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A B S T R A C T   

Inherited retinal dystrophies (IRDs) are a heterogeneous group of visual disorders caused by 
different pathogenic mutations in genes and regulatory sequences. The endoplasmic reticulum 
(ER) membrane protein complex (EMC) subunit 3 (EMC3) is the core unit of the EMC insertase 
that integrates the transmembrane peptides into lipid bilayers, and the function of its cytoplasmic 
carboxyl terminus remains to be elucidated. In this study, an insertional mutation c.768insT in the 
C-terminal coding region of EMC3 was identified and associated with dominant IRDs in a five- 
generation family. This mutation caused a frameshift in the coding sequence and a gain of an 
additional 16 amino acid residues (p.L256F-fs-ext21) to form a helix structure in the C-terminus 
of the EMC3 protein. The mutation is heterozygous with an incomplete penetrance, and cose-
gregates in all patients examined. This finding indicates that the C-terminus of EMC3 is essential 
for EMC functions and that EMC3 may be a novel candidate gene for retinal degenerative diseases.   

1. Introduction 

Approximately a quarter of eukaryotic genes encode transmembrane peptides that need to be correctly inserted into the lipid 
bilayer membrane to function properly. The endoplasmic reticulum (ER) membrane protein complex (EMC) is the major insertase (also 
called protein transporter) for this purpose either co-translationally or post-translationally [1–4]. The eukaryotic EMC is assembled by 
up to 10 subunits, including EMC1, EMC2, EMC3, EMC4, MMGT1, EMC6, EMC7, EMC8, EMC9 and EMC10, among which EMC8 and 
EMC9 are incompatible but can be substituted for each other, and only one of them is present in the complex. EMC3 is the core 
component and is assisted by other EMC subunits to exert the insertase function [1,2,5]. Although the structures of the EMC complexes 
have been elucidated using Cryo-EM by a few groups of scientists [6–9], surprisingly very little new insight has been gained by simple 
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deduction from the structures, while the function and mechanism of the EMC and the domains and functions of each subunit remain 
largely unknown. 

Inherited retinal dystrophies (IRDs) represent a heterogeneous group of visual impairment caused by various pathogenic mutations 
in genes and regulatory sequences [10,11]. The majority of IRDs are a monogenic and progressive disease. Typical IRDs include 
retinitis pigmentosa (RP), cone-rod dystrophy (CRD), macular degeneration (MD), Leber congenital amaurosis (LCA) and others 
[11–15]. For example, RP is a group of IRDs characterized by primary degeneration of rod and cone photoreceptors caused mainly by 
defects in the neural retina and retinal pigment epithelium (RPE) [15–17]. It is characterized by night blindness in adolescents due to 
rod cell dysfunction, and central vision loss in adults due to loss of cone function. The hallmark of RP is the gradual accumulation of 
intraretinal deposits of melanin and/or bone spicule-like pigments. RP is mainly considered to be an inherited disease with genetic 
mutations in 70 identified genes. These genes contribute to retinal metabolism (RPE65, LRAT, etc.), phototransduction and structural 
integrity (RHO, ROM1, SAG, etc.), ciliary structure and function (BBSs, RPGR, etc.), transcription and translation (CRX, NR2E3, etc.), 
and others (https://sph.uth.edu/retnet) [16,18,19]. However, the current mutation spectrum can only explain about half of the cases 
in IRDs, and more genetic mutations are yet to be discovered with the use of next-generation sequencing technologies. 

The association of gene mutations with diseases helps us identify the protein domains that are essential for protein function. 
Mutations in a few EMC genes have been found to be associated with IRDs and other neuropathies in humans and animals. Abu-Safieh 
et al. found that mutations in EMC1 along with 5 other genes were observed in IRD patients [20]. A homozygous splice acceptor site 
variant (c.679-1G > A) in EMC10 was found to be associated with developmental delay, intellectual disability and speech delay in a 
Saudi family [21]. Later, Shao et al. identified another recurrent homozygous EMC10 c.287delG variant to be associated with similar 
developmental defects in patient families [22]. In animal models, the first report by Harris et al. showed that a mutation in the Pob gene 
(the corresponding human EMC3, also known as TMEM111) causes retinal degeneration in zebrafish [23]. The same phenotype is also 
observed in EMC3 loss-of-function Drosophila and mouse models [24–27]. Furthermore, loss-of-function of EMC5 and EMC6 also 
resulted in retinal degeneration in Drosophila and mouse [27]. 

As the core component of the EMC complex, EMC3 has not been associated with any human diseases. In this study, we report the 
first observation of an EMC3 mutation in a 5-generation Chinese pedigree with IRDs. All the examined patients have typical IRD 
symptoms, and a heterozygous nonsense point mutation, c.768insT (p.L256F-fs-ext21) in EMC3, was cosegregated with patients in an 
autosomal dominant manner. Our findings suggest that the C-terminus of EMC3 is indispensable for the integral function of the 
insertase, and that EMC is essential for the physiological function and survival of retinal cells. 

2. Methods and materials 

2.1. Subjects and clinical evaluations 

This study was approved by the Ethics Committee of Wenzhou Medical University (KYK2015-18) in accordance with the Decla-
ration of Helsinki. Informed consent was obtained from all participating subjects. Seven patients and two healthy family members from 
a five-generation Chinese family with autosomal dominant IRD were recruited. Medical histories were obtained and ophthalmic ex-
aminations were performed by professional ophthalmologists. Peripheral blood samples were collected and genomic DNAs were 
extracted with the Blood DNA Mini Kit (Simgen, China). 

2.2. Whole exome sequencing and verification with sanger sequencing 

Whole exome sequencing and subsequent procedures, including quality control and variation annotation, were performed as 
previously described [28,29]. Eight family members (6 patients, 2 non-patients) participated in the exome sequencing and Sanger 
sequencing while one patient only participated in the Sanger sequencing. Mutant alleles in known IRD genes were first filtered, and 
known IRD genes were gathered based on RetNet (https://sph.uth.edu/RetNet/). All candidate variants were confirmed by Sanger 
sequencing, and co-segregation analysis was performed in available subjects. The following PCR primers were used to validate the 
insertional mutation in EMC3: 5ʹ- AACATAAAGGGGAACCCAGCC-3ʹ (forward), 5ʹ- AACAATTCCCTCTCTTCCTGCC -3ʹ (reverse). A PCR 
product of 331bp was purified and subjected to the Sanger sequencing analysis. 

2.3. Assessment of gene variants and their pathogenicity 

Variants with a minor allele frequency in any ethnic population of greater than or equal to 1% for recessive genes and greater than 
0.01% for dominant genes were excluded. The pathogenicity of candidate variants was evaluated by multiple online analysis programs 
including the Exome Variant Server (http://evs.gs.washington.edu/EVS); gnomAD (V3.1 & V2.1, gnomad-sg.org); 1000 Genomes, 
ExAC Release 1, UN10K ALSPAC & TWINSUK, dbSNP b155 V2 (https://www.ncbi.nlm.nih.gov/projects/sviewer/). The assessment 
result was categorized as pathogenic, likely pathogenic, uncertain significance, benign or likely benign according to ACMG/AMP 
classification guidelines [30]. The 3-dimensional structure of the mutant EMC3 (p.L256F-fs-ext21) was predicted by AlphaFold2 [31]. 

2.4. Bioinformatics analyses and data processing 

The EMC3 HomoloGene protein sequences were downloaded from the National Center for Biotechnology Information (NCBI) 
databases, and the protein sequence alignment was performed using Muscle 3.8 at EMBL with default settings. The alignment file was 
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saved as an SVG file and annotated with Adobe Illustrator (V2020). The polygenetic tree file was downloaded and processed with 
Figtree (V1.4.4). 

After obtaining the RNA-seq datasets (mouse, accession number: PRJNA589677 [32]; human, tables from website [33]), the gene 
expression values were processed with the Graphpad Prism (V8.0). The statistical significance was evaluated with the nonparametric 
method Kruskai-Walis test, and a p-value less than 0.05 was considered statistically significant. The human EMC3 
protein-protein-interaction (PPI) network was obtained from STRING (V11.5, https://string-db.org/) with a high confidence node 
score >0.70. The average local clustering coefficient was 0.982, the PPI enrichment p-value was 1.11e-16, and the false discovery rate 
of the local network cluster (STRING) was 7.48-e18. 

3. Results 

3.1. Patient family and clinical features 

A five-generation pedigree with dominant IRDs was recruited in the rural area of northern China (Fig. 1A). The proband (IV-29) was 
a 19-year-old female at her first visit to our department who complained of photophobia and mild central vision loss. The funduscopy 
images and optical coherence tomography (OCT) images showed macular dystrophy in both eyes (Fig. S1). Twelve affected pedigree 
members are suffering a progressive loss of central vision and/or night blindness since their thirties. Male patients mainly complained 
of progressive loss of night vision. In contrast, female patients had a gradual loss of central vision, but they also developed night 
blindness at advanced stages. Seven of the affected individuals were available for the clinical examinations. Severe and diffuse retinal 
atrophy was observed in all the patients (Fig. 1B–D). Macular lesions were observed in all female patients but not in males. Peripheral 
pigment aggregation was observed only in patients with advanced disease. The better-corrected visual acuity (BCVA) of all the affected 
family members in their 40s and 50s had decreased to figures counting (FC). The proband was found to have macular dystrophy only 
and retained a relatively better BCVA of 0.12 at her first visit. Her younger brother (IV-30), aged 21 years, also had mild retinal 
degeneration by funduscopy examination, but no further examination was available. Their clinical features are summarized in the 
Table 1. 

3.2. Identification of a cosegregated gene mutation in EMC3 

Bioinformatic analysis was performed on exome sequencing data from 8 participants and variants/mutations in 5 genes, EMC3, 
NCAPH, PEX13, RNF213 and SLC43A2, were found to cosegregate in all the patients but not in the non-patients (see Table 2). Syn-
onymous variants in PEX13 and SLC43A2 were excluded. The NCAPH and RNF213 mutations were associated with other characteristic 
symptoms and diseases that were not found in the pedigree. Therefore, EMC3 emerged as the most likely candidate gene responsible for 
the pathogenesis in the pedigree. The same causative disease in EMC3 loss-of-function animal models strengthened this proposition. 

EMC3 is the core component of EMC (Fig. 2A). The human EMC3 protein consists of 261 amino acid residues (Fig. 2B), and the 
insertional mutation c.768insT causes a frameshift, resulting in a change in the amino acid sequence from the mutation site (Fig. 2C). 
The heterozygous mutation c.768insT in EMC3 was verified by Sanger sequencing in the proband. We further examined the mutation 
in all the other available patients and it was cosegregated in all the examined cases (III-12, 16, 19, 21, IV-23, 29, 30) but not in healthy 
(normal) family members (III-14, IV-26). As per ACGM standards and guidelines 2015 [30], this mutation was evaluated as PS3, PM2, 
PM4, PP1, PP3 and PP4, and it was classified as “pathogenic” by combining the criteria. 

Fig. 1. The pedigree tree and inherited eye diseases. (A) A 5-generation pedigree with inherited retinal dystrophy. The proband (IV-29) is indicated 
by the arrow. The genotype of the EMC3 mutation was indicated. +/+, wildtype; +/− , heterozygous. (B) The funduscopy images of the proband 
(left) and another patient (right). White arrows point to the macular regions. (C) The autofluorescence funduscopy image of a patient. The arrow 
points to the macular region. (D) The OCT image of the proband shows the retinal degeneration. 
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Table 1 
Summarization of the clinical information of available individuals in the pedigree.  

ID Gender Diagnosis EMC3 variant Initial symptoms Photophobia Age (years) at BCVA 
OD/OS 

Macular atrophy Peripheral pigment 

Mutation Genotype onset visit 

III-12 M IRD c.768insT (p.L256F-fs-ext21) Het Night blindness No In his 30s 50s OU FC No Yes 
III-14 M Healthy / WT / No / / NA No No 
III-16 M IRD c.768insT (p.L256F-fs-ext21) Het Night blindness No In his 30s 50s OU FC No Yes 
III-19 F IRD NA NA Central vision 

Loss, Night blindness 
Yes In her 30s 50 OU FC Yes Yes 

III-21 F IRD c.768insT (p.L256F-fs-ext21) Het Central vision 
Loss, Night blindness 

Yes In her 30s 48 OU FC Yes Yes 

III-23 F IRD c.768insT (p.L256F-fs-ext21) Het Central vision 
Loss, Night blindness 

Yes In her 30s 46 OU FC Yes Yes 

IV-26 F Healthy / WT / No / / NA No No 
IV-29 F IRD c.768insT (p.L256F-fs-ext21) Het Central vision 

Loss 
Yes 19 28 OU 0.12 Yes No 

IV-30 M IRD c.768insT (p.L256F-fs-ext21) Het / No / 21 NA NA NA 

Abbreviations: BCVA, best-corrected visual acuity; FC, fingers counting; Het, heterozygous; IRD, inherited retinal disease; NA, not available; OU, oculus uterque (both eyes); WT, wildtype. 
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The importance and function of a protein might be reflected by its conservation during animal evolution. We compared the amino 
acid sequences of EMC3 in vertebrates ranging from zebrafish (Danio rerio), frog (Xenopus tropicalis), chicken (Gallus gallus), rodents 
(Mus musculus and Rattus norvegicus), livestock (Bos taurus and Canis lupus familiaris), non-human primates (Macaca mulatta) to humans 
(Homo sapiens) (Fig. S2). These homologues share 89.27%–100% similarity (Fig. S3A). As shown in the phylogenetic tree (Fig. S3B), 
the EMC3 proteins are evolutionarily highly conserved in the vertebrates. Further examination of the region around the mutation 
showed that this region is also highly conserved, especially in higher animals (Fig. S2), suggesting that the EMC3 C-terminus is critical 
for EMC insertase structure and/or function. 

3.3. Expression of EMCs in the retina and RPE during tissue development and maintenance 

To explore possible mechanisms of pathogenesis, we examined the expression of EMC genes in retina and RPE during tissue 
development and maintenance. First, we retrieved the protein-protein interaction network of EMC3 from the STRING database with 
high confidence node score (>0.70) (Fig. 3A). It showed that EMC3 has the strongest connection with other EMC components, and 
interacts with tryptophan-rich basic protein (WRB), also known as congenital heart disease protein 5 (CHD5), which is required for 
membrane insertion of tail-anchored proteins [34]. 

Through the analyses of RNA-seq data [32] during mouse retinal development, we found that EMC3 was expressed at higher levels 

Table 2 
Cosegregated gene mutations in available patients.  

Chrom- 
osome 

Position Gene 
symbol 

cDNA change in 
splicing isoforms 

Amino acid 
change 

Associated diseases Inherit 
-ance 

Refer 
-ence 

Chr3 100005771 EMC3 NM_018447:exon9: 
c.767insT 

p.L256F-fs- 
ext21 

IRD in mouse, zebrafish and Drosophila; 
Not reported in human. 

AR [1–3] 

Chr2 97019101 NCAPH NM_001281712: 
exon7:c.A560G 
NM_001281710: 
exon8:c.A935G 
NM_001281711: 
exon8:c.A896G 
NM_015341:exon8:c. 
A968G 

p.Q187R 
p.Q312R 
p.Q299R 
p.Q323R 

Primary Autosomal Recessive Microcephaly in human. AR [4] 

Chr2 61275677 PEX13 NM_002618:exon4:c. 
G984A 

p.A328A Peroxisome Biogenesis Disorder, Infantile Refsum 
Disease, Zellweger Spectrum Disorder, and Neonatal 
Adrenoleukodystrophy in human 

AR [5–7] 
etc. 

Chr17 78305973 RNF213 NM_001256071: 
exon21:c.G3685C 

p.D1229H Moyamoya disease in human AR, 
AD 

[8,9] 
etc. 

Chr17 1520017 SLC43A2 NM_001284498: 
exon3:c.C207T 
NM_001321364: 
exon3:c.C207T 
NM_001321365: 
exon3:c.C207T 
NM_152346:exon3:c. 
C207T 

p.H69H 
p.H69H 
p.H69H 
p.H69H 

Growth retardation and postnatal lethality in null mice. 
Not reported in human. 

NA [10] 

Abbreviations: AD, autosomal dominant; AR, autosomal recessive; NA, not applicable. 
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temperature-sensitive mutations in PEX13 are the cause of complementation group H of peroxisome biogenesis disorders. Hum Mol Genet, 1999. 8(6): 
1077–1083. 
[8] Kamada, F., Y. Aoki, A. Narisawa, Y. Abe, S. Komatsuzaki, A. Kikuchi, J. Kanno, T. Niihori, M. Ono, N. Ishii et al., A genome-wide association study 
identifies RNF213 as the first Moyamoya disease gene. J Hum Genet, 2011. 56(1): 34–40. 
[9] Miyatake, S., N. Miyake, H. Touho, A. Nishimura-Tadaki, Y. Kondo, I. Okada, Y. Tsurusaki, H. Doi, H. Sakai, H. Saitsu et al., Homozygous 
c.14576G > A variant of RNF213 predicts early-onset and severe form of moyamoya disease. Neurology, 2012. 78(11): 803–810. 
[10] Guetg, A., L. Mariotta, L. Bock, B. Herzog, R. Fingerhut, S.M. Camargo, and F. Verrey, Essential amino acid transporter Lat4 (Slc43a2) is required 
for mouse development. J Physiol, 2015. 593(5): 1273–1289. 
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during early retinal development but was downregulated after postnatal day 13 (P13), whereas EMC2 showed the opposite trend 
(Fig. 3B). Other EMC subunits fluctuated without a clear pattern. Interestingly, EMC8 was consistently expressed, whereas the 
expression of EMC9, the paralogue and competitor of EMC8, was minimal or absent (Fig. 3B). To examine how EMC3 would be 
expressed in the human retina, we analyzed previous RNA sequencing (scRNA-seq) data from human retinas [33], and found that 
EMC3, along with other EMC subunits, was indiscriminately expressed in the macular, nasal, and temporal retinal regions (Fig. 3C). 
Contrary to the mouse retina, the expression of EMC9 was stronger than that of EMC8 in the human retina (Fig. 3C), reflecting an 
interspecies difference of unknown biological significance. 

IRDs could also be caused by defects and dysfunction of the RPE. We examined the expression of EMCs in human RPE using RNA- 
seq data from human RPE and choroid [33]. Unexpectedly, the expression of EMC4 and EMC10 was significantly lower in the cor-
responding macular RPE-choroid region than that in the nasal and temporal RPE-choroid regions (Fig. 3D). Differences in the 
expression of EMC5, EMC7 and EMC9 were observed although they were not statistically significant due to the small sample size (n =
4) (Fig. 3D). The reason for regional differences in RPE-choroid but not in retina is unknown. 

Fig. 2. Identification of the EMC3 mutation. (A) An illustration of the EMC members in the complex. The mutation in EMC3 is indicated by a star 
symbol in red. (B) A diagram of the domains and their positions in the human EMC3 protein. The mutation site was close to the carboxyl end. TMD1- 
3, the transmembrane domain 1-3. (C) Sanger sequencing of the proband’s genomic DNA of the peripheral blood cells. A thymine base was inserted 
at the position c.768 causing a frameshift in one of the EMC3 alleles. 

Y.-P. Li et al.                                                                                                                                                                                                           



Heliyon 9 (2023) e20146

7

3.4. Structural and conformational changes in the mutant EMC3 protein 

We investigated the structural and conformational changes of the mutant EMC3 protein at the primary, secondary, and tertiary 
structure levels. The c.768insT mutation caused a substitution of 6 amino acid residues in a peptide fragment (256LQTSIF261 to 
256FTDLYF261), in addition to a gain of 16 additional residues (LKTEQGLAVSGTWSCT) in the carboxyl terminus (Fig. 4A). As 
predicted by AlphaFold2, these changes in amino acid residues introduced a secondary structure, a new α-helix, at the C-terminus 
(Fig. 4B). Rather than the hydrophilic nature of the wildtype C-terminus, the hydrophobicity of the α-helix would tend to integrate the 
terminus into the lipid membrane, which would likely interfere with normal insertase function. 

4. Discussion 

4.1. Role of EMC in membrane protein homeostasis and diseases 

The EMC is universally present in all cells and functions as an insertase for the translocation, insertion, folding, and assembly of 
membrane proteins in the ER lipid bilayer. In this sense, it can be classified as a cell housekeeper that maintains membrane protein 
homeostasis to sustain cell viability [1,2,35]. Membrane proteins can span the membrane via the α-helix (also known as a trans-
membrane domain (TMD)) or β-barrel structure, whose membrane insertion depends on different mechanisms [36]. 

Two major pathways, the GET and EMC pathways, overlap to some extent and are responsible for the membrane insertion of 
tail-anchored proteins. In addition to the signal recognition particle (SRP)-dependent and -independent pathways, which are 
considered backups of the GET pathway [37], an unknown number of TMD proteins can also insert spontaneously into a 
membrane without assistance. Therefore, only a fraction of membrane proteins depend on EMC for membrane insertion. 
However, the number of EMC-dependent proteins containing TMDs with polar and/or charged residues has never been sys-
tematically determined [38]. This may explain why mutation-induced EMC dysfunction can be reasonably tolerated in many 
cells and tissues. 

Aberrant EMC function causes a constitutive stress response in the cells [37] and has been reported to cause various diseases. A few 
groups have shown through proteomic and other studies that many of the EMC-dependent proteins have been implicated in neuro-
development disorders [4,38–40]. 

Fig. 3. The protein interaction network and expression profiling of EMCs. (A) The STRING protein-protein interaction map of human EMC3. 
MMGT1 is also called EMC5. (B) Dynamic expression of Emc mRNAs in the mouse retina during different developmental stages. (C) Expression of 
EMC mRNAs in the macular, nasal, and temporal regions of the human retina. (D) Expression of EMC mRNAs in the corresponding macular, nasal, 
and temporal regions of human RPE-choroid. 
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5. EMCs in retina and RPE 

EMCs are abundantly expressed in the retina and RPE. There is no direct evidence that they participate in cell fate specification or 
determination during retinal and RPE development. Rather, skewed manifestations in these aspects are side effects of disturbed 
membrane protein homeostasis. Similarly, pleiotropic phenotypes in cell migration, synapse formation and regulation, axon guidance, 
angiogenesis, cell survival/death and other aspects could occur in various cell types. 

Prior to this study, none EMC3 mutation has been found to cause retinal degenerative diseases in humans. In this study, we 
identified EMC3 as a novel candidate gene associated with dominant IRDs. The onset and progression of the disease varied significantly 
between individuals within the same family. Several obligate carriers were non-penetrant and asymptomatic. 

The fact that multipass (multiple TMDs) proteins, such as GPCRs, are more dependent on EMC for membrane insertion makes 
photoreceptors more susceptible to EMC dysfunction, since photoreceptors depend on rhodopsin and other GPCRs for their 
normal visual functions [24,27]. Another reason is that the proteins in the outer segments and the visual pathway are constantly 
renewed, which places a heavy burden on the EMC and other pathways to maintain protein homeostasis. 

5.1. Compromised EMC function underlying the pathogenesis of EMC3 mutation 

In this article, we identified the first EMC3 mutation associated with human disease. The gnomAD database reports 6 heterozygous 
LoF variants for EMC3 in normal controls, with an associated pLI of 0.29, indicating that this gene is very much tolerant to hap-
loinsufficiency. However, the pitfalls of interpreting pLI scores must be carefully avoided, and there are too many exceptions [41]. In 
the case of p.L256F-fs-ext21, the insertional mutation is close to the stop codon in the last exon, causing the frameshift with the gain of 
extra amino acids and an α-helix, making the pLI very unreliable in this scenario [41]. Moreover, the addition of the extra α-helix in the 
C-terminus made EMC3 a fusion-like protein that dominantly acquired abnormal function. In fact, a mutant (Q192ter) EMC3 lacking 
the C-terminus in Drosophila clearly demonstrated that the C-terminus of EMC3 is required for photoreceptor viability [27]. 

We propose that three mechanisms may underlie the pathogenesis of the EMC3 mutation. First, the loss of critical residues in the C- 
terminus could abolish important interactions with other partners to confer EMC function. Second, introduction of a predominantly 

Fig. 4. Alterations of amino acid sequence and protein structure in mutated human EMC3. (A) The frameshift mutation caused a substitution in the 
last 6 amino acid residues and an addition of 16 additional residues. (B) The superimposed structures comparing the 3-dimensional changes between 
WT and mutant human EMC3. The alteration in C-terminus is highlighted by a red dashed circle. The structure of the mutant protein was predicted 
using AlphaFold2. 
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hydrophobic side chain of a 15–30 amino acid long α-helix would be likely to establish a new TMD that could insert into the membrane 
to disrupt the EMC complex structure [42]. Third, the C-terminus of EMC3 is known to interact with EMC2/4/5/8/9 and stabilize the 
EMC conformation, so the mutation could dismantle the conformation to cause EMC dysfunction [9]. As a result, the disturbance of 
protein homeostasis caused ER stress and consequent cascade reactions leading to apoptosis in retinal cells. Nonsense mediated mRNA 
decay (NMD) has been found in the pathogenesis of many eye and retinal diseases [43]. In patients with dominant mutations, 
NMD-mediated degradation of mRNA strand with nonsense mutations would cause haploinsufficiency of gene function, leading to 
retinal degeneration [44,45]. The nonsense mutation c.768InsT is close to the 3’ proximity of the EMC3 mRNA and is unlikely to 
induce the NMD response. Indeed, the NMD Classifier rules out the NMD events of the mutation (Fig. S4) [46]. The unfolded protein 
response and ER stress are likely to be the major forces triggering photoreceptor cell death. 

However, this mutation seems to cause some phenotypic heterogeneity in patients. First, although all patients suffer from IRDs, 
there is a sex difference in symptoms. Male patients present with RP-like symptoms such as night blindness and peripheral pigment 
deposits in the retinas. In contrast, female patients initially exhibit macular dystrophy symptoms such as central vision loss, however, 
they display both macular dystrophy and RP-like symptoms with disease progression (Table 1). We hypothesize that the transport of 
sex hormone receptors and related proteins is compromised in retinal cells, leading to the sex difference in symptoms. Indeed, sex 
difference has been found in many common ocular diseases, including cataract, glaucoma, macular hole and diabetic retinopathy [47]. 
Estrogen signaling has been suggested to protect the macula from damage. Tamoxifen, an estrogen antagonist, is correlated with 
macular degeneration [48]. Finally, the phenotype of the mutation is not completely penetrant, as shown in both male and female 
obligate carriers (II-3, III-2, 8, and IV-10). Incomplete penetrance and variable expressivity are common in plants and animals, 
especially in autosomal dominant disorders [49–51]. Many factors, such as variants in cis- or trans-regulatory elements, epigenetic 
modifications, age-, sex-, and environment-dependent modifiers, splicing isoforms, and genetic compensation [49,51–53], contribute 
to these phenomena. 

6. Limitations of the study and future perspectives 

There are several limitations in this study. First, we demonstrate that EMC3 mutation is associated with retinal degeneration, but 
the association needs to be further verified in future studies, i.e., applying animal models with gain-of-function and loss-of-function 
approaches. Second, based on the gene expression profiles, we speculate that the photoreceptor loss may be caused by direct de-
fects of EMC3 in the photoreceptors in a cell-autonomous manner, or alternatively by dysfunctions in the supporting RPE cells in a cell 
non-autonomous manner, or both. Further studies are needed to distinguish between these possibilities by tissue-specific mis-
expression of the wildtype and mutant genes. Third, the pathogenesis underlying the dominant phenotypes could be a result of EMC3 
gain-of-function or the dominant-negative effect of truncated EMC3. In Drosophila, the dPob/EMC3 mutation causes mislocalization of 
rhodopsin and Na + -K+ ATPase and consequent retinal degeneration [24]. In Emc3 knockout mice, loss of Emc3 led to mislocalization 
of cell junction and cell polarity proteins [25]. It remains to be investigated whether such changes are also present in human EMC3 
mutation. Finally, exome sequencing can only reveal those mutations in the exons, and mutations in introns and regulatory regions (i. 
e., enhancers) could be identified by genome sequencing. Solving these puzzles will not only provide insights into the function and 
mechanism of EMC, but will also be very helpful in the development of novel therapeutics and drugs for related human diseases. 
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