of fatty acid metabolism, oxidative stresses, and apoptosis in
CYP4V2mt RPE cells (Figure 4). Given that the RPE is a highly
ages show increased mtROS in CYP4V2mt RPE cells stained with MitoTracker and

antly increased in CYP4V2+/� and CYP4V2�/� PRE cells. A one-way ANOVA and

M values, n = 4,000 cells). (B) Decreased functions of mitochondrial respiration in

e cells. wt, CYP4V2wt; +/�, CYP4V2+/�;�/�, CYP4V2�/�. A one-way ANOVA and

). (C) Annexin V staining and flow cytometry analysis. (i) Representative images show

RPE, the annexin V-positive population is significantly increased in CYP4V2+/� and

0.001; all versus WT (mean ± SEM values, n = 3). (D) Gene expression level of key

ling pathway were generally downregulated in CYP4V2mt RPE cells, but the gene

; �/�, CYP4V2�/� versus CYP4V2wt; P1, patient 1 versus healthy 1; P2, patient 2

d release of cytochrome c in CYP4V2mt RPE cells (arrows indicated cytochrome c

sed cellular cytochrome c released in CYP4V2mt RPE cells. 40 mg per lane, 1.5-mm

ed cytochrome c release in CYP4V2mt RPE cells is shown. A t test (two-tailed) and

). (F) Western blotting of caspase cascade. (i) Representative images show increased

mm comb with 10 spacers. (ii) Significantly increased cleavage casp9, casp3, and

(two-tailed) and paired test were used: *p < 0.05, **p < 0.01, ***p < 0.001; wt,

= 3).
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metabolically active monolayer of cuboidal cells continuously bom-
barded by high levels of oxidants, there is compelling evidence that
mitochondrial dysfunction is a hallmark of RPE degeneration.68

Remarkable increases of mtROS andmitochondria damage were found
in CYP4V2mt RPE cells accompanied by cell apoptosis, suggesting
PUFA overload-induced lipotoxicity (Figures 5A–5C). The upregu-
lated p53 pathway and cytochrome c release are strongly associated
with oxidative stress in human cells.69,70 In our studies, downregulated
TP53, cytochrome c release, and activated caspase-9 cascade (Figures
5D–5F) indicated that the PUFA-induced mitochondrial stress pro-
voked a p53-independent apoptosis in CYP4V2mt RPE cells. Our
data provide important evidence of the dual roles of PUFA in either
maintaining cell homeostasis or inducing cell degeneration, dependent
on different conditions and cell types.

To further verify the central role of excessive PUFAs in potentiating
degeneration, both SFAs and PUFAs were used to stress normal RPE
cells. Accordingly, an increased number of dead cells were only found
in all PUFA-treated RPE cells after 1 week of treatment (Figures S5A,
6A, and 6B). Because BCD is a chronic disease, we continually treated
healthy RPE cells with PUFAs at a low concentration relative to their
physiological level in human plasma.71 PUFAs are a type of fatty acids
that contain more than two unsaturated olefinic bonds, and thus are
oxidized or peroxided easily in vivo.72 A persistent overload of PUFAs
in the cells is toxic and damages the organelles, including mitochon-
dria, because of the sharp increase in ROS generated by the PUFA
oxidation or peroxidation.46 In our studies, fatty acid accumulations
accompanied with significantly increased mtROS were recorded in all
PUFA-treated RPE cells (Figures 6C and 6D). The increased
apoptosis of PUFA-treated CYP4V2mt RPE cells strongly supported
the potency of excessive PUFAs in inducing RPE degeneration in
BCD (Figure 6E). These results were consistent with the typical fea-
tures of lipotoxicity and accompanied by oxidative stresses and cell
death, providing significant information for the dietary management
of BCD patients in controlling clinical disease.33,44,50,73 Importantly,
AAV2-mediated gene therapy offers potential for the clinical treat-
ment of hereditary retinal diseases.16 The introduction of AAV2-
CYP4V2 gene therapy largely preserved RPE viability, reduced
PUFA concentration and accumulation, ameliorated mitochondrial
stress, and enabled recovery of RPE functions, offering a great poten-
tial of gene therapy for the treatment of BCD in the future (Figure 7).
Figure 6. PUFAs Treatment Sensitively Induced Apoptosis in CYP4V2mt RPE C

(A) Killing curves of CYP4V2wt RPE cells upon linoleic acid (C18:2n6) and a-linolenic ac

acid treatments from the concentration of 20 mM. A t test (two-tailed) and paired test we

curves of CYP4V2wt RPE cells upon arachidonic acid (AA, C20:4) and eicosapentaenoic

fatty acid treatments from the concentration of 20 mM is shown. A t test (two-tailed) and

3). (C) Fatty acid accumulation of CYP4V2wt RPE cells upon AA and EPA treatments.

BODIPY-493/503. Scale bars, 15 mm. (ii) Compared with the untreated groups, LDs w

ANOVA and Newman-Keuls test were used: ***p < 0.0001; BSA groups were set as co

CYP4V2wt RPE cells upon AA and EPA treatments. (i) Representative images show inc

MitoTracker and MitoSOX. Scale bars, 15 mm. (ii) Compared with the untreated group, m

mtROS in RPE cells upon AA and EPA treatments. A one-way ANOVA and Newman-Ke

control (mean ± SEM values, n = 4,000). (E) Sharply increased cell death in CYP4V2mt R

were used: *p < 0.01, ***p < 0.0001; all versus WT; #p < 0.01, ###p < 0.0001; all versu
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In summary, using patients’ and parallel CYP4V2mt PSCs as disease
models, we identified a disrupted fatty acid homeostasis in human
RPE cells with CYP4V2 mutations. CYP4V2 mutations impaired
PUFA hydroxylation, and PUFA accumulation in turn induced mito-
chondrial damage, indicating a central role in potentiating BCD-RPE
degeneration. In addition, correction of CYP4V2mutation with func-
tional AAV2-based gene therapy appears to be a feasible strategy to
treat BCD.

MATERIALS AND METHODS
Fundus and OCT Examination

Fundus images were taken by a Topcon TRC-50DX mydriatic retinal
camera, and spectral-domain OCT images of macula scans were taken
by Heidelberg Spectralis OCT.

PBMC Isolations

Donors’ blood was collected into tubes containing heparin and gently
transferred to 50-mL centrifuge tubes containing Ficoll-Paque after
dilution with same volume of PBS. Then, the middle layer of cells
was collected for the next experiments after centrifugation (400 �
g, 40 min).

iPSC reprogramming

The iPSCs were reprogrammed from adult PBMCs.25,26 Briefly,
PBMCs were isolated by Ficoll-Paque (GE Healthcare) and
cultured in mononuclear cell (MNC) medium to induce prolifera-
tion of MNCs. Then, episomal vectors (Addgene) expressing four
Yamanaka factors were transfected into MNCs by a Lonza 4D-Nu-
cleofector. After 2 days of recovery in MNC medium, cells were
cultured on a Geltrex-coated tissue culture plate to induce iPSC re-
programming. Essential 8 (Thermo Fisher Scientific) medium was
changed every 2 days. The iPSC clones generally emerged after
approximately 2 weeks, which could be passaged for further
studies.

ALP Staining

The iPSCs were cultured on cover slides and for 3 days, then fixed
with 4% paraformaldehyde (PFA). After washing with PBS, the cover
slides were covered by the prepared staining reagent from the ALP
staining kit. 15 min later, the reagent was removed, and the cells
were observed and recorded by using a normal light microscope.
ells
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Teratoma Formation and H&E Staining

Confluent iPSCs were collected in DMEM/F12 basal medium and were
injected subcutaneously into the SCID mice. Normally, the teratoma
appears in 3 months, which can be collected and fixed in the formalin
for the tissue section. For H&E staining, the paraffin sections were
treated with xylene and alcohol for deparaffinization and rehydration.
After 8 min of hematoxylin staining, the sections were washed with
distilled water again and followed with the eosin staining for 30 s to
1 min. At last, the sections can be mounted for the observations by us-
ing a normal light microscope after the dehydration of alcohol.

Knockout CYP4V2 Gene by CRISPR-Cas9

To knock out CYP4V2 in human PSCs, gRNAs were designed to
destroy the transcript start site. After optimization of cutting effi-
ciencies by a Surveyor assay (Integrated DNA Technologies), the
gRNAwas transfected into 1 million PSCs by a Lonza 4D-Nucleofector
(Lonza) together with Cas9 plasmid (Addgene). Cells were cultured on
Geltrex-coated 10-cm culture dishes for drug selection of neomycin
(Thermo Fisher Scientific) (175 mg/mL for IMR90 cells and 200 mg/
mL for H9 cells). The recovered single clones were picked and
expanded for genotyping. A total of nine PSCs were used for functional
studies, including healthy 1-iPSC, patient 1-iPSC, patient 2-iPSC, H9-
iPSC, H9-CYP4V2+/�-iPSC, H9-CYP4V2�/�-iPSC, IMR90-iPSC,
IMR90-CYP4V2+/�-iPSC, and IMR90-CYP4V2�/�-iPSC.

PCR

For normal PCR, 50 mL of reaction systemwas prepared using 25 mL of
PCR premix Taq, 2 mL of forward/reverse primers (10 mM), 100 ng of
template, and 20 mL of deionized water. To amplify the targeted prod-
ucts, the following reaction conditions were used: denaturation at 98�C
for 10 s, annealing at 55�C for 10 s (decided by different primers), and
extension at 72�C for 1 min/kb, 35 cycles. When the reactions were
finished, the PCR products were detected by using agarose gel.

Real-Time PCR

To detect the gene expressions, 2 mL of cDNA was used as a template
for real-time PCR. The detailed reaction system was prepared for each
Figure 7. Functional Restoration of CYP4V2–/– RPE Cells Treated with AAV2-C

(A) Reduced lipid accumulations in CYP4V2�/� RPE cells upon AAV treatments. (i) Re
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CYP4V2�/� RPE cells upon AAV treatments. (i) Representative images showed decreas

treatments. Scale bars, 25 mm. (ii) Compared with the untreated group, mtROS were

ANOVA and Newman-Keuls test were used: *p < 0.05, **p < 0.001, ***p < 0.0001 (m

CYP4V2�/� RPE cells upon AAV treatments. The OCRwas normalized based on the pro

one-way ANOVA and Newman-Keuls test were used: ***p < 0.0001 (mean ± SEM valu

Representative images show a decreased annexin V-positive population in CYP4V2�/�

V-positive population is significantly decreased in CYP4V2�/� PRE cells. A one-way AN

(E) Recovered PUFA resistance in CYP4V2�/� RPE cells upon AAV treatments. Compare
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values, n = 3). (F) Recovered hydroxyl PUFAs in CYP4V2�/� RPE cells upon AAV treatm

revealed in CYP4V2�/�RPE cells upon AAV treatments. A t test (two-tailed) and paired te

n = 3). (G) Recovered PUFAs in CYP4V2�/�RPE cells upon AAV treatments. Compared

upon AAV treatments. A t test (two-tailed) and paired test were used: *p < 0.05, **p <
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reaction: SYBR premix (10 mL), forward primer (0.8 mL, 10 mM/mL),
reverse primer (0.8 mL, 10 mM/mL), ROX reference dye (0.4 mL), tem-
plate (cDNA, 2 mL), and distilled water (2 mL). Then, the PCR was run
in the StepOnePlus real-time PCR system with a two-step method:
denaturation at 95�C for 5 s, annealing at 60�C for 31 s. To detect
CNVs in patients, 11 pairs of primers were used to amplify all exons
of CYP4V2 using GPR15 and ZNF80 as internal references.20 The ge-
nomes of patients and healthy donor were used as a template for
qPCR detections. Finally, the data were analyzed by using the 2�DDCt

method.
Western Blot

The spacer gel (6%) and separation gel (10%) were first prepared ac-
cording to standard protocols. In the meantime, the protein samples
were adjusted to be the same concentrations by using the loading
buffer, which was followed with 10 min at 100�C and an immediate
ice shock. To detect the low-abundance proteins, a total of 20–
40 mg of samples was loaded for each lane. Then, the electrophoresis
was run at conditions of 80 V for 40 min and 120 V for 1 h. When the
electrophoresis was finished, the semi-dry transferring system was
prepared to transfer the protein from the gel into the polyvinylidene
fluoride (PVDF) membrane (0.22 mm) at 20 V (40 min). Then, the
PVDF membrane was blocked with 5% non-fat milk for 1 h after
the brief washing in deionized water, which was followed with incu-
bations of primary antibodies at 4�C overnight. On the next day, the
membrane was washed with Tris-buffered saline with Tween 20
(TBST) buffer three times and incubated with secondary antibodies
for 1 h at room temperature. At last, the targeted bands were detected
and recorded in the machine by adding the enhanced chemilumines-
cence (ECL) exposure reagent. To detect cytochrome c release of
mitochondria, the mitochondria were carefully removed from cells
for protein extraction.
Immunostaining

Cells were cultured on cover slides to the desired density and fixed in
4% PFA. Then, the slides were blocked by 1% BSA (Sigma) at room
YP4V2
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temperature for 1 h after treatment with Triton X-100. After washing
several times with PBS, primary antibodies were added prior to over-
night incubation at 4�C. Finally, an LSM 700 confocal microscope
(Carl Zeiss) was utilized to observe the slides after incubation with
secondary antibodies.

Germ Layer Differentiation

Confluent PSCs were treated with Accutase and then flushed into
clumps with iPSC basal medium. The cell clumps were transferred
into the low attached cell culture plate for embryoid body (EB) forma-
tion. 7 days late, the EBs were cultured on Geltrex-coated cover slides
for a further 14 days. Finally, the differentiated cells were fixed for
staining three germ layer markers, including nestin, smooth muscle
actin (SMA), and alpha-fetoprotein (AFP).

RPE Differentiation and Characterization

The classic EB-mediated method was used for RPE differentia-
tion.35 Briefly, PSCs were split and cultured on low-adherent cell
culture plates to form EBs, which were cultured on RPE medium
for 1 week and transferred onto Geltrex-coated plates to induce
cell differentiation. After 4–5 weeks, black cell clumps were
collected and seeded on a new Geltrex-coated plate. Mature and
pigmented RPE cells were usually obtained 1 month later (these
RPE cells were set as P0). For RPE characterization, all PREs
were seeded and cultured on cover slides for 1 month to detect
protein markers (ZO-1, bestrophin, CRALBP, and RPE65) by im-
munostaining (these RPE cells were set as P1). To measure the
TER of differentiated RPE cells, the cells were seeded on Gel-
trex-coated transwells at a density of 100,000/cm2. The TER was
recorded once a week four times using the EVOM epithelial vol-
tohmmeter according to its operating instructions. The empty Gel-
trex-coated transwell containing the medium was set as control.
After TER measurement, cells were fixed and scraped for TEM
characterization (these RPE cells were set as P1). For the phagocy-
tosis assay, the retinas were collected from 8-week-old rats and cut
into small pieces in RPE medium,74 then co-cultured with the
polarized RPE cells.75 After 2 days of incubation, the RPE cells
were flushed three times to remove the retina and dead cells.
Then, cells were fixed for staining with anti-rhodopsin (rats) and
anti-ZO-1 (humans).76 Nine RPEs were used for functional
studies, including healthy 1-RPE, patient 1-RPE, patient 2-RPE,
H9-RPE, H9-CYP4V2+/�-RPE, H9-CYP4V2�/�-RPE, IMR90-
RPE, IMR90-CYP4V2+/�- RPE, and IMR90-CYP4V2�/�-RPE.
All RPEs used for further functional studies were cultured for at
least 1 month before treatments or assays, and they were not
cultured to the fifth passage, at which point the RPE cells would
lose their natural morphology and functions.77

Lipid Staining and Fatty Acid Uptake

BODIPY-493/503 (Thermo Fisher Scientific) and BODIPY-C12
(Thermo Fisher Scientific) were utilized to determine lipid accu-
mulation and fatty acid uptake in cells. Cells were cultured to
the desired status and washed twice with PBS. Then, BODIPY-
493/503 (5 mM) or BODIPY-C12 (5 mM) was added, and the cells
were incubated in the dark at 37�C. After 15 min, the dye was
removed and the cells washed three times with PBS before being
examined. Cells were observed using a confocal microscope.
More than 4,000 cells were counted. The images were processed
using ImageJ, and the fluorescent signal was collected and quanti-
fied for statistical analysis.

Detection of mtROS

MitoSOX Red (Thermo Fisher Scientific) and MitoTracker Green
(Thermo Fisher Scientific) were used to label mitochondrial ROS
and mitochondria of the targeted cells. Cells were cultured to the
desired density and washed twice with PBS. Then, MitoSOX Red
(2 mM) and MitoTracker Green (200 nM) were mixed in the PBS. Af-
ter 15 min of incubation at 37�C, PBS was removed. Cells were
washed three times with PBS before being observed. For PSCs, cells
were collected and suspended in staining reagents, then analyzed by
flow cytometry (BD Biosciences). To normalize the results, the signals
of stained PSCs (WT), including theMitoTracker andMitoSOX, were
adjusted to the baseline. RPE cells were observed using a confocal mi-
croscope. More than 4,000 cells were counted. The images were pro-
cessed using ImageJ, and the fluorescent signal was collected and
quantified for statistical analysis.

RNA Sequencing and Data Analysis

To reduce the genetic variations from different patient samples, to-
tal RNA of six cultured parallel PSC controls (H9, H9-CYP4V2+/�,
H9-CYP4V2�/�, IMR90, IMR90-CYP4V2+/�, and IMR90-CY-
P4V2�/�) and derived RPE cells (H9-RPE, H9-RPE-CYP4V2+/�,
H9-RPE-CYP4V2�/�, IMR90-RPE, IMR90-RPE-CYP4V2+/�, and
IMR90-RPE-CYP4V2�/�) were sent for RNA sequencing in addi-
tion to the donors’ iPSCs and derived PRE cells. Then, the raw
data were assembled and aligned to human genome hg38 using HI-
SAT2 and Cufflinks to generate fragments per kilobase of transcript
per million mapped reads (FPKM). Next, Cuffdiff was used to calcu-
late and identify the differentially expressed genes (FC > 1.5, p <
0.05) based on the comparison between CYP4V2 mutant and WT
cells. GSEA is a knowledge-based approach to evaluate the func-
tional relevance of genome-wide expression profiles based on
Gene Ontology (GO) biological processes and Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathways.42 It can examine
whether a set of pre-defined genes show significant differences be-
tween two biological phenotypes or conditions. In this study, we
first ranked all of the genes based on the FC of gene expressions be-
tween two conditions of CYP4V2wt and CYP4V2mt RPE cells. We
assessed the functional relevance of the input genes based on the
enrichment analysis by p < 0.05 and q value.

Measurement of Mitochondrial Respiration

To evaluate the function of mitochondria, OCR was measured using
the Seahorse XF24 flux analyzer (Seahorse). Briefly, RPE cells were
seeded in the 24-well Seahorse culture plate at a consistent density
and cultured to induce cell polarization. Glutamine, glucose, and so-
dium pyruvate were then added to the basal medium to prepare a
working medium with pH 7.4. Cells were washed three times with
Molecular Therapy Vol. 28 No 12 December 2020 2657
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the working medium, and the drugs, including oligomycin (1.5 mM),
carbonyl cyanide p-trifluoromethoxy-phenylhydrazone (FCCP)
(0.5 mM), and rotenone (1 mM), were prepared. When programming
was complete, cells were loaded into the Seahorse machine for OCR
testing.

Annexin V Assay

The RPE cells were cultured for 4 weeks to stimulate the cell polari-
zation and lipid accumulations. To stain the apoptotic cells, the an-
nexin V/PI working solution was prepared according to the protocol
in the kit. Then, the cells were gently washed three times with PBS and
digested into single cells by using TrypLE Select enzyme. After centri-
fugation, approximately 100,000 RPE cells were re-suspended with
the annexin V/PI working solution and incubated in the dark for
15 min at room temperature. Then, the staining was stopped by the
ice incubation after adding 400 mL of assay buffer, which should be
analyzed by using the flow cytometry as soon as possible. CYP4V2wt

RPE cells were stained with annexin V and PI individually and used
for the compensation of fluorescent signal with a BD FACSCanto II
analyzer. Then, unstained CYP4V2wt RPE cells were used as negative
controls for gating setup. At last, all of the RPE cells were co-stained
with annexin V and PI to record the fluorescence intensity.78

GC-MS for Total Cellular Fatty Acids

The classic Ficoll method was utilized to extract the total cellular
lipids of the targeted cells.79 The internal standard was added during
the whole process. After esterification, the methyl ester was eluted
with n-hexane for GC-MS (Agilent Technologies). SCAN and SIM
modes were set in the Agilent 7890B GC-MS machine, and the
DB-23 capillary column was used to separate the fatty acids. For
the GC program, the starting temperature was 50�C (1 min); the
temperature was then increased to 175�C (25�C/min) and 190�C
(3.5�C/min, 5-min hold). Finally, the temperature was enhanced
to 220�C (2�C/min, 11-min hold). The Agilent MassHunter Work-
Station quantitative analysis software was used for data analysis.
Linear calibration curves for each analyte were generated by plotting
the peak area ratio of external/internal standard against the stan-
dard concentration at different concentration levels. Analytes were
confirmed by comparing the ratio of characteristic fragment ions
in the sample and standard. The mol % was used to quantify
each fatty acid, and the results were normalized with the WT prior
to statistical analysis.9,31

LC-MS for Hydroxyl Fatty Acids

The method used for hydroxyl fatty acid testing was modified accord-
ing to Song et al.’s work.38 Briefly, cells were re-suspended with
500 mL of methanol containing 0.48 mg of butylated hydroxytoluene
(BHT) and mixed with 100 mL of internal standards for ultrasonica-
tion on ice, followed by centrifugation at 4�C (12,000 rpm for 10min).
Supernatant was collected and dried in N2. To remove impurities,
samples were eluted with 15% methanol containing 0.005% formic
acid and purified by solid-phase extraction (SPE) column. Finally,
the hydroxyl fatty acids were eluted with 50 mL of methanol for
LC-MS detection (Agilent Technologies). An Agilent Zorbax Eclipse
2658 Molecular Therapy Vol. 28 No 12 December 2020
Plus C18 column (2.1 � 100 mm, 1.8 mm) was used with the temper-
ature set to 48�C. Acetonitrile and deionized water were used as a mo-
bile phase. To separate all hydroxyl fatty acids, the flow velocity was
set as 0.65 mL/min for 13 min of collection. For GC conditions, mul-
tiple reaction monitoring (MRM) in negative ion mode was used.

Fatty Acid Treatment

All polarized RPE cells were treated with fatty acids, including
MA, PA, SA, LA, ALA, AA, and EPA (Sigma). The fatty acids
were eluted in fatty acid-free BSA, and the final concentration
was adjusted to 8 mM. To establish the killing curve, different con-
centration gradients were used for SFAs (0, 100, and 200mM) and
for PUFAs (0, 20, 40, 80, 160, and 200 mM). After 1 week of fatty
acid treatment, dead cells were observed and recorded by normal
light microscopy. Trypan blue staining was used to identify dead
cells that were collected and counted by a cell counter to quantify
the percentage of dead cells, using the WT cell as a control. For
fatty acid stimulation experiments, AA (40 mM) and EPA
(40 mM) were used. RPE cells were treated for 5 days before other
functional tests were carried out.

AAV2-CYP4V2 Construction and Gene Therapy

To construct the AAV2-CYP4V2 plasmid, the open reading frame
(ORF) of CYP4V2 was amplified using cDNA of a healthy donor as
a template. Then, it was cloned into an AAV2 core vector for
E. coli transformation. After the verification of Sanger sequencing,
the AAV2-CYP4V2 plasmid was sent to a commercial company for
virus packaging (BioWit Technologies, China). Three CYP4V2�/�

RPE cell lines derived from patient 2, CYP4V2�/� IMR90 and H9,
were treated by AAV2 with an MOI of 20,000 using empty AAV2-in-
fected RPE cells as a control. 12 h later, fresh medium was changed
and cells were culture for 1 week before the expression confirmation.
For further functional studies, AAV2-treated PRE cells were cultured
for 1 month to stimulate the cell polarization.

Laboratory Animals

SCID mice were used for teratoma formation in this project. All pro-
tocols adhered to the Guidelines for the Care and Use of Laboratory
Animals prepared by the National Academy of Sciences and pub-
lished by the National Institutes of Health, and was approved by
the Committee on the Use of Live Animals in Teaching and Research
at the University of Hong Kong.

IRB Ethics

For human biopsies used in this project, it was necessary to obtain the
approval from the Institutional Review Board (IRB) of the University
of Hong Kong/Hospital Authority Hong Kong West Cluster (HKU/
HA HKW IRB). The IRB reference number is UW 14-557.

Statistical Analysis

Data were analyzed by Prism 5 (GraphPad). Statistical analysis was
performed using t tests and ANOVA. Data are presented as
mean ± SEM. p <0.05 was considered significant.
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