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KEYWORDS Abstract The endoplasmic reticulum (ER) membrane protein complex (EMC) is responsible
ANO2; for monitoring the biogenesis and synthetic quality of membrane proteins with tail-anchored
Cilium; or multiple transmembrane domains. The EMC subunit EMC6 is one of the core members of
EMC6; EMC and forms an enclosed hydrophilic vestibule in cooperation with EMC3. Despite studies
ER membrane protein demonstrating that deletion of EMC3 led to rhodopsin mislocalization in rod photoreceptors
complex; of mice, the precise mechanism leading to the failure of rhodopsin trafficking remains unclear.
Mislocalization; Here, we generated the first rod photoreceptor-specific knockout of Emcé (RKO) and cone
Photoreceptor photoreceptor-specific knockout of Emcé6 (CKO) mouse models. Deficiency of Emcé in rod
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degeneration;
TMEM67

photoreceptors led to progressive shortening of outer segments (0S), impaired visual function,
mislocalization and reduced expression of rhodopsin, and increased gliosis in rod photorecep-

tors. In addition, CKO mice displayed the progressive death of cone photoreceptors and
abnormal localization of cone opsin protein. Subsequently, proteomics analysis of the RKO
mouse retina illustrated that several cilium-related proteins, particularly anoctamin-2
(ANO2) and transmembrane protein 67 (TMEM67), were significantly down-regulated prior to
OS degeneration. Detrimental rod photoreceptor cilia and mislocalized membrane disc pro-
teins were evident in RKO mice. Our data revealed that in addition to monitoring the synthesis
of rhodopsin-dominated membrane disc proteins, EMC6 also impacted rod photoreceptors’ ci-
liogenesis by regulating the synthesis of membrane proteins associated with cilia, contributing
to the mislocalization of membrane disc proteins.

© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co.,
Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.

org/licenses/by-nc-nd/4.0/).

Introduction

Gradual degeneration of photoreceptors is the major
characteristic of retinitis pigmentosa, which is a hetero-
geneous disorder, leading to severe visual impairment and
eventually to blindness.” ™ Mutants of rhodopsin, a protein
essential to rod photoreceptors, account for approximately
25% of autosomal dominant retinitis pigmentosa cases.® A
large majority of these mutations disrupt rhodopsin traf-
ficking from the endoplasmic reticulum (ER) to the plasma
membrane.® Defects in biosynthesis and trafficking of
rhodopsin cause failure to function and death of rod
photoreceptors.”"8

The outer segment (0S) of photoreceptors is mainly
involved in phototransduction, yet all protein syntheses in
the photoreceptors occur in the inner segment (IS). Thus,
protein transport from IS to OS is particularly important for
the survival and function of photoreceptor cells.”'° The 0S
of rod and cone photoreceptors was generally regarded as a
highly modified and specialized primary cilium. The IS and
OS of photoreceptors were connected by connecting cilia
(CC), which are homologous to the transition zone (TZ) of
the primary cilium. As a structure composed of microtu-
bules, the CC consists of an axoneme with nine doublet
microtubules nucleated by a triplet microtubule basal body
(BB). The CC acts as a conduit for transporting photopig-
ment molecules, phototransduction proteins, and disc
phospholipids from the IS to the OS in photoreceptors."" In
the presence of ciliary dysfunction, specific proteins
necessary for the development and maintenance of the
photoreceptor OS are disrupted, resulting in photorecep-
tors’ degeneration.

The ER membrane protein complex (EMC), as a
conserved complex in membrane protein biogenesis, was
originally discovered in yeast, with six subunits
(EMC1—EMC6)."” Ten subunits of EMC (EMC1—EMC10) were
subsequently identified in mammals. EMC was initially
demonstrated to be a transmembrane domain insertion
enzyme for tail-anchored membrane proteins and multi-
pass membrane proteins by functional investigations of
knockout strains in vivo and recombinant liposomes in
vitro.">' The largest subunit EMC1 plays roles in the
transport of polyomavirus SV40, the entry of ER Ca**, and

the development of congenital neural crest in Xen-
opus.” " Variants in EMC1 were associated with retinal
diseases.®'” More recently, other mutations in EMC1 were
reported to be associated with autism disorder, global
developmental delay, and visual impairment.?®?" Emc3 is
essential for the biogenesis and homeostasis of rhodopsin, a
multi-pass G protein-coupled receptor (GPCR) membrane
protein in rod photoreceptor cells.?”"** However, whether
other subunits of the EMC play similar roles remains
unknown.

EMC6, also named transmembrane protein 93, is an
indispensable subunit of EMC.?* Initially, EMC6 was discov-
ered to be involved in the synthesis of ionotropic acetyl-
choline and y-Aminobutyric acid type A (GABAA) receptors
in Caenorhabditis elegans.””> Subsequently, EMC6 was
discovered to be a novel positive cellular autophagy regu-
lator.?® Recently, EMC6é was revealed to induce apoptosis
and inflammatory damage in glandular follicle cells by
proteomic analysis in the progression of pancreatitis.?’
Nevertheless, the function of EMC6 in the retinal photore-
ceptor cells is still poorly understood.

In this study, we generated rod and cone-specific Emcé
knockout models to assess the roles of Emcé in the retinal
photoreceptor cells. Deletion of Emcé in rod cells resulted
in early-onset retinal degeneration and mislocalization of
rhodopsin and other membrane disc proteins. Our data
highlight the essential role of EMC6 in the synthesis and
transport of rhodopsin in retinal photoreceptors.

Materials and methods
Mice and genotyping

All experimental protocols for animal studies were
approved by the Animal Care and Use Committee of Sichuan
Provincial People’s Hospital and were performed according
to the ARVO Statement for the Use of Animals in
Ophthalmic and Vision Research. All animals were housed in
a specific pathogen-free barrier facility with a 12-h light/
12-h dark cycle.

Emcé floxed mice (Emc6™"™/"* named Emc6c™"*2hv)
were engineered on the C57BL/6J genetic background using
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the CRISPR/Cas9 system. The first loxP site was inserted in
intron 2, while the second loxP site was inserted in intron 3,
673bp downstream of the first loxP site. To generate rod
cell-specific and cone cell-specific Emcé knockout mice,
homozygous (Emc6™"/1°*) mice were mated to Rhodopsin-
iCre (Rod—Cre) and Cone—Cre mice to yield heterozygous
progeny.”® The heterozygous progenies were mated to
Emc6™/"* mice to obtain Emc6"®/"°*; Rod—Cre mice
(designated RKO mice) (Fig. S1A) and Emc6™o*/7ox,
Cone—Cre mice (designated CKO mice) (Fig. S1B). Emc6™°/
floX mice, designated as wild-type (WT) mice, were used as
the control group in the follow-up experiment.

Genomic DNA templates obtained from mouse tails were
used to genotype mice by polymerase chain reaction (PCR)
with the corresponding primers (Table S1). The PCR protocol
for Emcé floxed mice consisted of 95 °C for 5 min, followed by
35cyclesof 95°Cfor30s, 60°C for30s, and 72 °C for 30, and
1 cycle of 72 °C for 5 min. For Rod-Cre mice, the first cycle
consisted of 94 °C for 3 min, followed by 35 cycles of 95 °C for
30s,60°Cfor30s,and72°Cfor45s, and 1 cycle of 72 °C for
5 min. For Cone-Cre mice, the first cycle consisted of 95 °C for
5 min, followed by 35 cycles of 95 °C for 15 s, 60 °C for 155,
and 72 °C for 20 s, and 1 cycle of 72 °C for 5 min.

Reverse transcription quantitative real-time PCR
(RT-qPCR)

Total RNA was extracted as described previously. Total RNA
was reverse transcribed into cDNA using a reverse tran-
scription kit (Ambion, Austin, TX, USA, 18090010). Quanti-
tative real-time PCR was performed using an SYBR Green kit
(Bio-Rad Laboratories, USA, KK4607), and transcript levels
were normalized to GAPDH. The corresponding primers
used for RT-qPCR were listed in Table S1.

Histological staining and measurement of the outer
nuclear layer (ONL)

For hematoxylin and eosin staining (H&E), enucleated eyes
from 30-, 50-, and 120-day-old mice were rinsed in PBS, fixed
overnight in buffer containing 1.22% glutaraldehyde and 0.8%
paraformaldehyde. Eyes were embedded in paraffin in the
same direction to ensure the same eccentricity of the sec-
tions. Eyes were cut into 8-um-thick sections. Sections
showing the central location of the optic nerve were then
taken for H&E staining. The thickness of ONL was measured
every 400 um from the optic nerve. The thickness of ONL from
3 WT to 3 RKO mice was counted separately.

Electroretinogram (ERG) recording

50-day-old WT and RKO mice were dark-adapted for 6 h,
and all follow-up experiments were conducted in a dark
environment. Mice were anesthetized with saline contain-
ing ketamine and xylazine. Pupils were then dilated with 1%
tropicamide. The scotopic ERG responses were recorded
and analyzed simultaneously from both eyes using an in-
strument set of Roland electroretinogram recorder and
Ganzfeld Q450 stimulator (Roland Consult, Heidelberger,
Germany). Dark-adapted ERGs were recorded with in-
tensities ranging from 0.01 to 10 cd-s/m?.

Transmission electron microscopy (TEM)

Fresh retinal tissues were prefixed with a 3% glutaraldehyde
and 1% osmium tetroxide. The retinal tissues were dehy-
drated in a series of acetone. Then they were infiltrated in
Epon 812 for 1 h and then embedded in fresh Epon 812
solution for 10 h. Semithin sections were optically posi-
tioned with methylene blue staining and cut with a dia-
mond knife to yield 60—70 nm ultrathin sections, which
were stained with uranyl acetate for 45 min and lead cit-
rate for 5 min. TEM images were acquired on a JEM-1400-
Flash machine.

Western blotting

Mouse retinal tissues were harvested and lysed in standard
RIPA lysis buffer (Beyotime Biotechnology, Beijing, China)
containing ethylenediaminetetraacetic acid (EDTA)-free
protease inhibitor cocktail (TransGen, Beijing, China),
sonicated five times for 3 s and centrifuged at 10,000 g for
10 min at low temperature. Equal amounts of protein were
loaded onto SDS-polyacrylamide gel (10% or 12.5%), then
separated by electrophoresis and transferred to nitrocel-
lulose (NC) membranes. Skim milk powder dissolved in a
buffer containing 0.1% Tween 20 (TBST) to produce an 8%
blocking solution. The NC membranes were blocked with an
8% blocking solution for 1—2 h and then incubated with
primary antibodies overnight. The primary antibodies used
were shown in Table S2. The NC membranes were washed
with TBST and incubated with secondary antibodies for
1—2 h. Protein signals were detected using a SuperSignal
West Pico Chemiluminescent Substrate (Thermo Fisher
Scientific). The relative density of the protein was calcu-
lated by ImageJ software.

Immunohistochemistry

For immunohistochemistry, eyes from 30-, 50-, and 120-
day-old mice were enucleated and an incision was made in
the center of the cornea. Eyes were fixed in 4% para-
formaldehyde (PFA) in 100 mM phosphate buffer (PBS) for
2 h and dehydrated in 30% sucrose for 2 h. After the lens
were removed, the eyes were immersed in OCT and
immediately frozen at —80 °C for sectioning. The frozen
eyes were cut into 10-um-thick sections, then blocked and
permeabilized with 10% normal bovine serum and 0.2%
Triton X-100 for 2 h. The slides were incubated overnight
with various primary antibodies which were shown in Table
S2. Subsequently, the sections were stained with secondary
antibodies (Life Technologies, USA), Peanut Agglutinin
(PNA) (RL-1072-5, Vector Laboratories, USA), and DAPI for
2 h. TUNEL staining was performed using the In Situ Cell
Death Detection Kit (Roche, Redwood City, CA, USA) ac-
cording to the standard protocol. Fluorescence images
were captured by LSM 800 confocal laser scanning micro-
scope (LSM800, Carl Zeiss, Germany).

Proteomic analysis

Proteomic analysis was performed on three independent
biological replicates from WT and RKO retinas at 4 weeks of
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Figure 1  Generation of rod photoreceptor-specific Emcé-deleted mice. (A) RT-gPCR analysis revealed the expression of Emcé

was decreased to 62% in RKO retinas. n = 6 for both WT and RKO. (B, C) Western blotting analysis of EMC6 and EMC3 protein
expression in retinas of WT and RKO mice. GAPDH was used as an endogenous control. Relative protein band density was calculated
by ImageJ. n = 6 for both WT and RKO. (D) Immunohistochemistry staining of retinas was labeled with EMC6 antibody (green) and
NaK ATPase antibody (red). Cell nuclei were counterstained with DAPI (blue). Scale bars = 20 um. Data were expressed as
mean + SEM. Significance was calculated by a two-tailed Student’s t-test. ***P < 0.001.

age. Retinas from each animal were harvested and imme-
diately frozen. The samples were sent to JingJie Corpora-
tion (Hangzhou, Zhejiang, China) for LC-MS/MS Analysis.
Differential protein expression screening was performed
using a change in differential expression of more than 1.2 as
the threshold for significant up-regulation and less than 1/
1.2 as the threshold for significant down-regulation, with a
P value less than 0.05.

Statistical analysis

Statistical significance was determined by a paired or un-
paired Student’s t-test with the GraphPad Prismé Software.
Quantitative data are shown as the mean =+ standard error

of the mean (SEM). P values < 0.05 were considered sta-
tistically significant.

Results

Generation of Emcé conditional knockout mice

Previous studies have reported severe photoreceptor cell
death in emc6"'® mutant flies and rhodopsin

mislocalization in rod photoreceptors of EMC3-deficient
mice.?? To investigate the function of Emcé in mammalian
photoreceptor cells and the detailed mechanism that
affected the localization of rhodopsin, we generated RKO
mice by crossing Emcé floxed mice with Rod-Cre mice
(Fig. S1A). In addition, an Emcé cone knockout line was
constructed using Cone-Cre mice (named CKO mice)
(Fig. S1B). The genotypes of the offspring were deter-
mined by PCR (Fig. S1C, D).

We validated the knockdown efficiency of Emcé in rod
cells of RKO mice. We harvested mRNA from the retinas of
RKO mice and detected reduced expression of Emcé at the
RNA level (Fig. 1A). Retinal protein extract of RKO mice
was examined by western blotting analysis (Fig. 1B). The
expression level of EMC6 was reduced to 63% in RKO mice
compared with WT mice (Fig. 1B, C). In addition, we also
detected reduced protein expression levels of EMC3,
another EMC complex member, in RKO mice (Fig. 1B, C).
This was in accordance with previous reports that almost
all EMC subunits were lost in EMC6 knockdown.?® Immu-
nohistochemistry staining further confirmed that EMC6 was
only present in cone photoreceptors in RKO mice (Fig. 1D).
Detailed information on the study design is listed in Figure
S2.
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Figure 2  Progressive degeneration and impaired function in Emcé RKO mice. (A—C) Paraffin sections of the WT and RKO mouse
retinas at the age of 30, 50, and 120 days were stained with H&E. Scale bars were 500 um (upper panels) and 40 um (lower panels).
(D—F) Quantitative assessment of the ONL thickness in WT and RKO mouse retinas. n = 6 for both WT and RKO. (G, H) Repre-
sentative ERG traces of WT and RKO mouse retinas at the age of 50 days under scotopic conditions at flash intensities of 3.0 and
10.0 cd-s/m%. n = 6 for both WT and RKO. (1) Statistical analysis of the a-waves and b-waves amplitudes under flash intensities of
3.0 and 10.0 cd-s/m?. (J) Transmission electron micrograph analysis of rod photoreceptors 0S in WT and RKO mice at the age of 30
days. Red arrows represent the disorganized membrane disc of rod photoreceptors. Scale bars = 5 um. Data were expressed as
mean =+ SEM. Significance was calculated by a two-tailed Student’s t-test. *P < 0.05, **P < 0.01, ***P < 0.001; ns, not significant.
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Mislocalization and reduced expression of rhodopsin protein in Emcé RKO retinas. (A) Immunohistochemistry staining

analysis of WT and RKO mouse retinas at the age of 30 days. OS were labeled with Rhodopsin antibody (green) and IS were labeled
with NaK ATPase antibody (red). Cell nuclei were counterstained with DAPI (blue). White arrows represent mislocalized Rhodopsin.
Scale bars = 20 um. (B, C) Western blotting analysis of rhodopsin protein expression in retinas of WT and RKO mice. GAPDH was
used as an endogenous control. Relative protein band density was calculated by ImageJ. n = 6 for both WT and RKO. Data were
expressed as mean + SEM. Significance was calculated by a two-tailed Student’s t-test. ***P < 0.001.

Emcé is critical to rod photoreceptors’ survival and
retinal function

To assess the retina’s phenotype caused by Emcé deletion,
H&E staining of retina sections was performed on postnatal
days 30, 50, and 120 (P30, P50, and P120). Quantitative
analysis of the ONL thickness in WT and RKO retinas at P30
revealed that the ONL in the peripheral area in the WT mice
began to become thinner compared with RKO mice (Fig. 2A,
D). At P50, the ONL thickness of RKO mice was reduced by
approximately 40% of WT mice (Fig. 2B, E). At P120, the

ONL was reduced to 3—4 cells per row in RKO mice
compared with 10—11 cells per row in WT mice and only
30% of ONL remained in RKO mice compared to WT mice
(Fig. 2C, F).

We further utilized scotopic ERG to evaluate the retinal
function at P50. In the scotopic 3.0 and 10.0 response tests,
both a-wave and b-wave amplitudes were significantly
lower in RKO mice (Fig. 2G, H). The mean amplitudes of
both a-wave and b-wave in RKO mice were reduced by
approximately 60% (Fig. 2l), indicating impaired rod
photoreceptor cell function. Compared with WT mice, the
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Figure 4 Astrogliosis and apoptotic cell death occur in the retina of Emcé6 RKO mice. (A) WT and RKO mouse retinas were
immunostained with GFAP antibody (green) and counter-stained with DAPI (blue). Scale bars = 20 um. (B, C) Western blotting
analysis of GFAP protein expression in retinas of WT and RKO mice at the age of 30 days. GAPDH was used as an endogenous control.
Relative protein band density was calculated by ImageJ. n = 6 for both WT and RKO. (D, E) TUNEL assays in 30 days old WT and RKO
mice. White arrows represent TUNEL-positive cells. Scale bars = 50 um. n = 7 for both WT and RKO. Data were expressed as
mean + SEM. Significance was calculated by a two-tailed Student’s t-test. **P < 0.01, ***P < 0.001.

0OS of RKO was significantly shortened and partially disor-
ganized, as revealed by TEM analysis (Fig. 2J).

Mislocalization and gradual reduction of rhodopsin
in RKO mice

Rhodopsin, as a major component of the OS of photore-
ceptors, is essential for normal visual function.*®*' To
assess the consequences of Emcé knockout in mammals on
the synthesis and transport of rhodopsin, we perform im-
munostaining on retinal cryosections from WT and RKO
mice. Mislocalized rhodopsin protein was observed in P30
RKO mice, in parallel with the shortening of photoreceptor
0OS (Fig. 3A). We further verified rhodopsin protein
expression by immunoblotting and revealed that rhodopsin
protein expression was reduced by approximately 35% in
RKO mice compared to WT mice (Fig. 3B, C). In addition, we
examined the retinas of P21 mice and did not find short-
ened OS and mislocalization of rhodopsin in RKO mice
(Fig. S3A). Immunostaining of retinal cryosections from
older mice revealed that rhodopsin protein was barely
expressed due to severe degeneration of the photoreceptor
0OS in P50 and P120 RKO mice (Fig. S3B, C). These results
indicated that deletion of Emcé caused mislocalization of

rhodopsin protein and progressive degeneration of photo-
receptor OS.

Increased gliosis and apoptosis in RKO mice

Mislocalized rhodopsin protein has been shown cytotoxic
and triggers apoptotic cell death.*** We further explored
the apoptosis in the retinas of P30 RKO mice. Astrocytes as
normally neuroprotective were activated and characterized
by reactive astrogliosis in pathological conditions.>*3
Reactive astrogliosis is a common symptom of retinal
damage, so we stained retinal cryosections with glial
fibrillary acidic protein (GFAP) antibody, which could
reflect astrogliosis. In the retinas of WT mice, the fluores-
cent signal of GFAP was observed only in the ganglion cell
layer (Fig. 4A). In contrast, in addition to the ganglion cell
layer, the fluorescent signal of GFAP was also evident in the
ONL, outer plexiform layer, inner nuclear layer, and the
inner plexiform layer of the retinas in RKO mice (Fig. 4A).
Further immunoblotting experiment confirmed an approxi-
mately 1.6-fold increase in GFAP expression in the retinas
of RKO mice (Fig. 4B, C), indicating indeed pathological
damage in RKO mice. TUNEL assay revealed apoptosis in the
retinas of P30 RKO mice (Fig. 4D, E). TUNEL-labeled nuclei
were mostly positioned in the ONL layer, indicating that



1042

K. Sun et al.

photoreceptor cells of RKO mice were undergoing apoptosis
(Fig. 4D).

Depletion of Emcé results in cone photoreceptor
defects in CKO mice

With the constructed CKO mice we analyzed the effect of
EMCé6 deficiency on cone cells playing a key role in color
recognition. To examine the pathological changes of cones
in CKO mice, retinas from P60 mice were coimmunostained
with an L/M-opsin antibody and Alexa Fluor-594-conjugated
PNA (which marks the cone matrix sheaths associated with
all three types of cones). Immunostaining of retinal cry-
osections revealed reduced cone cells (Fig. 5A). Next, we
quantified the number of cones in the dorsal retina of WT
and CKO mice by immunostaining of whole-mount retina. As
expected, a drastic reduction in the number of cone cells
was observed in the CKO retina, consistent with the
immunolabeling results of retinal cryosections (Fig. 5B, C).
In addition, examination of higher-magnification images
with retina cross-sections discovered numerous cells with
mislocalized L/M-opsin (Fig. 5B, D). A similar pattern of
rhodopsin mislocalization observed in RKO mice was
considered, and we believe that a deficiency in protein
transport to the OS caused by EMC6 deletion underlies the
degeneration of retinal photoreceptors.

A DAPI PNA

Figure 5

Emcé deficiency impaired rod photoreceptor cilia

In order to investigate the molecular mechanisms leading to
the mislocalization of rhodopsin protein, we conducted a
proteomics analysis of retinas in 4-week-old RKO mice and
littermate controls. Proteomics data analysis identified 49
proteins down-regulated and 46 proteins up-regulated
(Fig. 6A). A large number of proteins related to ciliary
development or maturation were down-regulated in RKO
retinas (Fig. 6B). Multi-transmembrane proteins of partic-
ularly anoctamin-2 (ANO2) and transmembrane protein 67
(TMEM67) were discovered to be significantly down-regu-
lated as illustrated in the volcano plot (Fig. 6C). ANO2
acted as a calcium-activated chloride channel and medi-
ated signal amplification in olfactory sensory cilia.>®*” A
previous study reported that chloride transport by ANO1
was required for the genesis or maintenance of primary
cilia.®® TMEM67 (also named MKS3) is mainly localized to
the TZ of primary cilia and membranes covering the
axoneme of the primary cilia.>**° TMEM67, an essential
component of ciliogenesis, is involved in the migration of
centrosomes to the apical cell surface during early cilio-
genesis. In the retina, TMEM67 has been reported to be
critical for the maturation and maintenance of OS and
transport of phototransduction molecules.'~* Down-
regulation of ANO2 and TMEMé67 protein expression levels
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EMC6 depletion in cone cells leads to cone photoreceptor defects. (A) Retinal cryosections from P60 mice were labeled

with the cone markers PNA and L/M-opsin. DAPI was used to counterstain the nuclei. Scale bars = 20 um. (B) Immunostaining of
flat-mount retinas from P60 control and CKO mice for L/M-opsin and PNA markers revealed cone cell reduction in CKO retinas. Scale
bars = 50 um. White arrowheads indicate mislocalized L/M-opsin in the cone cells. (C) The number of L/M-opsin-marked cones per
field in the three sectors of WT and CKO retinas (n = 6). (D) The number of L/M-opsin-mislocalized cones per field in the three
sectors of WT and CKO retinas (n = 6). Data were expressed as mean + SEM. Significance was calculated by a two-tailed Student’s

t-test. ***P < 0.001.
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Figure 6

EMCé6 was intimately interrelated with cilium-related proteins. (A) Statistical graphics of differentially expressed

proteins in the RKO mouse retinas compared with WT. (B) The heatmap of the expression fold changes of several cilium-related
proteins in RKO mouse retinas compared with WT as determined by proteomics analysis. (C) The volcano plot of differentially
expressed proteins in the RKO mouse retinas compared with WT. Proteins of ANO2 and TMEM67 were displayed. (D, E) Western
blotting analysis of ANO2 and TMEM67 protein expression in retinas of WT and RKO mice at the age of 28 days. GAPDH was used as an
endogenous control. Relative protein band density was calculated by ImageJ. n = 6 for both WT and RKO. Data were expressed as
mean =+ SEM. Significance was calculated by a two-tailed Student’s t-test. **P < 0.01, ***P < 0.001.

was confirmed by immunoblotting in RKO mice (Fig. 6D, E).
However, the RT-gPCR results showed that the mRNA
expression of cilium-related proteins was not significantly
reduced (Fig. S4). This indicated that the loss of EMC6 does
not affect the transcription of cilium-related genes.
Immunostained retinal cryosections show that ANO2 is
mainly localized to the outer plexiform layer and IS, while
TMEMé7 is localized to IS in the murine retina (Fig. S5A, B).
Previous research had indicated that ANO2 was localized on
the cilia of olfactory sensory neurons in mice.>® We further
discovered by high magnification photos that ANO2 was
localized in a broad area of the photoreceptor cilium,
including the BB and CC, which is unprecedented (Fig. 7A).
TMEM67 was also expressed in CC (Fig. 7B).
Immunostaining of the rod photoreceptor cilium with
acetylated o-tubulin which was a characterized marker of
ciliary axoneme“* and y-tubulin revealed that both the length
and the number of rod photoreceptor cilia decreased in RKO
mice (Fig. 7C, E, F). Immunostaining for centrin, a marker of
the TZ of cilium,*® demonstrated that the rod photoreceptor
cilia were also defective (Fig. 7D, G, H). To further confirm
these results, we explored the photoreceptor longitudinal
sections with TEM. Consistent with the immunostaining data,
TEM indicated that the CC length of RKO mice became
significantly shorter compared with WT mice (Fig. 71). How-
ever, the "9 + 0” microtubule structure of rod photoreceptor

cilium did not appear abnormal (Fig. S6). Taken together,
these data suggest that loss of Emcé led to reduced levels of
cilium-associated proteins and defective cilia.

The transport of membrane disc proteins was
impaired in RKO mice

We subsequently investigated a variety of OS membrane pro-
teins involved in the phototransduction process. In RKO mice,
mislocalized GNAT1 and GNB1 were observed in IS (Fig. 8A, B),
and the expression level of GNAT1 was reduced while no
obvious change in GNB1 expression was observed in RKO mice
(Fig. 8E, F). Immunostaining of phosphodiesterase 6B (PDE6B)
and phosphodiesterase 6G (PDE6G) demonstrated that the
transport of PDE from IS to OS is compromised in RKO mice
(Fig. 8C, D). The expression of PDE6B was significantly reduced
in RKO mice (Fig. 8E, F). These data implicated that defective
cilia led to the mislocalization of membrane disc proteins in
the absence of EMC6.

ANO2 and TMEM67 expression was reduced prior to
OS degeneration in RKO mice

To further examine the role of ANO2 and TMEM67 in the
retinal degeneration process of RKO mice, we extracted
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Figure 7 Rod photoreceptor cilia were abnormal in Emc6 RKO mice. (A, B) Retinal cryosections were labeled with ANO2 antibody

(A) (green), TMEM67 antibody (B) (green), and Ace-a-tubulin antibody (red). Cell nuclei were counterstained with DAPI (blue).
Scale bars = 10 um. (C, E, F) Immunohistochemistry images (C) and quantification of the length (E) and number (F) of cilia in rod
photoreceptors from WT and RKO mice. Retinal cryosections were stained with y-tubulin antibody (green) and Ace-«-tubulin
antibody (red). Cell nuclei were counterstained with DAPI (blue). Scale bars = 10 um. (D, G, H) Immunohistochemistry images (D)
and quantification of the TZ length (G) and number (H) of cilia in rod photoreceptors from WT and RKO mice. Retinal cryosections
were stained with Cep164 antibody (green) and Centrin antibody (red). Cell nuclei were counterstained with DAPI (blue). Scale
bars = 10 um. (I) TEM images of the longitudinal sections of rod photoreceptor cilium in WT and RKO mice. Scale bars = 500 nm.
Data were expressed as mean + SEM. Significance was calculated by a two-tailed Student’s t-test. ***P < 0.001.

total retinal proteins from P21 WT and RKO mice. The re-
sults showed that ANO2 and TMEM67 were reduced by 67%
and 58%, respectively (Fig. 9A, B), which is generally
consistent with the results of P30 mice (Fig. 6D, E). Previous
immunostaining results showed no shortening of OS and no
mislocalization of rhodopsin in P21 RKO mice (Fig. S3A).
Rhodopsin expression in the retinas of P21 RKO mice was
not significantly decreased (Fig. 9A, B), unlike the retinas of
P30 RKO mice in which rhodopsin was significantly reduced
(Fig. 3B, C). In addition, the expression of the photo-
transduction proteins GNAT1, GNB1, PDE6B, and PDE6G did
not display any variation in P21 RKO mice (Fig. 9A, B). There
was also a significant decrease in ANO2 and TMEM67 by
immunostaining study in P21 RKO mice (Fig. 9C, D). Further
research found that the rod photoreceptor cilia began to

shorten, but the number did not change significantly
(Fig. 9E—G). In short, these results demonstrated that the
expression changes of ANO2 and TMEM67 precede OS
degeneration. Therefore, the essential reason for the mis-
localization of rhodopsin and phototransduction proteins is
most likely to be a result of reduced expression of ANO2 and
TMEMé67, leading to abnormal rod photoreceptor cilia and
blocking the normal transport of proteins from the IS to OS.

Discussion

In the present study, we investigated the roles of EMC6 in
the retina by generating rod-specific Emcé conditional
knockout (RKO) mice, in which EMC6 was specifically
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Figure 8 Mislocalization of membrane disc proteins in Emc6 RKO mice. (A—D) Retinal cryosections were labeled with NaK ATPase
antibody (red) located in IS. GNAT1 (A), GNB1 (B), PDE6B (C), and PDE6G (D) antibodies were used to stain retinal cryosections,
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used as an endogenous control. Relative protein band density was calculated by ImageJ. n = 6 for both WT and RKO. Data were
expressed as mean + SEM. Significance was calculated by a two-tailed Student’s t-test. *P < 0.05, **P < 0.01, ***P < 0.001; ns, not

significant.

deleted from the rod photoreceptor cells. RKO mice dis-
played early onset retinal degeneration with retinal func-
tional impairment and progressive death of photoreceptor
cells. This phenotype is due to the mislocalization of
rhodopsin and some other membrane disc proteins, sug-
gesting that EMC6 plays a critical role in the transport of
membrane disc proteins in photoreceptor cells. In addition,
deficiency of Emcé leads to down-regulation of cilium-
related protein ANO2 and TMEM67 expression, blockage of
cilium development, subsequently disruption of membrane
disc protein transport, and ultimately photoreceptor cell
degeneration. In conclusion, our data demonstrate that
EMC6 plays a pivotal function in the synthesis and transport
of rhodopsin and other membrane disc proteins.

EMC is critical in the insertion of membrane proteins into
the lipid bilayer of ER.'>~'* Several studies indicated that
different EMC subunits have distinct functions.'>?>72%% |n
a genome-wide genetic screen of Caenorhabditis elegans
mutants, Richard et al isolated EMC6 and found that EMC6 is
essential for acetylcholine receptor synthesis.?® By the cell-

based functional screening platform, a novel gene (Emcé)
associated with cell autophagy was identified.?* EMC1 plays
an essential role in the SV40 ER to cytoplasmic lysosomal
membrane transport, which prevents premature break-
down of envelope-free viruses.'> Emc10 was identified as a
vascular growth factor by a bioinformatic secretome anal-
ysis in bone marrow cells.*® These studies indicated that
each subunit of EMC may have distinct functions. Further-
more, EMC6 is localized in the ER. However, when EMC5 is
absent, EMC6 is concentrated in intracellular vesicles.?
This implies that EMC6 may perform independent functions
outside the ER, which is also consistent with studies linking
EMC6 to acetylcholine receptor synthesis and autophagy.
Only three subunits of EMC (EMC3, EMC5, and EMC6) were
enriched by genome-wide screening of Drosophila mutants
with reduced rhodopsin expression.?? This is probably
because EMC3, EMC5, and EMC6 are at the core of the
three-dimensional structure of the EMC.*"*® As a result of
the close spatial association between EMC3 and EMC6,
EMC3 expression is reduced in the retinas of Emc6 RKO mice
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Figure 9 ANO2 and TMEM67 protein expression decreased in P21 EMC6 RKO mice. (A, B) Western blotting analysis of ANO2,

TMEM67, Rhodopsin, GNAT1, GNB1, PDE6B, and PDE6G protein expression in retinas of WT and RKO mice. GAPDH was used as an
endogenous control. Relative protein band density was calculated by ImageJ. n = 6 for both WT and RKO. (C, D) Retinal cry-
osections were labeled with ANO2 antibody (C) (green), TMEM67 antibody (D) (green), and Ace-a-tubulin antibody (red). Cell nuclei
were counterstained with DAPI (blue). Scale bars = 10 um. (E—G) Immunohistochemistry images (E) and quantification of the
length (F) and number (G) of cilia in rod photoreceptors from WT and RKO mice. Retinal cryosections were stained with Cep164
antibody (green) and Ace-a-tubulin antibody (red). Cell nuclei were counterstained with DAPI (blue). Scale bars = 10 um. Data

were expressed as mean + SEM. Significance was calculated by a two-tailed Student’s t-test. **P < 0.01.

(Fig. 1B, C). No visible defects were observed in Drosophila
mutants with emc7 and emc10 deletion, which suggested
that these two subunits were not essential for the function
of other subunits.??

Emcé deficiency resulted in diminished expression levels
of cilia-associated proteins ANO2 and TMEMé67. This is
attributed to the fact that both ANO2 and TMEMé67 are
multi-transmembrane proteins, and the absence of EMC6
prevented ANO2 and TMEM67 from forming a TMD structural
domain, resulting in the inability to enter the ER for further
processing and the eventual degradation of immature ANO2
and TMEM67. More recently, a proteomic analysis using EMC
KD cells identified a series of potential EMC client proteins,

including ANO6 (TMEM16F) and ANO10 (TMEM16K).“%>* This
supported the notion that ANO2 serves as a client protein
for EMC. In olfactory signal transduction, ANO2 was recog-
nized as an essential chloride channel in olfactory sensory
neurons cilia.>” lon channels were abundant in the retinas
and played vital roles in the signal transmission process.
There were two main types of ion channels in rod photo-
receptors, including ion channels located at synaptic ter-
minals and cyclic nucleotide-gated ion channels located at
0OS. Mutations in several ion channels were reported to be
associated with autosomal recessive retinitis
pigmentosa.’’ > We identified for the first time that the
chloride channel protein ANO2, which was regulated by
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calcium ions, was expressed in rod photoreceptor cilia
(Fig. 7A), and rod photoreceptor cilia were severely
damaged in Emc6é RKO mice (Fig. 7C—H). Previously, it had
been demonstrated that ANO1 was crucial for primary
cilia.*® Consequently, severe impairment of rod photore-
ceptor cilia in RKO mice may be partly caused by the
blockage of ANO2-mediated chloride transport in rod
photoreceptor cilia. TMEM67 has been proven to be
expressed in rod photoreceptor cilia and to be involved in
molecular and protein transport.“?** Decreased expression
of TMEM67, an important component of cilia, impairs rod
photoreceptor cilium formation and maintenance, resulting
in impaired molecular and protein transport from IS to OS.

The OS of rod photoreceptors was generally regarded as
a highly modified and specialized primary cilium.’®*” The
structure of the rod photoreceptor cilium consisted of an
axoneme of nine triplet microtubule doublets extending
from the BB.® Due to the high-level protein requirement of
0S, the transport along the cilium was crucial for the sur-
vival and function of photoreceptors.® '° Deficiency of Emc6
resulted in disruption of cilia, which significantly decreased
the efficiency of protein transport along the cilium and
accumulation of various disc membrane proteins in the IS
(Fig. 8). Failure to comply with the protein requirements of
OS caused progressive degeneration and loss of function of
rod photoreceptor cells.

During phototransduction, activated rhodopsin initiate
transducin (GNAT1 and GNB1 in rod photoreceptors) that
convert GoBy-GDP to Ga-GTP.””? Due to the relatively low
level of GNB1 as transducin in rod photoreceptors (mainly
GNAT1), we failed to detect significant changes in GNB1
protein expression (Fig. 8E, F). PDE is a tetrameric protein
composed of two equally active catalytic subunits (o and B)
and two identical y subunits.®"%? Under the light, Ga-GTP
replaces PDE6G and binds to PDE«f, catalyzing cGMP hy-
drolysis. We analyzed two factors regarding the high
expression of PDE6G which was detected in RKO mice
(Fig. 8E, F). It is because PDE is anchored to the membrane
disc through the C-terminus of the two catalytic sub-
units,®>%* so PDE6G does not bind directly to the membrane
disc and is not affected by the functional defect of EMC. On
the other hand, because of blocked phototransduction
activation in RKO mice, activated photoreceptors need to
be restored to an inactivated state more rapidly. The rate-
limiting step is PDE deactivation, a process that requires
more PDE6G to enhance the GAP activity of transducin,
facilitating the conversion of Ga-GTP to Gafy-GDP and
deactivating PDE.%>:¢

In conclusion, our study on the role of Emcé in the retina
revealed that loss of Emcé led to early-onset retinal
degeneration and mislocalization of rhodopsin and other
membrane disc proteins. These data highlight the impor-
tant roles of EMC6 in the synthesis and transport of
rhodopsin in retinal photoreceptors.
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