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A B S T R A C T

Leber congenital amaurosis (LCA) is the most serious form of inherited retinal dystrophy that leads to blindness
or severe visual impairment within a few months after birth. Approximately 1–2% of the reported cases are
caused by mutations in the LCA5 gene. This gene encodes a ciliary protein called LCA5 that is localized to the
connecting cilium of photoreceptors. The retinal phenotypes caused by LCA5 mutations and the underlying
pathological mechanisms are still not well understood. In this study, we knocked out the lca5 gene in zebrafish
using CRISPR/Cas9 technology. An early onset visual defect is detected by the ERG in 7 dpf lca5−/− zebrafish.
Histological analysis by HE staining and immunofluorescence reveal progressive degeneration of rod and cone
photoreceptors, with a pattern that cones are more severely affected than rods. In addition, ultrastructural
analysis by transmission electron microscopy shows disordered and broken membrane discs in rods' and cones'
outer segments, respectively. In our lca5−/− zebrafish, the red-cone opsin and cone α-transducin are selectively
mislocalized to the inner segment and synaptic terminal. Moreover, we found that Ift88, a key component of the
intraflagellar transport complex, is retained in the outer segments. These data suggest that the intraflagellar
transport complex-mediated outer segment protein trafficking might be impaired due to lca5 deletion, which
finally leads to a type of retinal degeneration mimicking the phenotype of cone-rod dystrophy in human. Our
work provides a novel animal model to study the physiological function of LCA5 and develop potential treat-
ments of LCA.

1. Introduction

Leber congenital amaurosis (LCA) is the earliest and most severe
form of inherited retinal dystrophy causing blindness or severe visual
impairment in the first few months after birth [1,2]. The manifestations
of LCA in patients are highly variable, usually including severe and
early visual loss, sensory nystagmus, amaurotic pupils, and absent
electrical signals on electroretinogram (ERG) [3]. Although rare
dominant cases have been reported, LCA is inherited most frequently as
an autosomal-recessive trait [4–6]. Twenty-five genes have been re-
ported responsible for LCA (https://sph.uth.edu/retnet/home.htm).
These genes encode proteins with a wide variety of retinal functions,

including phototransduction, visual cycle, photoreceptor development,
guanine synthesis and intra-photoreceptor ciliary transport processes
[5,7–11]. Mutations in Leber congenital amaurosis 5 (LCA5, OMIM
*611408) gene accounts for about 1%–2% of LCA [1].
The LCA5 locus was initially mapped to chromosome 6p14.1 by

linkage analysis in two inbred families of the Old Order River Brethren
and the Pakistani family [12,13]. Subsequently, the causative gene,
LCA5, was identified by den Hollander in 2007 [14]. LCA5 consists of
eight exons, seven of which encode LCA5, a 697-amino acid protein
that contains two coiled-coil domains [14]. To date, 36 different mu-
tations in LCA5 have been reported worldwide [14–23]. These muta-
tions are evenly distributed and there seems to be no obvious mutation
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hotspots. Moreover, twenty-nine of these mutations are nonsense, fra-
meshift or splice site mutations, which are predicted to introduce a
premature termination codons and result in loss of function of LCA5
protein. In addition to LCA, mutations of LCA5 also cause early-onset
retinal dystrophy (EORD), retinitis pigmentosa (RP) and cone dys-
trophy (CD) rarely [20,21].
LCA5 is an evolutionary conserved ciliary protein that localizes to

the connecting cilia of photoreceptors and the primary cilia of cultured
mammalian cells [14,24]. Although LCA5 is widely expressed
throughout development, the disease phenotype is restricted to the eye
[14]. LCA5 physically interacts with OFD1, which may be a potential
mechanism of retinal degeneration in patients with Joubert syndrome
caused by OFD1 mutations [25]. In addition, LCA5, USH2A isoform B
and Nlp isoform B co-localize at the centrosomes in ARPE-19 cells and
at the basal bodies of the photoreceptor-connecting cilia in rat retina
[26]. Furthermore, affinity proteomics and yeast-two-hybrid approach
have identified many possible LCA5 interacting proteins involved in
protein transport, such as IFT complex B, IFT complex B associated
proteins, IFT complex A and motor proteins [14,24]. Inactivation of
Lca5 in mouse results in delayed development of photoreceptor outer
segments and disordered outer segment structure, which eventually
leads to rapid degeneration of the outer and inner segments of photo-
receptor cells. Although the structure of connecting-cilia and the basal
body appears to be normal, the rod and cone opsins mislocate to the
photoreceptor inner segments and outer nuclear layer. Arrestin and
transducin also partially mislocalize in response to light [24]. These
studies suggest that LCA5 may play an important role in selective
protein transport of photoreceptor cilia. However, the specific me-
chanism of how LCA5 mutations cause retinal degeneration is still not
fully understood.
Zebrafish have a retinal structure similar to that of humans, and the

ratio of rods to cones is very similar to that of humans. These factors
determine that zebrafish may be a more suitable animal model for in-
vestigating the pathogenic mechanisms of human retinal diseases
[27,28]. In zebrafish, lca5 contains 8 exons encoding a protein of 754
amino acids, which is conserved between human and zebrafish. Until
now, there is no report about the gene function of lca5 or the retinal
phenotypes after lca5 deletion in zebrafish.
In this study, we constructed the lca5 knockout zebrafish model by

CRISPR/Cas9 technology. We identified a lca5 mutant zebrafish line
with a c.18_21delTAAT (p.Asn7Argfs*17) mutation, which is predicted
to cause premature termination of translation and result in a truncated
protein with no function. The retinal phenotypes and the underlying
pathological mechanisms were further investigated.

2. Materials and methods

2.1. Animals

The study was approved by the Ethics Committee of Huazhong
University of Science and Technology. Zebrafish AB line were main-
tained as described [29,30]. Zebrafish were raised in 28 °C constant
temperature circulating water system with a daily cycle of 14 h of light
and 10 h of dark. Zebrafish are sexually mature at 3months of age and
can breed offspring. The male and female zebrafish used for re-
production are mated every 7 days and the eggs are collected and
transferred to E3 medium.

2.2. Generating lca5 mutant by CRISPR/Cas9 technology

The CRISPR/Cas9 system was purchased from the China Zebrafish
Resource Center (CZRC). CRISPR/Cas9 target sites were designed using
the online tool at: http://chopchop.cbu.uib.no/. The target sequences

are 5′ GGACTTGCATGAAGATAATC 3′. The target gRNA and capped
Cas9 mRNA were synthesized using TranscriptAid T7 High Yield
Transcription Kit (Thermo Scientific) and mMESSAGE mMACHINE
mRNA transcription synthesis kit (Ambion). 8 nl of Cas9 mRNA
(300 ng/ul) and gRNA (20 ng/ul) were co-injected into one-or two-cell
stage wild type embryos. After 50 h of injection, 10–15 embryos were
collected from F0 embryos, whose genomes were extracted to evaluate
CRISPR/Cas9 system-mediated target efficiency. A 337 bp DNA frag-
ment spanning the lca5 target site was amplified by PCR (forward
primer: 5′-CAGCTTGAGTGTTGAGTGT-3′; reverse primer: 5′-GCTCTGT
GCATGATCCC-3′) and sequenced. The validated F0 zebrafish were
raised to adult and used to produce F1 generations by crossing them to
wild-type zebrafish. The F1 zebrafish were further subjected to DNA
sequencing to identify the exact mutations. Males and females carrying
the same mutation mated with each other to make homozygotes. F2
zebrafish were identified using the same method described above.

2.3. Electroretinography

Zebrafish (7 dpf) were placed in the dark for at least 30min, then
anesthetized with Esmeron (0.8 mg/mL) for 1–2min, and placed on the
wet tissue corresponding to the reference electrode. The tip of the glass
microelectrode was placed in the center of the cornea (contact with the
cornea gently) of the zebrafish. The zebrafish was again adapted to the
complete dark environment for at least 2min. Turn on Clampex 10.4 to
start recording the signal. Zebrafish eye was illuminated by light for 1 s,
and the interval between the two exposures is about 10 s.

2.4. Hematoxylin and eosin (H&E) staining

Zebrafish eyeball were dissected and fixed at 4 °C overnight in 4%
paraformaldehyde, and dehydrated in 30% sucrose. For cryosections,
adult or embryo eyecups were embedded in O.C.T. Cryosections were
hematoxylin and eosin stained under standard conditions. The sections
after HE staining were observed and photographed under the optical
microscope BX53.

2.5. Immunofluorescence

Immunofluorescence was performed as described [31]. After the
frozen slices were taken out of the refrigerator, they were balanced at
room temperature for 20min. Slides containing sections were incubated
with PDT (PBS/1%DMSO/0.1%Triton) for 10min and blocked with
10% goat serum in PBDT (PDT/1%BSA/10%goat serum). Primary an-
tibodies were diluted to the indicated concentration (shown in Sup-
plementary Table S1) with 2% goat serum in PBDT and added onto the
slides, which were incubated overnight at 4 °C. Primary antibody was
removed and the slice was rinsed three times in the PDT for 10min each
time. Second antibody (Alexa-Fluor 488-nm or 594-nm secondary an-
tibody) was added to the slice and incubated at 37 °C in dark for 1 h.
DAPI staining was followed, and DAPI was diluted to the final con-
centration of 0.5 μg/mL with PBS, and then the section was stained for
5min. Next, the section was rinsed three times in PBS for 15min each
time. The last step, section was mounted with a glycerol-based liquid
mountant under coverslips. Fluorescence images were captured using a
confocal laser-scanning microscope (FluoView™ FV1000 confocal mi-
croscope, Olympus Imaging).

2.6. Transmission electron microscopy

TEM was performed according to previous literatures [32]. Zebra-
fish eyes were isolated and their lenses removed, and the eyes fixed in
2.5% glutaraldehyde in 0.1M PBS overnight at 4 °C. After washing
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three times, the samples were added to 1% osmium tetroxide and fixed
at room temperature for 2 h. Then the samples were gradient dehy-
drated with ethanol and incubated in acetone at room temperature for
20min. After propylene oxide treatment and embedding in epoxy resin,
Reichert-Jung ultramicrotome was used to produce ultrathin slices.
Specimens stained with uranyl acetate and lead citrate were observed
and photographed using transmission electron microscopy (HT7700,
Hitachi).

2.7. Western blot

Fresh zebrafish eyeball were placed on the ice, and appropriate
amount of RIPA lysate was added for digestion. Tissue samples were
broken by ultrasound to allow cell to full lyse. Then the samples were
added to a 1/5 volume 5 X loading buffer, boiled for 10min, and im-
mediately soaked in ice for 2min. Protein samples were separated by
SDS-PAGE gel and immunoblotting onto NC membranes. Membranes
were then blocked in 5% nonfat milk solution in TBST for 1 h at room
temperature followed by incubation with primary antibody (shown in
Supplementary Material, Table S1) at 4 °C overnight. The membranes
were washed three times in TBST for 8min each and incubated in HRP-
conjugated secondary antibodies (1:20,000; Thermo) for 2 h at room
temperature. The membranes were washed three times with TBST for
8min each time. Finally, the protein was quantitatively analyzed by
ChemiDoc XRS+ system (Bio-Rad).

2.8. Statistical analyses

Experiments were repeated at least three times. GraphPad Prism 6.0
was used for statistical analysis. Two-tailed Student's t-test was used for
determining significance.

2.9. Key resources table

Resource Source Identifier

Chemical
Acetone
DAPI
DMSO
Eosin
Epoxy
Esmeron
Ethanol
Glutaraldehyde
Glycerol
Hematoxylin
Hematoxylin
Lead citrate
Osmium tetroxide
Propylene oxide
Sucrose
Uranyl acetate

ProteinPeptide
Acetylate a-Tubulin N/A N/A
Cas9
CRISPR
gnat1 N/A N/A
gnat2 N/A N/A
gnb3 N/A N/A
grk1 N/A N/A
gRNA
HRP
Ift88 N/A N/A
opn1lw1 N/A N/A
opn1mw1 N/A N/A
opn1sw1 N/A N/A
opn1sw2 N/A N/A
rhodopsin N/A N/A
XRS

3. Results

3.1. Generation of lca5 knockout zebrafish using CRISPR/Cas9 technology

LCA5 protein sequences of human, mouse, rat, chicken, xenopus,
and zebrafish were downloaded from NCBI. Sequence alignment across
different species was performed by the COBALT tool (https://www.
ncbi.nlm.nih.gov/tools/cobalt/) [33] using the default parameters. The
identical and positive amino acid residues were displayed in red and
blue respectively, with the option of “conservation setting” set to
“identity” (Supplementary Material, Fig.S1). The multiple alignment
result showed that Lca5 is moderately conserved from zebrafish to
human. About 19% (144/754) amino acid residues are identical and
78% (592/754) amino acid residues are positive across the six species.
Moreover, in the N-terminal coiled-coil domain (157–351), zebrafish
Lca5 contains more identical (40%, 79/195) and positive (100%, 195/
195) amino acid residues (Fig. 1A, Supplementary Material, Fig.S1).
To generate the lca5 knockout zebrafish by CRISPR/Cas9 tech-

nology, we downloaded the zebrafish lca5 cDNA (XM_009297006) and
genomic (NW_018395159) sequences from the NCBI database. Through
online software, the target sites were designed at the second exon
containing initial codon ATG (Fig. 1B). Meanwhile, we designed a pair
of primers to amplify the region spanning the target site. The Cas9
mRNA and gRNA were co-injected into one-or two-cell stage wild type
embryos. We identified a 4 bp deletion (c.18_21delTAAT, p.As-
n7Argfs*17), named delTAAT, which resulted in premature termination
at codon 17. Homozygous delTAAT zebrafish were identified and their
offspring were validated by genomic DNA sequencing (Fig. 1C). To
verify whether the mutant lca5 mRNA is degraded by nonsense-medi-
ated decay, we detected the mRNA levels of lca5 in wt and lca5 mutant
zebrafish by qPCR. There is no significant decrease of lca5 mRNA level
in lca5 knockout zebrafish compared with wild type at the age of
1month (Fig. 1D). Furthermore, to distinguish the expression differ-
ences between the two transcripts of zebrafish lca5, two pairs of primers
were designed, which could amplify the major transcript and both
transcripts, respectively (Supplementary Material, Fig. S2A, Table S2).
The expression level of both transcripts appears to be unaffected in lca5
mutant zebrafish (Supplementary Material, Fig. S2B). To exclude the
possibility that alternatively spliced transcript(s) might not be affected
by this mutation, we amplified a fragment containing the mutation site
using cDNA as template, and sequenced the fragment, which showed
c.18_21TAAT is deleted in lca5 mRNA in the lca5 mutants (Supple-
mentary Material, Fig. S3). These results demonstrated that the
knockout of lca5 in this study is effective.

3.2. Weakened visual function at an early stage in lca5 knockout zebrafish

In consideration of the fact that patients with LCA5 mutations show
early-onset severe visual impairment and significantly reduced or un-
detectable waves in ERG measurement, we also examined the visual
function of the lca5 knockout zebrafish at 7 dpf by ERG test. The ver-
tebrate ERG originates in the outer retina and features three prominent
waves, an initial negative a-wave reflecting photoreceptor activity, a
large positive b-wave reflecting mainly ON-bipolar cell activity, and the
d-wave reflecting postsynaptic activity involved in the OFF response
[34]. Because of an overlap with b-wave, the a-wave almost completely
disappears [35]. The scotopic b-wave amplitudes of lca5 knockout
zebrafish was calculated and decreased by 50% when compared with
wild type controls (Fig. 2A, B), indicating that the ablation of lca5 af-
fects early visual function in zebrafish.

3.3. Progressive photoreceptor degeneration with a predominantly cone-
affected pattern in lca5 knockout zebrafish

To investigate whether the retinal structure is affected by lca5
knockout, we first performed histological analysis using wt and lca5
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Fig. 2. Visual defect in lca5−/− larval detected by ERG analysis. (A) Representative traces of ERG of wt and lca5 knockout zebrafish at 7 dpf. (B) Comparison of b-
wave amplitudes of wt (n=8) and lca5−/− (n=10) zebrafish using two-tailed Student's t-test. The results are shown as mean ± SD. **, p < 0.01.

Fig. 1. Generation of lca5 knockout zebrafish. (A) Conservative analysis of human and zebrafish Lca5. The amino terminal of LCA5 protein is more conserved in
human and zebrafish. (B) The gRNA target sequence and the position of the corresponding lca5 gene sequence are shown. E1-E3, exon1-exon3. (C) Sequencing
validation of the c.18_21delTAAT mutation lines. The 4-bp deletion is indicated with a box in WT and delTAAT. (D) The lca5 mRNA levels in 1-month –old wt and
lca5 knockout zebrafish retinas are detected by quantitative PCR. The quantitative data of at least three independent experiments were statistically analyzed using
two-tailed Student's t-test and shown as mean ± SD.
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knockout retinas at the age of 1month, 3months, 7 months and
9months, respectively. Hematoxylin and eosin (HE) staining was car-
ried out on retinal sections to show the details of retina. In 1-month-old
zebrafish, there was no significant difference in retinal structure be-
tween wild-type and lca5 mutants (Fig. 3A). However, at 3months of
age, although the thickness of photoreceptors outer segments of lca5−/

− zebrafish was similar to that of control, the distance between the
photoreceptor outer segment and outer nuclear layer was significantly
shorter (Fig. 3B). In zebrafish, photoreceptors are closely arranged in a
layered pattern throughout the retina. The outer segment of the blue
cone and the inner segment of the rod are in the same layer of the retina
[36,37]. As shown by the black arrow in Fig. 3B, this thinning may be
due to the degradation of the blue cones outer segments. Furthermore,

in 7-month-old lca5−/− zebrafish retinas, in addition to the thinning of
the inner segment/blue cone outer segment, the photoreceptors outer
segments were shortened remarkably, and the outer nuclear layer of
photoreceptors was slightly thinner. More specifically, the number of
cone nuclei was decreased when compared with wild-type control
(Fig. 3C). The phenotype was more pronounced in lca5 mutants at 9
mouths of age (Fig. 3D). Fig. 3E and F showed the statistical results of
the length of the rod OSs and the blue cone OSs/ rod ISs, respectively.
These results indicated that lca5 mutants show progressive photo-
receptor degeneration, and the degeneration of cones is more severe
than that of rods.
Next, we observed the ultrastructure of the photoreceptor outer

segments in wt and lca5 mutant zebrafish by transmission electron

Fig. 3. Progressive degeneration of the outer retina were observed in lca5 knockout zebrafish. (A–D) Hematoxylin and eosin (H&E) staining analysis of cryosections
in wt and lca5−/− zebrafish at indicated ages. White lines represent the length of rods outer segments. The black arrow indicates the cones outer segments. RPE,
retinal pigment epithelium; ROS, rod outer segment; COS, cone outer segment; IS, inner segment; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner
nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer. Scale bars: 20 μm. (E) Statistical data for the length of rod outer segments. (F) Statistical data for
the length of blue cone outer segments/rod inner segments. Three parallel samples were tested for each group, and at least three microscopic fields of each group
were quantified and analyzed using two-tailed Student's t-test. The results were shown as mean ± SD. **, p < 0.01.
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microscopy. According to the results of HE staining, we selected the
time points of 3-week-old and 3-month-old, which are before and after
the degeneration of photoreceptor outer segments, respectively.
Compared with the wild-type, the 3-week-old lca5−/− zebrafish
showed no significant difference in the overall structure of the retina
(Fig. 4A, B). However, the cone membrane discs were broken into
segments and rod membrane discs showed disordered structure
(Fig. 4A, B, A', B'), which may be the early stages of progressive de-
generation of the photoreceptor outer segments. In 3-month-old zeb-
rafish retina, the overall structure of the retinal photoreceptors, no
matter rods or cones, was more disordered and looser than that of wild-
type controls (Fig. 4C, D). Furthermore, in 3-month-old lca5−/− zeb-
rafish, the cone outer segment membrane discs were disrupted more
seriously, and even some cone outer segments disappeared completely
(Fig. 4C, D, C', D'). Although there was disordered membrane discs
structure in rods in lca5−/− zebrafish (Fig. 4A', B', Supplementary
Material, Fig. S4), these broken membrane discs similar to cone outer
segments were not identified in the rods outer segments, suggesting that
the cones are more sensitive than the rods in lca5−/− zebrafish. Taken
together, our observations demonstrated that the deletion of zebrafish

lca5 leads to progressive photoreceptor degeneration of both rods and
cones with cones affected more severely and earlier than rods.

3.4. All four types of cone photoreceptors degenerate earlier than rod
photoreceptors

To identify the rod and cone photoreceptors more specifically, we
labeled the outer segments of rods and all four types of cones using
antibodies against their respective opsins (rhodopsin, opn1lw1,
opn1mw1, opn1sw2, opn1sw1). Similar to the results of HE staining,
lca5 knockout zebrafish showed no significant change in the lengths of
the rod outer segments at age 3months compared with wild type
(Fig. 5A, B). In 7-month-old lca5−/− retinas, the outer segments of rods
were shorter than that of wild type control (Fig. 5C). Unlike rods,
however, cones degenerated earlier. In 1-month-old lca5−/− retinas,
the outer segments of the four cones subtypes all showed serious de-
generation (Fig. 5D, G, J, M). Furthermore, this phenotype is more
pronounced in older lca5 mutants (Fig. 5E, H, K, N). In 7-month-old
zebrafish, the outer segments of the four cones almost disappeared
compared to the wild type (Fig. 5F, I, L, O). Statistical results of the

Fig. 4. Ultrastructural analysis of photoreceptors
outer segments in wt and lca5 knockout zebrafish.
(A) 21-day-old wt zebrafish retina shows well-
maintained photoreceptor outer segments. (A')
Enlarged image of the box in (A). (B) 21-day-old lca5
knockout zebrafish retina exhibits fragmented cone
membrane disks and disordered rod outer segment
membrane disks. (B') Enlarged image of the box in
(B). (C) 3-month-old wt zebrafish retina show com-
plete and ordered retinal structure. (C') Enlarged
image of the box in (C). (D) 3-month-old lca5
knockout zebrafish retina exhibits the disordered
and loose retinal structure and the disrupted and
disappeared cone outer segment. (D') Enlarged image
of the box in (D). White arrow head represents the
disrupted and disappeared cone outer segments.
Black arrow indicates the disordered rod membrane
disks structure. RPE, retinal pigment epithelium;
ROS, rod outer segment; COS, cone outer segment.
Scale bars: 10 μm.
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lengths of the photoreceptor outer segments are shown in supplement
material (Supplementary Material, Fig. S5A, B, C, D, E).
In addition, we detected the cone α-transducin (c-Tα,GNAT2) and

the rod α-transducin (r-Tα, GNAT1) by western blotting in lca5−/−

zebrafish at age of 15 days and 2months (Supplementary Material, Fig.

S6A, B). Consistent with our previous observation of photoreceptors
degeneration by immunofluorescence, compared with the wild-type
zebrafish, the protein level of c-Tα was significantly down-regulated in
2-month-old lca5 knockout zebrafish, but there was no such change in
15-day-old zebrafish, indicating that the cone outer segment have

Fig. 5. Progressive photoreceptors degeneration with a predominantly cone-affected pattern in lca5 knockout zebrafish. (A–C) Retinal cryosections were labeled with
rod specific Rhodopsin at indicated ages. (D–O) Retinal cryosections were labeled with cone specific (opn1lw1 for red cones, opn1mw1 for green cones, opn1sw2 for
blue cones and opn1sw1 for UV cones) antibodies. White arrows indicates mislocalization of red-cone opsin and UV-cone opsin. White asterisks indicates non-specific
staining of blue-cone opsin. Three parallel samples were tested for each group, and at least three microscopic fields of each group were quantified and analyzed. Scale
bars: 10 μm.
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degenerated in 2-month-old lca5−/− zebrafish. However, there was no
change in the protein level of r-Tα, suggesting that the rod outer seg-
ment have not degenerated at this time.
Together, these results indicated that, compared with the rods, all

four types of cones degenerate at an earlier stage in lca5−/− zebrafish.

3.5. The impaired outer segment protein trafficking in lca5−/− zebrafish

Interestingly, we observed that red-cone opsin mislocated to inner
segments, synaptic terminals and outer nuclear layer in the 1-month-
old, 3-month-old and 7-month-old lca5 knockout zebrafish (Fig. 5D, E,
F). Similar mislocalization of the UV-cone opsin was found in 7-month-
old lca5−/− zebrafish retinas, which may be caused by the loss of the
UV cone outer segments (Fig. 5O).
To explore when the mislocalization of red cone opsin occur, we

examined the lca5 deficient zebrafish retina by immunostaining since
5 dpf (Fig. 6A, B, C, D). In 5-day-old lca5 mutants, no abnormality was
found in either the length of the red-cone outer segment or the locali-
zation of the red-cone opsin compared with the wild-type (Fig. 6A).
However, in 15-days-old lca5 mutants, although there was no obvious
degeneration of the red-cone outer segment (Supplementary Material,

Fig. S7), we observed mislocalization of red-cone opsins to inner seg-
ments, outer nuclear layer and outer plexiform layer (Fig. 6B). Fur-
thermore, these mislocalization occurred in the peripheral region lo-
cated on the nasal and temporal sides of the zebrafish retina (Fig. 6B).
We also detected the green-cone opsin, the blue-cone opsin and the UV-
cone opsin by labeling opn1mw1, opn1sw2 and opn1sw1, and found
that there was no obvious abnormality in 15-day-old lca5 knockout
zebrafish (Supplementary Material, Fig. S8). In order to understand
more fully the process of red-cone opsin mislocalization, we observed
21-day-old and 1-month-old zebrafish retinal slices. In the 21-day-old
lca5−/− zebrafish retina, the mislocalization of red-cone opsin mi-
grated from the peripheral retinal region to the intermediate retinal
region (Fig. 6C, C'). As shown by the white arrowhead in Fig. 6D, the
mislocalization phenotype of red-cone opsin was more pronounced in 1-
month-old lca5 knockout zebrafish retina (Fig. 6D, D'). These results
demonstrated that the initial mislocalization of red-cone opsin occurs in
15-day-old lca5 knockout zebrafish, and that the mislocalization is ex-
tended from the peripheral retina to the intermediate retina.
In order to investigate which photoreceptor outer segment proteins'

trafficking is also affected besides the red-cone opsin in the lca5
knockout zebrafish, we performed immunofluorescence experiments on

Fig. 6. The mislocalization of red-cone opsin is extended from the peripheral retina to the intermediate retina. (A) Retinal cryosections were labeled with red-cone
opsin antibody at 5 dpf, (B) at 15 dpf, (C) at 21 dpf, (D) at 1mpf. (C') Enlarged image of the box in (C). (D') Enlarged image of the box in (D). White arrows represent
the mislocalization of red-cone opsin. Three parallel samples were tested for each group, and at least three microscopic fields of each group were quantified and
analyzed. Scale bars: 40 μm.

Z. Qu, et al. BBA - Molecular Basis of Disease 1865 (2019) 2694–2705

2701



1-month-old zebrafish retina using the antibodies recognizing the c-Tα,
r-Tα, G-protein-dependent receptor kinase 1 (GRK1) and G-protein beta
subunit 3 (GNB3). We found that compared with the wild type, the c-Tα
mislocated to inner segment and synaptic terminal in lca5 knockout
zebrafish (Fig. 7A), while r-Tα, GRK1 and GNB3 had no significant
mislocalization (Fig. 7B, C, D). These results suggested that Lca5 can
selectively participate in the ciliary transport of photoreceptors outer
segment proteins.

3.6. Accumulation of Ift88 in the cilia of photoreceptor cells in the lca5−/−

zebrafish retina

To explore how the lca5-deficient zebrafish affects the cilia traf-
ficking of the photoreceptor outer segment proteins, we examined
photoreceptor cilia in lca5−/− zebrafish retina by immunostaining
using antibodies against acetylated α-tubulin and Ift88. In 1-month-old
lca5 knockout zebrafish, there was no significant change in the length of
the cilia compared with the wild type (Fig. 8A, C), indicating that
ciliary formation was not affected. Furthermore, we found strong ac-
cumulation of Ift88 in the photoreceptor cells cilia in lca5−/− zebrafish
retina, and the Ift88 signal intensity was significantly higher in lca5-
deficient zebrafish photoreceptor cilia.
In order to confirm that the strong accumulation of Ift88 in the cilia

is a cause of photoreceptor outer segment proteins trafficking defects,
we studied the 5-day-old zebrafish retina by immunofluorescence
(Fig. 8B). In 5-day-old lca5 knockout zebrafish retina, there was still a
large amount of Ift88 in the photoreceptor cilia (Fig. 8B). We also
measured the length of photoreceptor cell cilia in 5-day-old lca5−/−

zebrafish retina, and found no significant difference in the length of the
cilia compared with wild type (Fig. 8C). Given that the Ift88 signal
intensity was significantly enhanced in the photoreceptor cells cilia in
the lca5 knockout zebrafish, we wondered whether this was caused by
the up-regulation of Ift88 protein expression. We detected the Ift88
protein level, but we found no significant up-regulation in the lca5
knockout zebrafish (Fig. 8D, E). Together, our results indicated that in

lca5 knockout zebrafish, the abnormal distribution of Ift88 in photo-
receptor cell cilia may be an important reason for the trafficking defects
of photoreceptor outer segment proteins.
In addition, the lca5 gene mRNA were injected into one-stage lca5−/

− embryos, and the retinal sections of the 5-day-old zebrafish were
detected by immunofluorescence (Supplementary Material, Fig. S9). In
the lca5 knockout zebrafish, Ift88 was distributed throughout the
photoreceptor cilia, while in the zebrafish injected with lca5 mRNA,
Ift88 was recruited to the base of the photoreceptor cilia. These results
indicated that zebrafish lca5 gene mRNA could partially rescue the
mislocalization of Ift88.

4. Discussion

Leber congenital amaurosis caused by LCA5 has high clinical het-
erogeneity, and the patient's retinal phenotype is also different. In LCA
patients with LCA5mutations, some common clinical symptoms such as
an atrophic aspect of the macular area and bone-spicule pigments in the
peripheral retina could be observed [15,18,21]. Meanwhile, progressive
foveal cone cells loss and night blindness have also been reported in
patients with LCA5 mutations [13,15,38], so it is difficult to determine
by phenotypes whether the loss of LCA5 function is more important for
cones or rods, or both. Recently, a cone dystrophy (CD) phenotype
caused by LCA5 pathogenic mutations has been described [22], which
may indicate that LCA5 dysfunction has a more severe effect on cones in
that family. Of course, the clinical diversity may be related to the ge-
netic background. In Lca5 knockout mouse, rhodopsin and red/green
cone opsin trafficking are impaired, and the photoreceptor outer seg-
ments and inner segments begin to degenerate at an early stage and the
photoreceptors disappear completely at 4months of age. Moreover, it is
found that the initiation of photoreceptors outer segments development
are delayed and photoreceptors outer segments discs are not oriented
properly in Lca5 knockout mouse [24]. The phenotype of Lca5
knockout mouse partly explains the pathogenesis of retina in Leber
congenital amaurosis patients. Zebrafish is becoming a popular animal

Fig. 7. The retinal localization of c-Tα, r-Tα, GRK1 and GNB3 in 1-month-old wt and lca5 knockout zebrafish. (A) C-Tα mislocated to inner segment and synaptic
terminal. (B–D) No obvious mislocalization of r-Tα, GRK1 and GNB3. White arrows represent the mislocalization of c-Tα. Three parallel samples were tested for each
group, and at least three microscopic fields of each group were quantified and analyzed. Scale bars: 10 μm.
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model in genetics and developmental biology. Especially, the retinal
structure and the ratio of rods to cones similar to that of human make it
an excellent model for studying human retinal diseases [28]. In lca5
knockout zebrafish, the trafficking of red-cone opsin and c-Tα are im-
paired, and the degeneration of the cones are more severely affected

and earlier than that of rods, leading to a cone-rod dystrophy pheno-
type. Moreover, the loss of lca5 function does not seem to affect the
early development of photoreceptors, but affects the maintenance of
photoreceptor function. Together, in patients with LCA5 mutations and
lca5 knockout zebrafish, cone damage appears to be more serious, and

Fig. 8. The strong accumulation of Ift88 in
photoreceptor cilia in lca5−/− zebrafish
retina. (A) The distribution of Ift88 in pho-
toreceptor cilia in 1-month-old wt and
lca5−/− zebrafish retina. (B) The distribu-
tion of Ift88 in photoreceptor cilia in 5-day-
old wt and lca5−/− zebrafish retina. Scale
bars: 10 μm (C) Statistical data for the
length of photoreceptor cilia. Three parallel
samples were tested, and at least three mi-
croscopic fields of each group were quanti-
fied and analyzed using two-tailed Student's
t-test. The results were shown as
mean ± SD. ns, no significant. (D) Western
blot analysis of Ift88 protein expression le-
vels in 1-month-old wt and lca5 knockout
zebrafish retinas. (E) The quantitative data
of at least three independent experiments
were statistically analyzed using two-tailed
Student's t-test and shown as mean ± SD.
ns, no significant.
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the retinal phenotype of lca5 knockout zebrafish may be more re-
presentative of the process of retinopathy in LCA patients.
In the lca5 knockout zebrafish, the 7-day-old zebrafish ERG re-

sponse was significantly reduced compared to the wild type, which was
consistent with the previously reported phenotype in mouse and hu-
mans. In the early stage, the photoreceptors in the zebrafish retina are
mainly cones, so rods do not contribute to the ERG of dark-adapted
zebrafish until 15 dpf [39,40]. Although we detected abnormal dis-
tribution of Ift88 in the photoreceptor cell cilia in the 5-day-old lca5
knockout zebrafish, we did not detect the red-cone opsin mislocaliza-
tion and the disordered outer segment in this period. So we speculate
that in lca5−/− zebrafish retina, there are other important photo-
receptor outer segment proteins trafficking affected, and the trafficking
defect causes visual defect and leads to the degeneration of the other
three types cones outer segment.
The initial mislocalization of red-cone opsin occurs in the peripheral

retina of 15-day-old lca5 knockout zebrafish, and extended to the in-
termediate retina at 1mpf. Why does the mislocalization of the red-
cone opsin show such a pattern? We speculate that with the continuous
expansion of the retina, the newly generated photoreceptors are added
at the peripheral retina, making the photoreceptors previously located
in the peripheral retina the intermediate retina. Therefore, with the
growth of zebrafish retina, the mislocalized photoreceptor outer seg-
ment proteins gradually appeared in the intermediate retina and the
central retina. Of course, this specific mechanism remains to be further
studied.
In lca5 knockout zebrafish retina, Ift88 is abnormally distributed in

the photoreceptor cell cilia. However, in Lca5 knockout mice, the lo-
calization of Ift88 appears to be unaffected [24]. For this question, our
understanding is as follows: first, the zebrafish retina differs greatly
from the mice retina in both structure and composition [37]. As we
previous mentioned, the mice is a rod-dominant retinal structure, and
the zebrafish rod-cone ratio is more similar to human; secondly, up to
data, the exact function of LCA5 is still unclear. Although LCA5 is
conserved from human to zebrafish, the specific functional mechanism
of Lca5 in zebrafish and mice may not be identical. As for the abnormal
distribution of Ift88 in the photoreceptor cells cilia, we believe that this
is a strong accumulation of Ift88 in the cilia caused by the failure of
Ift88 to return to the cilia base. In previous reports, there is a direct
interaction and co-localization between LCA5 and IFT88 [24], so the
trafficking of Ift88 from the cilia top to the cilia base may be affected in
the lca5 knockout zebrafish. In addition, Ift122, a component of IFT
complex A, also results in the strong accumulation of Ift88 in photo-
receptor cells cilia in ift122 knockout zebrafish [41]. So the normal
trafficking of IFT complex A may be disrupted in the lca5 knockout
zebrafish retina, thus resulting in the abnormal distribution of Ift88 in
the photoreceptor cells cilia. This specific mechanism needs to be fur-
ther studied.
In this study, we generated a lca5 knockout zebrafish line by

CRISPR/Cas9 technology. Early-onset visual defect and progressive
photoreceptor cells degeneration were observed. Furthermore, the
outer segments degeneration of all four types of cones showed more
severely and earlier than that of rods. In lca5−/− zebrafish retina, red-
cone opsin and c-Tα were selectively mislocalized to inner segment and
synaptic terminal. The trafficking defect may be caused by the ab-
normal distribution of Ift88 in the photoreceptor cilia. Together, our
zebrafish model provides a novel platform for functional studies of
LCA5 and identifying potential treatments of LCA in general.
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