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PURPOSE. We used a mouse model to explore the role of the endoplasmic reticulum
membrane protein complex subunit 3 (EMC3) in mammalian retinal development.

METHODS. The transcription pattern of Emc3 in C57BL/6 mice was analyzed by in situ
hybridization. To explore the effects of EMC3 absence on retinal development, the Cre-
loxP system was used to generate retina-specific Emc3 in knockout mice (Emc3flox/flox,
Six3-cre+; CKO). Morphological changes in the retina of E13.5, E17.5, P0.5, and P7 mice
were observed via hematoxylin and eosin staining. Immunofluorescence staining was
used to assess protein distribution and terminal deoxynucleotidyl transferase dUTP nick
end labeling (TUNEL) staining to assess apoptosis changes. Proteins were identified and
quantified by Western blotting and proteomic analysis. Electroretinogram (ERG), fundus
color photography, and optical coherence tomography were performed on 5-week-old
mice to evaluate retinal function and structure.

RESULTS. The Emc3 mRNA was widely distributed in the whole retina during develop-
ment. Loss of retinal EMC3 led to retinal rosette degeneration with mislocalization of
cell junction molecules (β-catenin, N-cadherin, and zonula occludens-1) and polarity
molecules (Par3 and PKCζ ). Endoplasmic reticulum stress and TUNEL apoptosis signals
were present in retinal rosette-forming cells. Although the absence of EMC3 promoted
the production of photoreceptor cells, 5-week-old mice lost all visual function and had
severe retinal morphological degeneration.

CONCLUSIONS. EMC3 regulates retinal structure by maintaining the polarity of retinal
progenitor cells and regulating retinal cell apoptosis.

Keywords: endoplasmic reticulum membrane protein complex subunit 3 (EMC3), retinal
development, retinal rosette, mouse

V isual perception is strictly dependent on the coordi-
nated differentiation and correct assembly of multiple

cell types in the retinal structure. Regarding the develop-
ment of the vertebrate neuroretina, six cell types, including
five kinds of neuronal cells (photoreceptors, horizontal slen-
der cells, bipolar cells, amacrine cells, and retinal ganglion
cells) and one kind of glial cells (Müller cells), are all gener-
ated from the retinal progenitor cells (RPCs), resulting in
high tissue complexity.1–4 During cell differentiation, retinal
cell morphology and retinal structure are regulated by cell
polarity.5 Cell junction and cell polarity proteins, such as β-
catenin,6 N-cadherin,7–9 and polarity protein complex Par6
/ Par3 / PKCζ ,10,11 have been reported to play crucial roles
in the development of retinal structure.

The endoplasmic reticulum membrane protein complex
(EMC) is a widely expressed and conserved complex,12,13

that in mammals is composed of 10 subunits.14 The EMC
plays roles in protein trafficking, endoplasmic reticulum
stress (ERS), lipid homeostasis, organelles communication,

autophagy, virus maturation, and lung development,15–21

among other functions. Recent studies have also shown
that the EMC is a transmembrane domain insertion enzyme
and mediates insertion of proteins into the lipid bilayer.22,23

EMC3, a subunit of EMC, plays a unique role in the retina.
The emc3 homologue in zebrafish is required for the survival
of red cone photoreceptors,24,25 and the deletion of EMC3 in
Drosophila affects the biosynthesis of rhodopsin.19,26 Knock-
ing out the Emc3 gene in mouse photoreceptor cells leads to
the mislocalization of rhodopsin and the death of photore-
ceptor cells.26 However, the role of EMC3 in structural devel-
opment of the retina and neurogenesis during mammalian
ocular development, especially in the early stages, is not
clear.

Here, we generated a retina-specific Emc3 knockout
(CKO) mouse line by mating Six3-Cre (retina-specific expres-
sion of Cre) mice27 with Emc3flox/+ mice.21 We performed
morphological, functional, immunofluorescent, and expres-
sion studies of the retina to explore the role of EMC3
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at different stages of mouse retinal development. We also
performed proteomic studies to identify proteins that may
mediate the developmental role of EMC3 in retinal develop-
ment. The findings we report here provide insights into the
role of EMC3 in mammalian retinal development.

MATERIALS AND METHODS

Mice

All mice had a C57BL/6 background (GemPharmatech Co.
Ltd, Nanjing, China) and were raised in a specific pathogen
free environment under a 12 hour / 12 hour light-dark
cycle. Retina-specific Emc3 knockout mice (CKO, Emc3
flox/flox, Six3-Cre+) were generated by crossing Emc3 flox/+

with Six3-Cre+ mice (#019755; The Jackson Laboratory, Bar
Harbor, ME, USA). Control mice (genotypes: Emc3flox/flox,
Six3-Cre−) were obtained during breeding. Emc3flox/+ mice
were generated from Emc3TG/+ mice21 (Emc3tm1a(EUCOMM)Wtsi,
MGI #4453751). Six3-Cre is expressed throughout the retina
from E9, and the expression was highest in the central
region.27 The mice were mated regularly at 5 PM every day,
and the appearance of a copulation plug at 8 AM the next day
was considered as E0.5. Pregnant mice were euthanized by
CO2 inhalation, and embryos were harvested at E11.5, E13.5,
E15.5, and E17.5 for subsequent experiments. For follow-up
experiments, postnatal mice were euthanized by anesthe-
sia using a mixture of ketamine (96 mg/kg) and xylazine
(14.4 mg/kg) via intraperitoneal injection for follow-up
experiments. All animal experiments were conducted in
accordance with the Association for Research in Vision
and Ophthalmology Statement for the Use of Animals in
Ophthalmic and Vision Research and were approved by
the Animal Care and Ethics Committee at Wenzhou Medical
University. All experiments were performed using at least
three animals of each genotype per group.

Morphology and RNAscope In Situ Hybridization

Paraffin-embedded sections were stained with hematoxylin
and eosin (H&E) and RNAscope.28 Briefly, mouse eyes
were removed and immersed overnight in fixation solution
composed of methanol: chloroform: glacial acetic acid (6:
3: 1). After alcohol dehydration, the eyes were embedded
in paraffin. Paraffin slices (5 μm) were prepared and trans-
ferred onto a charged slide for use.

In situ hybridizations were performed using an RNAscope
kit (RNAscope 2.5 HD Assay-Red, #322360; ACDBio Co.,
Newark, CA, USA). The experiments were performed accord-
ing to the manufacturer’s instructions. After hybridization
and amplification, the samples were counterstained with
hematoxylin. Positive and negative controls were simultane-
ously set for each experiment (Supplementary Fig. S1). All
probes (Mm-Emc3, #500121; negative control probe DapB,
#310043; and positive control probe Mm-Polr2a, #312479)
were from ACDBio Company.

Electroretinogram Recording

Electroretinograms (ERGs) were measured with a RETI-port
ERG system (Ganzfeld Q450 SC; Roland Consult, Braden-
burg, Germany). Following dark adaptation for more than
2 hours, the mice were anesthetized, and the eyes dilated.
Then, with the mouse on a heating pad at 37°C, gold circle
electrodes were placed on both corneas, together with a

drop of 1% methylcellulose. A stainless-steel needle refer-
ence electrode was inserted into each cheek, and a stainless-
steel needle ground electrode was inserted into the base
of the tail. Five gradient flashing light stimuli with stimu-
lation intensities of 0.0002, 0.0063, 0.20, 2, and 6.3 cd/m2

were used to induce a scotopic response. Subsequently,
25 cd/m2 of bright light was applied for 10 minutes of bright
adaptation, and then 5 gradients of 0.20, 0.63, 2, 6.3, and
20 cd/m2 were used to induce the photopic response. ERG
results were reported at 2 cd/m2 intensity.

Color Fundus Photography and Optical
Coherence Tomography

The retinal fundus and retinal structure were visualized
using the Phoenix Micron IV imaging system (Phoenix,
Pleasanton, CA, USA). The mydriatic and anesthetized mice
were placed on the bracket, and using ofloxacin ointment
as a medium, the optical lens (light source wavelength 830
nm) was moved close to the cornea along the visual axis.
The fundus color photographs and optical coherence tomog-
raphy (OCT) images were collected synchronously in real-
time.

Immunofluorescence and Terminal
Deoxynucleotidyl Transferase dUTP Nick end
Labeling

For immunofluorescence, the mouse eyes were enucleated
and fixed with 4% formaldehyde in phosphate-buffered
saline for 30 minutes. After the tissue was dehydrated using
a sucrose gradient, it was embedded in an optimal cutting
temperature compound and quickly frozen with liquid nitro-
gen. Sections (10 μm) were incubated with 10% donkey
serum for 2 hours for blocking. Then, sections were incu-
bated overnight at 4°C with one of the following antibod-
ies: IRE1 alpha (p Ser724) antibody (rabbit, 1:500; NB100-
2323; Novus Biologicals, Centennial, CO, USA); ZO-1 anti-
body (rabbit, 1:200; ab96587; Abcam, Cambridge, UK); N-
cadherin antibody (rabbit, 1:200; ab76057; Abcam); Par3
antibody (rabbit, 1:500; 07-330; Merck-Millipore, Burling-
ton, MA, USA); protein kinase C (PKC) ζ antibody (mouse,
1:20; sc-17781; Santa Cruz Biotechnology, Dallas, TX, USA);
recoverin antibody (rabbit, 1:500; ab5585; Abcam); pros-
pero homeobox protein 1 (Prox1) antibody (rabbit, 1:100;
ABN278, Sigma-Aldrich, St. Louis, MO, USA); Ki67 anti-
body (rabbit, 1:500; ab15580, Abcam); or phospho-Histone
H3 (Ser10; pH3) antibody (rabbit, 1:100; 06-570; Merck-
Millipore). Following incubation with the primary antibody,
the sections were incubated with Alexa Fluor secondary
antibody for 2 hours. TUNEL was performed using an In
Situ Cell Death Detection Kit (12156792910; Roche, Basel,
Switzerland) according to the manufacturer’s instructions.
Finally, the samples were stained with 4’,6-diamidino-2-
phenylindole (DAPI). The images were obtained with a Zeiss
LSM 880 (Zeiss, Oberkochen, Germany) microscope.

Cell Counts

To quantify cells in different mouse groups, immunolabeled
cells in the central retinal sections with the optic nerve were
manually counted. The retinas were divided into six equal
parts. The average number of cells from six images obtained
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from each of the six retinal parts was used as a sample. Three
mice were assessed in each group.

Western Blotting

Retinas were homogenized in radioimmunoprecipitation
assay buffer (RIPA) lysis buffer. After ultrasound and adjust-
ment of protein concentrations, equal amounts of protein
were loaded into sodium dodecyl sulfate-polyacrylamide
gels. Standard Western blotting procedures were performed.
EMC3 antibody (mouse, 1:500; HPA042372; Sigma-Aldrich),
cyclic AMP-dependent transcription factor ATF-6 alpha
(ATF6) antibody (rabbit, 1:500; NBP1-40256; Novus Biolog-
icals), and α-tubulin antibody (mouse, 1:1000; 660331-1-
lg; ProteinTech Group, Rosemont, IL, USA) were incubated
overnight at 4°C. The samples were then incubated with the
IRDye Secondary Antibody (LI-COR; Biosciences, Lincoln,
NE, USA), and signals were visualized using a near-infrared
imaging system (Odyssey CLX, LI-COR; Biosciences) and
quantified using the ImageJ software. The α-tubulin was
used as a loading control. All the original Western blot bands
were displayed (Supplementary Fig. S2).

Proteomics

Control and CKO retinas (n = 3 each group) at E17.5 and
P7 were used for tandem mass spectrometry-based label-
free proteomics. The raw data were identified and quantified
using the MaxQuant software (version number 1.5.3.17). The
proteomics data were deposited to the ProteomeXchange
Consortium (http://proteomecentral.proteomexchange.org)
with an ID PXD023349 via the iProX partner repos-
itory29 (https://www.iprox.org, IPX0002708000) and are
freely available. Data were normalized with the average for
three repeat control samples, and the statistically signif-
icant changes were determined using the t-test. Proteins
with significant changes (fold change >1.2 or <0.8, P <

0.05) were analyzed and enriched using ToppGene (https:
//toppgene.cchmc.org/), and GraphPad Prism 8 (GraphPad
Software, Inc., San Diego, CA, USA) was used to generate
heatmaps.

Statistics and Reproducibility

All data were expressed as mean ± standard error of the
mean, and GraphPad Prism 8 (GraphPad Software, Inc.) was
used for statistics and graphing. At least three mice were
tested in each experiment. Statistical significance was tested
using two-tailed Student’s t-test, with pairing values derived
from the same experiment. In the results, P < 0.05 indicates
a statistically significant difference (*P < 0.05; **P < 0.01;
and ***P < 0.001).

RESULTS

EMC3 is Required for the Mouse Retinal Structure

To identify the patterns of Emc3 gene expression in
the developing retina, we performed RNAscope in situ
hybridization to characterize the retinal sections of mice
in different developmental stages. We found that the Emc3
gene was widely expressed throughout the retina from early
(E11.5 and E15.5; Figs. 1A, 1A’, 1B, 1B’) to late (P0.5 and
P7) stages (Figs. 1C, 1C’, 1D, 1D’) of retinal development.
Cepko et al. found that RPC is the main cell type in the early

FIGURE 1. Emc3 transcription pattern in C57BL/6 mouse retinas
at different stages of development. For E11.5 (A,A’), E15.5 (B,B’),
P0.5 (C, C’), and P7 (D, D’) C57BL/6 mouse retina, RNAscope indi-
cates that Emc3 was widely expressed in all layers of the retina. Red
dots represent Emc3 mRNA signal. Left column A–D: 400 × magni-
fication; right column A’–D’: outlined region in left column at 1000
× magnification. Emc3, endoplasmic reticulum membrane protein
complex subunit 3; NBL, neuroblastic layer; ONL, outer nuclear
layer; INL, inner nuclear layer; GCL, ganglion cell layer.

stages, while differentiated cells are more abundant in the
late stages of development.30 These results indicated that
EMC3 was expressed in both RPCs and differentiated cells,
suggesting that EMC3 is involved in the regulation of the
different stages of retinal development. This was consistent
with the results of a previous single-cell sequencing study.31

To explore the developmental role of EMC3 in retinal
structure and neurogenesis, we generated a retina-specific
Emc3 knockout mouse line (CKO) by crossing mice Six3-Cre
(for retina-specific expression of Cre) with Emc3flox/+ mice
(Fig. 2A). The EMC3 level in CKO mice retinas was reduced
by about 60% compared to that in control retinas at P7, indi-
cating that EMC3 was successfully deleted (Fig. 2B).

The ERG showed that the electrophysiological signals
of CKO mice disappeared both in scotopic and photopic
responses (Fig. 2C). With the loss of vision function, further
OCT fundus examination showed that the CKO mice retinas
were severely thinned, and the fundus blood vessels had
almost disappeared (Fig. 2D). To clarify the details of retinal
degeneration, we performed H&E staining to analyze retinal
morphology. The results showed that the outer nuclear layer,
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FIGURE 2. Retina-specific Emc3 knockout caused disruption of
the retinal structure and function. (A) Strategy for CKO mouse
generation. CKO mice were obtained by cross breeding Emc3flox/flox

mice and Six3-cre mice. (B, upper) Western blot detected the effi-
ciency of the EMC3 knockout in P7 mouse retinas. Grayscale anal-
ysis (B, lower) showed that EMC3 was decreased by 56%. The α-
tubulin was the normalized standard. ***P< 0.001, unpaired, 2-tailed
Student’s t-test. (C) ERG recordings of 5W mice at a stimulus inten-
sity of 2 cd/m2. CKO mice had neither a scotopic nor photopic wave,
which means that the CKO mice completely lost visual function (n
= 5). (D) Color fundus photographs and OCT of 5W mice. CKO
mouse fundus images had changes in fundus pigments. CKO mice
OCT images revealed severe thinning, and the fundus blood vessels
were almost completely absent. (E) H&E staining showed morpho-
logical changes in 5Wmice. CKOmouse retinas were extremely thin,
and the RCL, ONL, and INL had almost disappeared. RCL, rod and
cone layer; ONL, outer nuclear layer; OPL, outer plexiform layer;
INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion
cell layer. Scale bars: 40 μm.

inner nuclear layer, and ganglion cell layer had almost disap-
peared in CKO mice retinas (Fig. 2E). The morphology at the
four time points during retinal developmental (E13.5, E17.5,
P0.5, and P7) showed the initial effects (Fig. 3). There was
no obvious difference between the CKO mice retinas and
the control retinas at E13.5 (Figs. 3A, 3A’); however, retinal
rosette degeneration, a typical phenotype of retinal struc-
tural abnormalities, especially in retinoblastoma,32–34 and
ganglion layer thinning appeared in the central region of
the CKO mice retinas at E17.5 (Figs. 3B, 3B’), and retinal
degeneration was aggravated as development progressed
(Figs. 3C, 3D’). These changes indicated that EMC3 plays a
role in the early stages of retinal development.

Loss of EMC3 in the Retina Caused Mislocalization
of Cell Junction and Polarity Proteins

To determine if cell junction and cell polarity participate
in rosette formation, we examined the localization of cell
junction molecules and cell polarity determinants. In CKO

FIGURE 3. Developing CKO mouse retinas formed rosette struc-
tures. (A–D’) H&E staining showed morphological changes in E13.5,
E17.5, P0.5, and P7 mice. Retinal rosettes appeared in E17.5, P0.5,
and P7 CKO mice. Rosettes first emerged near the optic nerve (B’),
and during the developmental process, they spread to through entire
retina further into the development process (C’,D’). Inset images are
magnified picture of the outlined region. Scale bars: 40 μm.

mice retinas, the adhesion junction proteins (β-catenin and
N-cadherin) and the tight junction protein ZO-1 were mislo-
calized, especially at P0.5 (Figs. 4A–C; tile scan images in
Supplementary Figs. S3–S5). Further, the localizations of cell
polarity determinants PKCζ and Par3 were similar to one
another and dispersed from the apical edge of CKOmice reti-
nas (Fig. 4D). These findings indicated that the loss of EMC3
in the retina led to a change in retinal polarity. However, the
expression level of these proteins did not change in P0.5,
according to Western blotting results (Figs. 4E–H).

EMC3 Controls ATPase Activity-Related Proteins

Previous studies have shown that EMC3 was essential for the
correct insertion of several transmembrane proteins.16,19,26

Thus, we analyzed the effects of EMC3 on transmembrane
proteins at E17.5 and P7. Proteomic analysis of the CKO
mice retinas showed that membrane proteins accounted for
45.82% or 46.73% of the downregulated proteins at E17.5
or P7, respectively (Figs. 5A, 5B). Gene ontology analysis of
the downregulated proteins showed that they are involved
in ATPase activity, purine ribonucleoside triphosphate bind-
ing, and pyrophosphatase activity at E17.5 (Fig. 5C). The
downregulated proteins at P7 were related to cation trans-
membrane transporter activity, transmembrane transporter
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FIGURE 4. Cell polarity and cell junctions were disrupted in
CKO mouse retinas. (A–C) E15.5, E17.5, and P0.5 retinal sections
were immunostained with β-catenin A, N-cadherin B, and ZO-1
C antibodies (green). White arrows indicate the absence of OLM.
The white circle represents the dislocated expression on the inner
surface of the rosette. OLM, outer limit membrane. Scale bars: 50
μm. (D) Immunofluorescence indicated that PAR3 and PKCζ gath-
ered on the inner wall of the rosette cavity in P0.5 CKO mice. (E–H)
Western blots and quantitation were performed to detect β-catenin
E, N-cadherin F, ZO-1 G, and PKCζ H in P0.5 mice. The α-tubulin
was the normalized standard.

activity, and transporter activity (Fig. 5D). Whether at
E17.5 or P7, the significantly downregulated proteins were
ATPase activity-related and were responsible for ion trans-
port (Figs. 5E, 5F). These membrane pump proteins exhibit
some basic physiological cellular functions including cell
adhesion, polarity, and motility.35–38

Loss of EMC3 Caused the Unfolded Protein
Response

The unfolded protein response (UPR) occurs when unfolded
or misfolded proteins are abundant in the endoplasmic retic-
ulum.39,40 Three pathways were involved in the UPR, namely
inositol-requiring enzyme 1α (IRE1), activating transcription
factor 6 (ATF6), and protein kinase R-like endoplasmic retic-
ulum kinase (PERK). Immunofluorescence analysis showed
that the expression of pIRE1α increased in CKO mice reti-
nas from E15.5 to P0.5 (Fig. 6A). The expression of cleaved
ATF6 (50 kDa), and the active form of ATF6 in another

FIGURE 5. Proteomic analysis of E17.5 and P7 mouse retinas.
(A, B) Pie charts showing the proportion of membrane proteins
in E17.5 A and P7 B mice among the differential proteins based
on proteomic analysis. (C, D) GO enrichment graphs showed the
proportion of membrane proteins in E17.5 C and P7 D mice among
the differential proteins. The numbers to the right of the bars are
the ratio of the differential protein relative to the total protein in
the pathway, P < 0.01. (E, F) Heatmap of the differential proteins
involved in ATPase activity in E17.5 mice E and ATPase-coupled
transmembrane transporter activity in P7 mice F. Proteins were cate-
gorized by ToppGene and colored by fold changes. All proteins were
normalized by the average of control retinas. Details of the P values
and fold changes are available in Supplementary Tables S1 and S2.

UPR pathway also increased in the CKO mice retina at P0.5
(Fig. 6B). Our TUNEL assay data also showed that apoptotic
cells were increased in CKO mice retinas from E15.5 to P0.5
(Fig. 6C). This indicated that EMC3 deficiency caused the ERS
response in retinal cells and eventually led to apoptosis.

EMC3 Affects Retinal Neurogenesis

Because the loss of EMC3 could lead to serious retinal degen-
eration (see Fig. 2, Fig. 3), we sought to determine if it plays a
role in retinal neurogenesis. First, we detected changes in the
outer nuclear layer, which was the most seriously degener-
ated area. In P0.5 CKO mice retinas, the recoverin+ photore-
ceptor cells changed from being spindle-shaped and regu-
larly arranged at the apical regions of the retina to being
rounded and unaligned. Some were even located in the
middle of the retina, and the number of recoverin-positive
cells increased by about 30% (P < 0.05; Fig. 7A). Addi-
tionally, proteomic analysis showed that the expression of
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FIGURE 6. Deletion of EMC3 activates the ERS response and
apoptosis. (A) E15.5, E17.5, and P0.5 retinal cryostat sections were
immunostained with an antibody for pIRE1α (red). White arrows
indicate the cells with activated IRE1α. (B) Western blot and quan-
titation were performed to detect ATF6 (50 kDa). (C) TUNEL assay
(green) indicated apoptosis, which appeared in CKO mouse retinas
beginning at E15.5.White circles show that apoptotic cells appeared
in the center of the rosettes. Scale bars: 50 μm.

FIGURE 7. Loss of EMC3 affected the neurogenesis and posi-
tional changes of photoreceptor cells and horizontal cells. (A)
Recoverin-marked (green) photoreceptors in P0.5 mice. Photorecep-
tors appeared in the retinal apical region in control mice. DAPI
(blue) was used as a nuclear marker. The histogram on the right
represents the number of cells per field. RPE, retinal pigment epithe-
lium; NBL, neuroblastic layer; Scale bars: 50 μm. (B) Immunofluo-
rescence indicates that horizontal cells (Prox1+, green) were dislo-
cated in E15.5 and P0.5 CKO mice. Prox1+ cells are arranged close
to the dotted line in the control mice. (C) Ki67-marked (green) cells
(RPCs) in E15.5, E17.5, and P0.5 mice. Ki67+ cells disappeared in
the apical region of the P0.5 CKO mouse retina. (D) Immunofluores-
cence indicates that cells in mitosis (pH3+, green) were dislocated in
E15.5 and P0.5 CKO mice. (E) Heatmap of the differential proteins
involved in the regulation of neural differentiation in E17.5 mouse
retina.

Orthodenticle Homeobox 2 (OTX2) and cone-rod home-
obox protein (CRX), both important proteins in the regu-
lation of photoreceptor cell differentiation,41–43 increased in
CKO mice retinas (Fig. 7E). Horizontal cells are critical to
the formation of the lamina.44 Immunofluorescence showed
that the location of Prox1+ horizontal cells was mislocated
(Fig. 7B). Furthermore, the number of bipolar cells, Müller
cells, amacrine cells, and ganglion cells were shown in P7
CKO mice retinas (Supplementary Figs. S6–S8), but the cell
ratio in the retina did not change (Supplementary Fig. S9).

Early onset of apoptosis in the CKO mouse retina causes
severe retinal degeneration in the later stage of retinal devel-
opment,45 making it difficult to distinguish the individual
effects of neurogenesis. In addition, neural stem cells have
different proliferative characteristics and roles in different
developmental stages, which are also important for retinal
lamination.30,46 Therefore, we also studied the proliferative
process of RPCs using Ki67.47 Interestingly, Ki67+ cells in
the apical region of the retina, which is the main location
of mitotic RPCs,11 decreased in CKO mice retinas at P0.5
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(Fig. 7C). Next, staining of the mitotic marker phosphory-
lated histone H3 (pH 3)48 showed that the distribution of
mitotic progenitor cells was markedly scattered in the CKO
mouse retina (Fig. 7D).

DISCUSSION

Multiple studies have shown that EMC3 plays significant
roles in rhodopsin synthesis and photoreceptor cell survival
in Drosophila, zebrafish, and mice.19,25,26 However, the roles
of EMC3 in the retinal structure and neurogenesis during
mammalian retinal development are unclear. The present
study revealed several important findings regarding roles
of EMC3 in retinal development. First, EMC3 was continu-
ously expressed in various cells of the retina from embryo
to adult mice. Second, the retina-specific knockout of the
Emc3 gene caused retinal rosette degeneration with mislo-
calization of some cell junction and polarity proteins in the
early stages of mouse retinal development. Third, EMC3 may
affect the stability of transmembrane proteins, especially
ATPases. Furthermore, EMC3 is essential for the neuroge-
nesis of photoreceptor cells and the distribution of retinal
cells.

Our results show that the Emc3 gene is expressed in the
entire retinal layer throughout the development of mouse
retina, including at P7. Thus, EMC3 is expressed both in
RPCs and differentiated cells. These results are consistent
with the highly conserved nature and ubiquity of EMC3
expression.12,13 Our results are consistent with the single-
cell sequencing study published in 2019.31 However, reports
on the mature retina have found that the EMC3 is mainly
localized in the outer segment of photoreceptor cells.29 The
difference in findings may be due to the age of mice and the
detection methods.

The retina is an extremely ordered structure.46 We found
that the absence of EMC3 during retinal development caused
the formation of retinal rosettes, a typical pathological struc-
ture. This is the first time that structural lesions of tissues
caused by EMC3 have been found.Over time during develop-
ment, the retina became increasingly thinner, and most cells
disappeared. However, although EMC3 can affect rhodopsin
biosynthesis,26 Rho (rhodopsin gene) knockout in mice only
affects photoreceptor cell density and does not cause reti-
nal rosette degeneration.49 These data suggest that EMC3 is
essential for the correct structural development of the retina
and that EMC3 deletion affects more than rhodopsin synthe-
sis and photoreceptor cell survival.

The formation and maintenance of the retinal structure
require the participation of cell junction molecules, such as
β-catenin, N-cadherin, and ZO-1, and cell polarity molecules,
such as Par6 / Par3 / PKCζ . Our results showed that the
knockout of Emc3 in mouse retina resulted in the mislo-
calization of these cell junction and polarity molecules.
However, studies based on Western blotting in CKO mice
showed that the quantities of these proteins were close
to those in control mice, supporting previous studies on
the activity of EMC3 inserting enzymes.22 These data indi-
cate that the EMC3 affects retinal structural formation not
by affecting the biosynthesis of these adhesion and polar-
ity molecules, but by regulating the localization of these
molecules.

Furthermore, proteomic analysis of CKO mice reti-
nas revealed that transmembrane proteins were the
main type of downregulated proteins, and gene ontol-
ogy analysis enriched out ATPase activity-related proteins.

ATPase activity-related proteins are mainly membrane pump
proteins responsible for ion transport. These proteins play
important roles in regulating cell polarity,50–52 motility,
metabolism, growth, and apoptosis.38,53–56 For example,
Atp6v0c and Atp6v0a3 mutations and Atp6ap2 deletion lead
to retinal degeneration.35 ATP6AP2 interacts with Par3 and
contributes to laminar formation during retinal develop-
ment.51 Interestingly, our results also revealed that retinal
Emc3 knockout results in the same pathological pattern as
Atp6ap2 deletion, including a change in Par3 localization
without changes in protein expression. We speculated that
EMC3 regulates the stability of these ATPase proteins, lead-
ing to the disordering of the retinal structure.

EMC3 plays an important role in regulating protein
processing and folding, whereas protein misfolding tends
to cause UPR and ERS. We found that the expression
levels of several key ERS pathway proteins were elevated,
and the percentage of apoptotic cells also increased.
This indicates that EMC3 deficiency can activate the
ERS response of retinal cells and eventually lead to
apoptosis.

It is not clear if EMC3 regulates neurogenesis in the
retina. Here, we found that loss of retinal EMC3 led to
increased differentiation of photoreceptor cells. Proteomic
data also showed increased levels of OTX2 and CRX levels
in CKO mice retinas. Otx2 is a key regulatory gene for
cell fate determination of retinal photoreceptor cells, and
it transactivates the Crx gene, which is necessary for the
terminal differentiation and maintenance of photorecep-
tor cells.41–43 This suggests that deletion of retinal EMC3
can increase the neurogenesis of photoreceptors and affect
the localization of several retinal cells. However, our H&E
results also showed that the photoreceptor cell layer was
reduced in the CKO mice. This is consistent with a previ-
ous study revealing that EMC3 is essential for the survival
of photoreceptors.26 This reflects a balance between the
complex roles of EMC3 in cell differentiation and apopto-
sis, and this balance is different for different cells. Our data
showed that EMC3 loss also affects the localization of several
retinal cells, suggesting a wide range of functions in the
retina.

In conclusion, our findings revealed that EMC3 is essen-
tial in the development of mouse retina, and it not only
participates in retinal neurogenesis, but also regulates retinal
structure. EMC3 regulates retinal structure by maintaining
the polarity of RPCs and regulating ATPase-related proteins.
In addition, EMC3 can affect the neurogenesis of photore-
ceptors and the distribution of retinal cells. This study not
only fills a gap in our understanding of the development of
the mammalian retina but can also be used as a reference
for the study of retinoblastoma pathology.
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