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Abstract
Cone photoreceptors are responsible for the visual acuity and color vision of the 
human eye. Red/green cone opsin missense mutations N94K, W177R, P307L, 
R330Q, and G338E have been identified in subjects with congenital blue cone 
monochromacy or color-vision deficiency. Studies on disease mechanisms due 
to these cone opsin mutations have been previously carried out exclusively in 
vitro, and the reported impairments were not always consistent. Here we ex-
pressed these mutants via AAV specifically in vivo in M-opsin knockout mouse 
cones to investigate their subcellular localization, the pathogenic effects on cone 
structure, function, and cone viability. We show that these mutations alter the M-
opsin structure, function, and localization. N94K and W177R mutants appeared 
to be misfolded since they localized exclusively in cone inner segments and endo-
plasmic reticulum. In contrast, P307L, R330Q, and G338E mutants were detected 
predominately in cone outer segments. Expression of R330Q and G338E, but not 
P307L opsins, also partially restored expression and correct localization of cone 
PDE6α’ and cone transducin γ and resulted in partial rescue of M-cone-mediated 
light responses. Expression of W177R and P307L mutants significantly reduced 
cone viability, whereas N94K, R330Q, and G338E were only modestly toxic. We 
propose that although the underlying biochemical and cellular defects caused by 
these mutants are distinct, they all seem to exhibit a dominant phenotype, resem-
bling autosomal dominant retinitis pigmentosa associated with the majority of 
rhodopsin missense mutations. The understanding of the molecular mechanisms 
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1   |   INTRODUCTION

In the human retina, L-  (long wavelength, OPN1LW) 
and M- (middle wavelength, OPN1MW) cones constitute 
about 95% of the total cone population and are primar-
ily concentrated in the central macula responsible for our 
daylight, color, and fine spatial acuity vision.1–4 X-linked 
retinal diseases resulting from mutations in the L- and M-
opsin genes are associated with a wide range of visual de-
fects including red–green color vision deficiencies (MIM 
303800, MIM 303900), X-linked cone dystrophy (MIM 
303700), X-linked cone dysfunction (MIM 300843), and 
blue cone monochromacy (MIM 303700).5–19

The OPN1LW and OPN1MW genes are clustered on 
the X-chromosome at Xq28 in a head to tail tandem ar-
rangement with a single OPN1LW gene in a 5′ position 
followed by one or more OPN1MW genes.4 These genes 
are likely to have derived from unequal recombination 
on the X-chromosome and therefore demonstrate 98% 
identity at the DNA coding sequence. The high sequence 
homology and close genomic proximity predispose the 
two pigment genes to relatively frequent unequal recom-
bination and gene conversion resulting in gene deletions, 
duplications, or hybrid genes that consist of portions of 
both red and green pigment genes.10,20,21 While most in-
herited red/green color vision defects described thus far 
are associated with rearrangements within the OPN1LW/
MW gene array, a small percentage of these defects are 
also caused by missense mutations and intermixing of 
OPN1LW/MW sequences within exon 3.11,18,22,23 These 
mutations cause a variety of serious cone defects, includ-
ing blue cone monochromacy (BCM), X-linked cone dys-
trophy/dysfunction, and high myopia with abnormal cone 
function.6,10,11,18,22–31

Cone opsin missense mutations C203R, W177R, and 
P307L have been shown to cause congenital BCM. Patients 
carrying these mutations display significant disruption of 
retinal lamination and cone mosaic topography.10,25,32 In 
tissue culture cells, C203R, W177R-encoded cone opsins 
were misfolded and accumulated in the endoplasmic re-
ticulum (ER).10,33 It was therefore hypothesized that they 
cause ER stress and toxicity in cone photoreceptors, lead-
ing to progressive apoptosis, similar to misfolded rhodop-
sin mutants.34,35 The P307L mutant expressed in vitro 
showed normal glycosylation and transport to the cell 

membrane, however, light absorption at the appropriate 
wavelength and cone phototransduction were impaired. 
Based on its conservation in rhodopsin, P307L is predicted 
to alter the structure of the retinal binding pocket.36

Cone opsin missense mutants N94K, R330Q, and 
G338E have been identified in subjects of color-vision 
deficiency.37 When these mutants were expressed in cul-
tured COS-7 cells, N94K and G338E resulted in absence of 
absorbance and R330Q gave a low absorbance spectrum 
with a λmax of 530 nm.37 However, in a separate study, it 
was found that the N94K mutant binds the chromophore 
by means of an unprotonated Schiff base linkage, and the 
R330Q mutant showed decreased transducin activation 
but maintained similar thermal and chemical stabilities 
as normal green cone opsin.38

Since studies on disease mechanisms due to these cone 
opsin mutations have been exclusively carried out in vitro, 
the full impact of these mutations on cone structure and 
their physiological consequences are not well understood 
in their full normal environment. We selected Opn1mw–/– 
mice with abolished M-cone function for our in vivo stud-
ies. Their dorsal Opn1mw–/– cones which are normally 
dominated by M-opsin expression have shortened outer 
segments, whereas their ventral S-opsin dominant cones re-
tain normal S-cone function and structure.39 We expressed 
cone opsin mutants N94K, W177R, P307L, R330Q, and 
G338E specifically in Opn1mw–/– cones via AAV vectors to 
investigate their pathogenic effects on cone structure, func-
tion, and cone viability. N94K and W177R mutants mis-
localize to cone inner segments and ER, whereas P307L, 
R330Q, and G338E mutants trafficked normally to cone 
outer segments. Our well-developed AAV vector technol-
ogy targeting cones provide a powerful tool allowing us to 
study disease mechanisms of cone opsin mutants in vivo. 
The results of our study are fundamental to delineating fu-
ture effective treatment strategies and to suggest the most 
useful knock-in mouse models for further study.

2   |   MATERIALS AND METHODS

2.1  |  Animals

All mice used in this study were maintained in the 
University of Florida Health Science Center Animal Care 

associated with these cone opsin mutants is fundamental to developing targeted 
therapies for cone dystrophy/dysfunction.
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Service Facilities on a 12 h/12 h light/dark cycle. All ani-
mals were maintained under standard laboratory condi-
tions (18–23℃, 40%–65% humidity) with food and water 
available ad libitum. All experiments were approved by 
the Institutional Animal Care and Use Committee at 
the University of Florida and conducted in accordance 
with the ARVO Statement for the Use of Animals in 
Ophthalmic and Vision Research and National Institutes 
of Health regulations. M-opsin knockout (Opn1mw–/–) 
mice have been described previously.40 Both hemizygous 
males and homozygous females were used in this study. 
We have shown previously that there are no differences 
in retinal structure, morphology of cone photoreceptors, 
scotopic or photopic ERG responses between Opn1mw–/– 
hemizygous males and homozygous females.39,40

2.2  |  Cloning of AAV vectors expressing 
human OPN1LW mutants

The human L-opsin missense mutations were generated by 
Q5® site-directed mutagenesis kit (New England Biolabs, 
Ipswich, MA, USA) following the manufacture’s instruc-
tion, using our previous plasmid containing OPN1LW 
cDNA with an HA tag fused in a frame at the C-terminals. 
Each mutant was then cloned into the AAV vector under 
PR2.1 promoter41 and their sequences were confirmed by 
sequencing. This vector was packaged in serotype 8 Y733F 
by transfection of H293 cells and was purified according to 
previously published methods.42

2.3  |  Subretinal injections

Eyes of 1-month-old Opn1mw–/– mice were dilated with 
Tropi-Phen (phenylephrine HCL 2.5%, Tropicamide 1% 
Oph. Solution, Pine Pharmaceuticals, Tonawanda, NY 
14150) 15–30  min before injection. Trans-corneal sub-
retinal injections were performed with a 33-gauge blunt 
end needle attached to a 5 ml Hamilton syringe. First, an 
entering puncture was introduced at the edge of the cor-
nea with a 26-gauge disposable needle, then 1 µl of viral 
vector mixed with fluorescein dye (0.1% final concentra-
tion) was injected through the corneal opening and deliv-
ered into the subretinal space as described previously.43,44 
An injection was considered successful if it detached at 
least 80% of the retina visualized by the fluorescence bleb 
monitored by a video camera attached to the injection 
scope allowing real-time assessment of surgical proce-
dures. Atropine eye drops (Alcon, Inc. Lake Forest, IL) 
and neomycin/polymyxin B/dexamethasone ophthalmic 
ointment (Bausch & Lomb Inc. Tampa, FL, USA) were 
applied after injection. One eye was injected, whereas 

the contralateral eye was uninjected and served as a con-
trol, 5  ×  109 vector genomes (vg) in 1  µl were injected. 
Antisedan (Orion Corporation, Espoo, Finland) at 1 mg/
kg was given intramuscularly following injection as an 
anesthetic reversal. We also performed PBS buffer injec-
tion in Opn1mw–/– mice and observed no changes in cone 
structures (Figure S1). We performed AAV5-GFP injec-
tions in Opn1mw–/– mice in our previous study40 and ob-
served no adverse effects.

2.4  |  Western blot analysis

Retinas from uninjected Opn1mw–/– mice, Opn1mw–/– 
mice injected with each mutant, and wild-type controls 
(three of each) were carefully dissected. Each sample 
was homogenized by sonication in 300  µl buffer con-
taining 0.23  M sucrose, 2  mM EDTA, 5  mM Tris–HCl 
(pH 7.5), and cOmplete™ protease inhibitors (Millipore 
Sigma, Burlington, MA, USA). After centrifugation, su-
pernatant was collected, and protein concentration was 
measured by a Pierce™ BCA Protein Assay Kit. Aliquots 
of the retinal extracts containing equal amounts of pro-
tein (40 μg) were analyzed by electrophoresis on 4%–15% 
Mini-PROTEAN® TGX™ Precast Gels (Bio-Rad, Hercules, 
CA, USA). For glycosylation analysis, retinal extracts 
were either left untreated or treated with the PNGase F 
enzyme kit (cat # P0704S; New England Biolabs, Ipswich, 
MA, USA) to remove the N-linked glycosaccharides. An 
18  µl sample of retina extract (40  μg total protein) was 
mixed with 2  µl of Glycoprotein denaturing buffer, 4  µl 
of Glycobuffer 2, 4 µl of 10% Nonidet P40, 2 µl (1000 U) 
of PNGase F, and 10 µl of water, and incubated at room 
temperature for 1 h. The proteins were then transferred to 
Immobilon-FL membrane (Millipore Sigma, Burlington, 
MA, USA) and probed with the anti-red/green opsin 
antibody (Millipore, AB5405, 1:1000 dilution) or anti-
HA antibody (cat # 3724, 1:3000 dilution; Cell Signaling 
Technology, Danvers, MA, USA). The mouse monoclonal 
anti-alpha tubulin (cat # T5168, 1:5000; Millipore Sigma, 
Burlington, MA, USA) was used as a loading control. 
Visualization of specific bands was performed using an 
Odyssey Infrared Fluorescence Imaging System (LICOR 
Biosciences, Lincoln, NE, USA). Protein quantification 
was performed with Empiria Studio® Software paired with 
Odyssey Imager. Protein levels of each mutant, wild-type, 
and Opn1mw–/– uninjected controls were normalized to α-
tubulin. Data were presented as the average ± SEM from 
three independent immunoblots. Statistical analysis was 
performed with one-way ANOVA followed by Dunnett’s 
multiple comparisons test (GraphPad Prism) to compare 
mutant injected eyes vs uninjected and wild-type controls. 
Significance was defined as a p value of < .05.
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2.5  |  Electroretinography

Cone ERG responses were analyzed using an UTAS Visual 
Diagnostic System with a Big Shot Ganzfeld dome (LKC 
Technologies, Gaithersburg, MD, USA). All ERGs were per-
formed at 2 months postinjection. Mice were anesthetized 
with an intraperitoneal injection of ketamine (72  mg/kg) 
and xylazine (4 mg/kg). The pupils were dilated with Tropi-
Phen. All animals were light-adapted before ERG to suppress 
any rod responses and ERG responses were never detected 
from contralateral untreated Opn1mw–/– eyes under pho-
topic conditions when we performed M-cone ERGs.

Mutant-mediated cone ERGs were recorded by stimula-
tion with green channel middle wavelength light (530 nm) 
at intensities of −0.6, 0.4, and 1.4 log cd s/m2, followed by 
red channel long-wavelength light (630 nm) at intensities 
of −0.6, 0.4, and 1.4 log cd s/m2. Twenty-five recordings 
were averaged for each light intensity. Stimulation with 
both wavelengths produced similar ERG results, and re-
sponses from green light were used to plot the figure and 
for statistical analysis. Short wavelength ERGs (360 nm) for 
measuring S-cone function were recorded at intensities of 
−0.6 and 0.4 log cd s/m2. ERG data were presented as aver-
age ± SD (n = 8 for each mutant injected group). Statistical 
analysis was performed by one-way ANOVA followed by 
Dunnett’s multiple comparisons test (GraphPad Prism) to 
compare mutant injected eyes vs. untreated and wild-type 
controls. Significance was defined as a p value of < .01.

2.6  |  Frozen retinal section 
preparation and immunohistochemistry

Mice were sacrificed and their eyes were marked at 12 
o’clock on the cornea with a burn marker and enucleated. 
A hole was introduced on the cornea by an 18-gauge nee-
dle and eyes were immersed in 4% paraformaldehyde in 
phosphate-buffered saline (PBS, pH 7.4) at room tempera-
ture for 2 h, the cornea and lens were then removed with-
out disturbing the retina. The eyecups were then rinsed 
with PBS and cryoprotected with 30% sucrose overnight 
at 4℃, then embedded in cryostat compound (Tissue TEK 
OCT, Sakura Finetek, Torrance, CA, USA) and frozen at 
–80℃. Retinas were sectioned perpendicularly from dor-
sal to ventral at 12 μm thickness. For immunohistochem-
istry, retinal sections were rinsed in PBS and blocked in 
3% BSA, 0.3% Triton X-100 in PBS for 1 h at room tem-
perature. Sections were then incubated with primary anti-
bodies at 4℃ overnight. The following primary antibodies 
were used: anti-L/M-opsin, anti-S-opsin (MilliporeSigma, 
AB5405 and AB5407, respectively, 1:1000 dilution for 
both), anti-HA (Roche, rat monoclonal, clone 3F10, 1:200, 
Basel, Switzerland), anti-PDE6α’ (ABgene, AP9728c, 1:200, 

Portsmouth, NH, USA), and anti-cone transducin γ subu-
nit (a gift from Dr Arshavsky’s lab, Duke University). After 
incubation with the first antibody, the slides were washed 
with PBS three times, followed by incubating with IgG 
secondary antibodies tagged with Alexa-594 or Alexa-488 
(Molecular Probes, Eugene OR) diluted 1:500 in PBS at 
room temperature for 2 h then washed with PBS. Sections 
were mounted with Vectashield Mounting Medium for 
Fluorescence (H-1400, Vector lab, Inc. Burlingame, CA, 
USA) and coverslipped. Sections were imaged with a 
Leica Fluorescence Microscope LAS X Widefield System. 
Quantification of immunohistochemistry was performed 
by counting positive cells of each antibody staining from 
three images taken from three different mice. Statistical 
analysis was performed with paired t-tests (GraphPad 
Prism) to compare dorsal cone outer segment vs. ventral 
cone outer segment and dorsal cone inner segment vs. 
ventral cone inner segment for each antibody and mutant. 
Significance was defined as a p value of < .001.

2.7  |  Preparation of retinal whole 
mounts and PNA staining

Mice were humanely euthanized, their eyes were marked 
at 12 o’clock on the cornea with a burn marker. The eyes 
were enucleated and immersion fixed for 2 h with 4% para-
formaldehyde in phosphate-buffered saline (PBS, pH 7.4) 
at room temperature. The cornea and lens were then re-
moved and the entire retina was carefully dissected from 
the eyecup. Retinas were blocked in 3% BSA for 2 h, then 
labeled with Biotinylated Peanut Agglutinin (PNA) (Vector 
Laboratories, Burlingame, CA, USA) and S-opsin antibody 
(MilliporeSigma, Burlington, MA, USA) in PBS at 4℃ over-
night. The retinas were then washed with PBS three times, 
followed by incubating with Fluorescein Avidin D (Vector 
Laboratories, Burlingame, CA, USA) and IgG secondary 
antibody tagged with Alexa-594 (Molecular Probes, Eugene 
OR, USA) diluted 1:500 in PBS at 4℃ overnight, then 
washed with PBS. To make flat mounts, radial cuts were 
made from the edges to the equator of the retina. The flat 
mounts were flattened on slides with a fine brush, one drop 
of Vectashield Mounting Medium for Fluorescence (H-1400, 
Vector lab, In. Burlingame, CA, USA) was applied and then 
covered with a coverslip. The flat mounts were imaged with 
a Leica Fluorescence Microscope LAS X Widefield System. 
Four images were taken from each flat mount, two from the 
dorsal area, and two from the ventral area, marked by burn 
mark. PNA-positive cells from each image were counted in 
an area that is equivalent to 0.01 mm2 of the retina using 
the counting tool in Adobe Photoshop. For each cone opsin 
injected group, counts of eight images from four different 
mice (two males and two females) were average for dorsal 
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and ventral regions, and the SD was calculated. Statistical 
analysis was performed by two-way ANOVA with Tukey’s 
multiple comparison test to compare the difference among 
each group for the dorsal or ventral region. Significance was 
defined as a p value of < .05.

3   |   RESULTS

3.1  |  Expression of cone opsin mutants 
in vivo

The following cone opsin missense mutants were cloned 
in AAV vector under the cone-specific promoter PR2.1 
and packaged in a serotype 8 mutant Y733F capsid: N94K, 
W177R, P307L, R330Q, and G338E. Locations of these 
mutant residues in human OPN1MW are illustrated in 
Figure  1A.45 AAV vectors expressing each of the cone 

opsin mutants were injected subretinally into one eye 
of 1-month-old Opn1mw–/– mice, whereas the contralat-
eral eyes were uninjected and served as controls. First, 
we investigated the expression levels of these cone opsin 
mutants in Opn1mw–/– eyes by western blot analysis 
(Figure 1B). Uninjected Opn1mw–/– mice have no endog-
enous M-opsin expression. AAV-mediated expression of 
N94K and W177R was barely detectible, whereas P307L, 
R330Q, and G338E showed expression levels higher than 
that of endogenous M-opsin in wild-type mice by an 
antired/green opsin antibody raised against the C termi-
nus of human L/M-opsins46 (Figure S2). Since human 
cone opsins have been shown to be N-glycosylated at N-
terminal residue Asn-34,47,48 we investigated whether 
N-glycosylation of these mutants was affected. Protein 
extracts were treated with PNGase F to remove N-linked 
glycosaccharides. Following PNGase F treatment, all five 
mutant bands shifted to a lower molecular mass by an HA 

F I G U R E  1   Expression and function of cone opsin mutants. (A) Location of mutant residues in human green opsin (OPN1MW, PDB 
ID: 1KPW; drawn with PyMOL, Molecular Graphics System, Version 1.2r3pre, Schrödinger, LLC). N94 is located in helix II, W177 in helix 
IV, P307 in helix VII, and R330 and G338 in C-terminal α-helix. (B) Representative immunoblot of AAV-mediated expression of cone opsin 
mutants in Opn1mw–/– mice at 2 months of postinjection. Anti-M-opsin (red); α-tubulin (loading control, green). Retinas from C57BL/6J 
and Opn1mw–/– mice were used as positive and negative controls, respectively. (C) Representative ERG traces of R330Q and G338E opsins 
at 1.4 log cd s/m2 under 530 nm wavelength light. (D) Individual and averaged M-cone ERG responses from each mutant opsin injected 
Opn1mw–/– eye. Average represents the mean ± SD of b-wave amplitudes recorded at 1.4 log cd s/m2 (N = 8 for each group, *p < .0001). 
Untreated Opn1mw–/– and wild-type mice served as controls

(A)

(B)

(C)

(D)

http://www.rcsb.org/pdb/search/structidSearch.do?structureId=1KPW
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antibody suggesting that N-glycosylation was not affected 
(Figure S3). N94K, W177R, and their deglycosylated forms 
can be detected but only after prolonged exposure. This is 
consistent with a previous study that glycosylation is not 
required for the formation of cone opsins.49 We were not 
able to detect the deglycosylated bands by the L/M-opsin 
antibody we used.

3.2  |  Light responses of missense cone 
opsin mutants

Next, we investigated whether any of these cone opsin 
missense mutants are capable of mediating light re-
sponses when expressed in Opn1mw–/– eyes. Uninjected 
Opn1mw–/– mice have normal S-cone mediated light re-
sponse but no M-cone ERGs.40 Of the five mutants, N94K-, 
W177R-, and P307L-treated eyes demonstrated no mid-
dle (530 nm) or long (630 nm) wavelength-mediated light 
responses, whereas R330Q and G338E showed ERG re-
sponses at both wavelengths (Figures 1C and S4). The ERG 
amplitudes at 530 nm in R330Q and G338E injected eyes 
were 54.5 ± 15.5 µV and 56.3 ± 18.1 µV, respectively (aver-
age ± SD, n = 8). ERG responses in both cases were signifi-
cantly higher than the unrecordable ERGs from untreated 
contralateral control eyes (p  <  .0001) but were also sig-
nificantly lower than wild-type controls (121.6 ± 8.3 µV, 
n = 8, p < .0001) (Figure 1D). These results suggest that 
R330Q and G338E, although capable of generating light 

responses, are defective in cone phototransduction. R330Q 
and G338E both are located on the C-terminal α-helix 
(Figure 1A). Helix 8 in rhodopsin has been shown to be 
important for arrestin binding.50 In addition, cones with 
both arrestin 1 and arrestin 4 deleted showed significantly 
reduce b-wave amplitudes because the phototransduction 
cascade is not properly turned off.51 Therefore, R330Q and 
G338E opsins could cause inefficient arrestin binding re-
sulting in reduced b-wave amplitudes.

3.3  |  Subcellular localizations of cone 
opsin mutants

Next, we characterized the subcellular localizations of 
these cone opsin mutants expressed in Opn1mw–/– eyes. 
Previously, we showed that the dorsal cones of Opn1mw–/– 
mice have significantly shortened outer segments, however, 
these cones remain viable. We also showed that ventral S-
opsin dominant cones of Opn1mw–/– mice had normal cone 
structure and morphology.39 Here we determined the sub-
cellular localizations of each cone opsin mutant in both dor-
sal and ventral retinas in treated Opn1mw–/– eyes. We also 
examined the subcellular localization of two endogenous 
cone outer segment-specific proteins, phosphodiesterase α 
subunit (PDE6α’), and cone transducin γ subunit (GNGT2), 
after AAV-delivery of each mutant.

N94K (Figures  2 and S5A) and W177R (Figures  3 
and S5B) opsins were exclusively detected in cone inner 

F I G U R E  2   Subcellular localization of N94K opsin, PDE6α’, and GNGT2 in injected Opn1mw–/– retinas. (A) N94K expression was 
detected by an anti-HA antibody (green). N94K opsin was misfolded and localized predominately in cone inner segments and ER (arrows) 
in both dorsal and ventral retinas. The rough ER (arrows), where cone opsins are synthesized, was shown as green circles surrounding the 
cone nucleus by HA staining. S-opsin expression (red) was mainly detected in cone outer segments in the ventral area. (B) PDE6α’ was 
barely detectible in the dorsal area, while it was expressed normally and localized correctly in cone outer segments in the ventral area of the 
same eye, where S-opsin was present. (C) GNGT2 was not detected in the dorsal area, while it was expressed normally and localized in cone 
outer segments in the ventral area of the same eye. Scale bar: 20 µm

(A)

(B)

(C)
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segments and in the ER in both dorsal and ventral areas 
of injected Opn1mw–/– retinas. The rough ER, where cone 
opsins are synthesized, surrounds the cone nucleus, which 
was shown as green circles in the outer nuclear layer by 
HA staining. Antibodies against PDE6α’ and GNGT2 
showed that both were barely detectible in the dorsal ret-
inas, whereas they expressed normally and localized cor-
rectly in cone outer segments in the ventral retinas of the 
same eye, where S-opsin was present.

In contrast to N94K and W177R, P307L was expressed 
in cone outer segments in both dorsal and ventral retinas 
(Figures 4 and S5C). However, in the dorsal area, only a few 
PDE6α’ positive cells were detected and only in cone inner 
segments, and no GNGT2 expression was detected. In con-
trast, PDE6α’ and GNGT2 were expressed normally in cone 
outer segments in the ventral retina of the same eye.

R330Q (Figures  5 and S5D) and G338E (Figures  6 
and S5E) were both detected in cone outer segments in 

F I G U R E  3   Subcellular localization of W177R opsin, PDE6α’, and GNGT2 in injected Opn1mw–/– retinas. (A) W177R (green) was 
misfolded and localized exclusively to cone inner segments and ER (arrows) in both the dorsal and ventral retina. (B) PDE6α’ was barely 
detectible in the dorsal area while it was expressed normally and localized to cone outer segments in the ventral area of the same eye, where 
S-opsin was present. (C) GNGT2 was not detected in the dorsal area, while it was expressed normally and localized to cone outer segments 
in ventral area. Scale bar: 20 µm

Dorsal                                               Ventral 

A

HA/S-opsin

PDE6α’

GNGT2

(B)

(C)

(A)

F I G U R E  4   Subcellular localization of P307L opsin, PDE6α’, and GNGT2 in injected Opn1mw–/– retinas. (A) P307L opsin (green) was 
expressed in cone outer segments in both dorsal and ventral retinas and colocalized with endogenous S-opsin in the ventral area. (B) PDE6α’ 
expression was barely detectible in the dorsal retina, while it was expressed normally and localized in cone outer segments in the ventral 
area. (C) GNGT2 was also not detected in the dorsal area while expressed normally and localized to cone outer segments in the ventral area. 
Scale bar: 20 µm

/

(A)

(B)

(C)
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injected Opn1mw–/– dorsal and ventral retinas. Moreover, 
in both mutants injected eyes, PDE6α’ and GNGT2 ex-
pression were detected in cone outer segments in dor-
sal retinas, although there were fewer PDE6α’/GNGT2 
stained cells and staining intensities were less in dorsal 
compared with ventral areas of the same eye. These re-
sults suggest that R330Q and G338E partially support 
cone outer segment formation in the dorsal retina. In 
addition, their normal targeting partially restored ex-
pression and localization of the remaining cone outer 
segment proteins.

3.4  |  Cone viability of Opn1mw–­/–­ eyes 
expressing different cone opsin mutants

We determined cone viability in Opn1mw–/– retinas ex-
pressing each cone opsin mutant. To do this, we compared 
numbers of peanut agglutinin (PNA) positively stained 

cells in both dorsal and ventral mutant-treated retinas to 
their contralateral, untreated eyes at 5 months postinjec-
tion (Figure 7). PNA specifically binds to the extracellu-
lar glycoprotein matrix of cone outer and inner segment 
sheaths and is an indicator of cone viability.52 Each of 
these five mutants reduced the number of viable cones 
in the Opn1mw–/– retina to a varying degree. Expression 
of W177R and P307L led to a severe loss of viable cones 
and reduced the number of cells which stained positively 
for PNA by ~70% in dorsal retinas and ~40% in ventral 
retinas, compared with age-matched, untreated controls 
(n = 8, p < .0001). Furthermore, when N94K, R330Q, or 
G338E was expressed in the Opn1mw–/– retina, the num-
ber of viable cones diminished at a range of 15%–25% in 
both the dorsal and ventral regions. Statistical analysis 
showed that in some cases, these three mutants reduced 
viable cones moderately (n = 8, p < .05), whereas in other 
cases, they did not cause a significant reduction of viable 
cones (n = 8, p > .05).

F I G U R E  5   Subcellular localization 
of R330Q opsin, PDE6α’, and GNGT2 
in injected Opn1mw–/– retinas. (A) 
R330Q opsin (green) was expressed in 
cone outer segments in both dorsal and 
ventral retinas. (B) PDE6α’ expression 
was partially restored in cone outer 
segments in the dorsal retina. (C) GNGT2 
expression was also partially restored in 
cone outer segments in the dorsal retina. 
Scale bar: 20 µm

(A)

(B)

(C)

F I G U R E  6   Subcellular localization 
of G338E opsin, PDE6α’, and GNGT2 
in injected Opn1mw–/– retinas by 
immunohistochemistry. (A) G338E 
opsin (green) was expressed in cone 
outer segments in both dorsal and 
ventral retinas. (B) PDE6α’ expression 
was partially restored in cone outer 
segments in the dorsal retina. (C) GNGT2 
expression was also partially restored in 
cone outer segments in the dorsal retina. 
Scale bar: 20 µm

(A)

(B)

(C)
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We also measured S-cone ERG responses of the 
Opn1mw–/– mice injected with these mutants as a fur-
ther indicator of their toxicity (Figures S4 and S6). S-
cone ERG reduction caused by each mutant is consistent 
with toxicity evaluated by PNA staining. W177R and 
P307L injected eyes showed severely reduced S-cone 
ERG responses (27 ± 14 µV and 28 ± 14 µV, respectively, 

average ± SD, n = 8, p < .0001) compared with untreated 
Opn1mw–/– eyes (106  ±  18  µV) or wild-type controls 
(94  ±  16  µV). R330Q and G338E injected eyes showed 
modestly reduced S-cone ERG responses (75 ± 23 µV, and 
59 ± 12 µV, respectively, n = 8, p < .001), whereas N94K 
injected eyes showed normal S-cone ERG (101 ± 18 µV, 
n = 8, p > .05).

F I G U R E  7   Evaluation of cone viability in Opn1mw–/– retinas expressing each cone opsin mutant. (A) Representative images were taken 
from dorsal areas of retinal flat mounts of Opn1mw–/– mice injected with each cone opsin mutant at 5 months of postinjection. Retinal whole 
mounts were stained with PNA. (B) Quantification of PNA staining from dorsal and ventral areas of retinal wholemounts of Opn1mw–/– 
eyes injected with different opsin mutants. Seven-month-old uninjected Opn1mw–/– and wild-type mice were used as controls. Each bar 
represents PNA-positive cells counted within a 0.01mm2 surface area of the retina from eight images taken from four different mice. Data 
show average ± SD. *p < .05, when compared with untreated controls

(B)

(A)
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4   |   DISCUSSION

Currently, studies on disease mechanisms associated 
with cone opsin mutations have been mostly carried out 
in vitro, thus the full impact of these mutations on cone 
structure and their physiological consequences are not 
well understood. In this study, we characterized five cone 
opsin missense mutations by expressing them via AAV 
vectors in Opn1mw–/– mice, taking advantage of the fact 
that dorsal cones of Opn1mw–/– mice with shortened cone 
outer segments remain viable. We investigated their sub-
cellular localization, identified the pathogenic effects of 
these mutants on cone structure, function and viability. 
Our results are fundamental to delineating future effec-
tive treatment strategies.

4.1  |  These cone opsin mutants are 
predicted to display a dominant phenotype

There are more than 130 distinct rhodopsin mutations, 
most of them associated with autosomal-dominant retini-
tis pigmentosa (adRP).53–58 Because L/M-opsin genes are 
X-linked, affected males express only the mutant copy, 
while in female carriers, due to X-linked inactivation, 
each cone cell expresses either a wild-type or a mutant 
copy. Therefore, it is not known whether currently identi-
fied cone opsin point mutants have a dominant-negative 
phenotype or not. Based on our results, although these 
five cone opsin mutants may display distinct biochemi-
cal and cellular defects, we predict that all may present a 
dominant phenotype.

The corresponding rhodopsin mutations of N94K and 
W177R both cause autosomal dominant retinitis pig-
mentosa in humans.53,59 The cone inner segment and ER 
localization of N94K and W177R supports that they are 
misfolded and might be displaying a dominant phenotype. 
The corresponding rhodopsin mutations of P307L, R330Q, 
and G338E have not been identified. All three mutants 
were expressed normally and detected exclusively in the 

cone outer segments suggesting that they are correctly or 
partially correctly folded. The presence of a large quantity 
of mutant opsin is likely to significantly alter the physical 
properties, composition, and light signal properties of the 
cone outer segment membranes, resulting in a dominant 
phenotype. We summarized our findings and predictions 
in Table 1.

4.2  |  Disease mechanisms associated 
with each of the cone opsin mutants

Based on the disease mechanisms associated with each 
mutant, these five cone opsin missense mutations can be 
categorized into three discrete classes. N94K and W177R 
are misfolded and retained in the ER, and the toxic aggre-
gation of the misfolded mutant protein causes ER stress 
and may be the cause of cone cell death and a degenera-
tive phenotype, similar to class 2 rhodopsin mutants.53 
N94K expressed in cultured COS-7 cells regenerated vis-
ual pigment after adding 11-cis-retinal, however, the re-
generated N94K opsin was inactive.37 The N94 residue is 
highly conserved among vertebrate opsins.60 Based on the 
crystal structure of bovine rhodopsin, N78 (corresponding 
to N94 in the red/green opsin) is necessary for connecting 
helices II, III, and IV through hydrogen bonds. If the same 
hydrogen bonds are also involved in connecting helices 
of red/green opsins, then the N94K mutation is likely to 
disturb the normal folding of the protein.37 The amino 
acid W177 is located within transmembrane helix IV of 
red and green opsins and is highly conserved in visual and 
nonvisual opsins across species.60 The W177R mutation 
and its equivalent W161R mutation in rod opsin both re-
sult in protein misfolding and retention in the ER when 
expressed in vitro.10 Our result that N94K and W177R 
opsins are localized to the cone inner segment and ER, 
and mediate no light response supports that they are mis-
folded, and display a dominant phenotype.

We showed that P307L opsin is glycosylated and trans-
ported to the cone outer segments. However, the P307L 

T A B L E  1   Summary of cone opsin mutants and predicted phenotype

Mutants Localization

PDE6C/GNGT2 
localization in 
dorsal retinas

M-cone 
ERG

Predicted 
phenotype

References 
(PMID)

Corresponding 
rhodopsin mutation

N94K CIS, ER Barely detectible No response Dominant 12051694; 28487225 N78I, adRP or adCSNB,

W177R CIS, ER Barely detectible No response Dominant 20579627 W161R, adRP

P307L COS Barely detectible No response Dominant 9479007; 8213841 Not found

R330Q COS COS Rescue Dominant 12051694; 28487225 Not found

G338E COS COS Rescue Dominant 12051694 Not found

Abbreviations: adCSNB, autosomal dominant congenital stationary night blindness; adRP, autosomal dominant retinitis pigmentosa; CIS, cone inner 
segments; COS, cone outer segments; ER, endoplasmic reticulum.
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mutant mediated no light response. IHC showed no ex-
pression of PDE6α’ or GNGT2 in cone outer segments in 
the dorsal Opn1mw–/– cones indicating that normal target-
ing of P307L did not restore expression or localization of 
the remaining cone outer segment proteins. Both dorsal 
and ventral cones of injected Opn1mw–/– mice showed 
rapid cone degeneration suggesting that P307L caused se-
vere toxicity and led to rapid cell death. Our result is con-
sistent with a previous in vitro study showing that P307L 
opsin was glycosylated and targeted to cell membranes. 
However, the regenerated visual pigment had a dimin-
ished ability to absorb light at the appropriate wavelengths 
and to activate transducin. Since P307 is located within 
the same transmembrane alpha-helix as K312, the site of 
covalent attachment of 11-cis retinal, it was proposed that 
the mutation disrupted the retinal-binding pocket.36

Both R330Q and G338E opsins were capable of target-
ing cone outer segments and generated light responses 
in Opn1mw–/– mice about 50% of levels compared with 
treatment with normal human L-opsin.39 AAV-mediated 
delivery of R330Q and G338E cone opsins are abundantly 
expressed in cone outer segments, however, their expres-
sion only partially rescued expression and outer segment 
localization of PDE6α’ and GNGT2. PDE6α’ and GNGT2 
were expressed in fewer cells at reduced levels in dorsal 
retinas compared with their counterpart of the ventral 
cones of the same eye. Based on this data, we speculate 
that the cone outer segments generated by R330Q and 
G338E expression had abnormal structure or shorter outer 
segments. Moreover, R330Q and G338E opsins may have 
reduced affinity for arrestin since both are located on the 
C-terminal α-helix. In rhodopsin, conformational changes 
in Helix 8 are intimately involved in the binding process 
of visual arrestin, and chemical modifications of H8 in-
hibit arrestin binding.50 The R330Q mutant expressed in 
COS-1 cells showed decreased phototransduction activa-
tion but maintained similar thermal and chemical stabil-
ities as normal green cone opsin.38 The G338 residue is 
well conserved in vertebrate opsins. In vitro study showed 
that the corresponding rhodopsin mutant G324E gave an 
absorbance spectrum similar to normal rhodopsin, how-
ever, G338E mutant green opsin gave no absorbance.37 We 
speculate that the molecular mechanisms of R330Q and 
G338E malfunction can be due to a combination of altered 
physical property and composition of cone outer segments 
and abnormal light signaling.

Our conclusions of the disease mechanisms caused by 
these mutants are based on the assumption that splicing is 
not affected by any of the missense mutations, as we used 
AAV to deliver cDNA for each mutant. However, studies 
have shown that about 15% of single nucleotide substitu-
tions are expected to cause or modify human genetic dis-
eases through mis-splicing,61–63 and missense mutations 

in rhodopsin have been shown to exert a major effect on 
splicing.64,65 Therefore, in future studies, it is necessary to 
analyze these missense mutations at the mRNA level in 
order to rule out this possibility.

4.3  |  Treatment strategies

Previously, we have shown that AAV-mediated gene 
replacement therapy can rescue M-cone function and 
structure in Opn1mw–/– mice, a mouse model represent-
ing BCM patients with deletion mutations.39 However, 
for cone opsin mutants that display a dominant pheno-
type, they may need different approaches. A previous 
study showed that delivery of wild-type rod opsin re-
tarded retinal degeneration in autosomal RP caused by 
P23H mutation suggesting that increased production of 
normal rhodopsin can suppress the effect of the mutated 
protein.66 Such an approach may be helpful for cone 
opsin mutants with a dominant phenotype and needs to 
be tested in individual knock-in mouse models. However, 
we need to carefully evaluate the consequence of a po-
tential toxic gain-of-function or dominant-negative effect 
of the mutant protein on the wild-type opsin introduced 
into cells harboring a preexisting misfolded/mistargeted 
cone opsin mutation. Alternatively, shRNA delivery to 
knock down the level of mutant cone opsin expression 
in combination with supplementation of a “harden” 
(shRNA resistant) copy of normal OPN1LW cDNA might 
be a better option. Such an approach has been suc-
cessfully used to treat autosomal-dominant RP associ-
ated with rhodopsin in mouse and canine models.67,68 
Recently, several studies have also demonstrated success 
in the correction of rhodopsin-associated autosomal-
dominant RP by CRISPR/Cas9 gene editing,69–71 and this 
may also represent a viable approach to treat dominant 
cone opsin mutations as well. Third, for misfolded pro-
teins, such as N94K and W177R, the presence of high 
levels of misfolded protein in the ER upregulates the 
unfolded protein response (UPR). Modulation of UPR 
by targeting key components of the different branches 
of the pathway has been shown to reduce ER stress and 
prevent photoreceptor cell death.72

In summary, we performed the first in vivo study to 
elucidate the molecular mechanisms underlying five cone 
opsin missense mutations associated with cone dystro-
phy/dysfunction. We conclude that although each point 
mutation displays a distinct consequence on cone opsin 
structure and function, all appear to present dominant 
phenotypes. Understanding the molecular mechanisms 
associated with these cone opsin mutants offers the po-
tential for the development of targeted therapies for this 
currently untreatable form of retinal neurodegeneration.
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