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Abstract
Inherited retinal diseases (IRDs) are a rare group of eye disorders characterized 
by progressive dysfunction and degeneration of retinal cells. In this study, we 
characterized the raifteirí (raf) zebrafish, a novel model of inherited blindness, 
identified through an unbiased ENU mutagenesis screen. A mutation in the 
largest subunit of the endoplasmic reticulum membrane protein complex, emc1 
was subsequently identified as the causative raf mutation. We sought to eluci-
date the cellular and molecular phenotypes in the emc1−/− knockout model and 
explore the association of emc1 with retinal degeneration. Visual behavior and 
retinal electrophysiology assays demonstrated that emc1−/− mutants had severe 
visual impairments. Retinal histology and morphometric analysis revealed ex-
tensive abnormalities, including thinning of the photoreceptor layer, in addition 
to large gaps surrounding the lens. Notably, photoreceptor outer segments were 
drastically smaller, outer segment protein expression was altered and hyaloid 
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1   |   INTRODUCTION

Inherited retinal diseases/dystrophies (IRDs) are a diverse 
array of eye diseases often caused by genetic mutations 
disrupting the function of photoreceptors.1 Currently, 
over 304 genes are linked to IRDs (https://retnet.org/
summaries#d-graph, Oct 2024) but many of the under-
lying mechanisms of the disease remain unknown. This 
contributes to the very limited treatments available for IRD 
patients; with only one approved gene therapy. The photo-
receptor outer segment (OS) is a specialized sub-region for 
the detection of light and initiation of phototransduction. 
A subset of IRD genes are linked to defective OS morpho-
genesis. Generating and characterizing new in vivo models 
of IRD and defective OS morphogenesis provides opportu-
nities to examine the biology of retinal disease and opens 
potential therapeutic avenues.

The photoreceptor OS is a highly modified primary 
cilium2 whose OS discs or lamellae are packed with pro-
teins enabling the phototransduction cascades needed 
for light perception.3 Phototransduction leads to the pro-
duction of photooxidative byproducts, so the OS must 
undergo constant renewal and recycling for vision to be 
maintained.4 This leads to a continuous demand for new 
proteins to be translated, modified, and transported to the 
OS correctly. Mutations in genes that cause a disruption 
anywhere along this process can cause photoreceptor dys-
function, and subsequent degeneration ultimately leading 
to blindness.5

The zebrafish is a powerful vertebrate model organ-
ism in genetic and developmental biology. Their size, 
rapid eye development, cone-rich retina, and diurnal be-
havior make them extremely amenable to studying ocu-
lar diseases.6–8 Using these advantages, we performed an 
unbiased forward genetic screen to discover novel gene 
variants causing impaired vision. We identified a recessive 
lethal mutation, initially named raifteirí (raf) that causes 
a severe decrease in visual behavior and function. We fur-
ther investigated the cellular phenotypes present in the raf 
mutants and discovered a selective defect in photoreceptor 
appearance and structure, particularly OS development.

Whole genome and RNA sequencing identified the 
gene responsible for the raf phenotype as endoplasmic 

reticulum membrane complex subunit 1 (emc1). The 
emc1 gene is a part of the EMC (Endoplasmic Reticulum 
Membrane Complex), which acts as a modulator of mul-
tipass membrane proteins,9–11 an insertase for transmem-
brane domains of multiple tail-anchored (TA) proteins12 
and G-protein coupled receptors (GPCRs).13 These pro-
cesses are essential for maintaining the morphology 
and function of the OS. EMC1 has been associated with 
human retinitis pigmentosa and neurodevelopmental dis-
orders.14–16 However, the specific mechanisms by which 
EMC1 mutations lead to these phenotypes remain poorly 
understood. Our raf zebrafish model is a novel way to in-
vestigate the role of emc1 in vertebrate development and 
its potential implications in human disease. This novel 
model allows for the in vivo examination of the develop-
mental processes influenced by emc1, as well as the cellu-
lar and molecular consequences of its dysfunction.

Here, we present our findings on the phenotypic char-
acterization of zebrafish raf mutants. In all visual behavior 
assays, the raf mutants displayed severely decreased re-
sponses. Analysis of retinal morphology revealed a selec-
tive attenuation of photoreceptor OS morphogenesis and 
an irregular hyaloid vasculature. We hypothesized that 
OS proteins would be dysfunctional in raf mutants and 
discovered that proteins enriched in OS, such as Rab28 
and Peripherin 2, had altered expression or localization. 
Finally, transcriptomic analysis was performed to identify 
the downstream consequences of the loss of emc1 and it 
was determined that the expression of phototransduction 
genes was significantly downregulated. Our study sheds 
light on the critical roles of emc1 in vision and provides a 
foundation for understanding the broader implications of 
its dysfunction.

2   |   METHODS

2.1  |  Zebrafish maintenance and 
husbandry

All animal experiments were carried out at University 
College Dublin and approved by the University College 
Dublin Animal Research Ethics Committee (AREC). 

vasculature development was disrupted. Transcriptomic profiling identified cone 
and rod-specific phototransduction genes significantly downregulated by loss of 
emc1. These data shed light on why emc1 is a causative gene in inherited retinal 
disease and how outer segment morphogenesis is regulated.

K E Y W O R D S

emc1, endoplasmic reticulum, inherited retinal disease, outer segment, photoreceptor, 
phototransduction, unfolded protein response, vasculature, zebrafish
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Embryos were generated by matings from natural 
spawning, and raised until 131 hpf in an incubator at 
27°C in Petri dishes of E2 embryo medium (0.137 M 
NaCl, 5.4 mM KCl, 5.5 mM Na2HPO4, 0.44 mM KH2PO4, 
1.3 mM CaCl2, 1.0 mM MgSO4, and 4.2 mM NaHCO3, con-
ductivity ~1500 μS) containing methylene blue (Sigma 
Aldrich, UK). Adult zebrafish were maintained in a 14-h 
light, 10-h dark cycle on an Aquatic Habitats (Florida, 
USA) recirculating filter water system (28°C, pH 6.8–
7.5). Larval zebrafish were fed pellet food (SDS, Special 
Diet Services, 100) and paramecium up to 14 days post 
fertilization (dpf), and SDS 200 and live brine shrimp 
(Artemia sp.) up to 28 dpf. Juvenile and adult zebrafish 
were fed a combination of live brine shrimp and pellet 
food (SDS 400) twice daily. Zebrafish strains used in 
this study were as follows: raf ENU, raf;Tg(gnat2:eGFP-
Rab28wt) and raf;Tg(fli1:EGFP).

2.2  |  ENU mutagenesis

Zebrafish males of AB strain (RRID:ZIRC_ZL1) were 
mutagenized with N-ethyl-N-nitrosourea (ENU) and 
mated to wild-type (Tübingen, RRID:ZIRC_ZL57) fe-
males to generate F1 founder fish. F1 founders were 
mated to wild-type fish to establish F2 families. F3 
offspring of random incrosses within F2 families were 
screened for defects in visual behavior by 131 hpf. 25% 
of the offspring from heterozygous carriers presented 
with raf phenotypes.17

2.3  |  Optokinetic response

To measure the optokinetic response (OKR), zebrafish 
larvae were immobilized in a 60 mm Petri dish contain-
ing pre-warmed 9% methylcellulose and placed in the 
center of a rotating drum containing black and white 
stripes. Standard OKR analysis employed 100% black con-
trast (bc) and 20 stripes (1 cm width, 0.02 cycles per de-
gree [cpd]). Contrast sensitivity analysis was performed 
using 20% bc stripes (0.02 cpd). Visual acuity was assessed 
by reducing the stripe width (0.2 cpd, 100% bc). Colored 
pattern analysis (Red-Green-Blue; RGB) involved 0.02 cpd 
drums of alternating black-green, black-red, or black-blue 
stripes. The light source was a Zeiss KL1500 LCD set at 
22.7% power. Each drum was rotated at 18 rpm for 30 s in a 
clockwise direction, then 30 s counter-clockwise. Saccades 
were recorded manually using a microscope focused on 
the eyes while the drum rotated.18 All OKR measurements 
were performed between the hours of 11 am and 2 pm to 
maintain experimental consistency and prevent diurnal 
variations.19

2.4  |  ERG

The electroretinogram (ERG) was recorded on 6 dpf lar-
vae as previously described.20 Briefly, zebrafish were dark 
adapted for a minimum of 20 min, paralyzed with 0.5 mg/
mL mivacurium chloride (Mivacron®), and pipetted into 
the recording dish containing a piece of damp sponge cov-
ered in filter paper. Each larva was placed in lateral ori-
entation with the right eye facing upward and the trunk 
covered with damp tissue to prevent desiccation. All re-
cordings took place in the afternoon/early evening. The 
recording electrode, a thick-walled glass capillary (tip 
diameter: 80–100 μm) containing 0.9% saline, was placed 
on the right cornea. The reference electrode, a bleached 
silver/silver chloride wire, was placed underneath the 
filter paper on top of the sponge. The voltage signal was 
amplified using a differential P55 pre-amplifier (Grass 
Instruments) with a bandpass of 0.1 and 100 Hz. A 50-Hz 
line filter was switched on to remove cyclical noise. The 
larva was left for 2 min in situ prior to recording. A 300-W 
tungsten light source was used for stimulus and an LED 
light source for background light. The unattenuated irra-
diances for the background and the stimulus were 50 μW/
cm2 and 2.8 × 103 μW/cm2, respectively. Stimulus flash du-
ration was controlled by a mechanical shutter (Newport 
Corporation) and the rate was controlled by an S48 stimu-
lator (Grass Instruments). Data were acquired using a PC 
with a NiDAQ 6024E board, running Windows Whole 
Cell Program (WinWCP, University of Strathclyde). Full-
field white flashes (500 milliseconds (ms)) were presented 
every 30 s to the dark-adapted eye. The data were signal 
averaged (5–10 signals). For all recordings, flashes attenu-
ated by 2.0, 1.0, and 0 (unattenuated) log units were used. 
The amplitude of the various waves was measured as de-
scribed previously.21

2.5  |  Diurnal locomotor activity

The diurnal locomotor activity (average seconds activity 
per minute) of raf mutants and their wild-type siblings 
were recorded over 42 h, using the Viewpoint Zebrabox 
system, from the evening of 4 dpf to the morning of 6 dpf. 
An assessment was made of the average activity levels 
(sec/min) over the entire experiment (all), during the night 
time (dark) and during the day time (light). Following this 
experiment, larvae were phenotyped using OKR.

2.6  |  Visual motor response

To measure the visual motor response (VMR), indi-
vidual 5 dpf larvae were placed in a polystyrene 96-well 
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plate in 600 μL of embryo medium, which was placed 
in a Zebrabox recording chamber (Viewpoint Life 
Sciences, France) to record locomotor activity in mil-
liseconds per second (ms/s). The detection sensitivity 
was set to 20, the activity burst threshold set to 25, and 
the activity freeze threshold set to 5. Larvae were ac-
climatized for 30 min, followed by 100 min with lights 
switching on and off in 20-min intervals.18 The activity 
for each fish was calculated from the sum of its activity 
above the freeze threshold (middle duration and burst 
duration). The activity for each fish across both light 
OFF periods (3000–4199 s, 5400–6599 s) or both light ON 
periods (4200–5399 s, 6600–7799 s) was averaged. The 
peak of activity immediately after the light OFF/ON was 
calculated by averaging the activity for each fish dur-
ing the 10s before and after the light OFF (2990–3010 s, 
5390–5410 s) and light ON (4190–4210 s, 6590–6610 s). 
The Max-ON and Max-OFF values were calculated from 
the average light OFF and light ON values by finding the 
maximum activity of each fish during the 5 s (0–4 s) after 
the light change.

2.7  |  Fluorescence microscopy

Whole larvae were fixed overnight in 4% PFA. The fol-
lowing day, samples were washed three times for 5 min 
with 1X PBS, before being soaked in a sucrose series as 
previously described.22 For cryosectioning, cryomolds 
were filled with OCT (VMR/Cell Path) at room tem-
perature. Up to 5 larvae in a block were lined up and 
embedded. Cryomolds were stored until processing at 
−80°C. Samples were cut into 12–20 μm sections using 
a cryostat (Leica CM1860/CM1860 UV) onto super-frost 
slides and dried overnight. The next day they were rehy-
drated with 1X PBS. Sections were incubated in blocking 
buffer (2% normal goat serum, 1% bovine serum albu-
min, 1% triton X-100 in PBS) for at least an hour at room 
temperature. Primary antibodies were diluted in block-
ing buffer applied to the sections and placed at 4°C over-
night. Sections were washed three times with PBST and 
incubated in secondary antibodies diluted in blocking 
buffer for at least 1 h at room temperature. To label dif-
ferent cell populations, the following primary antibod-
ies were used: 4C12 (1:20; J. Fadool, unknown epitope in 
rod plasma membrane), 1D1 (1:200; J. Fadool, rhodop-
sin), Zpr3 (1:200, ZIRC, RRID:AB_10013805, rod outer 
segment), zpr1 (1:200, ZIRC,rrid/RRID:AB_10013803, 
cone cytoplasm), lectin-PNA (1: 100, ThermoFisher, 
cone OS) PKC-alpha (1:200; M. Ader), UW-55-anti-
CRALBP (1:500; J. Saari, Müeller glia), and SV2 (1:500; 
DSHB, synaptic vesicles). To label different parts of the 
photoreceptor, the following primary antibodies were 

used: peripherin2 (1:100, proteintech #18109-1-AP, 
RRID:AB_10665364), gnb3 (1:100, proteintech #10081-
1-AP, RRID:AB_2263264), and centrin (1:200, Sigma al-
drich ZMS1054). Finally, sections were counterstained 
with DAPI or Hoechst 33342 (1:1000). Aqua/Polymount 
was placed on the sections and coversliped. To image 
the GFP reporters in the mutant background GFP posi-
tive larvae were selected and processed by cryosection-
ing. For Tg(gnat2:rab28-eGFP) analysis, a total of 10 
and 9 individuals, for sibling and raf, respectively, were 
imaged. For imaging, z-stacks were taken using a Zeiss 
LSM510/LSM 800 Airy confocal microscope (Carl Zeiss, 
Germany).

For vessel analysis, sibling and raf larvae in the 
Tg(fli1:EGFP) background (RRID:ZIRC_ZL1085) were 
screened for GFP and fixed at 131 hpf in 4% PFA fixative 
overnight at 4°C. Samples were washed three times the 
next day in 1X PBS before enucleation of the eyes and lens 
dissection was performed using an Olympus SZX16 fluo-
rescent microscope to visualize. For analysis, lenses were 
transferred onto microscope depression slides containing 
9% methylcellulose and reorientated with tweezers for vi-
sualization and imaging of the hyaloid blood vessels using 
Olympus CellSens Standard software (Olympus, Japan).

2.8  |  Transmitted light microscopy

131 hpf larvae were fixed in 2.5% glutaraldehyde, 2% para-
formaldehyde (PFA), and 0.1% 0.2 M Sorenson's phos-
phate buffer (pH 7.3) in glass vials at 4°C, and left for a 
minimum of 48 h. Sorensen's buffer (0.1 M) was used to 
wash the samples before transfer to 1% osmium tetroxide 
(Sigma Aldrich, UK) for 1 h. The samples were then de-
hydrated with an ethanol gradient (30%, 50%, 70%, 90%, 
and 100%). 50 mL of resin was made using 24 g Agar 100, 
9.5 g dodecenylsuccinic anhydride (DDSA), 16.5 g methyl 
nadic anhydride (MNA), and 1 g of dimethyl pimelimi-
date-30 (DMP-30). The EPON mixture was left to stir for 
20 min at 250 rpm for thorough mixing. The samples were 
then washed with propylene oxide (Sigma Aldrich), and 
individual larvae were embedded in 1 mL of agar epoxy 
resin (EPON: propylene oxide 1:1) at 60°C overnight in a 
mold, and 1 μm sections were acquired using a Leica EM 
UC6 ultramicrotome. Sections were mounted on glass 
slides stained with toluidine blue, and imaged using 40x 
lens with a Nikon Eclipse 80i transmitted light micro-
scope equipped with a Canon EOS 600D camera. Image 
and morphometric analysis were performed using Image 
J (https://​imagej.​net/​, RRID:SCR_003070). For quantita-
tive measurement of central retinal layers, images of the 
whole eye were confirmed to contain the optic nerve, 
orientated, and a straight line connecting both marginal 
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zones (frontal plane; FP) was traced. Then, a perpendicu-
lar line to the frontal plane was traced from the lens to the 
RPE, named the optical axis (OA). All retinal layers were 
measured along the OA.

2.9  |  Transmitted electron microscopy

Zebrafish larvae were embedded for TEM using the same 
protocol as for light microscopy. 80 nm sections were 
cut on a Leica EM UC6 microtome, mounted on copper 
grids, and post-stained with 2% uranyl acetate and 3% 
lead citrate. Imaging was performed on an FEI-Tecnai 120 
BioTwin electron microscope (FEI electron optics).

2.10  |  Whole genome and RNA 
Sequencing

DNA was isolated from 20 raf−/− or wild-type sibling larvae 
(sorted according to larvae with and without an inflated 
swim bladder) at 5 dpf using the Qiagen tissue extraction 
kit. Samples were outsourced to Novogene for whole ge-
nome sequencing. Positional cloning and mutation map-
ping of the raf mutation utilized a custom algorithm.23 
For RNA sequencing, RNA was isolated from ~80 raf−/− 
or sibling's eyes at 5 dpf (phenotyped according to the 
presence of an inflated swim bladder) using the MirVana 
Kit (ThermoFisher, AM1560). Each replicate contained 
80 eyes from 40 larvae, in total five biological replicates 
for sibling and raf−/− were collected. RNA quality was 
evaluated using the Bioanalyzer 2100 6000 Nano assay 
(Agilent Technologies), confirming that the RNA Integrity 
Number (RIN) was >9 for each sample. Sequencing li-
braries were prepared using the TruSeq® Stranded mRNA 
Library Preparation kit (Illumina) and sequenced on the 
Illumina HiSeq 2500 platform. Raw reads were trimmed 
for Illumina adapters using Trimmomatic version 0.36.24 
Quality control checks were performed using FastQC ver-
sion 0.11.5 (http://​www.​bioin​forma​tics.​babra​ham.​ac.​uk/​
proje​cts/​fastqc/​) and MultiQC version 1.5.25 Of the 10 
pools, pools were excluded if general information from 
the pool was inconsistent with subject descriptors (0) or 
if pools failed to meet any aforementioned quality control 
metrics (0). The entire QC process yielded 10 high-quality 
pools for analysis (5 wild-type siblings and 5 raf−/− mu-
tants). Trimmed reads were aligned to the GRCz11 Danio 
rerio genome from NCBI using STAR version 2.5.2a26 with 
per-sample 2-pass mapping and ENCODE standard op-
tions. The mean number of uniquely mapped paired-end 
reads per pool was 36.09 ± 3.84 million (range 32.97–46.02 
million) with a mean total mapping rate of 92% to the ref-
erence genome assembly. Transcript-level abundances 

were quantified using Kallisto version 0.43.027 and sum-
marized into gene-level abundances using Tximport ver-
sion 1.6.028 in R (http://​www.​r-​proje​ct.​org/​index.​html). 
Differential gene expression analysis between raf−/− and 
wildtype was performed using the limma package29 in R 
with a significance threshold of FDR ≤0.05. First, lowly 
expressed genes were removed by applying an expression 
threshold of at least 2 CPM in at least 3 of the 5 pools for 
each treatment (i.e., wildtype and raf−/−), retaining 17 244 
genes for analysis. Batch effects were estimated using sur-
rogate variable analysis (SVA).30 All 3 significant covari-
ates estimated by SVA were included in the differential 
expression analysis. As a quality control check, we per-
formed principal component analysis on normalized data. 
Normalization was performed using Trimmed Mean of M-
values (TMM) in Counts per Million (CPM) using edgeR 
version 3.18.1.31–33 Normalized values were subsequently 
converted into log2 CPM with an offset of 1. We applied 
MMAPPR34 to identify the causative mutation underlying 
the raf phenotype.

2.11  |  Pathway enrichment analysis

Differential gene expression analyses were performed 
from the bulk RNA sequencing data using the RNAlysis 
interface (https://​guyte​ichman.​github.​io/​RNAly​sis/​
build/​​index.​html); FASTQ reads were aligned to Zebrafish 
GRCz11 with Kallisto and read counts for each sample was 
found. Read counts were filtered (removal of genes that 
were not detected in all samples, sibling only or raf only) 
and differential analysis was performed with DESEq2 to 
compare siblings to raf samples. The list of differentially 
expressed genes was filtered for adjusted p values <.05 
and Log2 fold change >1 or −1. These downregulated or 
upregulated DEGs were then converted from Ensembl 
IDs to gene name and Entrez IDs using Biomart (https://​
www.​ensem​bl.​org/​bioma​rt/​martv​iew/​d6513​85810​00520​
fcdce​0c523​5e9a160). The Entrez IDs were then uploaded 
as gene lists to DAVID (https://​david.​ncifc​rf.​gov/​tools.​
jsp) and ShinyGo (http://​bioin​forma​tics.​sdsta​te.​edu/​go/​) 
to find the enriched GO terms and KEGG pathways.

2.12  |  Genotyping larvae and adults

raf−/− zebrafish are identified by lack of swim blad-
der from 5 dpf. Once a mutation has been identified in 
emc1, a subset of larvae was sent for Sanger sequenc-
ing from extracted genomic DNA to confirm the ho-
mozygosity of the SNP in exon 4 of emc1. Heterozygous 
adult zebrafish are identified through genomic DNA 
extracted from fin clips. Sequences of primers used 
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for genotyping were emc1_genotyping_forward: 
TGTTCTTGGTTTCGTGCAGG and emc1_genotyp-
ing_reverse: GCACAGCAACGTACTTCACA, expected 
size = 504 bp.

2.13  |  Quantitative PCR

For qPCR experiments, 5 dpf larvae were collected in tubes 
containing 10–20 larvae per tube, and stored in RNALater 
(Sigma). The pools of whole larvae were homogenized 
through a 26-gauge needle/syringe and total RNA was 
extracted using TRIzol (ThermoFisher Scientific). RNA 
was precipitated with phenol-chloroform and resus-
pended in nuclease-free water. The total RNA concen-
tration and integrity (260/280) were quantified using 
the DeNovix DS-11 Series Spectrophotometer, and sam-
ples were stored at −80°C to prevent degradation until 
further use. RNA was treated with DNase (AMPD1, 
Sigma-Aldrich). cDNA was synthesized from 500 ng 
of total RNA using the PrimeScript™ RT reagent kit 
(Perfect Real Time, TAKARA, Japan). Quantitative real-
time PCRs were carried out using a QuantStudio 7 Flex 
Real-Time PCR System (Applied Biosystems). Targets 
were detected using PowerSYBR Green PCR Master Mix 
(Applied Biosystems) under the following conditions: 
50°C for 2 min, 95°C for 10 min, then 40 cycles at 95°C 
for 15 s and 60°C for 60 s. Results were analyzed using 
Quantstudio Real-time PCR software. All reactions were 
performed in technical triplicates. Relative expression 
of targets was assessed by the 2-ΔΔCT method using β-
actin as the housekeeping gene. Primers that spanned 
across exons for each target gene were designed using 
Primer3. Primer sequences used and expected product 
sizes are shown in Table 1.

2.14  |  Statistics and data analysis

Statistical analysis was performed using GraphPad 
Prism™ v.9 software (GraphPad, San Diego, CA). Details 
of tests used can be found in figure legends. Significance 
levels were set at p < .05.

3   |   RESULTS

3.1  |  F3 Mutagenesis Screen 
Identification of raf, a novel zebrafish 
model of Inherited Blindness

During an F3 N-ethyl-N-nitrosourea (ENU) mutagenesis 
screen to identify zebrafish with inherited visual behav-
ior impairments, the raifteirí (raf) mutant line was un-
covered. The gross morphology of raf−/− larvae is largely 
unaffected beside the absence of inflated swim bladders 
(Figure 1A). This feature is commonly observed in visu-
ally compromised zebrafish.35,36 The primary phenotype 
in raf−/− was severely impaired visual behavior meas-
ured by larval optokinetic response (OKR) assays. The 
OKR measures saccadic eye movements in response to a 
rotating striped drum.19 OKR analysis performed under 
standard conditions (100% black contrast, 0.02 cpd drum), 
revealed an essentially absent (>99% reduction) saccadic 
response (p < .0001) of raf−/− larvae, averaging 0 saccades 
per minute, compared to wild-type siblings, averaging 
17.2 saccades per minute (Figure  1B). It was concluded 
that raf−/− is a model of recessive inherited blindness with 
~25% of the total offspring displaying uninflated swim 
bladders and abnormal OKR.

Further assessment of the visual behavior defects used 
variations in the OKR drum to assess responses to drums 

T A B L E  1   The DNA sequences of the forward and reverse primers used to amplify each gene in quantitative PCR. The expected product 
size is shown.

gene Forward (5′–3′) Reverse (5′–3′) Product size

actb1 CTTCCTGGGTATGGAATCTTGC GTGGAAGGAGCAAGAGAGGTG 177

emc1 GGCAACAGTACATCGGCAAG TTGTATCAGCTGGCATTGCC 149

emc3 CCCTGATTCTTGGACAGGAT TTGTATCAGCTGGCATTGCC 93

axin2 CTCGGACACTTCAAGGAACAAC ATTGGCAGAACTGTGCAGTC 128

isg15 GGTGATGCTACCGTTGGAAT CTGAGGGTCCGGGATTCATC 128

fosl1a ATGAATCCTCCTCAGCCCTC CAGCCATTTTGTTGCGTTCC 157

irg1l CGGGCTTGACTTTCTAACCG CATTACTGGCTTGGTTGCGA 182

fga AGATTCGACGTCTCCTGGTG GTCCAGAAGTCGAAGTTGGC 200

rhol TACTTGGCATCTCCGTTTGC ATATAGTTCAGAGGCGTCCG 137

pth1b TTGTGCTGTGGAGTCTTTGC TTGTGCTCCCGAACATTGTG 104

pde6ga CCAAGCCTAAATCGACCAGC TCCCAATCCCTCCATTCCAG 171

gnat1 GGACCGTCAAACTTCTGCTG TCCAAGCACTCTTCAAGGGA 109
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      |  7 of 22McCANN et al.

with thinner stripes, less contrast between stripes, or vari-
ous colored patterns (Figure  1B,C). Compared to siblings, 
raf−/− displayed virtually absent OKR saccades to a 100% 
contrast striped drum with 0.2 cpd, used to test visual acuity, 
or a 20% black contrast drum with 0.02 cpd, used to test con-
trast sensitivity.19 raf−/− showed an average of 0 saccades per 
minute for both drums whereas siblings showed an average 
of 6.3 saccades per minute for the visual acuity drum and 
9.5 saccades per minute for the contrast sensitivity drum 
(Figure 1B). Likewise, raf−/− responses to drums with col-
ored stripes showed an average of 0 saccades per minute, 
while in contrast, the siblings displayed an average saccade 
per minute of 10.5 for the red-black drum, 8.1 for the blue-
black drum, and 15.8 for the green-black drum (Figure 1C). 
Collectively, OKR results for the raf mutant when exposed 
to varying stimuli confirmed severely impaired vision.

To assess retinal function, electroretinography (ERG) 
was performed. Figure  1D shows the response of the 
outer retina to a 500 ms flash of increasing light intensity 

(0 log = 2.8 × 103 μW/cm2) recorded at the corneal sur-
face of 6 dpf raf−/− and siblings, previously phenotyped 
by OKR. The ERG of the OKR-positive siblings displays 
a normal max a-wave amplitude of −35 ± 14 μV occur-
ring at 91 ± 40 ms and a normal max b-wave amplitude of 
236 ± 141 μV occurring at 271 ± 88 ms (n = 4). In contrast, 
the ERG of the OKR-negative raf−/− is severely diminished 
and delayed, with a max a-wave amplitude of −18 ± 12 μV 
delayed to 147 ± 47 ms and a max b-wave amplitude of 
34 ± 19 μV occurring latently at 309 ± 113 ms (n = 6). This 
supports the vision loss observed with the OKR.

3.2  |  raf−/− larvae Display-Impaired 
Diurnal Locomotor and Visual Motor 
Response Behavior

Diurnal locomotor activity was measured over periods 
of 14 h of lights ON and 10 h of lights OFF (Figure 2A,B) 

F I G U R E  1   raf is a novel zebrafish model of inherited blindness. (A) Gross morphology of raf mutant larvae and sibling controls at 
131 hpf. Mutants lack an inflated swim bladder but have otherwise normal gross morphology. Scale bar = 2 mm. (B) Visual behavior was 
assessed by different OKR drums; standard, 0.2 cpd (cycles per degree) and 20% black contrast (bc) in  < 131 hpf larvae. (C) Visual behavior 
was assessed by sequential exposure to colored standard OKR drums. N = 3 independent biological replicates with n = 8 larvae per replicate. 
Error bars indicate the mean ± SD. The midline of the error bars represents the group average. A non-parametric Mann–Whitney U-test was 
performed where ****p < .0001. (D) Analysis of visual function measured by electroretinogram. The response of the outer retina to a short 
(500 ms, rectangular black bar) flash of light at 5 increasing intensities of light (0 log = 2.8 × 103 μW/cm2) was recorded at the corneal surface 
of 6 dpf zebrafish larvae. n = 5 (sibling), 6 (raf mutants).
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      |  9 of 22McCANN et al.

from the evening of 4 dpf to the morning of 6 dpf. 
Whereas wild-type siblings display a pronounced in-
crease in locomotor activity during the lights ON phase, 
raf−/− larvae have significantly reduced locomotor ac-
tivity (p ≤ .0001), which remained relatively constant in 
light ON and OFF periods (Figure 2C). However, raf−/− 
larvae are not immobile, they move consistently during 
the day, and display a noticeable burst in locomotor ac-
tivity during light ON–OFF or OFF–ON changes, which 
is reduced compared to siblings (Figure 2C).

The visual motor response (VMR) assay was em-
ployed to quantify locomotor behavior in response 
to lighting changes.18 The assay is based on bursts of 
activity larvae exhibit immediately following a light 
change and is thus indicative of photoreceptor function. 
The average VMR activity was significantly reduced 
(0.0047 ± 0.001 ms/s, p < .0001) in 5 dpf raf−/− larvae 
during the light-off period in comparison to sibling 
controls (0.023 ± 0.002 ms/s). During the light-on pe-
riod, the average activity of the raf−/− larvae was com-
parable to siblings (0.0016 ± 0.0004 ms/s for siblings vs. 
0.001 ± 0.0002 ms/s for raf−/−) (Figure 2D,E). The activ-
ity traces at the light changes (10s before and 10s after) 
show that the raf−/− larvae have a reduced peak activity 
to lights on and off compared to siblings (Figure 2F–H). 
The Max-ON dot plot (max activity of individual larvae 
5 s after lights ON) shows that raf−/− have reduced ac-
tivity in response to the light change (0.084 ± 0.011 ms/s 
for siblings vs. 0.016 ± 0.009 ms/s for raf−/− p < .0001) 
(Figure  2G). The Max-OFF dot plots (maximum ac-
tivity of individual larvae 5 s after lights OFF) show 
that raf−/− have reduced activity in response to the 
change to darkness (0.16 ± 0.009 ms/s for siblings vs. 
0.03 ± 0.010 ms/s for raf−/−, p < .0001) compared to sib-
ling controls (Figure 2I). These results reveal a reduced 
larval response to both light onset and offset stimuli in 
the raf model, further emphasizing their impaired vi-
sion phenotype.

3.3  |  raf−/− Larvae Display Defective 
Expression of Photoreceptor Outer 
Segment Markers

To assess if defects in visual behavior correlated with ab-
normalities in retinal cell morphology, fluorescence mi-
croscopy was performed on retinal cryosections using 
a panel of markers specific to various retinal cell types 
(Figure  3). In contrast to siblings, raf−/− retinae present 
with largely abolished expression of the rod photorecep-
tor markers 1D1 (rhodopsin) & 4C12 (unknown epitope 
in rods), except for in precursor cells in the peripheral 
ciliary marginal zone (asterisks in Figure 3B–D). In rela-
tion to cone photoreceptors, lectin PNA which labels the 
extracellular sheath of cone inner and outer segments37 
displayed a pattern of reduced area and intensity in raf−/− 
retinae (Figure 3H). Zpr-1 which labels red/green cones 
from the synaptic pedicle to the apex of the inner segment, 
but does not efficiently label the outer segment,38 dis-
played a similar pattern of staining in raf−/− and siblings 
(Figure  3E,F). In the inner retina, PKC-alpha (bipolar), 
Uw-55 (Muller glia), and Sv2 (synaptic marker) labeling 
patterns appear equivalent in raf−/− and sibling retinae 
(Figure 3I–N). Preliminary data suggest that the amacrine 
cell marker 5e11 and ganglion cell marker zn-5 are equiv-
alent in raf−/− and sibling eyes (data not shown). Overall, 
this analysis of raf−/− retinal markers suggests a selec-
tive defect in the staining of photoreceptor outer segment 
markers, with inner retina markers largely unaffected.

3.4  |  raf−/− larvae display pronounced 
defects in outer segment morphogenesis

To further elucidate the underlying etiology of visual 
impairment in the raf−/− zebrafish, retinal cell struc-
ture was analyzed by light microscopy (LM). raf−/− lar-
vae raised on a standard light: dark cycle were fixed at 

F I G U R E  2   raf zebrafish have visual motor response defects. (A) Schematic representation of the visual motor response (VMR) assay. 
Larvae are individually plated in wells in a square-bottom 96-well plate before placement in the observation chamber. (B) The normal 
activity (average seconds activity per minute) of raf mutants (magenta line) and their wild-type siblings (black line) was recorded over 
42 h, using the Viewpoint system, from the evening of 4 dpf (6.30 pm) to the morning of 6 dpf (10.30 am). The black bars represent two 
10-h night periods. (C) Average activity levels over the entire experiment (all), during the night time (dark) and during the day time (light). 
Magenta bar = average activity of 55 raf mutants; black bar = average activity of 80 wild type (wt) siblings. Student's t-test, where ***p ≤ .0001 
(D) Visual motor response (VMR) activity traces displaying the average activity of sibling (black) and raf mutants (pink) across the entire 
100-min experimental paradigm. (E) Dot plot of the average activity of each fish over the combined 40-min light-off period and 40-min 
light-on period. Mann–Whitney test; p < .0001 for light off, nsp = .7859 for light on. (F and H) Activity traces displaying the average activity 
of the larvae 10 s before and after the light turned off (F) or turned on (H). The average is represented by the line and the SEM shown by 
the shaded gray or pink. (G and I) Dot plots of the max activity of each fish within 5 s of the light off (G) or light on (I). Mann–Whitney test: 
****p < .0001. Yellow and black bars represent 20-min periods of lights on and off, respectively. N = 3 independent biological replicates with 
n = 12 larvae per replicate. Error bars are the mean ± SEM.
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10 of 22  |      McCANN et al.

131 hpf for 48 h prior to embedding, sectioning, and 
imaging. LM images reveal raf−/− larvae possess a thin-
ner photoreceptor layer with vacuole-like structures in 
the photoreceptor and RPE layers, plus large gaps be-
tween the lens and inner peripheral retina and between 
the lens and the cornea (Figure  4A,B). Morphometric 
analysis of central retinal lamination revealed that 
the raf−/− inner plexiform layer was reduced by 14% 
(13.3 ± 0.35 μm vs. 11.5 ± 0.3 μm for siblings vs. raf−/−, 
p = .0211) and the raf−/− photoreceptor layer reduced 

by 44% (10.6 ± 0.56 μm vs. 5.9 ± 0.82 μm for siblings vs. 
raf−/−, p = .009) (Figure 4C). No significant differences 
were observed for the diameter of the raf lens, the inner 
nuclear layer, the outer plexiform layer, the ganglion cell 
layer, or the RPE layer thickness (Figure 4C). Moreover, 
the interdigitation of RPE cells between the photorecep-
tor's outer segments in wild-type siblings is not visible 
in raf−/− mutants (Figure  4A′,B′). Vacuole-like struc-
tures present within raf−/− RPE cells and at the bound-
ary of the outer nuclear layer and photoreceptor outer 

F I G U R E  3   raf zebrafish have reduced outer retinal markers but inner retinal markers are not changed. (A–N): Images of retinal 
cross sections from wild-type siblings (A, C, E, G, I, K, and M) and raf−/− (B, D, F, H, J, L, and N) stained with antibodies to retinal cell 
populations (red); 1D1 (A and B), 4C12 (C and D), Zpr1 (E and F), lectin PNA (G and H), PKC-α (I and J), SV2 (K and L), and Uw-55 (M 
and N). Asterisks show faint 1D1/4C12 staining in the peripheral retina in raf−/− mutant images. Sections were generated with cryostat and 
imaged with a confocal microscope with 40x objective (A–N). Larvae were 6 dpf (A-L) and 4 dpf (M and N). Scale bar = 20 μm (A–N).

(A) (B) (C) (D)

(E) (F) (G) (H)

(I) (J)

(M) (N)

(K) (L)
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      |  11 of 22McCANN et al.

segment layer were never observed (0 vs. 9.4 ± 3.975 
vacuoles for siblings vs. raf−/−) (Figure  4E) in siblings 
(orange arrows Figure 4B′). In raf−/− larvae, large gaps 
were present between the lens and retina, and lens and 
cornea (arrows Figure 4B). These gaps are significantly 

increased in raf−/−, both anterior to the lens (23.54 μm2 
vs. 4245 μm2 for siblings vs. raf−/−; p < .0001, purple 
arrow) and posterior to the lens (142.9 μm2 vs. 1690 μm2 
for sibling vs. raf−/−; p = .003, green arrows) (Figure 4D). 
Interestingly, hyaloid vessels (red dashed circles in 

F I G U R E  4   Histology and morphometric analysis of raf−/− eyes reveal a range of ocular and retinal layer defects. (A and B) 
Representative retinal cross sections stained with toluidine blue of sibling (A and A') and raf−/− (B and B'). Sections were generated using 
an ultramicrotome and imaged with a 40x objective using a light microscope. (A′ and B′) shows the area from the white box in A-B with 
the different retinal layers labeled (A′ and B′). GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer 
plexiform layer; PR, photoreceptor; RPE, retinal pigment epithelium. In A and B, red dashed circles surround single hyaloid vessels. In B, 
the purple arrow points to the gap anterior to the lens, and the green arrows point to the gap posterior to the lens. In A″ and B″ the vacuoles 
are marked with orange arrows. Scale bar = 50 μm. (C) Dot plots show the thickness of the lens and retinal cell layers. Unpaired t-test 
corrected for multiple comparisons with Bonferroni–Dunn method. IPL: *p = .0211, PR: **p = .0090. Data are mean ± SEM. (D) Dot plot 
shows the area of gaps around the lens. Unpaired t-test, ****p < .0001, **p = .004. (E) Dot plot shows the total number of vacuoles in the PR 
layer observed in each section. Data is mean ± SEM. n = 5 larvae per genotype. Morphometric analyses were performed using Image J. (F 
and G) Representative transmission electron micrographs from retinal cross sections from siblings and raf−/− at 6 dpf. Both central (F) and 
peripheral (G) regions of the retina are shown. Yellow dotted line marks the outline of outer segments.
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Figure  4A,B) which should still be tightly attached to 
the lens at this early developmental stage, as observed in 
wild-type siblings, lack normal attachment to the inner 
retina in raf−/− larvae.

Electron microscopy revealed that, raf−/− have sparse, 
small photoreceptor outer segments in the peripheral 
and central retina, with a more severe phenotype ob-
served in the peripheral outer segments (Figure  4F,G). 
In comparison, the wild-type siblings have multiple large 
outer segments in the peripheral and central retina (out-
lined in orange dashed line), with typical basal to apical 
orientation.

3.5  |  raf−/− results from a nonsense point 
mutation in the emc1 gene

To initially map the raf mutation, bulked segregant 
analysis was performed as previously described using 
microsatellite-based primer pairs evenly distributed across 
the zebrafish genome.39 Using this strategy, marker z4003 
was found to cosegregate with raf, placing the gene on 
linkage group 23 (data not shown). Identification of the raf 
gene was achieved using a combination of RNA sequenc-
ing (RNAseq), and whole genome sequencing (WGS) 
(Figure  5A–C). Positional cloning and mutation map-
ping of the RNAseq and WGS data using the MMAPPR 
pipeline34 or a custom algorithm23 linked the raf muta-
tion to chromosome 23, within base position 20–30 MB 
(Figure  5A–C). Combining the DNA and RNA sequenc-
ing results, a table of candidate raf genes was generated 
(Figure  5D). Noticeably, a paralog of the human EMC1 
gene previously linked to visual impairment14,15 scored 
highly and contained a point mutation resulting in an early 
stop codon in raf−/−. Sanger sequencing confirmed that 

raf−/− was homozygous for a single nucleotide mutation in 
exon 4, at position 117, in the emc1 gene (Figure 5E). This 
results in the wild-type TTG codon for leucine being mu-
tated to TAG generating an early STOP codon (Figure 5E). 
The zebrafish protein has 68% identity to the human EMC1 
and the mutated leucine in raf−/− is evolutionarily con-
served in both species (Figure  5F). Structural modeling 
predicts zebrafish Emc1 contains transmembrane domains 
similar to the human EMC1 protein40,41 and has two beta-
propellers (green sheets in Figure 5G) that sit within the 
ER lumen (Figure  5G). Modeling of the human protein 
found that this lumenal domain interacts with the EMC7 
and EMC10 subunits and is necessary for the functioning 
of the entire complex.42 The majority of disease mutations 
in humans (marked in green in Figure 5F) are present in 
the lumenal domain of EMC1 highlighting its crucial role. 
In raf−/−, Emc1 is truncated to the first 116 amino acids, 
therefore, 87% of the protein is missing with the majority of 
the lumen and transmembrane domains lost (Figure 5G). 
In agreement, when emc1 transcript levels were quanti-
fied by qPCR, levels in raf−/− were significantly (p = .0056) 
reduced (45%) compared to wild-type siblings (Figure 5H) 
suggesting nonsense-mediated decay. Mutations in emc3, 
another member of the EMC complex, display decreased 
OKR under red light in the zebrafish partial optokinetic 
response b (pob) mutant.43 Notably, unlike emc1, emc3 
levels are unaffected in raf−/− (Figure 5H). The expression 
of emc1 was queried using online tools from previously 
published sc-RNAseq data from the adult retina44 and 
was found to display a low mean expression (0.094–0.213) 
across all cell types (Figure 5I). emc1 did not display cell-
specific expression as compared to known rod and cone 
genes, for example, grk1a and grk7a (Figure 5I). With the 
identification of the responsible gene, the raf zebrafish is 
subsequently called emc1−/−.

F I G U R E  5   emc1 was identified as the gene mutated in raf−/− zebrafish. (A) Traces of sibling (peach) and raf−/− (blue) for each 
chromosome from whole genome sequencing. Purple box highlights chromosome 23. (B) Trace showing the positions along chromosome 23. 
(C) raf−/− mutation mapping from RNA sequencing. Graphs depict the Euclidean distance scores raised to sixth power across the genome 
and across chromosome 23. The vertical gray lines delineate chromosome edges and chromosome widths represent the relative number of 
SNPs on the chromosome. Loess fit curve was calculated using the data. (D) Table showing raf−/− gene candidates and types of mutations 
observed. (E) Sanger sequencing traces from wild-type siblings, heterozygous siblings, and homozygous raf−/−mutants. Black box highlights 
the leucine codon that is mutated to become a stop codon due to the single nucleotide change. Heterozygous animals can be identified by 
the presence of the double AT peak (N). (F) Multiple sequence alignment of human EMC1 compared with zebrafish Emc1. Alignment was 
generated using ClustalW. Colors represent percentage identity and were annotated using Jalview. The mutation point in raf−/−is marked 
by purple. (G) The predicted 3D structures of zebrafish wild type and mutant Emc1 were generated with Swiss Model software (https://​swiss​
model.​expasy.​org/​) using A0A671TKS0.1.A as a template. Left-Colors represent secondary structures with beta sheets (green) and alpha 
helices (purple). Gray marks the predicted transmembrane portion. The right colors represent the different proteins wild-type Emc1 (cyan) 
and raf Emc1 (gold). (H) emc1 and emc3 transcript expression levels in raf−/−mutants measured by qPCR from pooled RNA extracted from 
whole zebrafish larvae at 5 dpf. Levels were normalized by β-actin expression. Red line is the level of expression of siblings. Three replicates 
of 20 larvae. Unpaired t-test, **p = .0056, nsp = .11. (I) Expression of emc1 in the zebrafish retina from online scRNA-seq data https://​prote​
inpai​nt.​stjude.​org/F/​2019.​retina.​scRNA.​html. Red marks cells with emc1 expression. Heat map displays the mean expression of emc1, grk1a, 
and grk7a in each cell type.
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3.6  |  Loss of emc1 is linked to defective 
zebrafish ocular vasculature

A recent report linked loss of Emc1 function in mice to 
retinal vasculature defects.45 This finding, combined with 
the previously observed abnormality in hyaloid vessels in 
LM sections (Figure 4B), led us to investigate the impact 

of the emc1 mutation on developing zebrafish hyaloid ves-
sels. Heterozygous emc1+/− adults were incrossed into the 
Tg(fli1:EGFP) transgenic line, in which the promoter for 
the endothelial marker fli1 drives the EGFP expression in 
all blood vessels.46 Morphological analysis of the hyaloid 
vasculature (HV) surrounding the lens, in addition to the 
intersegmental vessels (ISV) in the trunk was carried out 

emc1 emc3
0.0

0.5

1.0

1.5

re
la
tiv
e
fo
ld

ch
an
ge

��
C
t

**

L STOP

ER lumen

cytosol

Wildtype emc1
Raf emc1

(A)

(B)

(E)

(F)

(H) (I)

(G)

(C)

(D)

 15306860, 2024, 19, D
ow

nloaded from
 https://faseb.onlinelibrary.w

iley.com
/doi/10.1096/fj.202401977R

 by K
arlsruher Institut F., W

iley O
nline L

ibrary on [17/10/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



14 of 22  |      McCANN et al.

in raf−/−;Tg(fli1:EGFP). At 72 hpf, there is no apparent ab-
normality in the trunk ISV formation of emc1−/− larvae 
in comparison to sibling controls (Figure 6A,B). The HV 
develops in zebrafish from 24 to 72 h following fertiliza-
tion, and at 5 dpf, it consists of four to five main branches 
tightly attached to the lens, radiating from the hyaloid ar-
tery at the optic disc toward the anterior, avascular part 
of the lens. These vessels branch out via angiogenesis, 
forming a characteristic hyaloid vasculature pattern that 
extends to the annular vein surrounding the anterior part 
of the crystalline lens.47 In emc1−/− larvae, abnormal HV 
development was observed at 5 dpf (Figure 6C,D). While 
in sibling controls, fluorescent imaging of the GFP posi-
tive vessels shows that the HV is tightly attached to the 
lens, forming the typical well-defined “basket” structure 
surrounding it (Figure 6C). In comparison, emc1−/− eyes 
exhibit abnormal HV which is disorganized and detached 
from the lens (Figure 6D), consistent with the abnormali-
ties observed in the LM sections.

3.7  |  Loss of emc1 in raf−/− is linked to 
defective expression and localization of 
photoreceptor OS proteins

Previous reports state EMC is responsible for the quality 
control of membrane proteins48 and the biogenesis of mul-
tipass membrane proteins11,49 and a subset of GPCRs.13 In 
mouse and fly photoreceptors, Emc1 is required for the 
synthesis of rhodopsin and outer segment proteins, and is 
linked to progressive retinal degeneration.10,50 Therefore, 
the expression and localization of membrane-associated 
and cytoplasmic proteins in emc1−/− zebrafish photore-
ceptors were investigated by immunohistochemistry and 
reporter-tagged proteins (Figure 7).

The emc1−/− line was crossed into the Tg(gnat2:rab28-
eGFP) reporter line that displays enriched GFP 

fluorescence in cone outer segments.51 Notably, Rab28 is 
reported as a farnesylated ciliary G-protein.52 Confocal 
imaging of retinal photoreceptors revealed emc1−/− ze-
brafish present with significantly (p < .0001) reduced 
GFP-tagged Rab28 expression levels in the photoreceptor 
outer segment region (Figure 7A,B). Rab28 is expressed in 
emc1−/− zebrafish but does not display the same localiza-
tion pattern as wild-type siblings. In emc1−/−, rab28 local-
izes throughout the photoreceptor and is observed apical 
of the nucleus down to the synaptic terminal. In compar-
ison, the cone OS displays strong GFP fluorescence in sib-
lings (Figure  7A–C,F,H,J). When quantified across cone 
photoreceptors, emc1−/− larvae have significantly reduced 
Rab28-GFP fluorescence intensity (area under the curve 
of 213.1 ± 12.96) compared to siblings (area under the 
curve of 570.9 ± 28.38) (Figure 7C,D).

Peripherin 2 (Prph2), a member of the transmembrane 
4 or tetraspanin superfamily, is involved in outer segment 
morphogenesis and renewal.53 In wild-type zebrafish, 
Prph2 is more highly expressed in cone outer segments 
than rod outer segments.54 In 5 dpf siblings, Prph2 selec-
tively labeled the membrane of the cone outer segment 
and overlapped with the rab28-eGFP signal (Figure 7E,E′). 
The expression levels of Prph2 are dramatically reduced in 
emc1−/− larvae and appear to label regions of the photore-
ceptor largely distinct from the rab28-eGFP signal, which 
is likely due to the small outer segment present in emc1−/− 
as seen by electron microscopy (Figure 7F′).

The G Protein Subunit Beta 3 (GNB3) is one of the 
subunits of cone transducin and plays a role in pho-
totransduction.55,56 The subunit is a WD repeat G protein 
and associates with 7 transmembrane receptors and the 
membrane-anchored alpha and gamma subunits. Gnb3 
extensively labels the inner and outer segments in siblings 
at 5 dpf (Figure 7G,G′). In emc1−/−, Gnb3 levels are dras-
tically reduced but can still be observed around the cell 
body of the cone cells (Figure 7H,H′).

F I G U R E  6   Hyaloid vessels are dysregulated in emc1−/− zebrafish. (A and B): Fluorescent images displaying lateral views of the trunk of 
wild-type sibling (A) and emc1−/− (B) larvae at 5 dpf carrying the Tg(fli1:GFP) transgene (green). Scale bar is 200 μm. (C and D): Fluorescent 
images displaying lateral views of dissected lenses from wild-type siblings (C) and emc1−/− (D) larvae at 5 dpf carrying the Tg(fli1:GFP) 
transgene (green) to image the hyaloid vessels. Scale bar is 50 μm.
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Centrin is a connecting cilium protein that labels the 
junction between the inner segment and outer segment.57 
It is a member of the EF-hand superfamily of calcium-
binding proteins and part of the centrosome. In 5 dpf 
siblings, centrin staining appears as puncta at the apical 
side of the cone cell body just below the outer segment (or-
ange arrows in Figure 7I,I′). In contrast, the emc1−/− have 
fewer centrin-positive puncta, and the rab28-eGFP signal 
is largely basal to centrin, unlike in siblings where the 
rab28-eGFP signal is apical to centrin (Figure  7I,I′,J,J′). 
Overall this suggests the loss of emc1 in zebrafish leads 
to changes in localization and abundance of many 

types of membrane-associated proteins within the cone 
photoreceptors.

3.8  |  RNAseq reveals dysregulated 
expression of phototransduction genes in 
emc1−/−

RNAseq data from 5 dpf wild type siblings and raf−/− 
zebrafish eyes was comprehensively analyzed to iden-
tify transcripts significantly altered due to loss of emc1 
expression. A total of 24 286 genes were quantified in 

F I G U R E  7   Emc1−/− display defective expression and localization of outer segment proteins. (A and B) Retinal cross sections of 
Tg(gnat2:Rab28-eGFP) transgenic larvae. Orange line represents how the gray value was measured. (C) Graph shows the average gray value 
of the GFP fluorescence of sibling (black) and emc1−/− (pink) along the line. Data is mean ± SEM. 10 cells per larvae were measured. Three 
replicates of 9–10 larvae per genotype. (D) Box plot shows the area under the curve of the average gray value. Unpaired t-test, ****p < .0001. 
(E–J) Retinal cross sections of siblings and emc1−/− carrying the transgene Tg(gnat2:Rab28-eGFP) (green) labeled with anti-Prph2 (E and 
F), anti-Gnb3(G and H), anti-centrin (I and J) (magenta), and Hoechst (blue). (E′–J′) Shows E and J images with the anti-Prph2, Gnb3, and 
centrin labeling only (white). In E–F′ orange marks the region covered by the Prph2 labeling in two cells. In I–J′ orange arrows point to the 
centrin labeled puncta. Scale bar = 10 μm (A) and 4 μm (E–J′).
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the samples and transcript expressions were filtered 
for genes with statistically significant adjusted p value 
≤.05 and log2 fold change value of 1 and or − 1. These 
stringency cutoffs revealed 321 transcripts significantly 
upregulated and 409 transcripts significantly downreg-
ulated in raf−/− compared to siblings (Figure 8B). The 
upregulated and downregulated gene lists were pro-
cessed for pathway enrichment analysis using DAVID 
and Shinygo (Figure  8E,F). The top KEGG pathways 
that were annotated/mapped in the upregulated genes 
were “protein processing in endoplasmic reticulum” (25 
genes, 8.3%) and “aminoacyl tRNA biosynthesis” (13 
genes, 4.3%). The down-regulated genes mapped to the 
KEGG pathways “phototransduction” (37 genes, 9.9%) 
and “neuroactive ligand receptor interaction” (16 genes, 
4.3%). Quantitative PCR was run using total RNA ex-
tracted from whole 5 dpf siblings or emc1−/− zebrafish, 
targeting 4 transcripts upregulated or downregulated 
from the gene lists to validate the data (Figure  8C,D). 
Two of the upregulated genes (irg1l, fosl1a) in emc1−/− 
displayed a significant increase compared to siblings 
(irg1l: 11.294 ± 3.142, fosl1a: 1.998 ± 0.154) while the 
other two genes (isg15, fga) showed positively increas-
ing trends (isg15: 3.227 ± 1.366, fga: 1.692 ± 0.286). 
Expression of all 4 selected down-regulated genes was 
validated to have a significantly decreased expression 
in emc1−/− compared to siblings (rhol: 0.204 ± 0.066, 
pth1b: 0.270 ± 0.057, pde6ga: 0.295 ± 0.125, gnat1: 
0.215 ± 0.094).

4   |   DISCUSSION

In this study, we present original findings on the zebrafish 
emc1−/− knockout as a novel model of inherited retinal 
dystrophy. emc1−/− larvae display severe visual behavior 
and retinal function impairments, abnormal anterior and 
posterior ocular morphology, and acute defects in photo-
receptor outer segment morphogenesis. This represents 
the first vertebrate model of global germline loss of Emc1 
function and through characterizing its phenotypic traits, 

we elucidate the fundamental role of this protein in reti-
nal homeostasis and vision.

Originally identified as the raf mutant from a forward 
genetic screen, endoplasmic reticulum complex subunit 1 
(emc1) was identified as the causative gene by whole ge-
nome and transcriptome sequencing coupled with posi-
tional mapping. Vertebrate Emc1 genes encode the largest 
subunit of the endoplasmic reticulum complex (EMC) 
which together with 9 other proteins are reported regu-
lating the synthesis, stabilization, and/or trafficking of 
membrane proteins including rhodopsin, Na+/K+ ATPase, 
and acetylcholine receptors.9,10 EMC1 is evolutionary con-
served and protein sequences show high percent protein 
identity in Drosophila (31%), C. elegans (38%), Mus mus-
culus (93%), and Danio rerio (68%) compared to human 
EMC1 (https://​www.​unipr​ot.​org/​). Genetic studies re-
veal mutations in EMC1 associated with human disease. 
Homozygous variants in EMC1 that generate missense or 
premature stop codons are reported in patients with retini-
tis pigmentosa,14 global developmental delay, autism spec-
trum, visual impairment, and cerebellar atrophy.15,16,58 
All have been classed in ClinVar as pathogenic or likely 
pathogenic. EMC1 heterozygous variants were identified 
in 2 individuals with familial exudative vitreoretinopathy 
(FEVR)45 and trio exome sequencing studies of congenital 
heart disease patients.59,60 However, experimental proof 
demonstrating the pathogenicity of these heterozygous 
variants is absent. The cellular and molecular basis for the 
human disease phenotypes due to EMC1 dysfunction is 
not clear, demonstrating a need for relevant in  vivo an-
imal models, and phenotypic characterization. As such, 
the zebrafish emc1−/− mutant provides a unique model to 
understand the role of Emc1 in biology and disease.

In zebrafish, the loss of emc1 causes rapid retinal dys-
function by 5 dpf and homozygous animals do not survive 
past 8/9 dpf (data not shown), presumably due to an in-
ability to feed but potentially linked to non-ocular roles of 
emc1. While emc1 expression is not considered spatially re-
stricted in zebrafish, the larval knockout phenotypes seem 
to be selective to the retina and vision, as the gross mor-
phology of emc1−/− fish is not affected by 5 dpf, apart from 

F I G U R E  8   RNA sequencing in emc1−/− eyes reveals that the expression of phototransduction genes is reduced. (A) Schematic of RNA 
sequencing workflow. Total of 40 larvae per sample/genotype: 80 eyes per sample/tube. RNA sequencing was performed in NEI/NIH on 
Illumina 2500 and analyzed with RNAlysis. Pathway analysis was performed with ShinyGo/DAVID. (B) Volcano plot displaying the genes 
that are differentially expressed; downregulated (blue) and upregulated (red) in raf versus siblings. (C and D) Expression levels of selected 
downregulated (C) and upregulated (D) genes measured by qPCR in emc1−/− compared to siblings from pooled RNA extracted from whole 
zebrafish larvae. Levels were normalized by β-actin expression. Black line represents the expression of the sibling. Data are mean ± SEM. 
Three replicates of 20 larvae. Unpaired t-test, *p < .05,**p < .01, ***p < .001. Tables show the genes from the downregulated/ upregulated gene 
list with the calculated log 2-fold change from the RNA seq compared to values from the qPCR. (E and F) Bar graphs show the top KEGG 
Pathways associated with the downregulated (E) and upregulated (F) genes. The number of genes that were mapped to each pathway is 
shown. (G and H) Bar graphs show the transcripts identified by RNAseq (log fold change <−1 or >1) for phototransduction (G) and protein 
processing in the endoplasmic reticulum (H). Genes are color-coded to group different cell types or parts of the pathway.
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a deflated swim bladder (a common occurrence in blind 
zebrafish larvae). This contrasts with other EMC1 models 
in which global loss of EMC1 causes a range of profound 
developmental defects. In Drosophila, homozygotes of the 

EMC1655G null allele are pupal lethal.10,16 Pupal lethality of 
over 80% is also observed when the expression of RNAi tar-
geting fly EMC1 was induced either ubiquitously or only in 
glial cells. In the glia-specific knockdown, the 15% of flies 
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that develop display climbing defects and eventually die 
by day 15. Expression of the same RNAi only in neurons 
did not lead to lethality. In C.elegans when emc-1 is tar-
geted by RNAi, embryonic lethality was not observed but 
the worms displayed developmental arrest and incoordi-
nation.9 In Xenopus, when emc1 was knocked down using 
morpholino oligonucleotides the tadpoles displayed abnor-
mal pigment, reduced diameter of the outflow tract, loss 
of craniofacial cartilage, and reduced motility.61 A global 
Emc1 knockout in a rodent model has not been reported. 
Cell-specific knockouts of Emc1 in murine photorecep-
tors or endothelial cells have been published which dis-
play progressive retinal degeneration and deficient retinal 
vessel development.45,50 Other EMC subunits are linked to 
retinal degeneration such as Emc343,62–64 and Emc6.63,65 In 
the zebrafish emc1−/− knockout, transcript expression of 
all the other subunits including emc3 and emc6 (data not 
shown) is not significantly changed. With the establish-
ment of the zebrafish emc1 knockout model, new research 
opportunities arise to investigate the potential effects of 
emc1 variants in non-ocular tissues, including variants 
that have been linked to human patients but have yet to be 
experimentally confirmed. Therefore, the zebrafish global 
emc1−/− knockout provides a different, relevant model to 
understand EMC-related human disease.

EMC1 is linked to visual dysfunction. Patients carrying 
EMC1 variants present with visual impairment, abnormal 
visual evoked potentials, and abnormal ERGs.15 In the 
cell-specific knockout of Emc1 in rod photoreceptors, the 
scotopic ERG amplitude of both a-wave and b-wave was 
reduced by ~50%.50 Here, the dark-adapted a-wave ampli-
tude was reduced by nearly 50% and the b-wave amplitude 
by ~85%. At this developmental stage, vision is predomi-
nately cone-mediated as rod photoreceptors are not fully 
developed or functional until 12–15 dpf.66–68 In addition, 
the latency of both a-wave and b-wave peaks was delayed 
compared to their siblings. The a-wave is a measurement 
of outer retinal function, signifying the activation here 
of cone photoreceptors, whereas the b-wave is a mea-
surement of activation of ON bipolar cells of the inner 
retina.20,69 The zebrafish emc1−/− knockout has a small 
a-wave and lacks a b-wave. Comparing this to retinal his-
tology, some of the cone photoreceptors have failed to elab-
orate full-length photoreceptor outer segments; however, 
these appear to be partially functional, with the ability to 
bind photons of light and hyperpolarize the cones elicit-
ing a smaller a-wave. The loss of the b-wave signifies the 
inability of the electrical signal to pass to the ON bipolar 
cells, which could occur pre- or post-synaptically, but war-
rants exploration in future studies. It should be noted that 
the negative a-wave is often difficult to distinguish from 
the b-wave in larvae at this developmental stage.70 In our 
study, we performed the first comprehensive assessment 

of visual behavior in an Emc1 knockout animal, reveal-
ing severely impaired OKR phenotypes, corroborated by 
severely diminished ERG retinal function and VMR loco-
motor behavior.

Loss of EMC1 has been linked to the retinal dystrophy 
retinitis pigmentosa.14 In Drosophila, retinal cell-specific 
knockout of emc1 leads to retinal cell death,63 and the 
mouse rod-specific knockout displays progressive retinal 
thinning.50 We add to this knowledge by determining that 
the defect in retinal thickness was predominantly found 
in the photoreceptor layer, which was significantly thin-
ner in emc1−/− zebrafish. Follow-up studies using elec-
tron and confocal microscopy confirm that the thinner 
photoreceptor layer is due to OS reduction in and not cell 
body loss. The GCL layer (containing the nuclei of these 
cells) appeared thinner but was not statistically different. 
The smaller reduction observed in the IPL was. The inner 
plexiform layer contains dense fibrils formed by interlaced 
dendrites of RGCs and cell bodies of bipolar cells, hori-
zontal cells, and amacrine cells. Therefore the reduction 
may mean one or all those cell types are disrupted in emc1 
knockouts. Using cell-specific knockdowns in Drosophila, 
glial cells were implicated as the primary cell type where 
dysfunction occurred after the loss of EMC1.16 In emc1−/− 
zebrafish, however, the morphological and physiological 
defects observed were more selective for photoreceptor 
neurons. The other cell layers, including the inner nuclear 
layer where the cell bodies of Müller glia reside, were not 
significantly thinner, and the morphology of Müller glia 
based on Uw-55 labeling did not change. Further investi-
gations are needed to determine if more subtle defects in 
the morphology or function of the Müller glia are altered. 
Other glial populations (astrocytes/ microglia) were not 
investigated in our study. Assessment for pyknotic nuclei 
revealed no direct evidence of increased photoreceptor 
death in emc1−/− mutants. However, the vacuoles present 
in the photoreceptor layer suggest an unhealthy photore-
ceptor microenvironment.

Our investigation uncovered that the loss of emc1 had 
selective effects on ocular development suggesting a po-
tentially higher expression level in photoreceptors for this 
gene; however, using scRNAseq databases, we did not find 
a corresponding increased expression of emc1 in photo-
receptors compared to other retinal cells. Previously, the 
pob (emc3−/−) zebrafish mutant exhibited red cone photo-
receptor degeneration albeit that emc3 is widely expressed 
in the retina and the entire zebrafish. Therefore, we found 
another EMC protein linked to photoreceptor degenera-
tion that is expressed widely across tissues but presents 
with specific ocular defects. We speculate that photorecep-
tors may be highly sensitive to membrane protein synthe-
sis defects due to the high abundance of these proteins in 
these specialized neuronal cells. Correct folding by EMC 
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of these membrane proteins is important for photorecep-
tor function. 90% of mutations in opsin genes associated 
with retinal degeneration cause impairments in protein 
folding.71 The correct synthesis and transport of these 
membrane proteins are therefore critical steps for photore-
ceptor outer segment maturation. We speculate that when 
emc1 is mutated, protein folding is disrupted leading to 
defects in the outer segment and photoreceptor function.

Within photoreceptors, the outer segment is the 
cell structure most reported to be affected after loss 
of EMC1. Using electron microscopy and immunoflu-
orescent methods we show that the morphology and 
appearance of the outer segments were reduced across 
the emc1−/− retina. The appearance and localization 
of outer segment enriched proteins such as rhodopsin, 
Rab28, and peripherin were significantly limited in 
emc1−/−. This supports the role of EMC1 in photorecep-
tor outer segment protein biogenesis.10,11,50 Many other 
proteins in the photoreceptors tested in this study in-
cluding Gnb3 (membrane-associated) and centrin (con-
necting cilium) were disrupted in terms of expression 
levels or localization in emc1−/− so it remains unclear if 
only outer segment proteins are specifically affected or 
if the loss of emc1 has broader effects on protein synthe-
sis in photoreceptors.

Our results reveal that loss of emc1 in zebrafish larvae 
leads to abnormalities in the development of the hyaloid 
vasculature (HV), with disorganized and detached hyaloid 
vessels. These findings are consistent with recent reports 
linking EMC1 dysfunction to retinal vascular abnormali-
ties, particularly in conditions such as familial exudative 
vitreoretinopathy (FEVR).72 Perturbed vasculature growth 
and density in the retina were observed in the mouse en-
dothelial cell-specific knockout of Emc1.45 HV defects in 
the emc1−/− larvae mirror the irregular vascularization 
seen in EMC1-related FEVR, suggesting that mutations to 
emc1 disrupt critical pathways involved in vascular devel-
opment and stability within the eye. In contrast, emc1−/− 
did not appear to affect the formation of intersegmental 
vessels (ISV) in the trunk, highlighting the potential spec-
ificity of emc1's role in ocular vasculature. Our findings 
contribute to a growing body of evidence that underscores 
the significance of EMC1 in the molecular mechanisms 
underlying FEVR and similar retinal vascular disorders. 
Further research is needed to explore the therapeutic po-
tential of targeting EMC1 pathways to mitigate these vas-
cular abnormalities.

Our transcriptomic analysis demonstrates for the first 
time that the expression of genes involved in phototrans-
duction is significantly reduced in emc1−/−. Indeed, both 
types of photoreceptors are affected, as genes belonging 
to the transduction cascades in both rods (e.g., gnat1, rho, 
grk1a) and cones (e.g., gnat2, opn1mw1, opn1sw1) were 

significantly reduced in the absence of Emc1. This is con-
sistent with the reduced protein levels of Gnat1, Grk1, and 
Pde6b observed via immunoblotting in the mouse Emc1 
rod-specific knockout and the reduced immunolabeling of 
M and S-opsin observed in the mouse Emc1 cone-specific 
knockout.50 Previous transcriptomic and proteomic anal-
yses in human retinal microvascular endothelial cells 
(HRECs) and Xenopus linked the loss of EMC1/emc1 to a 
decrease in Wnt signaling.45,61 In this study, pathway anal-
ysis of differentially expressed genes (DEGs) in zebrafish 
emc1−/−, did not identify Wnt signaling as a significantly 
dysregulated pathway. Therefore, we inspected the DEG 
list for individual Wnt pathway genes, for example, wnt, 
dkk1a, fzd4, but these were not differentially expressed at 
the transcript level in emc1−/− eyes. Finally, the expression 
of axin2, a readout marker of Wnt signaling pathway, was 
assessed by qPCR from 5 dpf zebrafish larvae and there 
was no statistical difference between siblings and emc1−/− 
(1 vs. 1.124 ± 0.256, data not shown). Hence, in zebrafish, 
defective Wnt signaling does not appear to be a key molec-
ular mechanism of action behind the loss of emc1.

Previous studies presented conflicting results about 
whether the loss of EMC1 leads to ER stress. In C. ele-
gans, the knockdown of EMC subunits, including emc1, 
triggered the unfolded protein response (UPR).9 In con-
trast, ER stress protein levels (e.g., Eif2, Atf6, Chop) were 
not significantly different in the mouse Emc1 rod-specific 
knockout.50 Our transcriptomic profiling identified that 
the expression of genes related to ER stress (e.g., eif2ak3, 
atf6, ddit3(chop)) was significantly increased in emc1−/−, 
supporting a role for UPR activation in zebrafish eyes 
lacking emc1. The increase in expression of aminoacyl t-
amine synthetases (yars1, tars1, and nars1) may be a sign 
of compensatory mechanisms in the cells to maintain 
protein synthesis. It is interesting to note that the gain 
of function of some of these genes is linked to neurode-
generative disorders.73,74 KEGG Pathway analysis of the 
upregulated DEGs in emc1−/− found a significant KEGG 
pathway linked to the immune system; “cytokine-receptor 
interaction”. The increase in proinflammatory chemo/cy-
tokines (e.g., ccl20, lepa, and il12a), interferon regulatory 
factors (e.g., irf3 and irf9), and receptors (e.g., cxcr3, il12r, 
and tnfrsfr9a) indicates inflammation is induced in the 
emc1/− retina. Further work needs to characterize this 
phenotype and elucidate whether there is an infiltration 
of immune cells into the retina.

In conclusion, our study confirmed the fundamental 
role of Emc1 in vision and ocular development. Emc1 is 
required for establishing the unique morphology of the 
outer segments of photoreceptors, by facilitating photore-
ceptor protein synthesis and localization. Emc1 dysregula-
tion also impacts the development of retinal vasculature. 
These morphological phenotypes were associated with a 
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decrease in the expression of genes related to phototrans-
duction and increases in genes related to ER stress.
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