Gene Therapy
https://doi.org/10.1038/s41434-020-0159-3

ARTICLE

Treating Bietti crystalline dystrophy in a high-fat diet-exacerbated
murine model using gene therapy
Bin Qu1,2 Shijing Wu3,4 Guanyi Jiao1,2 Xuan Zou3,4 Zhikun Li1,5 Lu Guo1,2 Xuehan Sun1,2 Cheng Huang1,2
Zixi Sun3,4 Ying Zhang1,5 Hui Li3,4 Qi Zhou 1,2,5 Ruifang Sui 3,4 Wei Li 1,2,5
●

●

●

●

●

●

●

●

●

●

●

●

●

1234567890();,:

1234567890();,:

Received: 6 April 2020 / Revised: 12 May 2020 / Accepted: 19 May 2020
© The Author(s), under exclusive licence to Springer Nature Limited 2020

Abstract
Lipid metabolic deﬁciencies are associated with many genetic disorders. Bietti crystalline dystrophy (BCD), a blindnesscausing inherited disorder with changed lipid proﬁles, is more common in Chinese and Japanese than other populations. Our
results reveal that mouse models lacking Cyp4v3 have less physiological and functional changes than those of BCD patients
with this gene defect. After the administration of a high-fat diet (HFD), the occurrence of retinal lesions were both
accelerated and aggregated in the Cyp4v3−/− mouse models, implying that changed lipid levels were not only associated
factors but also risk factors to BCD patients. Facilitated by the results, we found that the reduced electroretinography
waveforms and retinal thickness observed in the HFD-induced mouse models were effectively recovered after subretinal
delivery of a human CYP4V2 gene carried by an adeno-associated virus vector, which demonstrates the potential curability
of BCD by gene therapy.
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Gene therapy holds great promise in treating human genetic
disorders [1], over 6000 of which have been described [2].
Beneﬁt from wider application of gene sequencing techniques, the number of genetic diseases is still increasing [3].
Discovery of safe and efﬁcient delivery vectors and
explosion of gene editing techniques in recent years signiﬁcantly enhanced the toolbox of genetic disorder treatment, with which the deﬁcient genes can be either
supplemented by exogenetic DNAs that carried by therapeutic vectors or corrected in situ permanently by gene
editing [4]. Contrary to this promising prospect, the list of
clinically treatable genetic disorders grows slowly [5]. One
of the major limiting factors is the lack of knockout animal
models which faithfully representation of human diseases,
which impeded the evaluation of potential therapeutic effect
by gene therapy [6].
Bietti crystalline dystrophy (BCD, MIM 210370), named
for the distinguishing yellow–white crystalline deposits
observed in patient’s fundus, is an autosomal recessive
inherited disease ﬁrst described by the Italian ophthalmologist G.B. Bietti in 1937 [7]. BCD is accounted for ∼3% of
all nonsyndromic retinitis pigmentosa (RP), and ∼10% of
nonsyndromic autosomal recessive RP in Europe [8]. BCD
also appears to be more common in East Asia, especially in
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China, where the gene frequency has been estimated to be
0.005 [9].
The genetic basis of BCD was found to be located at
chromosome 4q35 in 2000 [8]. In 2004, CYP4V2, a member
of the cytochrome P450 superfamily, was identiﬁed as the
BCD disease-causing gene [10]. Not only were the crystalline deposits found in the retina and cornea of BCD
patients, but also in their serum, together with altered serum
fatty acid concentrations, implying a dysregulation of lipid
metabolism [11, 12]. More importantly, BCD patients
always suffer from vision loss and night blindness between
the ages of 20 and 40, which will eventually progress to
legal blindness in their 50 or 60 s [11]. Unfortunately,
decades after the ﬁrst discovery of BCD, no clinical treatment for this severe blinding disease has been developed.
The clear genetic background and severe symptoms
make BCD a potential disease to be alleviated by gene
therapy. However, the lack of effective BCD animal models
limited the evaluation of any therapeutic effects. An
induced pluripotent stem cell model [13] and a murine
knockout model were respectively generated [14]. Although
both models provided valuable understandings to the disease, the former lacks the presentation of extracellular
crystalline deposits, while the latter does not exhibit the
electroretinography (ERG) change, an important diagnostic
feature of vision loss in BCD patients. We began our
research by asking whether the phenotype of murine BCD
models could be improved by a higher level of fatty acid in
diets, which was also found increased in the ﬁbroblasts,
lymphocytes, and serum of BCD patients [11, 12].

groups. Investigators were not blinded to the group
allocation.

Construction of Cyp4v3 knockout mice
T7-Cas9 and T7-sgRNA vectors were described previously
by our lab [15]. The T7-sgRNA vector was digested with
BsaI (New England Biolabs, Massachusetts, USA) and gel
puriﬁed. A pair of oligonucleotides for each targeting site
(upstream and downstream of Cyp4v3) was annealed and
ligated to the linearized T7-sgRNA vector. sgRNAs were
listed in Supplementary Table 1. SpCas9 mRNA was
in vitro transcribed using HiScribe® T7 mRNA kit (with
tailing) following the user’s guide (New England Biolabs).
sgRNAs were in vitro transcribed using HiScribe® T7 quick
high yield RNA synthesis kit following the user’s guide
(New England Biolabs).

Intracytoplasmic RNA microinjection
The intracytoplasmic RNA microinjection was performed
according to a previous report [15]. Brieﬂy, one-cell-stage
embryos were collected at 0.5 day post coitum (dpc). Each
embryo was microinjected with 25 ng/μl of sgRNA-up,
25 ng/μl of sgRNA-down, and 100 ng/μl of SpCas9 mRNA
into the cytoplasm. After the microinjection, the surviving
embryos were implanted on the same day into the oviduct of
ICR pseudopregnant mice. Full-term pups were obtained by
natural birth.

Genomic DNA extraction, PCR, and sequencing

Materials and methods
Mice and breeding
The mice used in this study were C57BL/6J. Speciﬁcpathogen-free-grade mice were purchased from Beijing
Vital River laboratory animal center (Beijing, China) and
housed in the animal facilities at the Institute of Zoology,
Chinese Academy of Sciences (Beijing, China). All animal
experiments were carried out in accordance with the
guidelines for the Use of Animals in Research issued by the
Institute of Zoology, Chinese Academy of Sciences. Animal
experiments were completed in accordance with the ARVO
Statement for the Use of Animals in Ophthalmic and Vision
Research. High-fat chow (60% fat, D12492) and normal
chow (10% fat, D12450J) were purchased from Research
Diets. The Cyp4v3−/− mice were administered a high-fat
diet (HFD) from postnatal week 4. Sample sizes were
determined based on similar ophthalmology studies with
mice. Mice were randomly allocated to experimental

Mouse tail tip DNA was crudely extracted using a Mouse
Direct PCR Kit (Bimake, Texas, USA) according to the
manufacturer’s instructions. The genome region of Cyp4v3
was polymerase chain reaction (PCR) ampliﬁed using outerprimers and inner-primers, respectively (Supplementary
Table 1). The PCR products of the outer-primers were
cloned into the TA-cloning vectors and transformed into
competent Escherichia coli cells. After overnight culturing,
colonies were randomly picked and sequenced.

Southern blot
Genomic DNA was extracted from the mouse tail tips
and digested with ScaI (New England Biolabs) overnight at
37 °C. The digested genomic fragments were separated on a
0.8% agarose gel and transferred to a positively charged
nylon membrane (Roche, Basel, Switzerland) for hybridization. The primers for amplifying the digoxigenin-labeled
probe were synthesized (Supplementary Table 1). The
hybridization and detection procedures were performed
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using a PCR DIG Probe Synthesis Kit (Roche) according to
the manufacturer’s instructions.

amplitudes in the scotopic and photopic ERG responses
were statistically analyzed.

Fundus photography and optical coherence
tomography

Fundus autoﬂuorescence (FAF)

Fundus photography and optical coherence tomography
(OCT) examinations were performed using a Micron IV
retinal imaging system (Phoenix Research Labs, California,
USA). The results of fundus photography and OCT were
ﬁrst carried out at postnatal (P) week 4 and repeated every
4 weeks until postnatal week 20, or further if necessary. The
pupils were dilated with 0.5% tropicamide drops for at least
10 min. The mice were then anesthetized with an intraperitoneal injection of a mixture of ketamine (100 mg/kg) and
xylazine (10 mg/kg). Carbomer eye drops were applied on
the corneal surface to keep the eyes moist. A view of the
mouse retina was visible simultaneously in the bright-ﬁeld
image control area. The position of the retinal OCT image
was set by us. Twenty-ﬁve OCT images were averaged to
enhance the quality of the resulting image. When saving an
OCT image, the corresponding fundus image was also
saved. The entire retina, including the peripheral retina,
could be observed by changing the angle between the
camera and the eye.

Electroretinograms
Electroretinograms (ERGs) were used to assess the retinal
function of mice at postnatal weeks 4, 8, 12, 16, 20, and 24.
Signals were recorded using the Celeris-Diagnosys system
(Diagnosys, Massachusetts, USA) equipped with “bright
(standard)” stimulators, light guide electrodes, and Espion
software. Mice were dark-adapted overnight, and all the
subsequent procedures were performed under a dim red
light. Mice were anesthetized with a mixture of ketamine
(100 mg/kg) and xylazine (10 mg/kg). The pupils were
dilated with 0.5% tropicamide drops at least three times for
over 30 min. The mice were then placed on the platform of
the Celeris-Diagnosys system at 37 °C to maintain body
temperature. The corneal surface was anesthetized using
0.4% oxybuprocaine hydrochloride eye drops. Light guide
electrodes were then placed over the corneas. The scotopic
ERG responses were recorded at stimulus intensities of
0.0032, 0.01, 0.1, 1, and 10 cd.s/m2 with an interstimulus
interval of 5, 5, 10, 10, and 10 s, respectively, between
stimulus ﬂashes. Five responses were averaged per result.
Before the photopic responses, light adaptation was performed with a steady background illumination of 30 cd.s/m2
for 10 min. The photopic ERG responses were then recorded with four stepwise increases in luminance (1, 3.162, 10,
and 31.62 cd.s/m2). Two seconds of interstimulus interval
was used and 10 responses were averaged per result. The

Fundus AF images (55°, 488 nm excitation) were obtained
using a confocal scanning laser ophthalmoscope (Spectralis
HRA, Massachusetts, USA). The pupils were dilated with
0.5% tropicamide drops for at least 10 min. The mice were
then anesthetized with an intraperitoneal injection of a
mixture of ketamine (100 mg/kg) and xylazine (10 mg/kg).
In near-infrared reﬂectance (IR) mode (820 nm), the camera
was positioned to ensure the retina was illuminated evenly
and focused on the confocal plane of interest. After
switching to AF mode (488 nm), the retina was preexposed
for 20 s to visual pigment bleach. Nine successive frames
were obtained using the high-speed mode. The frames were
subsequently saved in non-normalized mode.

Free fatty acid proﬁle analysis
For serum free fatty acid (FFA) proﬁling, 24-week-old mice
were anesthetized. Blood samples were collected from
retro-orbital venous plexus into 1.5 ml centrifuge tubes.
Whole blood samples were incubated at 37 °C for 30 min
and centrifuged at 3000 rpm for 15 min. The resulting
supernatants (serum) were pipetted to a new centrifuge tube
and stored at −80 °C.
For RPE FFA proﬁling, 24-week-old mice were executed
by cervical dislocation. The whole eyes were carefully
extracted from the sockets. RPE were dissected under
a stereoscope, according to a previously published
protocol [16].
All experiments were performed by Exion UPLCQTRAP 6500 PLUS (SCIEX, California, USA) liquid
chromatography/mass spectrometer, and all analyses were
performed in the electric spray ionization mode under the
following conditions: curtain gas = 20, ion spray voltage =
5500 V, temperature = 400 °C, ion source gas 1 = 35, ion
source gas 2 = 35. The lipids were extracted from the
sample using the improved Bligh/Dyer extraction method
(twice extraction) with the appropriate internal label [17].
Phenomenex Luna 3 m silica column (inner diameter 150 ×
2.0 mm) was used to separate various polar lipids under the
following conditions: mobile phase A (chloroform: methanol: ammonia = 89.5: 10: 0.5) and mobile phase B
(chloroform: methanol: ammonia: water = 55: 39: 0.5: 5.5).
Polar lipids of different types were separated by NP-HPLC.
The gradient of mobile phase A was maintained from 95%
for 5 min, then reduced linearly to 60% within 7 min and
maintained for 4 min, then further reduced to 30%
and maintained for 15 min. Finally, the initial gradient was
maintained for 5 min. Mass spectrometry multiple reaction
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monitoring conversion was established for comparative
analysis of various polar lipids [17]. Various polar
lipids were quantiﬁed by adding internal standards d31 16:0, d8 - 20:4.
Raw data were listed in Supplementary data ﬁles 1 and 2.

Construction of AAV plasmids
The commercial plasmid AAV2-CAG-eGFP (Vector Biolabs, Pennsylvania, USA) was used to provide the virus
genome with AAV2 inverted terminal repeat (ITR)
sequences. CMV-CYP4V2 and CMV-eGFP were synthesized by GenScript and used to replace CAG-eGFP on the
AAV2-CAG-eGFP plasmid to construct pAAV-CMVCYP4V2 and pAAV-CMV-eGFP. The AAV8 helper plasmid pDP8.ape was commercially purchased from Plasmid
Factory (Bielefeld, Germany).

AAV production
AAV packaging and puriﬁcation were performed using
previously published protocols [18, 19]. scAAV8hCYP4V2 or scAAV8-eGFP were produced by transient
co-transfection of pDP8.ape and pAAV-CMV-CYP4V2 or
pAAV-CMV-eGFP, respectively, into HEK293T cells
using Lipofectamine LTX with Plus reagent (Thermo Fisher
Scientiﬁc, Massachusetts, USA). scAAV8 were puriﬁed in
sequence by two-step ammonium sulfate precipitation,
iodixanol gradient ultracentrifugation, ion-exchange chromatography (HiTrap® Q, GE Healthcare, Illinois, USA),
and concentrated by buffer exchange using an Amicon®
Ultra-15 Centrifugal Filter Unit (Merck Millipore, Darmstadt, Germany).

AAV titer quantiﬁcation
Viral capsids were subjected to DNase treatment and
denatured at 95 °C to release the virus genome for PCR
ampliﬁcation using a CFX Connect RT-PCR system (BioRad, Philadelphia, USA), as described previously [20]. A
standard curve was derived from a DNA plasmid of known
concentration containing the same ITR sequence. Cycle
threshold detection and the standard curve were calculated
using the default settings of the CFX Manager (version 3.0;
Bio-Rad) RT-PCR software to calculate the vitellogenin
(vg) concentration of the test samples. Each sample was
tested in triplicate.

Determination of AAV purity by silver staining of
SDS-PAGE
The purity of recombinant AAV vectors was assessed using
sodium dodecyl sulfate-polyacrylamide gel electrophoresis

(SDS-PAGE) by loading 3 × 1010 vg on 4–12% SurePage
Bis-Tris gels (GenScript, New Jersey, USA) and run under
reducing conditions. The proteins were revealed using a
Pierce Silver Staining kit (Thermo Fisher Scientiﬁc)
according to manufacturer’s instructions. The gel was
deposited on a white tray for picture acquisition using the
Gel Doc EZ system and analyzed using Image Lab software
(Bio-Rad).

Negative stain transmission electron microscopy of
rAAV particles
Transmission electron microscopy (TEM) provides a direct
visualization to assess the purity and ratio of genomecontaining (full) AAV particles. Brieﬂy, 20 μl of puriﬁed
AAV was placed on glow-discharged grids for 5 min. The
grid was washed three times with PBS. The virus was then
stained with 2% uranyl acetate for 1 min and the sample was
visualized using a JEM-1400 electron microscopy.

Subretinal injection
A NanoFilTM sub-microliter injection system with a UMP-II
microsyringe pump and Micro 4 controller with a footswitch was procured from World Precision Instruments
(WPI, Florida, USA). Surgery was performed under an
ophthalmic surgical microscope. A 30-gauge sharp needle
was used to make a small incision in the sclera adjacent to
the limbus. A 34-gauge blunt needle ﬁtted to the NanoFilTM
sub-microliter injection system was inserted through the
incision while avoiding the lens and was pushed through the
retina. One microliter of either therapeutic AAV vector or
vehicle was delivered subretinally into the eye. An OCT
scan and retina photography were taken post injection to
conﬁrm the subretinal injection.

Retinal immunoﬂuorescence
The mouse eyes were extracted immediately after euthanasia and ﬁxed overnight in 4% paraformaldehyde, followed by dehydration in 30% sucrose solution and
embedded in optimal cutting temperature compound
(OCT; Tissue-Tek; Sakura Finetek). The frozen sections
of the eyeball were cross-sectioned at 10 µm along the
sagittal plane using a freezing microtome (Microm HM
550; Thermo Scientiﬁc). The slides were blocked in
blocking buffer (3% BSA + 0.1% Triton X-100 in PBS)
for 1 h at the room temperature, followed by incubation
with chicken anti-GFP (1:200 dilution) (ab13970; Abcam,
Cambridge, UK) at 4 °C overnight. The slices were
incubated with secondary antibodies for 1 h at the room
temperature. After incubating in 2 μg/ml of DAPI (D1306;
Molecular Probes) for 10 min at the room temperature, the
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slides were coverslipped with ﬂuorescence decay resistant
medium (Applygen, Beijing, China). The immunoﬂuorescence staining was imaged using a laser scanning
confocal microscope (LSM780; Carl Zeiss, Jena,
Germany).

Histological analysis
For histological analysis, the eyes of the mice were ﬁxed in
Modiﬁed Davidson’s Fluid (formaldehyde: glacial acetic
acid: ethanol: H2O = 6: 3: 1: 10) overnight at the room
temperature. The eyes were dehydrated stepwise using
ethanol (70, 80, 90, and 100% ethanol) and embedded in
parafﬁn. Retinal sections passing through the optic disc
along the sagittal plane were cut using a Leica slicing
machine (Leica RM2235; Leica Biosystems, Weztlar,
Germany) and mounted on poly-D-lysine-coated glass slices (Zhong Shan Golding Bridge Biotechnology, Beijing,
China). After dewaxing and hydrating, the sections were
stained with hematoxylin and eosin (H&E) using the standard methods before imaging using a Leica Aperio VERSA
8 microscope (Leica Biosystems).

Quantiﬁcation and statistical analysis
Statistical parameters, including statistical analysis, statistical signiﬁcance, and n-values, are provided in the ﬁgures
or ﬁgure legends. Statistical analyses were performed using
Prism Software (GraphPad). Data were tested for normality
of distribution using the Shapiro–Wilk test. If the null
hypothesis of normality was retained, ANOVA or the Student’s t test was used to test for a signiﬁcant difference,
where appropriate. Nonparametric tests, such as the
Kruskal–Wallis or the Mann–Whitney U-test, were otherwise applied as appropriate. Statistical signiﬁcance was
deﬁned as P = 0.05 for all tests. Data are shown as the
mean ± standard deviation (s.d.) unless otherwise stated.

Results
Derivation of Cyp4v3 knockout mice
Due to the fact that the genetic basis of BCD involves
mutations of exons across the whole CYP4V2 gene [21–23],
we chose to delete the entire locus of mouse Cyp4v3, the
homologous gene of human CYP4V2 (Fig. 1a). A pair of
sgRNAs targeting the upstream and downstream of the
Cyp4v3 gene was designed. Mixed SpCas9 mRNA and
sgRNAs were injected into C57BL/6J mouse zygotes before
transplantation into pseudopregnant recipient mice. Tail tips
of derived offspring were used for genotyping by PCR and
Sanger sequencing: ﬁve out of eight derived offspring

harbored cells with the 28 kb deletion encompassing the
entire coding region of Cyp4v3; two of the ﬁve offspring
showed high percentages of Cyp4v3 deleted cells (Fig. 1b,
c). Southern blot analysis exhibited complete deletions of
both Cyp4v3 alleles in one pup (Fig. 1d). Derived offspring
were mated to obtain homologous F1 mice, and conﬁrmed
by PCR and southern blotting (Fig. 1d). Subsequently, a
strain of mice with a complete Cyp4v3 deletion (Cyp4v3−/−
mice) was derived and maintained by natural mating for
further study.
We found no retinal lesion or ERG change in the
Cyp4v3−/− mice before 16 weeks of age (Supplementary
Fig. 1a–c). Slight changes of the ERG a- and b-waves were
found in some Cyp4v3−/− mice after 24 weeks of age
(Fig. 1e), which were not signiﬁcantly different from wildtype mice (Fig. 1f). More importantly, by continuous
tracking 28 randomly chosen Cyp4v3−/− mice and 31 wildtype mice for 20 weeks, no statistically signiﬁcant ERG
difference was found (Fig. 1g).
Interestingly, by analyzing the four 24-week-old individuals that did exhibit ERG changes, retinal lesions were
found in their fundi (Fig. 1h). Because BCD is a progressive
retinal degeneration [24, 25], these results indicated that the
retinal defects of the Cyp4v3−/− mice were milder than that
of the BCD patients, but the occurrence of defective phenotypes in Cyp4v3−/− mice mimicked the slow natural
course of the disease.

HFD accelerates and aggravates BCD progression
Increased fatty acid levels were found in the serum or
lymphocytes of BCD patients. However, it is unknown
whether they were nonspeciﬁc metabolic consequences of
deﬁcient CYP4V2, or they were also disease-causing factors
that aggravate the retinal symptoms of BCD patients. We
treated the Cyp4v3−/− mice with a compositional HFD and
tracked their phenotypes (Fig. 2a). Besides necessary
nutrients, the HFD comprises 32.3% fats contributing 60%
of total calories (Supplementary Table 2). Lard and soybean
oil, both of which enriched in long-chain fatty acids, are the
two fat sources of HFD (Supplementary Table 3).
After only 8 weeks of HFD feeding, obvious amplitude
decreases in the ERG a- and b-waves were observed in
most Cyp4v3−/− mice (Fig. 2b). Large, yellow–white
patchy lesions were found in their retina (Fig. 2c).
OCT exhibited accumulations of high-signal matters in the
retina outer layer (Fig. 2c), with the lesion appearance
aggravated compared with that of the normal diet (ND)
group (Fig. 1g).
By performing FAF test, we found possible mottled
hyper-autoﬂuorescence corresponding to yellow lesions on
the retina of HFD-induced Cyp4v3−/− mice (Supplementary
Fig. 1d). By analyzing the onset of the lesion in the retina of
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the Cyp4v3−/− mice, we found that the lesion occurrence
was signiﬁcantly earlier in age in the HFD than the ND
group (Fig. 2d). These results implied that food-obtained
lipids were potential risk factors for BCD patients, which

not only aggregate but also accelerate the lesion appearance
in the retina of Cyp4v3−/− mice.
ERG is used by both researchers and clinicians to evaluate retinal function [26]. The reduced ERG responses in
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Fig. 1 Derivation and long-term evaluation of Cyp4v3−/− mice. a
Comparison of human CYP4V2 (up) and mouse Cyp4v3 (down) gene
loci, and strategy diagram to target mouse Cyp4v3. The in- and outprimer were used for PCR identiﬁcation. The probe was used for
southern blotting. b In- and out-primer PCR products of founder mice.
c Sanger sequencing results of founder #1. d Southern blot analyses of
Cyp4v3−/− founder, Cyp4v3−/− F1, and wild-type mice. The 9.9 kb
band indicates the homozygous deletion of the full-length Cyp4v3
gene, while the 6.7 kb band indicates the WT allele. WT wild-type.
e Representative scotopic electroretinograms (ERGs) of 24-week-old
wild-type (WT) and Cyp4v3−/− mice fed a normal diet. Upper panel,
light intensity = 0.01 cd.s/m2; lower panel, light intensity = 1 cd.s/m2.
ND normal diet. f Light-dependence proﬁle of scotopic b-wave and awave amplitudes of 24-week-old mice. The error bars indicate the
standard error of the mean (s.e.m.). g Time-dependent proﬁle of scotopic b-wave amplitudes at the light intensity of 1 cd.s/m2. The error
bars indicate s.e.m. h Representative fundus photography and optical
coherence tomography (OCT) images of WT mice (28-week-old) and
Cyp4v3−/− mice (from 24- to 28-weeks-old) fed a normal diet. The red
arrows indicate damage of the retinal pigment epithelium (RPE) layer
and outer limiting membrane, and accumulation of hyper-reﬂective
matter in multiple layers of outer retina. Cyp4v3−/−, n = 4.

Cyp4v3−/− mouse models could reﬂect in vivo retinal
degeneration and vision loss. Because the retinal structure
changes precede function deterioration in BCD patients
[14], those with only retinal deposits and no ERG change
might not reﬂect an authentic vision loss in mouse models.
To verify the ﬁdelity of ERG changes observed in the HFD
Cyp4v3−/− mice, we systematically analyzed and compared
the results of four groups of mice: Cyp4v3−/− mice fed a
normal or HFD and wild-type mice fed the same diets. HFD
mice were treated from 4 weeks of age, and tested at
12 weeks of age.
As a result, the amplitudes of both a- and b-waves in the
HFD Cyp4v3−/− mice signiﬁcantly decreased compared
with those of the ND or HFD wild-type mice (Fig. 3a),
proving food-taken fats are indeed risk factors in mice
lacking a functional Cyp4v3 gene, and 8 weeks of HFD
feeding was enough to worsen the ERG responses in
Cyp4v3−/− mouse. Meanwhile, ND Cyp4v3−/− mice
showed no ERG changes compared with the wild-type mice
(Fig. 3a). These results proved that the HFD-induced
Cyp4v3−/− mouse model could also mimic the decreased
retinal functions of BCD patients [24].
To determine whether the effects of HFD were retained
with the aging of Cyp4v3−/− mice, we traced their ERG
results from 4 to 20 weeks of age. The a- and b-waves of
ERGs exhibited no signiﬁcant difference in the ND Cyp4v3
−/−
and wild-type mice (Fig. 3b). However, the mean values
of a- and b-waves of ERGs exhibited evident decreases in
the Cyp4v3−/− mice fed by HFD (Fig. 3b). The signiﬁcant
differences between the HFD and control groups demonstrated the ERG reductions induced by diet fats were not
weakened over time (Fig. 3b).
FFAs are known as the potential metabolic substrates
which levels were inﬂuenced by the mutated protein

products of CYP4V2 in BCD patients and Cyp4v3 in
knockout murine models [13, 14]. By comparing the lipid
metabolism results of the HFD-induced Cyp4v3−/− mice
with the wild-type and ND Cyp4v3−/− mice, we found four
groups of serum FFAs (FFA22:6, FFA18:3, FFA18:2, and
FFA18:1) consistently downregulated in Cyp4v3−/− mice
fed either ND or HFD compared with the wild-type mice
(Supplementary Fig. 2), implying that they were potential
metabolic products of wild-type CYP4V3, which levels
were reduced after the Cyp4v3 deletion in ND and HFD
Cyp4v3−/− mice. Differently, the FFA18:0 concentrations
were consistent in wild-type and ND Cyp4v3−/− mice, but
signiﬁcantly increased in HFD Cyp4v3−/− mice (Supplementary Fig. 2), suggesting that FFA18:0 was an upregulated metabolite speciﬁcally in the HFD-induced Cyp4v3−/−
mice. Notably, the lower levels of FFA22:6 in Cyp4v3−/−
mice were also observed in the lymphocytes of BCD
patients [27]. Although the HFD inducement exacerbated
the retinal lesions, the results indicated that that HFD
Cyp4v3-/- mice could reﬂect metabolic features similar
to BCD.

scAAV8-hCYP4V2-based gene therapy ameliorates
defects of Cyp4v3−/− mice
The ND Cyp4v3−/− mouse is not an appropriate model to
explore the curability of BCD by gene therapy for three
reasons: (1) the late-onset retinal lesions strictly limit the
time window to assess potential therapy effects; (2) the
variation of retinal changes between individuals made it
hard to assess the curative effects statistically; and (3) most
importantly, the ERG amplitudes of Cyp4v3−/− mice did
not decrease, making them less convincing to illustrate the
potential vision beneﬁts by gene therapy. On the contrary,
the early onset of retinal lesions, the conformance of ERG
reduction, and the stability of ERG changes over time made
the HFD Cyp4v3−/− mouse a suitable model to evaluate
gene therapy effects.
Infecting both dividing and nondividing cells with persistent expression has made AAV a widely used gene
therapy vector [28–30]. There are plenty of clinical evidences showing that AAV is nonpathogenic and causing
minimal immune responses in humans [28, 31, 32]. DNAs
carried by AAVs barely integrates into the host genome,
which reduced the risk of oncogene stimulation or cancer
suppressor gene inactivation [33]. We chose a selfcomplementary recombinant AAV vector of serotype 8
(scAAV8), whose safety has been tested in other clinical
trials [34, 35], to pack the human CYP4V2 gene
(hCYP4V2) expression cassette. To remove any potential
contamination during production, derived AAV particles
were puriﬁed following a published protocol combining
discontinuous iodixanol gradient centrifugation and ion-
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exchange chromatography (Supplementary Fig. 3a, b)
[18, 19].
Due to the retinal detachment caused by subretinal
injection, ERG changes in two control groups were evaluated to elucidate the manipulation side effects: we subretinally injected 1 μl of 2 × 1012 vg/ml scAAV8-eGFP
(enhanced green ﬂuorescent protein [eGFP] gene expression
cassette packaged by scAAV8 vector) to the left retina
(oculus sinister, OS) of wild-type mice with the same genetic
background of the Cyp4v3−/− mice to determine the effect of
scAAV8 delivery (Supplementary Fig. 4a); we also subretinally injected 1 μl of phosphate-buffered saline (PBS)
into the OS of another group of wild-type mice to illustrate
the effect of subretinal injection manipulation (Supplementary Fig. 4b). Four months later, ERG levels of treated eyes
were recorded and compared with those of the untreated
eyes. The results showed slight decreases in the mean values
of b-wave amplitude in both groups, reﬂecting a side effect
of subretinal delivery (Supplementary Fig. 4a, b) [36]. There
was no statistical difference between the injected and
untreated eyes in either of the groups (Supplementary
Fig. 4a, b). These results suggested that the injection process, rather than AAV particles, had minor effects on
mouse ERGs.

To avoid the side effect interference by subretinal
delivery, we set up a strict control group. We subretinally
injected 1 μl of 2 × 1012 vg/ml scAAV8-eGFP into the right
eye (oculus dexter, OD) of HFD Cyp4v3−/− mice, and
subretinally injected 1 μl of 2 × 1012 vg/ml scAAV8hCYP4V2 into the left eye (OS) of the same mouse
(Fig. 4a). Bulbs appeared after the injection (Fig. 4b).
Retinal detachment was detected by OCT after the injection,
and gradually recovered within 4 weeks (Supplementary
Fig. 5). Immunoﬂuorescence staining revealed a high percentage of eGFP-expressing cells in the retinal of injected
eyes (Fig. 4c), exhibiting the effective gene expression in
target cells. It was noticed that some retinal lesions
observed by fundus photography and OCT were downsized 18 days after injection (Fig. 4d), suggesting a possible
therapeutic effect.
Before injection, no ERG difference was found
between the eyes of Cyp4v3−/− mice (Fig. 5a, b). Notably, 8 weeks after injection, the ERG levels of the
scAAV8-hCYP4V2-injected eyes were higher than those
of the scAAV8-eGFP-injected eyes (Fig. 5c). In addition,
under a luminance stimulus of 0.1 or 1 or 10 cd.s/m2, the
b-wave amplitudes of scAAV8-hCYP4V2-injected eyes
were signiﬁcantly elevated compared with those of the
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scAAV8-eGFP-injected eyes (Fig. 5d), demonstrating a
restoration of vision by gene therapy. The therapeutic
effects were maintained when the mice were tested at 20week-old (16 weeks after injection) (Fig. 5e), manifested
by the signiﬁcantly higher b-wave amplitudes of the
treated eyes (Fig. 5f).
RPE and photoreceptor layer damages are commonly
detected in BCD patients [37]. By comparing the
photoreceptor IS/OS layer of scAAV8-hCYP4V2- and
scAAV8-eGFP-injected eyes, we found that the retinal
thickness of the layers was higher in the scAAV8hCYP4V2 treatment group (Fig. 5g, h), indicating a

subretinal structural improvement by scAAV8-hCYP4V2
gene therapy. In contrast to the serum FFA proﬁle,
comparing with those of the wild-type mice, the FFAs
levels in the retina of Cyp4v3−/− mice did not change,
regardless of whether the HFD was administered or not
(Fig. 6). However, similar with the results in the serum,
FFA18:3 was also found decreased in the RPE of HFD
treated Cyp4v3−/− mice. More importantly, the decreased
FFA18:3 level was restored in the scAAV8-hCYP4V2
treated eyes (Fig. 6), indicating that FFA18:3 may be a
CYP4V3 metabolite product to be recovered by the
scAAV8-hCYP4V2 treatment.
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Discussion
There is currently no effective clinical treatment or disease
model for BCD. Although a BCD mouse model has been
established [14], no ERG change mimicking the symptom
of BCD patients was reported [23]. Furthermore, no retinal
crystalline deposits was observed in these mice until they
were 6-month-old [14]. We found that most of Cyp4v3−/−
mice exhibited no retinal lesions until 25-week-old. ERG
amplitude reduction is a fundamental indicator of retinal
function damage in BCD patients. However, we found no
ERG decrease in the Cyp4v3−/− mice [11], These results
showed that the knockout mouse models could not mimic
all the symptoms of BCD patients. Differently, by feeding
these mice with an HFD, we found retinal lesions in nearly
40% of them after only 1 week. Eight weeks of HFD
feeding was enough to induce retinal lesions in most of the
Cyp4v3−/− mice. Notably, signiﬁcantly decreased ERG
waves were observed in the HFD treated Cyp4v3−/− mice.
This is the ﬁrst BCD animal model that exhibited both
retinal lesions and ERG changes, the two most distinguishing symptoms observed in BCD patients, providing an
effective platform to evaluate the therapeutic of gene therapy. These results also showed that the increased lipid
levels in serum, ﬁbroblast, and lymphocyte of BCD patients
were not only metabolism markers of this disease, but also
risk factors to BCD patients that might accelerate and
aggregate their symptoms.
By subretinal injection of scAAV8-hCYP4V2, reduced
deposits were observed in the fundi of HFD Cyp4v3−/−
mice. More importantly, the scAAV8-hCYP4V2-treated
eyes exhibited signiﬁcantly higher ERG levels than the
scAAV8-eGFP-treated eyes at 8- or 16-weeks post injection. Thicknesses of the retina and the ratio of inner/outer

segment layers (IS/OS) were both signiﬁcantly increased in
the scAAV8-hCYP4V2-treated eyes, indicating that all the
BCD-associated symptoms observed in the HFD Cyp4v3−/−
mice could be effectively alleviated via scAAV8hCYP4V2-mediated gene therapy. The HFD Cyp4v3−/−
mice were treated at 4-week-old, which corresponds to the
human puberty. Because BCD patients present a primary
vision loss at as early as 20 years of age, the alleviated
symptoms observed in the mouse models implied potential
therapeutic effects of scAAV8-hCYP4V2-mediated gene
therapy by reducing further sight deterioration in young
patients.
We found four groups of serum FFAs downregulated in
Cyp4v3−/− mice fed with either ND or HFD: FFA22:6,
FFA18:3, FFA18:2, and FFA18:1. Because mammals are
unable to synthesize fatty acids unsaturated on the n-3 or n6 position, the FFA22:6 can only be acquired from diet or
via synthesis from the respective precursors [27]. The lower
levels of FFA22:6 in the serum of mice were consistent with
the ﬁndings in patients [27], suggesting that the proﬁle of
lipid metabolism in Cyp4v3−/− mice is not changed by the
HFD administration. Among the four serum-downregulated
FFAs, only FFA18:3 was found decreased in the RPE of
HFD Cyp4v3−/− mice, which exhibited varied inﬂuences by
deﬁcient CYP4V3 in the serum and RPE of the Cyp4v3−/−
mice. Notably, the FFA18:3 level was increased in the
scAAV8-hCYP4V2 injected eyes, indicating FFA18:3 is a
potential metabolite product of CYP4V3 that can be
recovered by the scAAV8-hCYP4V2 treatment.
Taken together, we constructed a mouse model lacking
complete coding sequence of Cyp4v3, and demonstrated
that an HFD may exacerbate the retinal lesion of Cyp4v3−/−
mice, greatly advancing the observation time window for
potential therapies. The Cyp4v3−/− mouse models with
HFD, rather than ND, exhibited signiﬁcant ERG reduction,
a fundamental indicator of retinal function damage in BCD
patients, which also revealed that food-ingested lipids were
potential risk factors for BCD patients. By comparing the
high-fat and ND fed Cyp4v3−/− mice, we identiﬁed groups
of consistently dysregulated serum FFAs. After subretinal
delivery of scAAV8-hCYP4V2, the reduced ERG waveforms, abnormal subretinal lesions, decreased retinal
thickness, and a dysregulated metabolic product were
effectively preserved in the high-fat induced Cyp4v3−/−
mice, demonstrating the potential curability of BCD by
AAV-based gene therapy.
Note: During the manuscript preparation, a report was
published online applied 12-week-long HFD feeding to
accelerate the atherosclerosis of mouse model with inherited
low-density lipoprotein receptor (LDLR) gene mutation,
which signiﬁcantly facilitated the evaluation of an AAVbased gene therapy of familial hypercholesterolemia (FH)
[38]. The results suggested that the HFD-induced strategy
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may have a wider application in improving not only retina
but also variable of inherited lipid metabolic disorders.
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