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Abstract

Rhodopsin, a G-protein coupled receptor, most abundant protein in retinal rod photoreceptors, is glycosylated at asparagines-2
and 15 on its N-terminus. To understand the role of rhodopsin’s glycosylation in vivo, we generated and characterized a
transgenic mouse model that expresses a non-glycosylated form of rhodopsin. We show that lack of glycosylation triggers a
dominant form of progressive retinal degeneration. Electron microscopic examination of retinas at postnatal day 17 revealed the
presence of vacuolar structures that distorted rod photoreceptor outer segments and became more prominent with age.
Expression of non-glycosylated rhodopsin alone showed that it is unstable and is regulated via ubiquitin-mediated proteasomal
degradation at the base of outer segments. We observed similar vacuolization in outer segments of transgenic mice expressing
human rhodopsin with a T17M mutation (hT17M), suggesting that the mechanism responsible for the degenerative process in
mice expressing the non-glycosylated rhodopsin and the RHO"™”™ mice is likely the cause of phenotype observed in retinitis
pigmentosa patients carrying T17M mutation.

Introduction

The retinal photoreceptor cell, with its two subclasses (rods and
cones), responds to light stimulation by initiating visual trans-
duction. The sub-classification is based upon a photoreceptor’s
differential sensitivity to light intensities and wavelengths and
the physical appearance of the cell. Each photoreceptor cell is
composed of four cellular compartments: the synaptic terminal,
the cell body, the inner segment (IS) and the outer segment (OS).

The rod photoreceptor OS, a modified cilia, is composed of a stack
of membranous discs that are light sensitive due to the presence
of the visual pigment rhodopsin (Rho), which consists of a single
polypeptide apo-protein (opsin) and its covalently bound
chromophore, 11-cis retinal, the latter a derivative of vitamin A.

Retinitis pigmentosa (RP) is an inherited progressive retinal
degenerative disorder that is clinically and genetically heteroge-
neous [for review, see (1)]. RP, the most widespread inherited
form of retinal degeneration, is characterized by initial night
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blindness followed by visual field constriction, and may progress
to complete blindness (2). Mutations in RHO account for over 30%
of autosomal dominant retinitis pigmentosa (ADRP) cases in hu-
mans (https:/sph.uth.tmc.edu/retnet/disease. htm#03.202d).
Therefore, deciphering the mechanisms of RHO-associated RP
will impact the development of both gene-based and pharmaco-
logical therapies.

Rho undergoes several post-translational modifications,
including N-linked glycosylation at two asparagine residues
(Asn2, Asn15) at its N-terminus. Mutations of these residues are
associated with ADRP (https:/sph.uth.tmc.edu/retnet/disease.
htm#03.202d). Animal models for both mutations are available,
but each involves only one of the glycosylation sites (3,4). While
the phenotypes support an important role for glycosylation in
the overall function of Rho, the fact that the second site is not
mutated makes it difficult to assess the role of glycosylation in
the molecule’s overall function. To address this need, we gener-
ated transgenic mice that express a NOn-Glycosylated (NOG) Rho.
On a wild-type genetic background (Rho*/*), NOG mice exhibited a
marked reduction in retinal function and number of photorecep-
tors, as well as vacuolization and disorganized rod OSs. To specif-
ically detect the NOG protein on immunoblots, NOG mice were
bred into the Rho™~ background. Despite the robust expression
of intact NOG transcripts, the protein levels were low. However,
the small amount that was detected reached the OS, the normal
destination for Rho, indicating that its intracellular trafficking
was not compromised. The presence of a small amount of the
NOG protein was determined to be the result of rapid turnover
of NOG Rho via the ubiquitin-proteasome system (UPS) at base
of OS. The degenerative phenotype of the NOG retina highlights
the deleterious influence of even slight amounts of the NOG pro-
tein. Findings from NOG mice indicate that N-linked glycosyla-
tion of Rho is necessary for the protein’s incorporation into the
OS and the proper morphogenesis and maintenance of rod OSs.
Investigation of the degenerative phenotype in RHO"™"M trans-
genic mice revealed the presence of vacuoles similar to those ob-
served in NOG mice, suggesting that the mechanism underlying
photoreceptor degeneration in NOG retinas is likely at play in the
RHO"™M transgenic mice and in ADRP patients carrying the
T17M RHO mutation. These observations provide novel insights
into the pathobiology of retinal degeneration in this form of RP.

Results

The injection of the NOG construct produced five potential foun-
ders. Three of the five potential founders (designated NOG A, B
and C) passed the transgene to their offspring in a Mendelian
fashion and were further analyzed.

Retinal function is reduced in NOG mice

The functional consequences of NOG expression were determined
by ERG between postnatal day (P) 30 and 120. At P30, rod-mediated
photoreceptor function, measured by the scotopic a-wave, of NOG
AR+ mice (Fig. 1A, open diamonds) was reduced by ~25% in com-
parison to non-transgenic (Rho*/*) littermates (cf. Fig. 1A, closed
circles). By P60, ERG a-waves of NOG AR** mice were reduced to
~50% of the wild-type levels (Fig. 1A, closed diamonds); by P120,
NOG AR™** a-waves were only ~10% of the wild-type level
(Fig. 1B, open diamonds). In comparison, ERG a-waves of NOG
CRho+/* mice were dramatically reduced at P30 (Fig. 1A, open tri-
angle). The results from NOG Bf"*** mice were similar to those
from the NOG C?°** mice (data not shown).
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Figure 1. Retinal function in NOG mice. Graphical representations of light-evoked
retinal responses from NOG animals as obtained by ERG. (A) Rod-mediated ERG a-
wave response functions elicited from P30 NOG A and C transgenic mice (open
diamonds, open triangles, respectively), P60 NOG A and C (closed diamonds,
closed triangles, respectively), and from non-transgenic Rho** mice (closed
circles) to strobe flashes presented to dark-adapted mice. (B-D) Age-dependent
changes in the maximum ERG a-wave (B), b-wave (C) or cone ERG (D) for NOG A
mice on Rho** or Rho*/~ backgrounds. Statistics used: 2-way ANOVA with
Bonferroni’s post-test. Data points indicate average + SEM for the following
number of animals: P30: Rho™* & Rho*'~ =17, NOG Af"**/* =4, NOG A™"*/~ =8,
Rho™~ =5, NOG AR/~ =6; P60: Rho*™/* & Rho™/~ =12, NOG AR"**/*=7, NOG ARh**/
~=3; P120: Rho*/* & Rho*/~ =6, NOG A™"*/* =3, NOG AM*/~ =4,
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ERG b-waves, generated by depolarizing bipolar cells (5)
of NOG AR"**/* mice were unaffected at P30 (Fig. 1C, open dia-
monds). At later ages, b-wave amplitudes declined, secondary to
the observed reduction in rod function (compare Fig. 1B with C).

Cone function of NOG AR"°** mice measured by the photopic
b-wave amplitude was unaffected at P30 and P60 (Fig. 1D). A sig-
nificant decline in cone function was observed at P120, when rod
function was severely reduced.

The functional loss in NOG A is not due to rhodopsin
overexpression

Total relative Rho transcript levels (endogenous plus transgenic)
were examined in NOG retinas at P17 using qRT-PCR. The levels
of Rho transcripts were normalized first to the Hprt transcript le-
vels to account for sample-to-sample or experimental variability,
then to the levels of Rds transcript to account for potential mor-
phologic changes associated with the ERG a-wave reductions.
Quantification of relative transcripts revealed that NOG A, B
and C expressed Rho transcripts at 1.32, 0.15 and 1.77 folds, re-
spectively, over Rho transcript levels in non-transgenic Rho*'*
mice (Fig. 2A). However, immunoblot analysis of NOG retinal ex-
tracts revealed that the NOG AR+ retina expressed only glyco-
sylated opsin (Fig. 2B). No opsin or Rds was detected in NOG BX"°
** or NOG CR"**/*retinas, consistent with an early onset severe
loss of photoreceptors.

The drastically reduced levels of total Rho transcripts in the
NOG B retinas (Fig. 2A) suggest that the transgene integrated in
a locus that is either essential for expression of the Rho gene or
for proper retinal development. Regardless of the cause, the
lack of any transcript at P17 rendered NOG B useless for this in-
vestigation. Therefore, it was excluded from the rest of the study.

The Rho transcript levels in NOG C were considerably higher
than those in the non-transgenic retinas (Fig. 2A). Previous stud-
ies showed that RHO overexpression in the Bouse mouse leads to
retinal functional and structural defects (6). To determine
whether the observed phenotype was due to NOG or endogenous
Rho overexpression, NOG mice were mated to Rho™~ mice to
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allow for the expression of NOG in the presence of half or no
endogenous Rho.

There was no statistically significant difference in scotopic
a-wave ERG responses of the NOG AR+~ rods compared with
those of NOG AR"** at any time point (Fig. 1B, open squares).
However, scotopic b-wave responses from NOG AR+~ mice
were larger than those from NOG AR** at P120 (P<0.01,
Fig. 1C, open squares). Both a and b wave scotopic functions
were significantly reduced in the NOG AR°*/~ retinas compared
with the non-transgenic controls. We observed no differences
in photopic responses. Elimination of half the endogenous Rho
did not alter the phenotype in NOG C (data not shown). These
findings suggest that the observed functional deficit is not in-
fluenced by the amount of opsin in the NOG retina, but instead
a direct effect of NOG expression.

The NOG retina exhibits outer segment malformations
and retinal degeneration

We performed histology to determine whether the age-depend-
ent decline in ERG responses in the NOG AR°** mice was due
to a retinal degenerative process. At P17, the NOG AR** retinas
possessed the full complement of photoreceptor nuclei in the
outer nuclear layer (ONL; compare Fig. 3C with A), indicating
that no photoreceptor death had occurred. However, examin-
ation of NOG AR"*/* retinal ultrastructure revealed vacuole-like
structures (Fig. 3D, asterisks) and disc disorganization (Fig. 3D,
arrow) in the OS layer that were not observed in Rho** retinas
(cf. Fig. 3B). At P30, the vacuole-like structures were more obvious
in the NOG AR*/* retinas (Fig. 3E). Ultrastructural examination
revealed more extensive OS disorganization at P30 than at P17
(Fig. 3F, arrow and asterisks). Closer inspection of the vacuoles
suggests that they were filled with membranous structures likely
originating from OS discs (Fig. 3F’, asterisk and arrow). The OS
disorganization advances as the animals age, as evident from
examination of the transgenic retinas at P60 (Fig. 3G and H, re-
spectively). Interestingly, although the OS are structurally disor-
ganized, ERG a-waves of the P60 retinas were reduced by only
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Figure 2. Rhodopsin expression in NOG retinas. Quantitative RT-PCR analysis of NOGX"** mice at P17. (A) The steady-state Rho transcript levels relative to Rds, n=3. The
Bouse A sample is a positive control and represents a transgenic mouse model with Rho overexpression (6). (B) Immunoblot analysis of P17 retinal extracts. Top blot is
probed with 1D4, while the bottom blot is probed with anti-RDS. *=P < 0.0001, relative to the Rho*"* sample, n = 3. Error bars = SEM.
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Figure 3. Reduced ERG responses reflect the morphologic changes as determined by light (LM) and electron (EM) microscopy. A, G, E and G are LM sections; B, D, F, F’ and H
are EMimages. (A and B) Non-transgenic Rho*/* retinal sections at P17. (C and D) The NOG AR"**/* EM section at P17 revealed vacuoles in the OS (asterisks). (E and F) P30 NOG

ARho+/+

sections. When evaluated by EM (F), these vacuoles seem to contain membranous material similar to that of disorganized OS (asterisks). Boxed area in (F) is

enlarged in (F’). (G and H) P60 NOG AR"*/* sections. Scale bar in (A) (light micrographs) is 50 microns and in (B) (EM micrographs) is 5 microns. RPE, pigment
epithelium; OS, outer segments; IS, inner segments; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL,

ganglion cell layer.

~50% compared with P30 (Fig. 1). An age-dependent decline be-
tween P30 and P60 was also observed in non-transgenic Rho*/*
retinas. The slope of this decline was steeper in the NOG A retinas
than in the non-transgenic retinas. Upon histologic examination
of the NOG CR"** retinas, it became evident that the lack of ERG
responses results from the complete degeneration of the photo-
receptor layers by P17 (data not shown).

Rhodopsin localization is normal in the NOG retina

RHO mutations within the N-terminus (Class II mutants) are
characterized by their low protein expression, loss of ability to
bind with the opsin chromophore (11-cis retinal) and an accumu-
lation of the mutant protein in the endoplasmic reticulum (ER)
(7). Furthermore, these mutants can interfere with the matur-
ation of endogenous normal RHO (8,9).

To determine whether NOG protein expression could lead to
degeneration due to Rho mislocalization and/or sequestration,
we examined Rho localization in P40 NOG AR"**/* retinas. Immu-
nohistochemical examination at the light (Fig. 4C) and electron
microscopic (Fig. 4D and D’) levels showed that Rho was localized
in the OS of the NOG AR°*/* retinas, similar to the non-transgenic
controls (Fig. 4A, B and B’). In the Rho*'* and NOG AR"*/* retinas,
Rho was localized to the disc and plasma membrane (Fig. 4B’ and
D’, arrows). There was no accumulation of Rho in any other part
of the photoreceptor cell. These results show that the degenerative

process in the NOG retinas is not due to mislocalization of NOG or
endogenous Rho.

Lack of ER stress in NOG-Expressing retinas

RHO"™M transgenic mice exhibit progressive retinal degener-
ation (10) with induced endoplasmic reticulum (ER) stress (11).
The T17M mutation eliminates N15-linked glycosylation of
RHO. Mutant RHO was localized to the ONL of the RHO""M
mice and several markers for unfolded protein response (UPR)
were up-regulated, including Atf4, Eif2a, Xbp1, Bip, Canx, Hsp90,
autophagy genes and pro-apoptotic Bcl2 family members (11).
To examine for potential ER stress in the NOG retina, we used
electron microscopy to investigate histological signs of distress,
such as ER swelling; however, wild-type and NOG retinas did
not show ER swelling (Supplementary Material, Fig. SIA-C).

To confirm the histological findings, we examined transcript
levels of Chop (alternatively, Ddit3) and Grp78 (alternatively,
Hspa5), two UPR-associated genes that are upregulated during
ER stress, using qRT-PCR in NOG CR"°~/~ retinas at P8 and P10.
Relative Chop and Grp78 expression levels in the NOG Cf"°~/~ ret-
inas were not significantly different at any time point, when com-
pared with the Rho*/* or Rho™~ retinas (Supplementary Material,
Fig. S1D and E). Also, levels of activated cathepsins B and D were
similar to those of the controls (Supplementary Material,
Fig. S1F), showing that the autophagy system was not activated,
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Figure 4. Immunolocalization of rhodopsin to the outer segments of transgenic mice. Immunohistochemical analyses at the light (A and C) and immunogold (B and D)
levels were conducted to determine whether Rho localized properly to the OS. The micrographs represent a cross section of a P40 Rho*’* (A and B) and NOG A Rho*/* (C and
D) retina labeled with polyclonal anti-Rho. Scale bar in (A) (light micrograph) is 50 microns; scale bar in (B) and (D) (immunogold) is 2 microns. Boxed areas in (B) and (D) are
enlarged in (B’) and (D’), respectively. Arrows point to presence of Rho in plasma membrane besides its presence in OS discs.

further confirming that the phenotype observed in the NOG ret-
inas is due to processes other than ER stress.

NOG expression leads to the extrusion and accumulation
of vacuoles in OS

The retinas of NOG mice are filled with vacuole-like structures in
the OS layer (Fig. 3). We examined NOG AR"** and wild-type OS
cross sections to determine the location of these structures and
define their origin. Examination of ultrastructural cross sections
showed that in the P30 NOG AR"** retinas, the vacuoles (aster-
isks in Fig. 5C and D) are present within the OS surrounded by
the plasma membrane (PM, Fig. 5C and D), but not in the Rho*/*
retinas (Fig. 5A and B). Thus, we conclude that the vacuole-like
structures are associated with NOG expression. It is also reason-
able to conclude that the disruptions observed in Figure 3H result
from at least the accumulation of these structures within the OS
plasma membrane as the animals age.

The NOGR"~/~ retina is non-functional and degenerates

Although the NOG protein was undetectable on immunoblots of
retinal extracts (Fig. 2B), a clear transgene-associated phenotype
was observed. To determine how NOG was exerting its effects, we
examined the function and structure of NOG AX"°~/~ and NOG
CR"°~/~ retinas.

Examination of the retinal function in P30 NOG AR"**/~ mice
showed that elimination of half of the complement of Rho did
not improve the ERG responses (Fig. 1B and C, open squares).
Testing the functional competence of P30 NOG AR"°~/~ retinas
showed that the ERG responses mirrored those of Rho™~ mice
and provided no improvement over the ERG responses observed

Figure 5. Outer segment cross sections of the NOG A retina. (A and B) Two
examples of electron microscopic images of cross sections of a Rho*/* retina at
P30. (C and D) Two examples of electron microscopic images of cross sections of
a P30 NOG AR"** retina. The asterisks denote vacuole formation in the OS. Scale
bar is 500 nm. CC, connecting cilium; PM, plasma membrane; OS, outer segment.

for NOG CR?°*/+ and NOG C’"°*/~ (data not shown). This finding
suggests that NOG, if present, cannot activate the phototransduc-
tion cascade. Consistent with the NOG A findings, elimination of
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endogenous Rho did not alter the rapid degeneration exhibited by
NOG CR"*** and NOG G/~ retinas (data not shown). NOG CRh°
~/~ retinas degenerated faster than Rho™~ retinas (12), supporting
the idea that NOG expression is harmful to the retina.

To determine whether the absence of the NOG protein is due
to transcriptional and/or post-transcriptional regulation, we per-
formed Northern blot analysis. The commonly observed multiple
Rho transcripts (cf. the Rho** and Rho*~ lanes; (13)) were pro-
duced by the NOG transgene in both NOG families, except the
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5.1Kb transcript (Fig. 6); the poly-A signal responsible for the gen-
eration of the longest transcript (13) was not included in the con-
struction of the transgene. Examination of total transcript levels
in NOG CR"*~/~ versus NOG AR/~ retinas revealed that the stea-
dy-state levels of the transgenic transcript are much higher in
NOG CR"*~/~ retinas (115% over Rho*/*) than in NOG AR/~ retinas
(32% of Rho*/*). Taken together, the data show that the absence of
detectable NOG protein in immunoblots is not due to low or
unstable transcripts.
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Figure 6. Expression and localization of NOG at P10. (A) Northern blot analysis of NOG steady-state transcripts in total RNA prepared from P10 NOG AR°~/~ and NOG CR"o~/~
retinas (lanes are marked accordingly). A probe recognizing all of the five transcripts of Rho was used. The 28S rRNA band is shown as a loading control. (B) Immunoblot
analysis of Rho in P10 NOG AM°~/~ and NOG CR"°~/~ retinas. Rho was immunoprecipitated from retinal extracts from the indicated genotypes using 1D4. As a control, the
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sample was treated with PNGase F to remove the N-linked glycosylation. The bands at 25 and 50 kDa are the immunoglobulin light and heavy

chains, respectively. (C) Immunogold labeling of Rho in non-transgenic (Rho*’*) (C and C’), NOG AM°~~ (D) and NOG C*"°~/~ (E and E’) P10 retinas using polyclonal anti-
Rho (6). Arrows in (C) and (D) designate the connecting cilium (CC). Arrows in (E) designate Rho immunoreactivity. The boxed area is enlarged in (C’) or (E’). Scale baris 2 pm.



To examine if there is any NOG protein synthesis, NOG was
immunoprecipitated (IP) from P10 NOG AR"°~/~ and NOG CRho~/~
retinas (Fig. 6B). Similar IPs were performed on retinal extracts
from Rho*”*, Rho*~ and Rho™~ mice. Extracts were immunoblotted
for Rho. A small amount of NOG was detected in the NOG G/~
retinas (Fig. 6B). We used immunogold labeling for Rho to deter-
mine whether this protein was transported to the OS. The results
showed that the NOG protein is transported to the base of the bud-
ding OS in the NOG CR"°~/~ retinas, suggesting that NOG is properly
transported out of the IS (Fig. 6E and E’). Consistent with the lower
levels of expression in NOG A, as shown by Northern blot analysis,
NOG immunoreactivity was undetectable by IP (Fig. 6B) or immu-
nogold (Fig. 6D) analyses in the NOG AR~/ retina.

The ubiquitin-proteasome regulates the steady-state
levels of NOG in OS

We used radiolabeling to determine whether the low NOG protein
level is due to translational and/or post-translational regulation.
After explanted retinas were incubated with radiolabeled (**S)
methionine (Met) and cysteine (Cys), groups of retinas were ei-
ther collected immediately (Time 0) or incubated in regular
media for up to 3 h. Protein extracts were prepared and total
NOG or Rho was immunoprecipitated from the extracts. Auto-
radiography of the subsequent SDS-PAGE gel (Fig. 7A) revealed
that, although the amount of labeled newly synthesized Rho
remained the same in the Rho*/* retinas throughout the 3 h of

Human Molecular Genetics, 2015, Vol. 24, No. 10 | 2715

post-label, NOG levels were reduced by ~35% by the 3 h time
point in the NOG Cf"°~/~ retina (Fig. 7A and Graph below). These
data also show that the elevated amounts of nascent NOG pro-
tein detected reflect the relative levels of NOG transcripts ob-
served earlier on Northern blot and qRT-PCR, and suggest a
potential post-translational regulation of the NOG.

Many Rho mutants are thought to be regulated by the UPS
(8,14,15). The presence of an active UPS in the OS environment
(15) supports a role for that system in the post-synthesis regula-
tion of proteins in the OS. To examine whether the UPS is regulat-
ing the levels of the NOG protein, explanted NOG G¥"°~/~ retinas
were treated with the proteasome inhibitor, MG-132. Following
incubation, immunoblot analysis revealed an increase in a high
molecular weight protein in the NOG C’"°~/~ samples (Fig. 7B, as-
terisk) that was not observed in the vehicle treated control or the
Rho™'~ samples.

The accumulation of NOG when MG132 was added (Fig. 7B),
the transport of NOG protein to the base of OS (Fig. 6E’), the va-
cuoles in the OS (Fig. 5), and the detection of potentially ubiquiti-
nated rhodopsin in the OS (8,14,15) suggest the presence of a
functional proteasome system. To investigate this, IHC colocali-
zation of prominin 1 and the 20S subunit of the proteasome
was performed. Figure 8 shows that the 20S subunit of the prote-
asome is present above prominin 1 (red label above the yellow
label, arrows in Fig. 8), which resides at the base of the OS.
Some prominin 1 and 20S labeling is also observed in the OS.
This pattern of OS labeling of prominin 1 has been reported
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Figure 7. NOG protein regulation. (A) Radiolabeling of Rho in P10 NOG CR"~/~ retinas. The stability of newly synthesized NOG protein was examined using ex vivo
radiolabeling of retinal extracts. After labeling for 5 h, retinas were incubated for 0, 0.5, 2 or 3 h in media containing cold amino acids. Protein extracts were prepared
and Rho (100 g and 200 pg of protein from extracts of Rho** and NOG CR"°~/7) was immunoprecipitated and immunoblotted. The top panel is an autoradiography
image of the SDS-PAGE gel of designated retinal samples. The asterisk denotes the molecular weight of the glycosylated Rho monomer (in the Rho*'* samples). The
arrow designates the molecular weight of the NOG Rho monomer (in the NOG C?"°~/~ samples). The number sign designates the band to which the total lane intensity
was normalized for quantification. The graph below the autoradiograph is quantification of results (in arbitrary units) of the total lane intensity (normalized by the ‘#’
band) from the autoradiography image (n=2). (B) Immunoblot analysis of P10 explanted retinas treated with the proteasome inhibitor MG-132 (in DMSO), or retinas
treated with DMSO only (controls) for 6 h. Three samples (2 retinas/sample) were treated with the MG-132 for each genotype (Rho*’*, Rho™~ and NOG CY°~/-). After the
MG-132 or DMSO incubation, the samples were SDS-PAGE-fractionated and immunoblotted with 1D4. The bottom actin blot is a loading control. The asterisk marks Rho

immunoreactivity observed upon MG-132 treatment of NOG C’"°~/~ retinas.
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Figure 8. Immunohistologic localization of the 20S subunit of the proteasome to
the base of the outer segments in the wild-type retina. (A) A single plain of a de-
convolved image showing the presence of the 20S subunit of the proteasome (red)
in inner segments and at the base of the outer segments. Some label extends
further up into the OS and punctate labeling is also observed higher in the OS.
Prominin 1 (green) is at base of OS and colocalizes with 20S labeling (yellow,
arrows). (B) A bright-field image of the corresponding area in (A) showing the
different layers of the retina. (C) Retinal sections probed with the secondary
antibody alone. Scale bar is 10 pM.

before (16,17). The presence of proteasome components at the
base of OS is further confirmed by immunogold localization of
20S subunit of the proteasome in the outer segments of normal
mouse photoreceptors. The 20S subunit of the proteasome is lo-
calized in clusters in the outer segments of photoreceptors (ex-
amples marked with arrowheads in Fig. 9A, C and D), inner
segments (examples are marked by black and white arrowheads
in Fig. 9A and D) and at the base of the connecting cilium (arrow
in Fig. 9B) or the apical portion of the connecting cilium (arrow in
Fig. 9Q).

The retinal phenotype in NOG mice resembles that
observed in RHOPT*" transgenic mice

RHO"™M transgenic mice were previously established and ana-
lyzed (4). ERG responses of these mice were reduced at early
ages and declined further with age. Vitamin A supplementation
to RHO"™"M mice on rhodopsin wild-type background reduced
the rate of functional decline and led to a >40% increase in the
thickness of the ONL and the appearance of longer OS with
more, better-packed discs, when compared with mice fed control
diet (4). Alater study, however, showed that hT17M RHO was mis-
localized to the ONL (11). We hypothesized that the absence of
hT17M from the OS of transgenic mice is due to its degradation
at base of the OS, similar to NOG leading to the generation of va-
cuoles. To test this idea, we performed ultrastructural analysis of
the OS of RHO"™™* mice to search for vacuoles. The vacuolar
structures are abundant in RHO"TYM* retinas (examples are
marked by black arrows, Fig. 11A-H). The structures may be tubu-
lar in nature (Fig. 11C, white arrow), but appear circular because
they are cut transversely upon processing. There may also be a
combination of small vesicles as well as tubular structures that
are the result of the fusion of smaller vesicular structures.
These small vesicles (Fig. 11G, asterisk) may represent nascent
discs that are unable to further develop as a result of the de-
gradation of partially glycosylated RHO. More importantly,
these vesicular structures are encapsulated within the OS plasma
membrane, similar to those in NOG (Fig. 111, PM).

Discussion

Thousands of people in the USA suffer from RP, a retinal disorder
resulting from mutations in RHO, among other genes (RetNet,
https:/sph.uth.edu/retnet/). Identification and characterization
of RHO mutants has revealed the necessity of RHO’s glycosylation
to maintain the health and viability of the photoreceptors. How-
ever, little has been proposed to explain the correlation between
the degenerative phenotype and the mutations in RHO that lead
to changes in glycosylation.

In this report, we show that lack of glycosylation at the
N-terminus of Rho leads to a retinal degenerative phenotype in
mice similar to that observed in patients carrying RHO mutations
leading to alterations in RHO’s glycosylation. We demonstrate
that NOG is properly transcribed, but the protein is degraded
hours post-synthesis. We also show that NOG reaches the OS,
similar to newly synthesized Rho (18,19). Finally, we illustrate
that NOG is degraded via the UPS. The results presented here
show that NOG is transported to the base of the OS, and, due to
lack of glycosylation, is degraded in the OS (Fig. 11). Due to the
presence of a proteasome component in the cilia (Fig. 8 and 9),
it is also possible that NOG is degraded in the cilia and the
empty vesicles are then released at the base of the OS. Regardless,
the degradation of NOG suggests that glycosylation is of critical
importance for post-translational stability of Rho in the OS.
This is further supported by the fact that the rate of degeneration
increased in direct correlation with steady-state levels of the NOG
transcript. Since Rho is transported to the OS in membranous ve-
sicles, we propose that NOG degradation leads to the accumula-
tion of empty vesicles in the OS (Figs 3, 10 and 11). These vesicles
fuse with each other and eventually lead to complete disruption
of the OS disc structures, causing the degenerative phenotype.
The expression of the NOG protein and subsequent vesicle for-
mation is obviously more harmful to the cell than the expression
of half the amount of normal Rho, as Rho*~ mice do not exhibit
progressive retinal degeneration (12).

Previous studies by Papermaster and colleagues in Xenopus
showed that nascent rho exits the Golgi ~1h post-synthesis
and reaches the OS within 3 h (18,19). The apparent degradation
of NOG between 2 and 3 h post-synthesis, and its translocation to
the base of the OS, suggests that NOG regulation occurs before its
incorporation into new discs at the base of the OS. These findings
are consistent with the prior observation that non-glycosylated
opsin in Xenopus retinas (generated by treatment of retinas in
short-term organ culture with tunicamycin) could traffic normal-
ly through the rod cell and translocate to the site of disc assem-
bly, but could not form morphologically normal new discs (20).
Rather, tubulo-vesicular membranes formed and accumulated
in the space between the inner and outer segment compartments
of rod cells (the ‘intersegmental space’), without becoming incor-
porated into the OS, per se. However, expression of the N2/15S
non-glycosylated rho in transgenic Xenopus showed that the mu-
tant protein was incorporated in the OS (21). This apparent dis-
agreement with the current study points to a differential
requirement for rhodopsin glycosylation between species. Con-
sistent with this, glycosylation in Drosophila is only required for
rho maturation (22). We observed that inhibition of the UPS, a sys-
tem that has been shown to be present and active in the OS
(8,14,15), led to stabilization of NOG. Although we cannot exclude
the possibility that NOG is ubiquitinated in the IS, the observa-
tion of membranous vesicles in the OS supports the conclusion
that NOG s transported to OS, where it is subsequently degraded.

In Xenopus retinas, as mentioned above, tunicamycin treat-
ment in vitro led to the formation of membranous material that
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Figure 9. Immunogold localization of 20S subunit of the proteasome in the outer segments of normal mouse photoreceptors. The 20S subunit of the proteasome is
localized in clusters in the outer segments of photoreceptors (e.g. arrowheads in A, C and D), inner segments (e.g. black and white arrowheads in A and D) and at the
base of the connecting cilium (arrow in B) or the apical portion of the connecting cilium (arrow in C). OS, outer segment; IS, inner segment; CC, connecting cilium.

Scale bar in (D) is 500 nm.

was blebbed off into the intersegmental space (23). This finding is
consistent with the observation of vacuolar material in the OS of
NOG mice. Therefore, we propose that these vacuolar structures
within the plasma membrane of the OS in NOG retinas (Figs 3 and
5) result from the accumulation and fusion of the residual mem-
branous vesicles after NOG degradation at the base of the OS
(Fig. 10).

Our studies with the NOG animal model confirmed the struc-
tural findings from other models, including an in-depth examin-
ation of rho glycosylation in the Xenopus, and shed new light on
the regulation of rhodopsin and its role in OS morphogenesis.
The resilient nature of the mammalian retina and its capacity
to respond to dramatic insults, as evident in the functional re-
sponses from the vacuole-ridden NOG retinas, was an interesting
finding. Despite the severe disarray of the OS structure, the
photoreceptors showed considerable functional competence.

The presence of vacuoles in the OS of the RHO"™"M mice was
another key finding. These vacuoles are similar to those observed

in NOG retinas and are also located within the OS. Therefore, this
study provides evidence for the mechanism at work in retinal de-
generation in patients with the T17M mutation. This is important
when considering a therapeutic approach to T17M-associated RP.
One possible therapeutic approach is the use of pharmacological
agents that target the proteasome. Since the components of the pro-
teasome may vary between different organs, further research is re-
quired to identify the specific components of the OS proteasome.
Vitamin A treatment of the RHO"™*"™ mice led to improved
retinal function and structural appearance (10). This suggests
that either vitamin A is an inhibitor of the OS proteasome, or
that vitamin A, by binding to Rho, acts as a chaperone that alle-
viates the need for glycosylation at N15. Rho glycosylation may be
important in the interaction of Rho with its chaperone(s). How-
ever, it is important to remember that mice lacking the chromo-
phore 11-cis retinal due to the elimination of the Rpe65 gene have
normal OS, and the observed degenerative phenotype of the rod
photoreceptors is much slower than in NOG mice (24).
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Figure 10. Electron micrographs of retinal sections from RHO™”M transgenic mice. (A-H) Longitudinal retinal sections from P30 RH

ohTI 7M/+

mice. Vacuolar structures were

observed within the OS. Black arrows indicate representative vacuoles. White arrow in (C) points to a tubular structure. Asterisk in (G) points to the varying sizes of

vacuoles present. (I) Representative cross section of an outer segment of the RH

The English mastiff dog, expressing a spontaneous rho™* mu-

tation, exhibits a progressive retinal degenerative disorder (25).
The T4R mutation abolishes glycosylation at Asn2, but not at
Asn15 (26). The T4R mutant protein was present in the OS, but
was more prone to losing its chromophore than wild-type rho
(3). This raises the question of whether glycosylation at both
sites on the N-terminus of Rho is required for the protein to
pass the checkpoint, or if glycosylation on only one site is re-
quired. It is clear from the work with the T4R dog that glycosyla-
tion on Asn2 may not be a requirement for passage through the
checkpoint. This leaves us to suggest that glycosylation at Asn15
is more critical for the passage through the OS checkpoint.

Expression of hT17M in mice led to a progressive retinal de-
generative phenotype associated with retention of the transgenic
protein in a perinuclear compartment and induction of the ER
stress response (11). However, we did not observe ER stress in
the NOG retinas. This can be attributed either to the elimination
of the first glycosylation site in NOG, or the expression of human
RHO in the mouse retina. We favor the latter, since glycosylation
of any protein is tissue/species specific. This may subsequently
affect the binding of Rho to its chaperone, influencing its traffick-
ing and incorporation into the OS disc membrane.

In summary, this report provides further evidence supporting
a role for Rho glycosylation in OS disc morphogenesis, but not in

OTl ™M

retina. Observe the vacuoles within the plasma membrane (PM). Scale bar is 500 nm.

Rho’s synthesis, maturation or intracellular transport. It also pro-
vides evidence for the potential mechanism leading to RP in pa-
tients with mutations that lead to changes in RHO glycosylation.
This report can aid in the development of a better therapeutic
means of intervention for patients suffering from RP caused by
mutations leading to changes in RHO glycosylation.

Materials and methods

Transgenic mice

The NOG transgenic construct was prepared from a 15 kb mouse
genomic fragment containing the mouse opsin promoter se-
quence (MOPS), 6 kb of the 5 flanking sequence, all exons and in-
trons, and 3 kb of the 3’ flanking sequence. The N-terminal
modifications to generate an Asn to Gln amino acid change at
Asn-2 and 15 were introduced into the DNA sequence using
PCR site-directed mutagenesis, as has been described before (6).

Transgenic mice were produced as stated previously (6).
Potential transgenic founders (Fo) and their offspring (F; and
later) were identified by PCR using a Rho-specific primer
(5'-GCCCCAATTTCTACGTTCCTTTTTCCCAG-3’) and a transgene-
specific primer (5-TGCTCAAGATGAGATAGATGAATGTTCCGT
GC-3’). NOG potential founders were mated to breeders (an
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Figure 11. A model describing a mechanism for the phenotype in retinas expressing NOG opsin. Newly synthesized rhodopsin (glycosylated or NOG) is transported via
vesicles to the base of the OS, where its glycosylation status (at least at N15) is checked. If properly glycosylated, it will be allowed to incorporate into OS discs. If not
glycosylated, or possibly improperly glycosylated, an E2 class ubiquitin-conjugating enzyme with an E3 ubiquitin ligase, will add ubiquitin moieties and direct the
protein toward the proteasome for degradation. Due to the absence of a recycling mechanism, the empty vesicles are released into the OS, where they aggregate
generating larger vesicles as the retina ages, eventually leading to full disruption of the OS, which in turn leads to cell death. Since some OS discs are being assembled
and a very small amount of NOG is detected, it is clear that the system is very selective in only degrading NOG. Mitochondrion image was obtained from http:/penrules.
com/portfolio/illustration/mitochondria.html. Dotted lines represent the two disputed positions of the plasma membrane at base of the OS.

in-house inbred strain produced from a cross between FVB/N and
C57BL/6 mice) (27) to produce the first generation and to maintain
subsequent generations. All mice were cross-bred to the in-house
wild-type strain for over six generations to insure that back-
ground is the same across lines. The inbred strain was tested
for and eliminated the rd1 and the rd8 mutations. Southern blot
analysis was used to determine both the pattern of transgene

integration and copy numbers in the transgenic lines (data not
shown).

To study the effects of the NOG transgene in the presence of
differing levels of endogenous RHO, each of the lines was
mated either with wild-type (Rho*’*) or Rho knockout mice
(Rho™'~, generously provided by Dr. Janis Lem, Tufts University
Sackler School of Graduate Biomedical Sciences, Boston, MA,
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USA) (12). The subsequent offspring were screened by PCR for the
presence of the transgene (see above) and the knockout construct
(12). NOG mice in the different Rho backgrounds (Rho*/*, Rho*/~
and Rho™") were used in this study. All experiments were ap-
proved by the University of Oklahoma Health Sciences Center In-
stitutional Animal Care and Use Committee, and conformed to
the National Institute of Health Guide for the Care and Use of Laboratory
Animals and the Association for Research in Vision and Ophthalmology
Resolution on the Use of Animals in Research.

Transgenic mice expressing human rhodopsin with the T17M
mutation (RHO"'”M) (10) were maintained on the C57BL/6N gen-
etic background and were crossed with Rho™~ mice. Mouse tails
were collected, and a 2.0x Tag RED Master Mix Kit (Apex, San
Diego, CA, USA) was used to extract the DNA. PCR was performed
with human RHO-specific primers (sense: 5-GAGTGCACCCTCCT
TAGGCA-3’ and anti-sense: 5'-TCCTGACTCGAGGACCCTAC-3) to
identify a single 300 bp band.

The Bouse mouse was previously described (6). This transgenic
mouse over-expresses wild-type rhodopsin with two modifications
at the C-terminus in presence of endogenous rhodopsin. The modi-
fications permit differentiation, by an anti-human-rhodopsin specif-
ic antibody, of the transgenic protein in presence of the endogenous
protein.

All mice were raised under ~ 100 lux, 12 h light/12 h dark
cycle.

Light, electron microscopy and immunogold
cytochemistry

For light microscopy of retinas, the retinal sections were treated
as described before (28). Images for histology were photographed
with a Zeiss Axioskop using 20x objective and photographed with
Zeizz Axiocam camera and Axiovison 3.1 software. Images were
obtained at room temperature.

Electron microscopy (EM) was performed as described previ-
ously (28,29) by imbedding tissues in EMBED 812 Resin (Electron
Microscopy Sciences, Hatfield, PA, USA) and then using a JEOL
1200EX transmission microscope with an AMT digital camera
using AMTV601 software. Images were obtained at room tem-
perature. Images were then processed for presentation using
Adobe Photoshop CS5, Extended, V12.04 X32.

Immunohistochemistry

Immunohistochemistry was performed by fixing eyes in 4% for
2 h followed by cryopreservation in 10%, 20% and then 30% su-
crose in phosphate-buffered saline. Tissue was then embedded
in using M1 embedding medium (Thermo Scientific, Waltham,
MA, USA), frozen and sections cut at 10 microns using Leica
CM3050S cryostat (Leica Biosystems, Buffalo Grove, IL, USA). Sec-
tions were then probed with either anti-20S at 1:1000 (catalogue
#ab3325, Abcam, Cambridge, MA, USA), anti-RP1 at 1:4000 (a
generous gift from Dr. Eric A. Pierce, Massachusetts Eye and
Ear, Harvard Medical School) or anti-prominin-1 at 1:250 (cata-
logue # 14-1331, eBioscience, San Diego, CA, USA) antibodies.
All secondary antibodies were Alexa Fluor antibodies from Life
Technologies (Grand Island, NY, USA). Sections were imaged at
room temperature using Olympus BX-62 (Olympus, Tokyo,
Japan) with a spinning disc confocal microscope. Images were
obtained using UPlanSApo (Olympus) objective and Hamamatsu
C-4742 (Hamamatsu Photonics K.K., Hamamatsu City, Japan)
camera and Slidebook version 4.2 software. A no-neighbors
paradigm was used for deconvolution.

Images were then processed for presentation using Adobe
Photoshop CS5, Extended, V12.04 X32.

EM immunogold and silver-enhanced
immunohistochemistry

For EM immunogold labeling, thin sections were cut on a Leica
UC7 ultramicrotome (Leica Microsystems, Inc., Buffalo Grove, IL,
USA) with a diamond knife (Diatome, Hatfield, PA, USA) and
placed on 200 mesh Nickel formvar coated grids. Grids were incu-
bated in 0.02 M glycine in PBS for 15 min, washed in PBS 4 x 3 min
and blocked for 15 min RT in 5% normal goat serum, 1% BSA in
PBS (blocking and antibody buffer). Sections were incubated in
anti-opsin (1;100) or anti-20S subunit (1:10) at 4°C overnight in a
humid chamber, washed in PBS 5 x 3 min and incubated in sec-
ondary antibody (goat anti-rabbit IgG:10 nm colloidal gold) for
2 h at room temperature. Grids were then washed in PBS 3x 3
min, distilled water 2 x 3 min, fixed with 2.5% glutaraldehyde
5min and washed 5x2 min in distilled water. Sections were
post-stained with 2% uranyl acetate (10 min) and Reynold’s lead
citrate (5 min) and imaged with a JEOL 1200 EX transmission elec-
tron microscope at 80 kV.

For silver-enhanced immunohistochemistry, 0.75 um thick
sections on glass slides were treated essentially as described
above for thin sections (EM), except the primary antibody (or
non-immune control serum) was diluted 1:500 (v/v) with blocking
buffer and incubation was carried out for 2 h at room tempera-
ture. After rinsing briefly with PBS, sections were treated for 2 h
at room temperature with 1 nm colloidal gold-conjugated goat
anti-rabbit IgG secondary antibody [AuroProbe, One GAR, GE
Healthcare, Piscataway, NJ, USA; diluted 1:50 (v/v) with blocking
buffer]. Sections were rinsed three times (15 min each) with
PBS, followed by fixation for 10 min at room temperature with
2% (v/v) glutaraldehyde in PBS. Then sections were rinsed twice
with distilled water (5 min each). Silver intensification was per-
formed with an IntenSE [M Silver Enhancement Kit (GE Health-
care)], per the manufacturer’s instructions. Sections were then
rinsed with distilled water, counterstained with 1% (w/v) tolui-
dine blue in 1% (w/v) sodium borate, rinsed again with distilled
water, air dried and coverslipped using Permount (Fisher Scien-
tific, Fairlawn, NJ, USA). Sections were viewed and photographed
with an Olympus BH-2 photomicroscope in the auto-expose
mode, using an X20 DPlanApo 20UV objective. Images were
then processed for presentation using Adobe Photoshop CS5, Ex-
tended, V12.04 X32.

Electroretinography

Electroretinograms (ERGs) were recorded from the corneal sur-
faces of anesthetized mice as described previously (6). For the
assessment of rod photoreceptor function, strobe flash stimuli
were presented in a Nicolet GS-2000 Ganzfeld after overnight
dark adaptation. To evaluate cone mediated functions, strobe
flash stimuli were superimposed upon a steady adapting field
(1.46 log cd/m?), following a 5-min light adaptation period.

Northern blot analysis

Total RNA was extracted from mouse retinas using TRIzol® re-
agent (Invitrogen, Carlsbad, CA, USA). 7 ug (Rho*’*), 14 pg (Rho*'")
and 50 ug (Rho™~ and NOGR"~/-) of total RNA were electrophoret-
ically separated on a 1% (w/v) agarose gel containing 18% (v/v) for-
maldehyde. Images of the 18 and 28S ribosomal bands were
captured using a Bio-Rad Molecular Imager® FX before transfer,



to determine the integrity of the RNA in the samples and to quan-
tify the bands. After electrophoresis, RNA was transferred to an
S&S NYTRAN® SuPerCharge nylon membrane (Schleicher and
Schuell, Keene, NH, USA) and hybridized with an RHO cDNA frag-
ment that detected both the transgene and endogenous tran-
scripts. Hybridization and washes were performed as described
previously (13). After washing, the blots were exposed to a Molecu-
lar Imager® FX Imaging Screen K (Bio-Rad Laboratories, Hercules,
CA, USA) for 5h at room temperature. The screen was imaged
and the bands quantified using the Bio-Rad Molecular Imager FX.
Total Rho levels for each lane were normalized to the values ob-
tained for their respective 28S rRNA bands.

Relative quantitative RT-PCR

Quantitative RT-PCR (qRT-PCR) was performed as previously
described (28). Retinas were obtained and extracted from 3-5 an-
imals (age and genotype indicated on figure) using TRIzol® re-
agent (Invitrogen). For each sample, the housekeeping gene
Hypoxanthine-Guanine Phosphoribosyl Transferase (Hprt) was
analyzed and the threshold cycle (cT) values for Rho were normal-
ized to their respective Hprt or retinal degeneration slow (Rds)
values. The PCR products were verified using gel electrophoresis.
Results were obtained in triplicate and experiments were
performed at least three times.

All primers for the PCR analysis were designed using Primer3
(Hprt-For: 5-GCAAACTTTGCTTTCCCTGGTT-3/, Hprt-Rev: 5'-
CAAGGGCATATCCAACAACA-3’; Rho-For: 5'-TCACCACCACCCTC
TACACA-3', Rho-Rev: 5'-TAGTCAATCCCGCATGAACA-3’; Rds-For:
GTTCAAGTGCTGTGGGAACA, Rds-Rev: 5'-CTGTGTGGAGGTAGC
GGAGT-3'). Primer sequences were selected to be oriented on
exon-exon junctions to discourage possible amplification of any
genomic DNA contaminants.

Immunoprecipitation and immunoblotting

For immunoprecipitation (IP), frozen retinas were homogenized
and sonicated in a buffer containing 10 mm Tris-HCl (pH 7.4),
50 mM NaCl, 0.5 mM EDTA, 1 mMm PMSF, and 1% (v/v) Triton X-
100, and were incubated with rotation at 4°C for 2 h. The concen-
tration of the protein samples was determined, and 100 ug (Rho*/
*) or 200 ug (Rho™~ and NOGR"~/-) of the samples were placed into
tubes. The volumes were brought to 200 ul with IP buffer. The so-
lutions were treated as described previously (30). The anti-RHO
monoclonal antibody, 1D4 (provided generously by Dr. Robert
Molday, University of British Columbia, Vancouver BC, Canada)
(31), was added at a 1:20 (v/v) dilution to the homogenate and al-
lowed to incubate with gentle rotation at 4°C overnight. After IP
with Protein G-Sepharose beads (Sigma-Aldrich, St. Louis, MO,
USA) and washing, 2X loading buffer was added to the bead mix-
ture and allowed to solubilize at 25°C for 3045 min. After solubil-
ization, the solution was centrifuged at 2000g for 5 min and the
supernatant loaded on SDS-PAGE.

For immunoblotting, retinas from individual animals were
homogenized and sonicated in buffer containing 50 mm Tris/
HCI (pH 7.8), 100 mMm NaCl, 5 mm EDTA, 1% (v/v) Triton X-100,
0.1% SDS, 2.5% (v/v) glycerol, and 1.0 mm PMSF. After solubiliza-
tion at 4°C for 2 h, the protein extract was reduced in 2X loading
buffer [100 mm Tris/HCl (pH 6.8), 4% (w/v) SDS, 197 mM Dithio-
threitol and 20% (v/v) glycerol] for 30-45 min at room tempera-
ture (25°C). Protein extracts were resolved using 10% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE),
transferred to PVDF membrane (Bio-Rad, Hercules, CA, USA)
and probed as described previously (6).
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Primary antibody incubations were done in 5% milk/TTBS
overnight at 4°C. 1D4 was used at a dilution of 1:5000 (v/v).
Anti-actin (Abcam) was used at a 1:2000 (v/v) dilution. Anti-RDS
(32) was used at a 1:1000 (v/v) dilution. SuperSignal® Dura West
chemiluminescent substrate (Pierce, Rockford, IL, USA) was
used for detection of the primary antibodies to their cognate anti-
gens, and the blots were visualized by the Kodak Image Station
4000R Imager (Kodak, Rochester, NY, USA).

Cleavage of oligosaccharide chains with PNGase F

To deglycosylate retinal proteins, we followed the manufac-
turer’'s protocol for N-Glycanase (Peptide-N-Glycosidase F,
PNGase F; Prozyme, San Leandro, CA, USA). The deglycosylated
protein solutions were then treated with 2X loading buffer for
western blot analysis.

Ex vivo labeling of retinal proteins

Freshly extracted retinas were placed in a 48-well plate (2 retinas/
well) with Cys- and Met-free Dulbecco’s Modified Eagle’s Medium
(DMEM-MCF, Invitrogen). Retinas were exposed to either media
only (no-label) or Trans*$S label (MP Biomedical, Solon, OH,
USA) in DMEM-MCF for 5 h. After 5 h, one sample was removed
(‘0 min post-label’), and along with the no-label sample, was ex-
tracted for IP. The rest of the retinas were washed three times
with DMEM-MCF, fresh DMEM-MCF (minus the label) was
added to the wells and samples were allowed to incubate for
0.5, 2 or 3 h. Then, retinas were processed for IP using 200 pg ali-
quot of the Rho*/* and 400 pg of the Rho ™~ retinal protein extracts.
After IP, half of each sample was run on sister SDS-PAGE gels.
After completion, one gel was transferred and probed with 1D4,
while the sister gel was stained [0.25% (w/v) Coomassie Brilliant
Blue (CBB; R-250), 50% (v/v) Methanol, 10% (v/v) Acetic Acid], de-
stained [25% (v/v) Isopropanol, 10% (v/v) Acetic Acid] and treated
with 1 M salicylate for 30 min. The gel was vacuum-dried for1.5h
using a Bio-Rad Model 583 Gel Dryer and exposed to blue X-ray
film (Phenix Research Products, Hayward, CA, USA) at —80°C
overnight and for the following 3 days. Following exposure to
the X-ray film, the gels were exposed to a Kodak Phosphoscreen
(Kodak, Rochester, NY, USA) for 4 h at room temperature. The
Phosphoscreen was developed using a Bio-Rad Molecular Ima-
ger® FX. Values of total RHO were quantified using the Bio-Rad
Quantity One software. An arbitrary standard was selected across
all lanes to normalize to their respective RHO value.

Ex vivo treatment of retinal explants with MG-132

Freshly extracted retinas were placed in a 48-well plate (2 retinas/
well) containing Modified Eagle’s Medium (MEM; Invitrogen). Ret-
inas were either incubated in 10 pMm of the proteasome inhibitor
MG-132 (in DMSO) (Sigma-Aldrich) or vehicle only (DMSO); final
DMSO =0.2% (v/v). The MG-132 and DMSO-treated retinas were
incubated at 37°C and 5% CO, for 6 h. After the incubation, the
retinas were washed with PBS three times and protein was ex-
tracted for western blot. Each of the genotypes was tested in
triplicate.

Statistical analysis

To determine statistical significance, data were entered into
GraphPad Prism® (GraphPad Software, Inc., La Jolla, CA, USA)
and subjected to one-way analysis of variance (ANOVA) or two-
way ANOVA (when applicable). A Bonferroni’s post hoc test was
used for both one-way and two-way ANOVAs. A P-value of <0.05
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was chosen as the determinant for statistical significance, unless
otherwise noted. Error bars indicate standard error of the mean
(SEM).
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Supplementary Material is available at HMG online.
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