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Mutations in RPE65 or lecithin-retinol acyltransferase (LRAT) dis-
rupt 11-cis-retinal recycling and cause Leber congenital amaurosis
(LCA), the most severe retinal dystrophy in early childhood. We
used Lrat™'~, a murine model for LCA, to investigate the mecha-
nism of rapid cone degeneration. Although both M and S cone
opsins mistrafficked as reported previously, mislocalized M-opsin
was degraded whereas mislocalized S-opsin accumulated in Lrat™~/~
cones before the onset of massive ventral/central cone degenera-
tion. As the ventral and central retina express higher levels of S-
opsin than the dorsal retina in mice, our results may explain why
ventral and central cones degenerate more rapidly than dorsal
cones in Rpe65~'~ and Lrat™'~ LCA models. In addition, human blue
opsin and mouse S-opsin, but not mouse M-opsin or human red/
green opsins, aggregated to form cytoplasmic inclusions in trans-
fected cells, which may explain why blue cone function is lost
earlier than red/green-cone function in patients with LCA. The ag-
gregation of short-wavelength opsins likely caused rapid cone
degenerations through an endoplasmic reticulum stress pathway,
as demonstrated in both the Lrat™’~ retina and transfected cells.
Replacing rhodopsin with S-opsin in Lrat™’~ rods resulted in mis-
localization and aggregation of S-opsin in the inner segment and
the synaptic region of rods, ER stress, and dramatically accelerated
rod degeneration. Our results demonstrate that cone opsins play
a major role in determining the degeneration rate of photorecep-
tors in LCA.

opsin aggregation | long/medium-wavelength opsin | ubiquitination |
retinal degeneration

etinoid isomerase (RPE65) and lecithin-retinol acyltrans-

ferase (LRAT) play key roles in recycling 11-cis-retinal in the
retinal pigment epithelium (RPE). LRAT catalyzes the esterifi-
cation of all-frans retinol (vitamin A) to all-frans retinyl esters
(1), which are the substrate for RPE65, to produce 11-cis-retinol
(2-4). Mutations in either gene lead to Leber congenital amau-
rosis (LCA), an inherited retinal degenerative disease character-
ized by severe loss of vision in childhood and early degeneration of
foveal cones followed by rods (5). Two murine models, Rpe65~'~
and Lrat™'~, capture many salient pathologic features of the hu-
man condition (6-8). In both models, apo-rhodopsin traffics nor-
mally to rod outer segment (ROS) and rod photoreceptors
degenerate slowly. In contrast, cone opsin (S-opsin and M-opsin)
apoproteins fail to traffic from cone inner segment to the outer
segment, and cone photoreceptors in the central/ventral retina
degenerate rapidly (8-11). Constitutive activity of the rhodopsin
apoprotein likely causes rod degeneration (12). However, the
mechanisms responsible for early cone death in both mouse
models and human patients are not well understood. Specifically,
it is unclear why ventral and central cones in mouse models die
much more rapidly than dorsal cones. Similarly, it is unclear why
blue cone function is lost early in patients (13). Here, we used the
Lrar™™ mouse, a model for LCA, to investigate the mechanism for
cone photoreceptor degeneration.

www.pnas.org/cgi/doi/10.1073/pnas. 1017127108

Results

Mistrafficking and Accumulation of Cone Opsins in Lrat~'~ Retina. In
the absence of 11-cis-retinal, both S and M opsins were mis-
localized in the inner segment, cell body, axon, and synaptic
pedicle in P18 Lrat™~ cones, as shown previously (8, 11) (Fig. 1).
Judging from the relative distribution of opsin signals in different
compartments of cones, more S-opsin was mislocalized com-
pared with M-opsin (Fig. 1, Middle). Specifically, we observed
aggregated S-opsin in the inner segment (Fig. 1, Bottom Right,
white arrows) and the synaptic layer [i.e., outer plexiform layer
(OPL)]. In contrast, M-opsin was barely detectable in the inner
segment whereas some M-opsin accumulated in the synaptic
layer (Fig. 1, Top Middle, red arrow). These features were not
observed in WT retina (Fig. 1, Left).

Expression and Ubiquitination of Cone Opsins in Lrat™'~ Retina. As
immunohistochemistry data suggested that Lrar™'~ cones accu-
mulated more mislocalized S-opsin than M-opsin (Fig. 1), we
proceeded to verify this finding by Western blot at three stages of
cone degeneration: (i) postnatal day (P) 14, predegeneration
(11); (ii) P18, early-stage degeneration; (iii) and P30, late-stage
degeneration. In P14 Lrar™~, the protein levels of both M-opsin
and S-opsin were similar to those in WT, although their mRNA
levels were slightly reduced (Fig. 2 A and B). However, in P18
Lrat™" retina, the M-opsin protein was markedly reduced (~1.9
times) whereas the S-opsin level remained the same compared
with WT (Fig. 2 4 and B). After we normalized the protein levels
of cone opsins against their mRNA levels (i.e., protein/mRNA),
this ratio almost doubled (~1.9 times) for S-opsin in P18 Lrat™"~
compared with WT (Fig. 2C, Left). In contrast, the protein/
mRNA ratio of M-opsin in P18 Lrat™'~ was similar to that in WT.
Assuming the protein synthesis for cone opsins is minimally af-
fected in the early stage of Lrat™'~ cone degeneration, our results
suggest that mislocalized S-opsin was more resistant to protea-
some degradation than mislocalized M-opsin, consistent with our
immunostaining results (Fig. 1). As the ventral and central retina
of Lrat™ lost approximately 30% of cones at P18 (Fig. 2C,
Right), the slower clearance of mislocalized S-opsin resulted in
more S-opsin per cone in Lrat™'~ compared with WT.

The accumulation of mislocalized cone opsins in Lrat ™'~ cones
had a direct impact on the time course of cone degeneration.
When the protein/mRNA ratio was approximately 1.5 for both
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Fig. 1. Mistrafficking and accumulation of cone opsins in P18 Lrat™~ retina.
Lrat”= and WT retinas were stained with M-opsin and S-opsin antibodies
(green). Nuclei were stained with DAPI (blue). In Lrat™" retina, mistrafficking
of M-opsin is indicated by white arrows (Top and Middle). Mistrafficking of
S-opsin is apparent. Right: Magnified views of two boxed regions from
middle. Accumulation and aggregation of S-opsin in the inner segment of an
Lrat™"~ cone is indicated by white arrows. Small amount of aggregated M-
opsin is indicated by the red arrow. No immunoreactivity was detected in
various mouse retinal sections when control rabbit IgG was used for staining
(SI Appendix, Fig. $12). COS, cone outer segment; CIS, cone inner segment;
ONL, outer nuclear layer. (Scale bars: Right, 5 pm; 10 um elsewhere.)

M and S opsins in P14 Lrat~'~ retina, there was no cone death in
all regions, suggesting cones can tolerate certain amount of mis-
localized cone opsins (Fig. 2C). However, the increase of this
ratio to approximately 1.9 times that of S-opsin accompanied the
onset of rapid ventral and central cone degeneration. As the
ventral and central retina express higher levels of S-opsin than
the dorsal retina in mice (14), our results suggest that accumu-
lation of mislocalized S-opsin may underlie the fast ventral/
central cone degeneration in Lrat~'~. Cones at the far dorsal
region, which express more M-opsin than S-opsin, degenerated
much more slowly, corresponding to less accumulation of mis-
localized M-opsin. In P30 Lrat™~, both the protein and mRNA
levels of S-opsin were drastically reduced (Fig. 2 4 and B), as
a result of significant loss of ventral and central cones (8-11)
(Fig. 2C, Right).

Because proteins with abnormal structure are normally tar-
geted to the ubiquitin—proteasome system (15), and ubiquitina-
tion of proteins that aggregate in the neurons of the central
nervous system is a key characteristic of neurodegenerative dis-
eases (16), we examined whether S-opsin is ubiquitinated in
Lrat™= cones. We performed double labeling with antibodies
against cone opsins and ubiquitin on retinas from Lrat~'~ and
Lrat™'~ [the phenotype of Lrat*'~ mice was very similar to that of
WT mice (7)]. In the ventral retina of P18 Lrat™~, aggregated S-
opsin colocalized with ubiquitin (Fig. 34, white arrows). In the
advanced stage of degeneration at P30, almost all S-opsin colo-
calized with ubiquitin in the remaining ventral cones of Lrar™'~
(Fig. 3B, white arrows). This increase of S-opsin ubiquitination
coinciding with the progress of cone degeneration suggests that
S-opsin ubiquitination may contribute to the demise of Lrat™'~
ventral/central cones. In contrast, the ubiquitin signal was weak
in both P18 and P30 dorsal retinas of Lrat™'~, where more M-
opsin was expressed, probably because mislocalized M-opsin
was only transiently ubiquitinated before being degraded by
the proteasome (Fig. 3 4 and B, Top). In control Lrat*'~ retinas
(at P18 and P30), ubiquitin signal was barely detectable (S
Appendix, Fig. S1).

Endoplasmic Reticulum Stress in Lrat~'~ Retina. The accumulation
of cone opsins (especially S-opsin) in the endoplasmic reticulum
(ER) may activate the unfolded protein response (UPR) and
cause ER stress. Persistent ER stress may induce apoptosis in the
central/ventral cones. We examined the expression of a B-ZIP
transcription factor CHOP (C/EBP homology protein), a UPR

8880 | www.pnas.org/cgi/doi/10.1073/pnas.1017127108

A P14 P18 _ P30
WT -~ WT = WT —-

(short exposure)
- S-opsin
(long exposure)

- D SN G === e }-actin

B P14 P18 P30
NS - NS -
1.2 ,N—S. —/ —/ — ™
1
£
2 0.8
o
o
[
2 04
©
&
0.0l _li
e R
L

Relative mRNA
o o o h
o kS o)

!

WT—— WT—— WT—— WT-— WT—/— WT—/—

=

M S M S M S
C g —&— M-opsin g I\F/ar—‘do‘rsal
—@— S-( il ‘entra
~20 S-opsin =~ 1.0 —e— Central
+ N
116 T
e Y 0.8
©12 T 06
g 5
x 08 204
£ g
<

50.4 H 0.2
o
£0.0+ 3

0.0+
12 16 20 24 28 32
Age (day)

12 16 20 24 28 32
Age (day)

Fig. 2. Expression of M and S opsins in Lrat™~ and WT retinas. (A) Western
blot analysis of M- and S-opsins in the retinas of Lrat™~ and WT mice at P14,
P18, and P30. Equal loading was indicated by p-actin. (B) Upper: Protein
levels of M and S opsins were quantified from five independent experi-
ments. Lower: Normalized mRNA levels of M- and S-opsins. Real-time RT-PCR
was performed to quantify the mRNA levels of M- and S-opsins relative to
Gapdh in P14 (n = 7), P18 (n = 4), and P30 (n = 7) WT and Lrat™" retinas.
Values were normalized to WT levels of the respective age for both protein
and mRNA comparison. Values represent mean + SEM and were analyzed by
Student t test. *P < 0.05, **P < 0.01, NS, not significant. (C) Left: Average
protein/mRNA ratios of M- and S-opsins of Lrat™~ were normalized against
those of WT. Right: Average cone numbers from ventral, central, and far
dorsal retina of Lrat™~ were normalized against those of WT.

target gene and an ER stress marker associated with apoptosis
(17), in WT and Lrat™~ (at P14 and P18) retinas. The CHOP
signal was very low in the outer nuclear layer (ONL) of both P14
and P18 WT retinas (Fig. 4 A and B), consistent with previous
work (18). In contrast, the CHOP signal was markedly increased
in the ONL of the ventral retina of P18 Lrat™'~ (Fig. 44, Bottom
Right), coinciding with the maximal S-opsin accumulation and
the early stage of cone degeneration (Fig. 2C). The CHOP signal
was lower in the ventral retina of P14 Lrat™'~ when S-opsin ac-
cumulation was much less. In the far dorsal retina of Lrat~'~ (P14
and P18) that mainly expresses M-opsin, no CHOP up-regulation
was observed (Fig. 4B). Immunolabeling with an isotype control
antibody for CHOP did not show nonspecific signals (SI Appendix,
Fig. S2).

Mouse and Human Short-Wavelength Opsins Were Aggregated and
Caused ER Stress in Transfected Cells. We have shown that M-opsin
and S-opsin have different aggregation properties under 11-cis-
retinal deprivation in the mouse retina. We verified this by using
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Fig. 3. S-opsin and ubiquitin in Lrat”~ cones. (A) P18 and (B) P30 Lrat™~
retinal sections were double-labeled with antibodies against M-opsin or
S-opsin (green) and ubiquitin (red). Aggregated S-opsin in P18 Lrat™~ cones
colocalized with ubiquitin in A (white arrows). In P30 Lrat™" retina, exten-
sive colocalization between S-opsin and ubiquitin can be seen (white arrows)
in B. Nuclei were stained with DAPI (blue). Labeling with isotype control
mouse IgG1 (for ubiquitin antibody) or rabbit IgG (for M/S opsin antibodies)
did not show nonspecific signals (S/ Appendix, Fig. S12). (Scale bar: 10 pm.)

a cell culture system (COS-7) in which both rod and cone opsins
formed functional pigments after reconstitution with chromo-
phore (19, 20), and in which the aggregation behavior of several
proteins causing neurodegeneration in the brain were studied
(e.g., ref. 21). We transfected COS-7 cells with plasmids
encoding various opsins and HA-tagged ubiquitin. In contrast to
the uniform membrane localization of rhodopsin (SI Appendix,
Fig. S3), all cone opsins showed predominant intracellular dis-
tribution (with a “net” structure) when expressed in COS-7 cells
(Fig. 5). This is consistent with in vivo observation that cone
opsin but not rhodopsin requires 11-cis-retinal for the correct
trafficking to the outer segment (equivalent to COS-7 cell
membrane) of mouse photoreceptors (8-11). Particularly, both
mouse S-opsin and human blue opsin showed prominent
aggregations manifesting as green dots of varying sizes in the
perinuclear region (Fig. 5). This was not observed for mouse M-
opsin and human red/green opsins. The intracellular accumula-
tion of both mouse S-opsin and human blue opsin was noticeably
higher than that of mouse M-opsin and human red/green opsins,
even though the same amount of plasmid was used for trans-
fection. These results resemble the in vivo findings on mouse M
and S opsins in the P18 Lrat™'~ retina (Figs. 1 and 24). In ad-
dition, aggregated mouse S-opsin and human blue opsin colo-
calized with ubiquitin (i.e., ubiquitin exhibited the same
aggregated distribution; Fig. 5), which was similar to what we
found for S-opsin in P18 Lrat™'~ cones (Fig. 34). In cells trans-
fected with human red/green and mouse M-opsin, ubiquitin
showed weak diffused pattern and poor colocalization with cone
opsins (Fig. 5, Middle, Right). In cells transfected with the vector
control, we did not detect any nonspecific signals when using anti-
bodies against various opsins or the HA tag (S Appendix, Fig. S4).

To examine the possibility that the aggregation of short-
wavelength opsins may induce UPR and ER stress, COS-7 cells
were cotransfected with various opsins and a CHOP-GFP re-
porter plasmid, which can track the expression of the endoge-
nous CHOP (22). In cells transfected with the vector, there was
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Fig. 4. CHOP activation in the ventral retina of Lrat™™ mice. The ventral (A)
and far dorsal (B) retinal sections of WT and Lrat™~ mice (P14 and P18) were
labeled with a CHOP antibody (red) and DAPI (blue). White arrows indicate
CHOP signals in the ONL of the ventral retina of P18 Lrat™~ mice. Red signals
in the OPL were caused by the labeling of retinal vessels by the Cy3-conjugated
goat anti-mouse secondary antibody. (Scale bar: 10 pm.)

some basal CHOP-GFP signal (SI Appendix, Fig. S5 and Fig. 6).
The expression of mouse S and human blue opsins induced
significant CHOP activation compared with the expression of
rhodopsin, mouse M-opsin or human red/green opsins (P <
0.001; SI Appendix, Fig. S5 and Fig. 6). This result is consistent
with our in vivo observation on CHOP activation in the Lrat™'~
retina (Fig. 4).

Replacing Rhodopsin with S-Opsin in Lrat~'~ Rods Caused Rapid Rod
Degeneration. Rods and cones share similarities in the synthesis
and transport of visual pigments. For example, cone pigment
expressed transgenically in rods targeted correctly to ROS (23-26)
and rhodopsin transgenically expressed in cones targeted to the
cone outer segment (24). We reasoned that if we replaced rho-
dopsin with S-opsin in Lrat ™"~ rods, S-opsin would likely mistraffic
and accelerate rod degeneration. We therefore bred an existing
mouse line, S-opsin™, which expresses S-opsin in rods (26), with
rhodopsin KO mice (Rho™") to obtain S-opsin*Rho™", and then
bred S-opsin™Rho™~ with Lrat™~ to obtain S-opsin*Rho™ " Lrat™~
mice. As shown previously, S-opsin in S-opsin*Rho™~ rods can
substitute rhodopsin to form a ROS, although it is shorter because
of the lower expression level of S-opsin (~6.3% of rhodopsin in
WT retina) (26) (Fig. 74, Left, red signal). However, in S-
opsinTRho™~Lrat™~ rods lacking 11-cis-retinal, S-opsin was mis-
localized to the rod inner segment, ONL, and OPL layers (Fig. 74,
Middle). S-opsin aggregates can be seen in the inner segment (Fig.
7A, Right, white arrows). These features are very similar to those
in Lrat™~ cones.

Compared with S-opsin*Rho™~ (or S-opsin*Rho™ Lrat™'")
mice, S-opsin*Rho™'~Lrat™™ mice exhibited rapid rod degen-
eration irrespective of retinal regions (Fig. 7 C and D). This is in
sharp contrast to the cone degeneration pattern in Lrat~'~ mice
(Fig. 2C), suggesting that the slow dorsal Lrar™~ cone de-
generation is not a result of region-specific factors (e.g., more
residual chromophore in the dorsal retina). The ONL thickness
of S-opsin*Rho™'~Lrat™'~ mice was slightly reduced at P14, and

PNAS | May 24,2011 | vol. 108 | no.21 | 8881

NEUROSCIENCE


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1017127108/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1017127108/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1017127108/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1017127108/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1017127108/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1017127108/-/DCSupplemental/sapp.pdf

Opsin Ubiquitin Merge

M-opsin

S.

Red

Green

Fig. 5. Aggregation and ubiquitination of mouse S-opsin and human blue
opsin in COS-7 cells. COS-7 cells were cotransfected with various opsin-
encoding plasmids and an HA-tagged ubiquitin plasmid (Materials and
Methods). Transfected cells were double-labeled with antibodies against the
HA tag and various opsins. Both mouse S-opsin and human blue opsin
formed intracellular aggregates (green dots). (Scale bar: 10 um.)

was drastically reduced (~50%) at P21. This degeneration rate
was faster than that of ventral/central cone degeneration in
Lrat™'~ and Rpe65~'~ (8-11) (Fig. 2C). Thus, replacing rhodopsin
with S-opsin in Lrat™~ rods accelerated the rod degeneration
dramatically. Aggregated S-opsin induced marked CHOP acti-
vation in P14 S-opsin*Rho™~Lrat™'~ retina compared with the
control S-opsin*Rho™" retina (Fig. 7B). The CHOP signal was
unlikely from cones, because P14 Rho'~Lrat™~ retina showed
no CHOP activation (SI Appendix, Fig. S6), similarly as seen in
the P14 Lrat™'~ retina (Fig. 4). Moreover, S-opsin*Rho™'~"Lrat™'~
rods degenerated much faster than Rho™~Lrat™~ rods (SI Ap-
pendix, Fig. S7), suggesting that the degeneration is mainly
caused by toxic accumulation of mistrafficked S-opsin in the in-
ner segments, ONL, and synaptic regions of rods rather than
insufficient delivery of opsins into ROS.

Discussion

The outer segments of rods and cones are renewed approxi-
mately every 10 d in higher vertebrates (27, 28). New discs are
assembled at the base of the outer segments and old discs are
ingested at the tip by neighboring RPE. During this process,
membrane proteins like rod and cone opsins are synthesized in
the inner segment, targeted to the outer segment, and eventually
degraded by RPE via phagocytosis. In the Lrat™~ model, large
quantities of M and S opsins are mislocalized to the inner regions
of cones, creating an extra burden on the cell. However, the two
types of cone opsins face very different fates in cones: a signifi-
cant amount of mislocalized M-opsin was degraded, whereas S-
opsin was resistant to proteasome degradation, resulting in far
more toxic aggregation of S-opsin in the ventral and central
retina than of M-opsin in the dorsal retina. In addition, we
demonstrated that the aggregation of S-opsin led to CHOP ac-
tivation. It is likely that the UPR in cones copes with mis-
localized M-opsin more effectively than mislocalized S-opsin.
Thus, M-opsin is degraded by the ER-associated degradation
pathway, which relieves ER stress. To the contrary, S-opsin is
resistant to ER-associated degradation, resulting in aggregation/
accumulation, which induces apoptosis. Our results explain the
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Fig. 6. Quantification of CHOP-GFP-positive cells as percentages of opsin-
expressing cells. COS-7 cells were cotransfected with plasmids encoding
CHOP-GFP and various opsins (or control vector pRK5 and pmCherry-N1), and
were labeled with opsin antibodies. The numbers of vector-transfected cells
were estimated from mCherry-positive cell. N = 10 for Rho; n = 11 for M, red,
blue; n = 12 for S and green opsins; n = 6 for vector control. Both mouse S-
opsin (S) and human blue opsin induced significantly more CHOP activation
than mouse M-opsin (M), human red/green opsins, bovine rhodopsin, and
vector control. ***P < 0.001.

region-specific cone degeneration pattern in Lrat™~ and Rpe65~'~
retinas. In earlier immunostaining studies on Rpe65~~ and Lrat™~
retinas (8, 11), S-opsin was hardly detectable because the AB5407
antibody did not recognize S-opsin apoprotein (i.e., without
chromophore) (SI Appendix, Fig. S8). In contrast, the MBO an-
tibody (26) we used in this study can detect both chromophore-
bound and chromophore-free S-opsin on immunohistochemistry
(SI Appendix, Fig. S8).

To our knowledge, this is the first demonstration that cone
opsins have distinct aggregation properties in the absence of 11-
cis-retinal. By analyzing the aggregation propensity profile with
Zyggregator, a computer algorithm that identifies aggregation-
prone regions of a misfolded protein based on the hydrophobic
pattern, secondary structure propensity, and charges of amino
acid sequences (29), we found that a region formed by residues
70 to 125 in S-opsin (72-127 in human blue) has a high proba-
bility to aggregate (SI Appendix, Fig. S9, boxed areas; intrinsic
aggregation score Z,,, > 1.0). Human red/green opsins and
mouse M-opsin do not have such a concentrated aggregation
region. Close inspection of this region (including helix II, ex-
tracellular loop I, and helix III) revealed that there are nine
phenylalanine residues in the S-opsin and human blue, whereas
there is only one in human red/green and M-opsin (Fig. §,
underlined). This may explain why the short-wavelength opsins
are more susceptible to aggregation in the absence of 11-cis-
retinal because aromatic residues (particularly phenylalanine),
play a significant role in the aggregation of proteins with folding
defects by directing molecular recognition and self-assembly via
n—n interactions (30). Based on this analysis, we predict that the
aggregation-prone property is a common feature of the verte-
brate short-wavelength opsins (SW1) because of the conserva-
tion of the phenylalanine-rich region in this family (S7 Appendix,
Fig. S10). In contrast, majorities of long and medium-wavelength
vertebrate opsins contain one or two phenylalanine residues
(except some species of fish have four; SI Appendix, Fig. S11),
suggesting that vertebrate L/M opsins are less likely to aggregate
and are more susceptible to proteasome degradation in the ab-
sence of 11-cis-retinal.

Previous works suggest that the short-wavelength pigments are
thermally much more stable than the long-wavelength pigments
(actually with thermal stability more similar to rhodopsin) (31,
32). It is likely that the phenylalanine-rich region may play a dual
role for the SW1 opsins. When the opsin is folded correctly in the
presence of 11-cis-retinal, it promotes protein stability. Con-
versely, when the opsin is folded incorrectly without 11-cis-retinal,
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Fig. 7. Replacing rhodopsin with S-opsin in Lrat™~ rods caused rapid rod
degeneration. (A) Mistrafficking of S-opsin in S—opsin*Rho"‘Lrat‘/‘ rods. P14
S-opsin*Rho™~ and S-opsin*Rho~'"Lrat™~ retinal sections were immunos-
tained for S-opsin (red). Aggregation of S-opsin in the inner segment of S-
opsin*Rho™'~Lrat™ rods is indicated by white arrows in the magnified view
of a boxed region. (B) CHOP activation in the S-opsin*Rho~'~Lrat™~ retina.
The retinal sections of P14 S-opsin*Rho™~ and S-opsin*Rho~'"Lrat™~ mice
were labeled with a CHOP antibody (red) and DAPI (blue). White arrows
indicate CHOP signals in the ONL of the S-opsin*Rho~'~Lrat™~ retina.
Immunolabeling with an isotype control antibody for CHOP did not show
nonspecific signals (SI' Appendix, Fig. $S13). (C) Comparison of rod de-
generation in S-opsin*Rho™~Lrat™~ and S-opsin*Rho™"~ mice at the indicated
ages. Retinas were embedded in plastic, and 1-um cross-sections were
stained by hematoxylin and eosin. INL, inner nuclear layer. (D) The average
ONL length at the ventral, central, and dorsal retina of S—opsin*Rho"‘Lrat"'
mice at P9, P14, and P21 were normalized against those of control
S-opsin*Rho™~ or S-opsin*Rho™"Lra*~ mice (Materials and Methods). (Scale
bars: A, Right, 2 pm; A, Left, Middle, 10 pm; B, 5 pm; C, 10 pm.)

it promotes aggregation. Interestingly, the same region in rho-
dopsin contains seven phenylalanine residues (Fig. 8), which may
be partly responsible for rhodopsin’s thermal stability. This region
does not promote aggregation of WT rhodopsin because rho-
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H-T1
S-opsin 70 ILVNVSLGGFLECIFSVETVFIASCHGY 97
Blue 72 ILVNVSFGGELLCIESVEPVEVASCNGY 99
Red 91 ILVNLAVADLAETVIASTISIVNQVSGY 118
Green 91 ILVNLAVADLAETVIASTISVVNQVYGY 118
M-opsin 86 ILVNLAVADLAETIIASTISVVNQIYGY 113

Rho 78 ILLNLAVADLFMVEGGETTTLYTSLHGY 105
E-I H-ITI

S-opsin 98 FLFGRHVCALEAFLGSVAGLVTGWSLAF 125

Blue 100 FVFGRHVCALEGFLGTVAGLVTGWSLAF 127

Red 119 FVLGHPMCVLEGYTVSLCGITGLWSLAI 146

Green 119 FVLGHPMCVLEGYTVSLCGITGLWSLAI 146
M-opsin 114 FVLGHPLCVIEGYIVSLCGITGLWSLAI 141
Rho 106 FVEGPTGCNLEGFFATLGGEIALWSLVV 133

Fig. 8. The aggregation-prone regions of S-opsin and human blue identi-
fied by Zyggregator are enriched with phenylalanine. Regions in M-opsin,
human red/green, and bovine rhodopsin that are homologous to residues 70
to 125 of S-opsin (72-127 of human blue) are aligned. Phenylalanine residues
are underlined. The secondary structures of cone opsins are modeled from
the rhodopsin crystal structure (39).

dopsin folds correctly and traffics to ROS without 11-cis-retinal
(8, 11). Thus, 11-cis-retinal is essential not only for light detec-
tion, but also for preserving a transport-competent conformation
of cone opsins and preventing aggregate formation, which is
achieved by shielding hydrophobic surfaces (e.g., 70-125 in S-
opsin) from forming inappropriate intra- or intermolecular con-
tacts during protein synthesis and transport (i.e., as a chem-
ical chaperone).

In Lrat™~ mouse, rod opsin traffics normally to ROS (7, 8)
whereas cone opsins accumulated in inner regions of cones (8-11).
This leads to very different consequences on the survival of rods
and cones. Rods degenerate slowly because of the constitutive ac-
tivity of rod opsin (12), whereas cones degenerate rapidly because
of the accumulation of mislocalized cone opsins. Nevertheless,
there is one feature in common between the two systems: opsin
plays a major role in determining the degeneration rate for both
rods and cones under 11-cis-retinal deprivation. As cone opsins
from the same family have similar aggregation and accumulation
propensity when 11-cis-retinal is limited (Fig. 5), we propose that, in
patients with LCA, blue cones die first as a result of toxic accu-
mulation of blue opsin, which is followed by red/green cones dying
with less accumulation of mislocalized red/green opsins. The dif-
ferent degeneration rate of different types of cones caused by cone
opsins has implications in designing therapeutic approaches. Re-
cently, there has been significant progress in treating patients with
RPE65-LCA with AAV2-mediated gene replacement therapy (33—
36). However, successful gene therapy must be performed in young
patients who have not yet developed significant retinal de-
generation (36, 37). Chemical chaperones that can reduce the ac-
cumulation of mislocalized cone opsins have the potential to work
synergistically with the current gene replacement therapy by sig-
nificantly expanding the therapeutic window.

Materials and Methods

Mice. Lrat™'~, Lrat*"~, S-opsin*, and Rho™'~ mice were generated previously (7,
26, 38). S-opsin*Rho™~ mice were produced by crossing the S-opsin* and
Rho™" lines. S-opsin*Rho~'~Lrat™"~ and S-opsin*Rho™~Lrat*'~ were produced
by breeding between S-opsin*Rho™~ and Lrat™~ mice. WT (C57BL/6J) mice
were purchased from Jackson Laboratory. Animals were reared under cyclic
light (12 h light/12 h dark). Additional details on materials and methods used
in the present study are provided in S/ Appendlix.
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