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A Y178C rhodopsin mutation causes aggregation and
comparatively severe retinal degeneration
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Rhodopsin is the light-activated G protein-coupled receptor that initiates vision in photoreceptor cells of the retina. Numerous
mutations in rhodopsin promote receptor misfolding and aggregation, causing autosomal dominant retinitis pigmentosa, a
progressive retinal degenerative disease. The mechanism by which these mutations cause photoreceptor cell death, and the role
aggregation plays in this process is still unclear. We recently demonstrated with the P23H and G188R rhodopsin mutants that the
severity of aggregation observed in vitro is also reflected in vivo and impacts the rate of retinal degeneration. A Y178C rhodopsin
mutant was investigated here to determine if this relationship applies broadly among mutations that cause misfolding and
aggregation of the receptor. In vitro characterization indicated the Y178C rhodopsin mutant exhibits similar properties to the more
severely aggregating G188R rhodopsin mutant, where the mutant is mislocalized to the endoplasmic reticulum in HEK293 cells and
form aggregates that cannot be rescued by treatment with the retinoid 9-cis retinal. Despite these similarities in vitro, the Y178C
rhodopsin mutant promoted a more severe retinal degeneration compared to the G188R mutant in vivo in mice. Aggregates of the
Y178C rhodopsin mutant labeled by the dye PROTEOSTAT were morphologically similar to those formed by both the P23H and
G188R rhodopsin mutants. There was, however, significantly greater photoreceptor cell death occurring independently of
PROTEOSTAT-labeled aggregates in mice expressing the Y178C rhodopsin mutant compared to those expressing either the P23H or
G188R rhodopsin mutants. Here, we demonstrate that PROTEOSTAT-labeled aggregates are not the sole cause of photoreceptor cell
death promoted by the Y178C rhodopsin mutation in vivo, and there may be alternate aggregate forms contributing to cell death
in these mice.
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INTRODUCTION
Rhodopsin is a G protein-coupled receptor (GPCR) residing in the
outer segment of rod photoreceptor cells of the retina. This GPCR
is activated by light to initiate phototransduction, a G protein-
mediated signaling cascade and the first step of vision. The light
receptor plays a central role in vision and proper function and
expression is required to maintain the health of rod photoreceptor
cells [1]. Dysfunction in rhodopsin is a leading cause of autosomal
dominant retinitis pigmentosa (adRP), a progressive retinal
degenerative disease currently without a cure [2, 3]. There are
over 100 mutations in the rhodopsin gene that have been
identified in patients with retinal disease, mostly retinitis
pigmentosa [4]. Many of these mutations have been studied
in vitro to determine the molecular defects caused by the
mutation. A majority of mutations with known molecular defect
cause misfolding of the receptor [4]. Rhodopsin is not unique and
there are several mutations in other GPCRs known to cause
misfolding, aggregation and disease [5–8]. Both the mechanism
by which rhodopsin misfolding leads to rod photoreceptor cell
death and whether all misfolding rhodopsin mutations cause
retinal degeneration by a common mechanism is unclear.
The classification of misfolding rhodopsin mutations has

traditionally been made based on in vitro biochemical and cell
biology observations, and can be broadly classified as complete or

partial misfolding mutations [9]. Complete misfolding mutants are
retained in the endoplasmic reticulum (ER) and cannot be rescued
by or reconstituted with retinoids such as 11-cis retinal or 9-cis
retinal [10–18]. Partial misfolding mutants may traffic properly to
the plasma membrane and/or can be rescued by or reconstituted
with retinoids, at least partially. More detailed characterization of
the aggregation properties of misfolding mutants has revealed
that mutations can be subdivided even further beyond the broad
classification as complete and partial misfolding mutations [19].
Although much has been learned about misfolding mutations of
rhodopsin in vitro, the effect of the mutations in vivo and what
in vitro aspects are preserved in vivo is less clear.
The P23H mutation in rhodopsin was the first identified

mutation in rhodopsin known to cause adRP and is classified as
a partial misfolding mutation [9, 20]. This mutation has been
studied extensively both in vitro and in vivo, with several animal
models studied harboring this mutant form of rhodopsin. Until
recently, this was the only misfolding rhodopsin mutation
examined in animal models. Two knockin mouse models for adRP
were recently compared that express misfolding rhodopsin
mutants from different classes, the mentioned partial misfolding
P23H mutation and the complete misfolding G188R mutation [21].
These studies demonstrated that misfolding mutations cause the
receptor to aggregate both in vitro and in vivo. The complete
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misfolding G188R mutation results in a more severe aggregation
profile in vitro, which manifests in vivo as greater aggregation and
faster retinal degeneration compared to that promoted by the
P23H mutation. It is unclear if similar trends occur with other
mutations from the same class.
In the current study, we examined a Y178C mutation in

rhodopsin under both in vitro and in vivo conditions to determine
if it behaves similarly to either of the previously characterized
P23H or G188R mutations. The mutation occurs in the second
extracellular loop of rhodopsin and the native tyrosine residue is
in close proximity to the bound ligand 11-cis retinal (Fig. 1A, B).
The Y178C mutation in rhodopsin has been shown to cause adRP
[22–25], and can cause a relatively severe phenotype [26]. This
mutation can be classified as a complete misfolding mutation
since it is retained in the ER and cannot bind retinoids [11, 13]. In
this manner, it is predicted to behave more similarly to the G188R
mutation than the P23H mutation.

RESULTS
Rhodopsin Y178C mutant exhibits aggregation properties
expected for a complete misfolding mutation
Aggregation and mislocalization of the Y178C rhodopsin mutant
were tested in vitro in transfected HEK293 cells to assess the
molecular defect promoted by the mutation. The potential for the
Y178C rhodopsin mutant to aggregate was tested using a Förster
resonance energy transfer (FRET)-based method in transfected
HEK293 cells [9]. The FRET originating from natively formed
oligomers and non-native aggregates was differentiated by the
sensitivity of the FRET signal to treatment with the mild detergent
n-dodecyl-β-D-maltoside (DM), and only FRET above the non-
specific FRET signal was considered an indication of physiologi-
cally relevant complexes [9]. Wild-type (WT) rhodopsin predomi-
nantly exhibited DM-sensitive FRET, indicative of oligomers,
whereas the Y178C rhodopsin mutant predominantly exhibited
DM-insensitive FRET, indicative of aggregates (Fig. 2A, B). As such,
WT rhodopsin was predominantly properly localized to the plasma
membrane whereas the Y178C rhodopsin mutant was predomi-
nantly mislocalized in the ER (Fig. 2D). To determine if the
aggregates formed by the Y178C rhodopsin mutant can be
detected by the dye PROTEOSTAT, a molecular rotor dye with
greatly enhanced fluorescence upon binding aggregated proteins
[27], HEK293 cells were transfected with constructs for untagged
WT or Y178C rhodopsin since the fluorescent tags interfere with
the fluorescence from the dye. Only cells expressing the Y178C
rhodopsin mutant exhibited robust PROTEOSTAT staining (Fig. 2C),
consistent with FRET data indicating only the Y178C rhodopsin
mutant aggregates appreciably.
When WT and Y178 rhodopsin were coexpressed in HEK293

cells, specific FRET was largely absent except for a small DM-

insensitive FRET signal (Fig. 2A, B), which originates from the
interaction of a minor population of aggregated WT rhodopsin
with the mutant, an interaction that may not occur physiologically
in photoreceptor cells [28]. Confocal microscopy corroborated the
FRET data, with WT rhodopsin localized in the plasma membrane,
the Y178C mutant localized in the ER, and some colocalization of
WT and Y178C rhodopsin (Fig. 2E). Thus, WT rhodopsin and the
Y178C rhodopsin mutant are expected to behave independently
of each other in vivo in photoreceptor cells. Treatment of cells
with 9-cis retinal did not change any of the aggregation or
localization profiles of the Y178C rhodopsin mutant when
expressed alone or coexpressed with WT rhodopsin, thereby
indicating that the Y178C mutant can be classified as a complete
misfolding mutant.

Rhodopsin Y178C mutant promotes a comparatively severe
retinal degeneration phenotype
The phenotype promoted by the Y178C rhodopsin mutation was
examined in mice that were heterozygous (RhoY178C/+) or
homozygous (RhoY178C) for the mutation. These mice expressing
the Y178C rhodopsin mutant were congenic on the C57Bl/6 J (B6)
background [29]. Retinal degeneration was characterized by
quantifying the number of photoreceptor cell nuclei spanning
the outer nuclear layer. Photoreceptor cell loss was not evident in
mice that were 1 week old (Fig. 3), an age where small amounts of
rhodopsin are just beginning to be expressed [30]. Thus,
photoreceptor cell loss requires rhodopsin expression. Photo-
receptor cell loss was evident in young RhoY178C/+ and RhoY178C

mice at 2 weeks of age, a period where rhodopsin is beginning to
be expressed at a rapidly increased rate [30], and it continued to
progress with age (Fig. 4A–E). At 2 weeks of age, the loss of
photoreceptor cells was less severe in RhoY178C/+ mice, where 3–4
nuclei layers were lost, compared to RhoY178C, where only a single
row of nuclei remained (Fig. 4A). A complete loss of photoreceptor
cells occurred by 6 months of age in RhoY178C/+ mice (Fig. 4E). The
loss of photoreceptor cells was similar in both the superior and
inferior retina (Fig. 4F), with the rate of photoreceptor cell loss
similar in both regions (Fig. 4G).
The functional consequence of the photoreceptor cell loss in 3-

week-old RhoY178C/+ and RhoY178C mice was examined by
electroretinography (ERG). Both the scotopic and photopic
response in RhoY178C mice was ablated (Fig. 4H–J), which is
consistent with the severe retinal degeneration exhibited by these
mice (Fig. 4B). In RhoY178C/+ mice, where only about 1/3 of
photoreceptor cells remained (Fig. 4B, F), the scotopic a-wave
response was ablated and the scotopic b-wave response
significantly diminished (Fig. 4H, I). A reduction in the photopic
b-wave response also occurred in RhoY178C/+ mice (Fig. 4J). The
scotopic a-wave corresponds to the response from rod photo-
receptor cells [31, 32], and thus the remaining 1/3 of

Fig. 1 Y178C point mutation highlighted on the structure of rhodopsin. A, B Location of the P23H (green), G188R (blue), and Y178C (red)
point mutations are highlighted on the murine rhodopsin secondary structure (A) and bovine rhodopsin crystal structure (B). In the crystal
structure (PDB ID: 1U19), amino-acid side chains are shown as colored spheres, and 11-cis retinal is shown as pink spheres. C Sequence of
codon 178 (box) and the surrounding region in rhodopsin transcripts from 2-week-old RhoY178C/+ mice.
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photoreceptor cells in RhoY178C/+ mice was unable to generate a
detectable a-wave response. The scotopic b-wave corresponds to
the response from bipolar cells, which receive input from all
photoreceptor cells [33]. The scotopic b-wave response likely
derives from the function of cone photoreceptor cells, which is
also disrupted as revealed by the reduced photopic b-wave
(Fig. 4J).
The reduced photopic b-wave suggests that cone photorecep-

tor cells are impacted in RhoY178C/+ mice. Cone photoreceptor
cells were visualized by peanut agglutinin (PNA) staining, which
labels cone photoreceptor cell outer segments [34, 35]. Cone
photoreceptor cell loss occurred progressively in RhoY178C/+ mice,

and complete cone photoreceptor cells loss occurred by 6 months
of age (Fig. 5). The cone outer segments were also shorter in
RhoY178C/+ mice compared to B6 mice, even at 2 weeks of age.

Rhodopsin expression in RhoY178C/+ mice
The expression of rhodopsin in 2-week-old RhoY178C/+ and
RhoY178C mice was examined at the transcript and protein levels.
Transcripts of rhodopsin prepared from the retina of RhoY178C/+

mice were sequenced to confirm that the only difference between
the WT and mutant alleles was a single adenine to guanine base
pair change corresponding to codon 178 in the rhodopsin
sequence (Fig. 1C). RT-qPCR was conducted on retinal samples
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to quantify the level of rhodopsin transcripts, which were
normalized to transcript levels of either 18 s rRNA or transducin
(Gnat1) to account for the loss of photoreceptor cells (Fig. 6A). In
RhoY178C/+ mice, rhodopsin transcripts normalized to 18 s rRNA
transcripts was about half of that detected in B6 mice. This
decrease in rhodopsin transcripts was due to the loss of rod
photoreceptor cells as rhodopsin transcripts were similar to that in
B6 mice when normalized to transducin transcripts. Little or no
rhodopsin transcripts were detected in RhoY178C mice, where
almost all rod photoreceptor cells are lost.
Rhodopsin protein expression was assessed semi-quantitatively

in Western blots (Fig. 6B). The level of rhodopsin in the retina of 2-
week-old RhoY178C/+ mice, as detected in Western blots, was about
a quarter of that detected in B6 mice (Fig. 6C). Misfolded
rhodopsin mutants appear to be predominantly degraded [36, 37],
leaving mostly WT rhodopsin detected in Western blots of
heterozygous mutant mice [21]. The level of rhodopsin detected
in RhoY178C/+ mice is only about half of the expected 50% level if
WT rhodopsin expression is unaffected. Similar to the reduction in
rhodopsin transcripts observed when normalized to 18 s rRNA
transcripts (Fig. 6A), the reduction in rhodopsin protein likely is
due to the loss of photoreceptor cells at this age tested. To
support this conclusion, the level of rhodopsin expressed in the
retina of RhoP23H/+ mice that were 1 month old, an age where
comparable photoreceptor cell loss occurs [21], was determined
by Western blot and showed a similar reduction in rhodopsin
(Fig. 6C). Thus, the Y178C rhodopsin mutant, like the P23H and
G188R rhodopsin mutants [21], appears to be efficiently degraded
and most of the rhodopsin detected in Western blots appears to
derive from the WT form.
The localization of rhodopsin in photoreceptor cells of 2-week-

and 3-week-old RhoY178C/+ and RhoY178C mice was examined by
anti-4D2 and anti-1D4 antibodies, which detect the amino
terminal region and carboxy terminus of rhodopsin, respectively
[38, 39]. Previously in mice expressing either the P23H or G188R
rhodopsin mutants, the anti-4D2 antibody was able to detect
mislocalized rhodopsin whereas the anti-1D4 antibody was unable
to detect its epitope in mislocalized rhodopsin without an antigen
retrieval step, which was presumed to be an effect related to
aggregation of the receptor [21]. Both antibodies labeled
rhodopsin properly localized in the rod outer segment and
mislocalized to the outer nuclear layer of the retina in RhoY178C/+

mice at both ages (Fig. 6D). In 2-week-old RhoY178C mice, the anti-
4D2 antibody labeled rhodopsin sporadically in the outer nuclear
layer whereas the anti-1D4 antibody did not label any rhodopsin,
even with antigen retrieval. Thus, residual levels of rod photo-
receptor cells are present at this age and the anti-4D2 and anti-
1D4 antibodies exhibit differential ability to detect the mutant
rhodopsin in these photoreceptor cells. Neither antibody detected

rhodopsin in 3-week-old RhoY178C mice, indicating the complete
loss of rod photoreceptor cells.
Labeling of rhodopsin in the rod outer segment revealed that

the length of this compartment is shorter in RhoY178C/+ mice
compared to that in B6 mice (Fig. 6D). Similar shortening of outer
segments of cone photoreceptor cells (Fig. 5) indicates that the
degeneration of both types of photoreceptor cells results in the
shortening of the respective outer segments. The labeling of
mislocalized rhodopsin in RhoY178C/+ mice with the anti-1D4
antibody was similar regardless of whether or not an antigen
retrieval step was included (Fig. 6D), which contrasts the labeling
in the retina of RhoP23H/+ and RhoG188R/+ mice previously reported
that required an antigen retrieval step for detection [21]. Thus, the
structural nature of mislocalized rhodopsin in RhoY178C/+ mice
differs from that in RhoP23H/+ and RhoG188R/+ mice.

Relationship between photoreceptor cell death and
aggregation
The Y178C rhodopsin mutant aggregates in vitro and can be
labeled by PROTEOSTAT (Fig. 2C). The retina of RhoY178C/+ mice
were labeled with PROTEOSTAT to detect aggregates of the
mutant rhodopsin in vivo. We previously demonstrated that
aggregates of the P23H and G188R rhodopsin mutants can be
detected by PROTEOSTAT in the retina of mice [21]. Characteriza-
tion of the PROTEOSTAT staining in those mice demonstrated that
neither retinal degeneration nor rhodopsin mislocalization by
themselves causes aggregation of rhodopsin or any other protein
that are detectable by PROTEOSTAT. Moreover, only PROTEOSTAT
labeling in the outer nuclear layer of the retina was deemed to
correspond to mutant rhodopsin aggregates as the origin of
PROTEOSTAT labeling in other regions of the retina, including
photoreceptor cell inner/outer segments, was ambiguous and
may represent non-specific labeling since it also occurred in B6
mice. In the outer nuclear layer of the retina in RhoY178C/+ mice,
PROTEOSTAT labeling surrounded the nuclei of photoreceptor
cells (Fig. 7). Perinuclear PROTEOSTAT labeling occurred for both
relatively healthy nuclei with a single large central chromocenter
as well as unhealthy disrupted nuclei. This morphology of
PROTEOSTAT labeling was similar to that observed previously in
the retina of mice expressing the P23H and G188R rhodopsin
mutants [21].
The relationship between photoreceptor cell death and

aggregation was assessed by examining the levels of TUNEL and
PROTEOTAT positive photoreceptor cells, respectively (Fig. 8A–C).
No TUNEL or PROTEOSTAT labeling was detected in the outer
nuclear layer of B6 mice (Supplementary Fig. 4). The level of
TUNEL positive cells was elevated at 2 weeks and 3 weeks of age
in RhoY178C/+ mice, and then decreased by 1 month of age. In
contrast, the peak detection of PROTEOSTAT positive cells

Fig. 2 Aggregation and mislocalization of the Y178C rhodopsin mutant in HEK293 cells. A, B FRET was conducted on untreated (black) or
9-cis retinal-treated (gray) HEK239 cells either singly expressing or coexpressing WT and Y178C rhodopsin. Fitted values of the maximal FRET
efficiency (Emax) and the standard errors from the fits are shown for DM-sensitive (A) and DM-insensitive (B) components of generated FRET
curves (Supplementary Fig. 1). The dashed line represents the non-specific Emax, defined previously [19]. All fitted parameters and statistical
analyses are reported in Supplementary Tables 1–3. C Transfected HEK239 cells expressing either untagged WT or Y178C rhodopsin were
stained by PROTEOSTAT (red) and NucBlue (blue). Scale bar, 25 μm. D Transfected HEK293 cells expressing either YFP-tagged WT or Y178C
rhodopsin were untreated or treated with 9-cis retinal. Overlays of confocal microscopy images of the YFP-tagged rhodopsins (green) with
either the ER marker DsRed2-ER (red) or plasma membrane (PM) marker WGA (magenta) are shown on the left. DAPI staining is shown in blue.
Scale bar, 5 μm. Colocalization analysis was conducted on the overlay confocal microscopy images to compute Pearson’s correlation
coefficient (r), which indicates the presence or absence of colocalization between the YFP-tagged rhodopsins and the ER (blue) or PM (red)
markers. Mean values and the standard deviation are shown (number of images, n= 10). E Transfected HEK293 cells coexpressing mTq2-
tagged WT or YFP-tagged Y178C rhodopsin were untreated or treated with 9-cis retinal. Overlays of confocal images are shown on the left
between mTq-tagged WT (green) and YFP-tagged Y178C (red) rhodopsin or between the tagged rhodopsins and the PM marker (blue). DAPI
staining (blue) is shown only in images without the PM marker. Scale bar, 5 μm. The Pearson’s correlation coefficient (r) from colocalization
analysis of overlay images is reported on the right as the mean and standard deviation (number of images, n= 10), which indicates the
presence or absence of colocalization between WT and Y178C rhodopsin (gray), WT rhodopsin and PM marker (blue), or Y178C rhodopsin and
PM marker (red).
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occurred at 2 weeks of age and then decreased with age. The
relationship between TUNEL and PROTEOSTAT positive photo-
receptor cells was further examined by determining how many
photoreceptor cells were co-labeled (Fig. 8D). For both 2-week-
and 3-week-old RhoY178C/+ mice, a little under half the cells were
co-labeled with TUNEL and PROTEOSTAT, whereas a little over half
the cells were labeled with either TUNEL or PROTEOSTAT alone
(Fig. 8E). RhoP23H/+ and RhoG188R/+ mice exhibited differences in
the labeling pattern of TUNEL and PROTEOSTAT. The ages of these
mice examined represented the age where peak levels of TUNEL
and PROTEOSTAT positive cells occurred [21]. Both mutant mice
exhibited about 3-fold lower levels of TUNEL only positive cells
compared to that in RhoY178C/+ mice. Thus, there was a greater
proportion of photoreceptor cells exhibiting PROTEOSTAT only
labeling or co-labeling with TUNEL and PROTEOSTAT in RhoP23H/+

and RhoG188R/+ mice compared to that in RhoY178C/+ mice. The
level of photoreceptor cells labeled with PROTEOSTAT alone was
the greatest in RhoP23H/+ mice and RhoG188R/+ mice had the
greatest level of photoreceptor cells co-labeled with TUNEL and
PROTEOSTAT. Taken together, the relationship between photo-
receptor cell death and aggregation appears to be less tightly
linked in RhoY178C/+ mice compared to that in RhoP23H/+ and
RhoG188R/+ mice, and there are more photoreceptor cells under-
going photoreceptor cell death independent of aggregation. The
aggregation detected here is limited to aggregate species labeled
by PROTEOSTAT.

DISCUSSION
The Y178C rhodopsin mutation was examined both in vitro and
in vivo to determine the molecular and cellular effects of the
mutation. The classification as a complete misfolding mutation
predicted that this mutation would behave similarly as a G188R
rhodopsin mutation, which is another complete misfolding
mutation characterized recently both in vitro and in vivo
[19, 21, 28]. In vitro studies here indeed demonstrated that the
Y178C rhodopsin mutant behaves similarly as the G188R
rhodopsin mutant (Fig. 2). Both mutants are retained in the ER
and form aggregates rather than oligomers. When coexpressed
with WT rhodopsin, both mutants minimally interact with WT
rhodopsin. The retinoid 9-cis retinal does not impact any of these
properties for both mutants. This lack of effect of 9-cis retinal

contrasts with the effect of the retinoid in the P23H rhodopsin
mutant [19, 21, 40], which is classified as a partial misfolding
mutant.
Previous characterizations of adRP mouse models expressing

either the G188R or P23H rhodopsin mutants revealed that both
mutants aggregated, and degeneration was faster in the inferior
retina compared to the superior retina [21]. Mice expressing the
G188R rhodopsin mutant exhibited a 2-fold faster loss of
photoreceptor cells (Supplementary Fig. 6) and greater levels of
photoreceptor cells labeled by PROTEOSTAT compared to mice
expressing the P23H rhodopsin mutant [21]. Aggregation of these
mutants appeared to be a primary driver of photoreceptor cell loss
with the more severe aggregation profile of the G188R rhodopsin
mutant observed both in vitro and in vivo correlating with a more
severe retinal degeneration. Although in vitro studies indicate that
the Y178C rhodopsin mutant shares a similar aggregation profile
as the G188R rhodopsin mutant, the mouse model expressing the
Y178C rhodopsin mutant exhibited key differences compared to
the previously characterized mouse model of adRP that expresses
the G188R rhodopsin mutant [21].
In RhoY178C/+ mice, photoreceptor cell loss was 3-fold faster in

the superior retina and 2-fold faster in the inferior retina
compared to that in RhoG188R/+ mice (Supplementary Fig. 6)
[21], and there was no difference in the degeneration occurring in
the superior retina versus inferior retina (Fig. 4F, G). The relatively
severe retinal degeneration phenotype in RhoY178C/+ mice is
consistent with the relatively severe phenotype observed in
patients with adRP [26]. A difference in the time course of
photoreceptor cell death, as assessed by TUNEL, is also observed
between RhoY178C/+ and RhoG188R/+ mice. While both mutant mice
exhibit comparable levels of TUNEL positive cells early on at
2 weeks of age, levels decreased at 3 weeks of age in RhoG188R/+

mice whereas they remain elevated in RhoY178C/+ mice (Fig. 8B, C).
For both RhoG188R/+ and RhoP23H/+ mice, where aggregation
appears to be a major driver of cell death, the level of TUNEL
positive cells decreases relatively quickly 1 week after peak levels
are achieved [21]. Thus, elevated levels of cell death are
comparatively prolonged in RhoY178C/+ mice.
In the absence of detectable differences in in vitro character-

izations, what then could be the reason for the faster degenera-
tion in RhoY178C/+ mice compared to that in either RhoG188R/+ or
RhoP23H/+ mice? Retinal degeneration required rhodopsin

Fig. 3 No loss of photoreceptor cells when rhodopsin is not expressed. Eye sections from 1-week-old B6 (A), RhoY178C/+ (B), and RhoY178C (C)
mice are shown with zoomed-in images shown below of regions of the retina highlighted by boxes. The outer nuclear layer (ONL), inner
nuclear layer (INL), and ganglion cell layer (GCL) are labeled. Scale bar, 500 μm and 50 μm for zoomed-in images.
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Fig. 4 Photoreceptor cell loss in mice expressing the Y178C rhodopsin mutant. A–E Retinal sections from 2-week-old (A) and 3-week-old (B)
B6, RhoY178C/+ and RhoY178C mice and 1-month- (C), 3-month- (D), and 6-month-old (E) B6 and RhoY178C/+ mice. The outer nuclear layer (ONL),
inner nuclear layer (INL), and ganglion cell layer (GCL) are labeled. Scale bar, 25 μm. Uncropped images are shown in Supplementary Fig. 2.
F Spider plot of the number of photoreceptor cell nuclei in the inferior (negative) and superior (positive) regions of the retina in RhoY178C/+

mice ages 2 weeks–6 months. The mean and standard deviation are shown at different distances from the optic nerve (number of mice, n= 6
for all except for 6-month-old RhoY178C/+ mice, where n= 2). Spider plots comparing B6, RhoY178C/+ and RhoY178C mice at each age are shown
in Supplementary Fig. 2. G Mean values of the number of photoreceptor cell nuclei, and their associated standard deviation, are plotted as a
function of age in the superior or inferior region of the retina in B6 or RhoY178C/+ mice (number of mice, n= 6 for all except for 6-month-old
RhoY178C/+ mice, where n= 2). Data points for B6 mice, besides that for 3-week-old mice, are those reported previously [21]. The kinetics of
photoreceptor cell loss was determined by fitting the data by non-linear regression with an exponential equation for one-phase decay. The
fitted values and standard error of the rate constant (k) for data from RhoY178C/+ mice is 1.32 ± 0.06 month−1 and 1.42 ± 0.07 month−1, for the
superior and inferior regions of the retina, respectively. H–J ERG response from 3-week-old B6, RhoY178C/+ and RhoY178C mice. The amplitude of
the scotopic a- (H) and b-wave (I) and photopic b-wave (J) are plotted as a function of the intensity of light stimulus. Mean values are plotted
with the standard error (number of mice, n= 8 for B6 and RhoY178C mice and n= 9 for RhoY178C/+ mice). Data were fit by non-linear regression
to dose-response models, and fitted values are reported in Supplementary Table 4. Scotopic a-wave and b-wave data from RhoY178C/+ and
RhoY178C mice are shown on a magnified scale in Supplementary Fig. 3.
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expression since photoreceptor cell loss is not evident at an age
where rhodopsin expression is minimal (Fig. 3). The expression of
rhodopsin transcripts and protein in RhoY178C/+ mice are compar-
able to that in RhoG188R/+ and RhoP23H/+ mice (Fig. 6A–C) [21], and
therefore this is not a factor in the observed difference. The
morphology of PROTEOSTAT labeling that surround photorecep-
tor cell nuclei is qualitatively similar in RhoY178C/+ mice compared
to that in RhoG188R/+ and RhoP23H/+ mice (Fig. 7) [21], suggesting
the Y178C rhodopsin mutant can form similar types of aggregates
as that formed by the other two mutants, at least for those
forming in the outer nuclear layer. The comparatively faster retinal
degeneration in RhoY178C/+ mice may be due to either an
alternative type of aggregate formed that is not detectable by
PROTEOSTAT or some other yet-to-be-determined factor. For
instance, aggregates of the mutant may form and accumulate in
the inner segment of rod photoreceptor cells, as it has been
suggested to occur for a fluorescent protein-tagged P23H
rhodopsin mutant in knockin mice [41]. Due to the ambiguity of
PROTEOSTAT labeling outside of the outer nuclear layer [21], such
an aggregate species may exist in mutant mice studied here and
contribute to photoreceptor cell death but may not be
distinguishable by PROTEOSTAT.
RhoY178C/+ mice exhibit differences in the relationship between

photoreceptor cell death and aggregation compared those in
RhoG188R/+ and RhoP23H/+ mice. There was significantly more
photoreceptor cell death occurring independent of aggregates, at
least those labeled by PROTEOSTAT, in RhoY178C/+ mice compared
to that in the other mutant mice (Fig. 8E). Although PROTEOSTAT-
labeled aggregates of the Y178C rhodopsin mutant appear to be a
major contributor to photoreceptor cell death, since almost half of
photoreceptor cells exhibit co-labeling by TUNEL and PROTEOSTAT
(Fig. 8E), there is a comparatively large fraction of photoreceptor
cells that die independently of PROTEOSTAT-labeled aggregates in
the outer nuclear layer. In contrast, PROTEOSTAT-labeled aggre-
gates in the outer nuclear layer appear to be the main driver of
photoreceptor cell death in RhoG188R/+ and RhoP23H/+ mice [21].
The nature of the additional contributor to cell death besides

PROTEOSTAT-labeled aggregates in RhoY178C/+ mice is unclear, but
immunohistochemistry with the anti-1D4 antibody suggests that
perhaps there is an additional aggregate or misfolded species that
is undetectable by PROTEOSTAT. Previously, it was assumed that
the epitope detected by the anti-1D4 antibody is masked by
rhodopsin mutant aggregation [21]. Here, the anti-1D4 antibody
detected mislocalized rhodopsin in RhoY178C/+ mice even without
antigen retrieval (Fig. 6D), which indicates the presence of an
alternate rhodopsin mutant species. In vitro experiments predict

that Y178C and WT rhodopsin would not interact with each other
appreciably in vivo and the comparable level of rhodopsin
detected in Western blots from RhoY178C/+ and RhoP23H/+ mice
suggest that this mislocalized species is unrelated to WT
rhodopsin (Figs. 2A, B and 6C). It is also notable that in 2-week-
old RhoY178C mice, the anti-4D2 antibody exhibited some staining
whereas the anti-1D4 antibody did not exhibit any staining, even
with antigen retrieval (Fig. 6D), which was also observed in
RhoP23H mice at an age with comparable degeneration [21]. The
nature of the mutant rhodopsin species selectively stained is
unclear but may be yet another aggregate species or a
proteolytically cleaved species (e.g., [42]).
The immunohistochemistry data described above point to the

possibility that the Y178C rhodopsin mutant can exist in multiple
forms, including possibly different types of aggregate species.
Amyloid-type aggregates that cause neurodegeneration have
been shown to adopt different forms and conformations, which
can lead to heterogenous phenotypes [43]. Thus, it would not be
surprising that different mutations in rhodopsin can likewise alter
the forms or conformations achieved during aggregation,
impacting the retinal degeneration phenotype. It is unclear
whether the Y178C rhodopsin mutant forms a different aggregate
species than the G188R rhodopsin mutant in vitro that are
indistinguishable in our FRET assay. Moreover, it is also unclear
whether mutant rhodopsin aggregates labeled by PROTEOSAT
both in vitro and in vivo form the same type of aggregate species.
Future efforts will require more structural information on
rhodopsin mutant aggregation to better understand the different
types of aggregate species formed by the receptor and the
mechanism by which aggregation leads to photoreceptor cell
death. The aggregation properties of different rhodopsin muta-
tions that cause adRP can be variable in vitro [19], and the impact
for those variations are only beginning to be understood in vivo
(e.g., [21]). Here we demonstrate that even when mutations share
similar in vitro aggregation properties, the effect of the mutation
in vivo may be variable. Thus, more work is required to understand
the correlation between in vitro and in vivo properties and the
individual effect of mutations in disease.

MATERIALS AND METHODS
Mice
All animal studies were approved by the Institutional Animal Care and Use
Committee at Case Western Reserve University School of Medicine. Both
male and female mice were used for experiments. No randomization
procedures or blinding were performed in animal studies. We previously

Fig. 5 Outer segment shortening and loss of cone photoreceptor cells. Cone photoreceptor cells in the retina of 2-week-old–6-month-old
B6 and RhoY178C/+ mice were labeled by PNA (green), and nuclei were labeled by DAPI (blue). Cone outer segments (COS), outer nuclear layer
(ONL), inner nuclear layer (INL), and ganglion cell layer (GCL) are labeled. Scale bar, 50 μm.
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generated RhoG188R mice by CRISPR/Cas gene targeting [21]. RhoY178C/+

(stock no. 043591-JAX) and RhoP23H (stock no. 017628) mice were obtained
from The Jackson Laboratory (Bar Harbor, ME). Both mouse lines were
backcrossed with B6 mice for at least 10 generations. RhoY178C mice were
generated by chemically induced ENU mutagenesis [29]. Absence of the
rd1 and rd8 mutations and presence of the L450M mutation in RPE65
characteristic of B6 mice was confirmed by genotyping [44, 45]. A 10,000
base pair region of the genome containing the rhodopsin gene and
promoter region was sequenced by PCR-amplifying overlapping fragments
to confirm that mice exhibited no changes except for the TAC to TGC
mutation at codon 178. To ensure proper generation of rhodopsin
transcripts, total RNA was prepared from the retina of 2-week-old RhoY178C/
+ mice using High Pure RNA Tissue Kit (Roche Diagnostics, Indianapolis, IN)
and reverse transcription performed using the Transcriptor First Strand
cDNA Synthesis Kit (Roche Diagnostics, Indianapolis, IN). The cDNA was
PCR-amplified using rhodopsin-specific primers (forward, 5’-CCTTGGTCTC
TGTCTACGAAGAG; reverse, 5’–GAGCCTGCATGACCTCATC) and sequenced
to confirm absence of changes except the TAC to TGC mutation at
codon 178 (Fig. 1C).

Characterization of aggregation in vitro in HEK293 cells
DNA constructs coding for murine rhodopsin in untagged form (pmRho) or
tagged with a yellow fluorescent protein (YFP) variant or mTurquoise2

(mTq2), both tagged with a 1D4 epitope (pmRho-SYFP2-1D4 or pmRho-
mTq2-1D4), were described previously [21, 46]. The Y178C mutation was
introduced into each of these constructs adapting procedures in the
QuickChange II Site-Directed Mutagenesis Kit (Agilent Technologies, Santa
Clara, CA) using the following forward and reverse primers: 5’-
GGCTGGTCCAGGTGCATCCCTGAGGGC and 5’-GCCCTCAGGGATGCACCTG-
GACCAGCC. These DNA constructs were used to transfect HEK293T/17 cells
(Cat. No. CRL-11268, American Type Culture Collection, Manassas, VA), and
a FRET assay or confocal microscopy performed as described previously
[9, 46]. Cells were either untreated or treated with 15 μM 9-cis retinal
(Cayman Chemical, Ann Arbor, MI) 3 h after transfection under dim red-
light conditions and incubated in the dark.
The FRET assay was conducted on a FluoroMax-4 spectrofluorometer

(Horiba Jobin Yvon, Edison, NJ), as described previously [9]. Total,
n-dodecyl-β-D-maltoside (DM)-sensitive, and DM-insensitive FRET signals
were computed and FRET curves generated by plotting the FRET efficiency
(E) versus the acceptor:donor (A:D) ratio. The data were fit by non-linear
regression to a rectangular hyperbolic function using Prism 10 (GraphPad
Software, San Diego, CA), E= (Emax × A:D)/(EC50+ A:D), to compute the
maximal FRET efficiency (Emax) and EC50 [9]. The non-specific Emax was
defined previously [19]. An extra sum of squares F test was conducted
using Prism 10 (GraphPad Software, San Diego, CA) to determine if the
FRET signal was different from the non-specific FRET signal and to
determine differences among Emax values.

Fig. 6 Expression and localization of rhodopsin in mice expressing the Y178C rhodopsin mutant. A Rhodopsin transcripts in the retina of
2-week-old B6, RhoY178C/+ and RhoY178C mice were quantified by RT-qPCR and expressed normalized to 18 s rRNA (blue) or Gnat1 (red).
Individual data points are expressed relative to the mean value for B6 mice and are plotted along with the mean and standard deviation
(number of mice, n= 6). Statistical analyses of data are in Supplementary Table 5. B Western blot of retinal extracts from 2-week-old B6 and
RhoY178C/+ mice and 1-month-old RhoP23H/+ mice. Blots were labeled with anti-1D4 (green) or anti-GAPDH (red) antibodies. C The level of
rhodopsin in retinal extracts was determined by quantifying the intensity of bands in Western blots (e.g., Fig. 6B) and normalizing to the
intensity of the band corresponding to GAPDH. Individual data points are expressed relative to the mean value for B6 mice and are plotted
along with the mean and standard deviation (number of mice, n= 8). The difference between RhoY178C/+ and RhoP23H/+ mice was not
statistically significant (P > 0.05), as assessed by two-tailed t-test. D Retinal cryosections from 2-week- or 3-week-old B6, RhoY178C/+ and
RhoY178C mice were labeled with anti-4D2 or anti-1D4 antibodies (red). Anti-1D4 antibody labeling was performed both without and with an
antigen retrieval step. Nuclei are labeled with DAPI (blue). Rod outer segments (ROS), outer nuclear layer (ONL), inner nuclear layer (INL), and
ganglion cell layer (GCL) are labeled. Scale bar, 50 μm.
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Confocal microscopy on transfected cells was performed on an SP8
confocal microscope (Leica, Buffalo Grove, IL) equipped with a 100×/1.4-
NA oil objective, as described previously [19]. Cells were prepared for
confocal microscopy, as described [46], and were labeled with DAPI (Bio-
Rad, Hercules, CA) and wheat germ agglutinin (WGA)-Alexa Fluor 647
conjugate (Invitrogen, Carlsbad, CA) to label the nuclei and plasma
membrane, respectively, and the ER was labeled by cotransfecting cells
with pDsRed2-ER (Takara Bio USA, Mountain View, CA). Colocalization
analysis was conducted in the Coloc 2 plugin in Fiji (version 2.1.0/1.53c)
[47] to compute the Pearson’s correlation coefficient (r), as described
previously [40].
Aggregates in HEK293T/17 cells were also detected with the PROTEO-

STAT Aggresome Detection Kit (Enzo Life Sciences, Farmingdale, NY). Cells
grown on poly-L-lysine treated #1.5 coverslip glass (Thermo Fisher
Scientific, Waltham, MA) were transfected with DNA constructs coding
for untagged WT or Y178C rhodopsin, as described previously [46]. 24 h
post-transfection, cells were fixed, permeabilized and labeled with
PROTEOSTAT, following the manufacturer’s protocol. Cells were mounted
with ProLong Glass Antifade Mountant with NucBlue stain (Invitrogen,
Carlsbad, CA) and imaged by confocal microscopy on an Olympus FV1200
IX83 laser scanning confocal microscope (Evident Scientific, Waltham, MA)
using a UPLXAPO 100×/1.45 NA objective. PROTEOSTAT was detected by
559 nm diode laser excitation and 575–620 nm emission and NucBlue
detected by 405 nm diode laser excitation and 425–460 nm emission.

Characterization of retinal degeneration
Retinal degeneration was characterized histologically by analyzing
hematoxylin and eosin (H&E)-stained retinal sections and functionally by
electroretinography (ERG). For histology, retinal sections were prepared
from mouse eyes, imaged on an Axio Scan.Z1 Slide Scanner equipped with
a Hitachi HV-F203 camera and a Plan Apo 20×/0.8-NA objective (Carl Zeiss
Microscopy, White Plains, NY) or a Leica DME compound microscope
equipped with an EC3 digital camera and 40×/0.65-NA objective (Leica
Microsystems, Buffalo, NY), and analyzed as described previously [21, 48].
The number of nuclei spanning the outer nuclear layer was counted
manually in three different sections from the same eye and averaged.
Kinetics of photoreceptor cell loss were determined by fitting averaged
data from 600, 800, and 1000 μm from the optic nerve to an equation for
one-phase decay (y ¼ ðy0 � plateauÞ ´ e�kx þ plateauÞ using non-linear
regression to obtain the rate constant (k) using Prism 10 (GraphPad
Software, San Diego, CA). The parameter y0 was set to be common among
data from either the superior or inferior retina and the parameter plateau
was fixed at 0.
ERG was performed on dark-adapted mice under dim red-light

conditions and data analyzed, as described previously [21]. ERG traces
were collected on a Celeris rodent ERG system running Espion 6.0 software
(Diagnosys, Lowell, MA) equipped with standard full-field stimulators with
Ag/AgCl electrodes using touch/touch protocol. The a-wave and b-wave
amplitudes from ERG traces obtained under scotopic conditions or the
b-wave amplitudes from photopic responses obtained after 7 min of
light adaptation at 20 cd·s/m2 were plotted and fit by non-linear regression
in Prism 10 (GraphPad Software, San Diego, CA) to a standard dose-
response model, R ¼ Rmax

1þ10log KA�log I , or biphasic dose-response model,

R ¼ Rmax ´ f
1þ10log KA�log I þ Rmax ´ ð1�fÞ

1þ10log KB�log I . R is the amplitude of the a-wave or b-wave

at a given flash intensity (I), Rmax is the maximal amplitude at a saturating
flash intensity, KA and KB represents the flash intensity that generates a
half-maximal amplitude, f is the fraction of the curve that has KA.

Characterization of rhodopsin expression
Transcripts of rhodopsin in the retina of mice were quantified by RT-qPCR
conducted on the LightCycler 96 Real-Time PCR System (Roche
Diagnostics, Indianapolis, IN), as described previously [49]. Primers for
rhodopsin, transducin, and 18 s rRNA, were those described previously [21],
and levels of rhodopsin transcripts were normalized to those of either
transducin or 18 s rRNA. Rhodopsin protein levels in the retina of mice
were quantified by Western blot analysis. Preparation of retina samples,
SDS-PAGE using Novex 4–12% Tris-glycine gels (Invitrogen, Camarillo, CA),
Western blotting procedures, and quantification of bands on Western blots
by the Odyssey Fc Imaging System (LI-COR Biosciences, Lincoln, NE) were
performed, as described previously [21]. Western blots were prepared
using primary antibodies against rhodopsin (anti-1D4) [39] and GAPDH
(Cat. No. 10494-1-AP; Proteintech, Rosemont, IL) and IRDye 800CW donkey
anti-mouse (Cat. No. 926-32212) or IRDye 680LT donkey anti-rabbit (Cat.
No. 925-68023) secondary antibodies (LI-COR Biosciences, Lincoln, NE).

Confocal microscopy of labeled retinal cryosections
Retinal cryosection preparation and immunohistochemistry was conducted
essentially as described previously [21, 50], using anti-1D4 [39] or anti-4D2
(Cat. No. MABN15, MilliporeSigma, Burlington, MA) primary antibodies and
Alexa Flour 647 goat anti-mouse secondary antibody (Cat. No. A21237,
Thermo Fisher Scientific, Waltham, MA). Retinal cryosections were incubated
for 1 h in PBS containing 0.05% Tween 20 (USB, Cleveland, OH) supplemented
with 1% goat serum (Invitrogen, Camarillo, CA) prior to incubation with
antibodies. Antigen retrieval was achieved by incubating retinal cryosections
in 10mM Tris-HCl (pH 9) at 60 °C for 10min and then at room temperature for
30min. Cone photoreceptor cells were labeled with biotinylated PNA (Cat. No.
B-1075, Vector Laboratories, Newark, CA) followed by streptavidin Alexa Fluor
488 conjugate (Cat. No. S11223, Thermo Fisher Scientific, Waltham, MA).
TUNEL assay was conducted on retinal cryosections using DeadEnd
Fluorometric TUNEL System (Promega, Madison, WI) and PROTEOSTAT
labeling of retinal cryosections was conducted using the PROTEOSTAT
Aggresome Detection Kit (Enzo Life Sciences, Farmingdale, NY), as described
previously [21, 50]. When TUNEL assay and PROTEOSTAT co-labeling was
performed on the same retinal cryosection, One-step TUNEL In Situ Apoptosis
Kit (Elabscience, Houston, Tx) was used, according to the manufacturer’s
instructions. Labeled cryosections were cover-slipped with DAPI
Fluoromount-G mounting media (Southern Biotech, Birmingham, AL) for
40× imaging or with ProLong Glass Antifade Mountant with NucBlue stain
(Invitrogen, Carlsbad, CA) for 100× imaging.
Labeled retinal cryosections were imaged by confocal microscopy on an

Olympus FV1200 IX83 laser scanning confocal microscope (Evident
Scientific, Waltham, MA) using either a UPlanXApo 40×/1.40 NA oil
objective or UPLXAPO100×/1.45 NA objective, as described previously
[21]. DAPI and NucBlue were detected with 405 nm diode laser excitation
and 425–460 nm emission, CF 647 was detected with 635 nm diode laser
excitation and 655–755 nm emission, TUNEL positive cells were detected by
473 nm argon-ion laser excitation and 485–542 nm emission or by 635 nm
diode laser excitation and 655–755 nm emission, and PROTEOSTAT dye was
detected by 559 nm diode laser excitation and 575–620 nm emission.

Fig. 7 PROTEOSTAT labeling of aggregates in the retina of RhoY178C/+ mice. A Retinal cryosections from 3-week-old RhoY178C/+ mice were
labeled with PROTEOSTAT (red) and NucBlue (blue). Scale bar, 10 μm. B, C Zoomed in images of individual nuclei with PROTEOSTAT labeling (B)
and surface rendered images that show PROTEOSTAT staining surrounding the surface of the nuclei (C). Scale bar, 1 μm.
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Confocal microscopy images of cryosections labeled by anti-1D4 or anti-
4D2 antibodies or biotinylated PNA were obtained at 40× at a single
z-position. High magnification images of PROTEOSTAT labeled cryosections
were obtained at 100× with 3× digital zoom and a scan step of 120 nm to
acquire images close to the ideal Nyquist sampling rate. Deconvolved
images were generated with Huygens Essential 23.10 software (Scientific
Volume Imaging, Hilversum, the Netherlands) using the standard
deconvolution profile in Deconvolution Express. Maximum intensity
projection images were generated, or the z-stacks were further processed
in the Surface Renderer in Deconvolution Express. Quantification of TUNEL,
PROTEOSTAT, and DAPI positive cells was quantified in 317 × 317 μm
confocal images obtained at 40× at a single z-position that contained a

segment 700–1100 μm from the optic nerve on either the superior or
inferior regions of the retina. Quantification was performed in ImageJ
(version 1.53n) [51], as described previously [21]. For quantification of
photoreceptor cell nuclei co-labeled with TUNEL and PROTESOTAT,
confocal images were obtained at 100× at a single z-position.
127 × 127 μm images containing a segment 700–1100 μm from the optic
nerve on the superior region of the retina were analyzed using the Coloc 2
plugin in Fiji (version 2.1.0/1.53c). ROI (region of interest) were manually
assigned for nuclei exhibiting fluorescence from TUNEL and/or PROTEO-
STAT and Costes threshold regression was used to compute the Pearson’s
correlation coefficient, where a positive value indicated co-labeling of a
nuclei.

Fig. 8 Relationship between PROTEOSTAT-labeled aggregates and photoreceptor cell death. A Retinal cryosections from 2-week-old–1-
month-old RhoY178C/+ mice were labeled by TUNEL or PROTEOSTAT (red). Nuclei were labeled by DAPI (blue). Scale bar, 50 μm. B, C The
number of cells labeled by TUNEL or PROTEOSTAT in the outer nuclear layer were quantified in the superior (B) and inferior (C) regions of the
retina. Individual data points are plotted along with the mean and standard deviation (number of mice, n= 6). Statistical analyses are reported
in Supplementary Table 6. D Retinal cryosection from 3-week-old RhoY178C/+ mice was labeled with both TUNEL (green) and PROTEOSTAT
(red). Nuclei were labeled by NucBlue (blue). Scale bar, 25 μm. Retinal cryosections from 2-week-old RhoY178C/+ mice, 2-week-old RhoG188R/+

mice, and 3-week-old RhoP23H/+ mice are shown in Supplementary Fig. 5. E The number of cells labeled by TUNEL or PROTEOSTAT alone or co-
labeled with TUNEL and PROTEOSTAT were quantified from confocal microscopy images of retinal cryosections of 2-week-old RhoY178C/+ and
RhoG188R/+ mice and 3-week-old RhoY178C/+ and RhoP23H/+ mice (e.g., Fig. 8D and Supplementary Fig. 5). Individual data points are plotted
along with the mean and standard deviation (number of mice, n= 6). Data from RhoG188R/+ and RhoP23H/+ mice that are significantly different
(P < 0.05) from RhoY178C/+ mice are indicated by asterisks (*). Statistical analyses are reported in Supplementary Table 7.
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Statistics
All statistical analyses were conducted using Prism 10 (GraphPad Software,
San Diego, CA). No sample size calculation was performed a priori, and
sample sizes used were based on previous studies. The number of images
or animals analyzed (n) are indicated in the figure legend. Multiple
comparisons were conducted using 1-way or 2-way ANOVA followed by
post-hoc analysis to assess statistical significance (P < 0.05) of differences
for individual comparisons. A two-tailed t-test was used to assess statistical
significance (P < 0.05) between two groups. In most instances, mean values
are plotted with the standard deviation or standard error, as indicated in
the figure legend. For FRET data, fitted values of Emax are plotted with the
standard error from the fits. The data were not assessed for normality.
Qualitative experiments were conducted on at least 3 different samples to
assess reproducibility.

DATA AVAILABILITY
All data supporting the findings of this study are available within the paper and in
supplementary information files. Raw data are available from the corresponding
author upon reasonable request.
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