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Mutations in the photoreceptor-specific gene peripherin-2 (PRPH-2, also known as retinal degeneration slow/
RDS) cause incurable retinal degeneration with a high degree of phenotypic variability. Patient phenotypes
range from retinitis pigmentosa to various forms of macular and pattern dystrophy. Macular and pattern dys-
trophy in particular are associated with complex, poorly understood disease mechanisms, as severe vision
loss is often associated both with defects in the photoreceptors, as well as the choroid and retinal pigment epi-
thelium (RPE). Since there is currently no satisfactory model to study pattern dystrophy disease mechanisms,
we generated a knockin mouse model expressing an RDS pattern dystrophy mutation, Y141C. Y141C mice exhib-
ited clinical signs similar to those in patients including late-onset fundus abnormalities characteristic of RPE
and choroidal defects and electroretinogram defects. Ultrastructural examination indicated that disc formation
was initiated by the Y141C protein, but proper sizing and alignment of discs required wild-type RDS. The bio-
chemical mechanism underlying these abnormalities was tied to defects in the normal process of RDS oligomer-
ization which is required for proper RDS function. Y141C-RDS formed strikingly abnormal disulfide-linked
complexes which were localized to the outer segment (OS) where they impaired the formation of proper OS struc-
ture. These data support a model of pattern dystrophy wherein a primary molecular defect occurring in all photo-
receptors leads to secondary sequellae in adjacent tissues, an outcome which leads to macular vision loss.
An understanding of the role of RDS in the interplay between these tissues significantly enhances our under-
standing of RDS-associated pathobiology and our ability to design rational treatment strategies.

INTRODUCTION

Over 80 different pathogenic mutations in the photoreceptor-
specific gene PRPH-2 (peripherin-2, also known as retinal
degeneration slow/RDS) (1) cause diverse, dominantly inherited
retinal pathologies including cone-rod dystrophies, retinitis pig-
mentosa and many subtypes of macular degeneration includ-
ing pattern dystrophies, adult-onset foveomacular vitelliform
dystrophy and other forms of macular dystrophy (1-3). PRPH-2-
associated disease is characterized by a high degree of inter- and
intrafamilial phenotypic heterogeneity and variations in age-of-
onset, severity and penetrance (1), complicating study of disease
mechanisms and the development of therapeutics.

RDS, a tetraspanin glycoprotein localized to the photorecep-
tor disc rim region, is required for the initial formation and sub-
sequent maintenance of both rod and cone outer segments (OSs)
(4-6), and thus for vision. While haploinsufficiency (e.g. in the
rds™’~ mutant mouse (7) or patients (8) and mice (9) carrying

loss-of-function mutations) tends to primarily affect rod photo-
receptors and lead to retinitis pigmentosa, the pathophysiologies
for mutations causing macular or cone-dominant disease appear
to be much more complex (1, 10—12). One important complicat-
ing factor is that vision loss in many cases of macular and pattern
dystrophy is not necessarily due entirely to defects in cones or
rods but also to contributions from multiple tissues including
the retinal pigment epithelium (RPE) and the choroid (1, 13,
14). To further our understanding of the processes underlying
complex RDS disease and facilitate future rational therapeutic
development, we here elected to study the Y141C pattern dys-
trophy mutation in PRPH-2.

In common with other PRPH-2 mutations, Y 141C-associated
disease is dominantly inherited, with patients carrying one WT
and one mutant allele, and typically presents in the 5th to 6th
decades of life (15). Patients with Y141C exhibit a high degree
of inter- and intrafamilial phenotypic variability. Although the
primary defect usually centers at the macula, with fundoscopic
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changes characteristic of macular or pattern dystrophy, often
patients report night blindness and some have been diagnosed
with retinitis pigmentosa (a disease usually associated with rod
cell loss) as well as or instead of pattern dystrophy (2, 13).
Y 141C patients often display both exudative and non-exudative
macular changes including RPE pigmentation defects, drusen-
like deposits, geographic chorioretinal atrophy and choroidal
neovascularization (1, 2) which all contribute to the severity of
vision loss (13, 14, 16). Together, these results make the
Y 141C mutation an especially interesting target for exploration
of complex pattern dystrophy phenotypes, and secondary defects
outside the photoreceptors.

The function of RDS is inextricably linked to its ability to form
a wide variety of covalent and non-covalent homo- and hetero-
meric complexes (with its non-glycosylated homolog rod OS
membrane protein-1/ROM-1) (17, 18). Gross failure to oligomer-
ize properly can lead to protein degradation and haploinsuffi-
ciency/retinitis pigmentosa (9), while more subtle changes in
complex assembly, content or stability are thought to underlie
cone-dominant defects (10, 11). Following initial protein synthe-
sis in the photoreceptor inner segment, RDS assembles into
homo- and heterotetramers with itself and ROM-1 (19, 20).
The tetramers traffic to the OS where they form intermolecular
covalent disulfide bonds with neighboring tetramers to form
homo- and hetero-intermediate oligomers and RDS higher-order
homo-oligomers which are necessary for proper OS formation
(17,18,21). This oligomerization is mediated by the second intra-
discal loop (D2) of RDS (22) and requires the seven D2 loop cyst-
eine residues. Six of these (C165, C166, C213, C214, C222 and
C250) form intramolecular disulfide bonds that stabilize proper
folding and tertiary structure of the D2 loop (21). The seventh
cysteine (C150) mediates the formation of the intermolecular di-
sulfide bond necessary for higher-order complex formation in the
OS (18, 21). The importance of these residues is underscored by
the observation that many disease-causing mutations (Y141C,
C165Y, C213Y, C214S, C214Y and C250F) (8, 13, 14, 23-25)
directly alter the number of D2 loop cysteines. Subtle variability
in the formation of RDS oligomers may underlie some of the
phenotypic variability associated with PRPH-2 mutations and
may directly impact the development of secondary sequellae such
as RPE toxicity and choroidal defects. As aresult, gaining a better
understanding of the defects in RDS complex formation is critical
to an understanding of associated disease mechanisms.

Excitingly, our results presented here show that the Y141C
mutation leads to the formation of abnormal, high-molecular-
weight RDS and ROM-1 complexes, but not abnormal protein
aggregation in the inner segment or ER. Although mouse eyes
do nothave amacula, mice carrying this mutation exhibit pheno-
types which correlate well with patient retinitis pigmentosa and
pattern dystrophy phenotypes, including loss of rod function,
loss of cone function and fundoscopic changes consistent with
defects in the RPE.

RESULTS

The Y141C-RDS allele is expressed normally in knockin
retinas and traffics to the OS

The use of knockin technology to generate a Y141C mutant
mouse model (Fig. 1A) allowed us to examine the cellular
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impacts of this disease-causing mutation without the confound-
ing analytical noise created by haploinsufficiency and misregu-
lation of RDS expression which can occur in transgenics. For
clarity, the Y141C allele is abbreviated as gY) with heterozygous
and homozygous mice referred to as rds” " and rds””, respect-
ively. While the heterozygous mice represent the genetic case
in patients (one WT and one mutant allele), the homozygous
mice enable study of the mutant protein, so both are used here.
In most experiments, controls 1nclude animals heterozygous
(rds™ ™) or homozygous (rds ') for the naturally occurring
RDS knockout (also known as rds/rd2). Following the gener-
ation of the knockin model, we assessed retinal expression of
the mutant gene at P30 by quantitative real-time polymerase
chain reaction (QRT-PCR) and northern blot (Fig. 1B and C, re-
spectively). Message size and levels in rds” " and rds” Y¥ were not
significantly different from WT (Fig. 1B and C), confirming that
the knockin allele was expressed and regulated normally. RDS
and ROM-1 protein were analyzed and quantlﬁed by western
blot (WB; Fig. ID—F). RDS protein levels in rds”" were un-
changed when compared with WT (Fig. 1E), although ROM-1
levels were reduced by ~43% in rds 7+ versus WT (Fig. 1F).
These data showing that in the rds”" the RDS levels are
normal but ROM-1 levels are reduced suggest that the ratio of
RDS : ROM-1 is altered. Interestingly, rds”" retinas exhibited
RDS and ROM-1 protein levels that were significantly reduced
(28 and 13% of WT, respectively). No ectopic expression of the
Y 141C protein was observed (Supplementary Material, Fig. S1).
These data suggest that the Y141C RDS knockin allele is regu-
lated normally, but that in the rds"” there is a significant drop in
the steady-state levels of the mutant RDS protein and ROM-1.

We have previously observed that some D2 loop mutations in
RDS can adversely affect OS targeting leading to accumulation
of RDS protein in the inner segment (18). To determine if the
mutant RDS properly localized to the OS, P30 retinal sections
were co-labeled with RDS and Na*K*ATPase, an inner seg-
ment marker. In all genotypes analyzed, RDS (Fig. 2A, green)
formed a distinct layer that did not significantly overlap with
the Na*K " ATPase labeling (red), indicating that both WT and
Y141C-RDS trafficked properly to the OS, even in the rds"”"
retina where no WT RDS is present. Co-labeling with RDS
(green) and ROM-1 (red) confirmed that ROM-1 co-localized
with RDS in all genotypes (Fig. 2B). Finally, co-labeling with
rhodopsin (red in Fig. 2C, top) and S-opsin (red in Fig. 2C,
bottom) confirmed that Y141C-RDS was expressed and traffics
in both rods and cones (Fig. 2C, arrows and insets).

Y141C heterozygotes exhibited decreased rod and cone
function

To determine how closely the Y141C mouse modeled the human
phenotype, we first assessed retinal function by conducting full-
field electroretinography (ERG) at P30 (Fig. 3A and B;and P180
(Fig. 3C). Scotopic (rod based) responses from the rdss * and the
rds™'~ were significantly reduced when compared with WT but
were not significantly altered compared with each other at either
P30 or P180 (Fig. 3B and C, left and middle). Consistent with
this, mean scotopic a : b wave ratios were not different between
the two genotypes (rds versus rds™' "), although a : b wave
ratios in ds” " and rds™'~ were both lower than WT, consistent
with the defect originating in photoreceptors. Scotopic responses
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Figure 1. Genetic knockin of the Y141C mutation in RDS does not have an impact on RDS expression levels. The Y 141C mutation was introduced into exon 1 of the
RDS gene in order to drive properly regulated expression of the Y141C-RDS allele (A). Total RNA was isolated from the retinas of mice of the indicated genotypes at
P30 and subjected to qRT-PCR for RDS and the housekeeping gene HPRT (B). Total RNA was also subjected to northern blotting using radiolabeled RDS cDNA as a
probe (C). 28S and 18S ribosomal RNA are marked for size reference and 28S is shown as loading control. Levels of RDS protein in total retinal extracts were analyzed
from indicated genotypes by WB followed by visualization using antibodies specific to RDS, ROM-1 and actin (D). Band densities were normalized to actin and set
relative to WT: RDS (E), ROM-1 (F). Shown are mean + SEM. N = 3 (B and C) and 8 (E and F) independent samples. ***P < 0.001 by one-way ANOVA with

Bonferroni’s post hoc comparison.

in rds”" and rds~'~ eyes were also both significantly reduced

compared with WT with neither exhibitin ing an a-wave above
the limit of detection. However, the rds"" wave forms had a
better shape than those from rds~’~ (Fig. 3A, plotted is the
mean wave form with gray shaded area corresponding to
SEM), an observation reflected in a statistically significant
improvement in the postsynaptic scotopic b-wave amplitude in
rds”" versus rds '~ at P30 (Fig. 3B, middle). This improvement
disappeared by P180 as scotopic function in the rds'” was lost
(Fig. 3C, middle). At P30, photoplc (cone based) b-wave ampli-
tudes were comparable in rds ,rds”* and WT (Fig. 3B, right).
Photopic responses inrds —/~ and rds”” were significantly lower
than WT, and in contrast to the case in rods (scotopic b- any)
photopic b- wave amplitudes were not improved in rds”
versus rds~’~ (Fig. 3C, right). These functional analyses sug-
gest thatthe Y141C protein alone may support some rod function
(e.g. P30 rds™" scotopic b-waves), but only has limited ability to
promote OS function.

Y141C-RDS protein leads to retinal degeneration and
fundoscopic changes consistent with patient phenotypes

To determine whether the functional defects associated with the
Y 141C allele have structural underpinnings, we conducted mor-
phometric analy51s on plastlc embedded sections (Fig. 4). The
OS layers in the rds’”" and rds™~ are both significantly
thinner than WT but not significantly different from each other
(Fig. 4A and B, quantification in Fig. 4C). Consistent with this

OS shortening, the total amount of rhodopsin is decreased in
rds*'~ and rds"’" (Fl 4D) Small rounded OS structures were
seen at P30 in the rds” ¥ retina (Fig. 4A, arrows); however, they
disappeared by P180. To assess photoreceptor degeneration, the
thickness of the outer nuclear layer (ONL, which contains photo-
receptor cell bodies) was measured along the superior to inferior
plane (Fig. 4E and F). At P30 there was no significant reduction
in ONL thickness in the rds™ ™ and rds"” retlnas comy Pared with
WT and only a small reduction in the rds ~’~ and rds”’” (Fig. 4E),

suggesting that changes in function are due primarily to changes
in OS length (Flg 4C) By P180, the ONL was significantly
thinner in the rds™ ™ and rds"" (compared with WT), but as
in the case with the ERG function, they were not different
from each other At P180, photoreceptor degeneration in the
rds™’~ and rds”Y was severe: the ONL was quite thin in the
central retina and almost absent in the periphery (Fig. 4F).

One of the key phenotypes associated with pattern dystrophy is
characteristic fundoscopic changes, which occur due to defects in
the choroid and adjacent RPE, often along with accumulation of
RPE lipofuscin (13, 26). Consistent with the late age-of-onset in
patients, we observed no fundus abnormalities at P30 in Y141C
mice (Fig. SA) or any other genotype. In sharp contrast, at P180
widespread yellow flecks (Fig. 5B, black arrows, left panels)
can be observed in the fundus of rdsw * (11/11 eyes examined)
but not WT (0/8 eyes examined). Images from additional animals
areshownin Supplementary Material, Figure S2A. These flecksare
hyperfluorescent and can be more easily visualized in fundus auto-
fluorescence images (Fig. 5B, right panels). Confirming that the
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Figure 2. Y141C-RDS traffics to the OS. Retinal sections at P30 from the indicated genotypes were labeled with antibodies against RDS (green A—C) and Na*K*~
ATPase (red, A), ROM-1 (red, B), rhodopsin (red, top C) or S-opsin (red, bottom C). Arrows and insets indicate regions of co-localization between RDS and opsins.
OS, outer segments; IS, inner segment; ONL, outer nuclear layer. Scale bar: 20 pm.

speckling was due to the Y141C allele and not simply to RDS
deficiency, the majority (8/10) rds™~ eyes were normal although
2/10 eyes exhibited very mild signs of flecking. At P180, both the
rds”" andrds™’~ exhibited the flecking (9/9 for rds"”* and 8/10 for
rds~") most likely due to the ongoing degeneration in these
models (Fig. 5B, bottom). Concurrent fluorescein angiography
(FA) showed that at these timepoints there were no changes in
retinal vasculature in any genotype (Supplementary Material,
Fig. S2B).

RDS complex formation is altered in Y141C knockin retinas

Our data thus far show that rds”" retinas exhibit normal levels
of properly localized RDS, but shortened OSs and structural—
functional degeneration comparable with the rds™ . We
hypothesized that the Y141C-RDS inability to promote normal
OS structure was due to changes in RDS complex formation.
To test this hypothesis, we conducted detailed biochemical
analysis. Retinal extracts were separated by sodium dodecyl

sulphate—polyacrylamide gel electrophoresis (SDS—PAGE)/
WB under either reducing or non-reducing conditions (Fig. 6A
and B). For all biochemical experiments, N-ethylmaleimide
(NEM) was included in the extraction buffer to prevent cysteine
shuffling. Under denaturing but non-reducing conditions, WT
RDS ran as a monomer and a dimer (arising from non-covalent
and covalently bound complexes, respectively), and importantly,
this pattern is maintained in the rds™ "~ retina even though protein
levels are lower (Fig. 6A, top left). In contrast, retinas from rds” "
had mono- and dimeric RDS as well as a third complex visible at a
higher molecular weight (Fig. 6A, arrows). In the rds”?, RDS was
detected almost exclusively in this abnormal higher molecular-
weight form, although a small amount of monomer was still
present. Incommon with the normal dimeric form, these abnormal
high-molecular-weight complexes were reduced to monomers in
the presence of reducing agent (Fig. 6A, top right), suggesting that
the abnormal complexes were held together through intermolecu-
lar disulfide bonds. Interestingly, ROM-1 was also found in these
abnormal complexes in extracts from rds”" and rds"” retinas,
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Figure 3. Y 141C-RDS is able to support limited OS function. The ability of the 7ds”* and the rds"” animals to support OS function was assessed using scotopic (rod)
and photopic (cones) ERG at P30 (A and B) and at P180 (C). Wave forms were prepared by averaging the values from all available ERGs of the indicated genotypes at
P30 and showing the mean (black) + SEM (gray shading) (A). The amplitude of maximum scotopic a- and b-waves, and maximum photopic b-waves, is plotted as
mean + SEM at P30 and P180 (B and C). N = 4—14 animals for each genotype/age. ***P < 0.001 by one-way ANOVA with Bonferroni’s post hoc comparison.

although normal mono- and dimeric ROM-1 were also present
(Fig. 6A, bottom left). Quantification of these three forms (mono-
mer, dimer and abnormal high-molecular-weight complex,
Fig. 6B) showed that only ~ 12% of total RDS was found in the
abnormal complexes in rds” " retinas even though ~50% of
RDS should be Y141C mutant. In contrast, in the rds"?, ~73%
of RDS was found in the abnormal complexes. The appearance
of ROM-1 in the abnormal high-molecular-weight Y141C sug-
gested that Y141C-RDS retained the ability to interact with
ROM-1. This was confirmed by immunoprecipitation (IP) with
RDS antibodies (Fig. 6C).

To further analyze RDS and ROM-1 complex formation under
native conditions, retinal extracts underwent velocity sedimen-
tation on a non-reducing 5—20% sucrose gradient followed by
non-reducing SDS—PAGE/WB (Fig. 7). WT RDS higher-order
oligomers are found in fractions 1-3, intermediate complexes in
fractions 4-5, and tetramers in fractions 6—9 (27). In WT
retinas, RDS was detected in both mono- and dimeric forms in
the tetramer and intermediate-complex fractions. Only dimers

were seen in higher-order fractions (Fig. 7A), consistent with
higher-order complex assembly being dependent on the formation
of intermolecular disulfide bonds (18, 21). ROM-1 was detected
(in di- and monomeric forms) in fractions associated with tetra-
mers and intermediate comllolexes but not in higher-order com-
plexes (Fig. 7B). In the rds”’" retina, normal RDS and ROM-1
complexes were present, but an additional higher molecular
weight band was detected in the high-density fractions and
was prominently present in the pellet (yFlg 7, black arrowheads).
In fractionated retinas from the rds"”, this abnormal band was
even more apparent and the overall pattern was distinctly differ-
ent; all higher-order and intermediate complexes were greatly
reduced and instead only the abnormal complexes were observed
in the highest density fractions and in the pellet RDS (Fig. 7,
arrowheads). Of note, ROM 1 isusually excluded from fractlons
1-3; however, in the rds"”, abnormal high-molecular-weight
ROM 1 complexes were resent in these fractions and in the
pellet. Inaddition in the rds”” " and rds"”*, a small but reproducible
portion of RDS and ROM-1 in both the tetra- and octameric
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Figure 5. Fundus photographs of rds

show retinal flecking at P180. Fundoscopic examination was performed at the indicated ages and genotypes. At P30 no sig-

nificant pigmentation defects were observed in any of the genotypes when compared with WT (A). At P180, rds*’™ fundus still appeared normal; however, yellow
flecks were apparent throughout the fundus of the rds” ™, rds ™'~ and rds”” (arrows show examples of this widespread flecking, B). Left and right columns of (B) come
from the same eye, left column is brightfield, and right column shows fundus autofluorescence. N = 4—11 eyes/genotype/age.

fractions migrated at an apparent MW of 140 kDa (white
arrows, Fig. 7A and B) the predicted size of a tetramer. All of
these abnormal complexes running at higher molecular weight
(arrows/arrowheads, Fig. 7A) are likely an outcome of the pres-
ence of an additional cysteine in the Y 141C mutant protein (pre-
dicted to have the ability to form a second intermolecular disulfide
bond). The abnormal complex formation of the Y141C mutant
protein is pictorially illustrated in Figure 8. Although the WT
mouse exhibits tetramers, intermediate, complexes and large
oligomers, each RDS/ROM-1 molecule can only form a single

intermolecular disulfide bond (the remaining complex assem-
bly relies on non-covalent interactions), thus when separated
under denaturing but non-reducing conditions (i.e. non-reducing
SDS—PAGE after non-reducing sucrose gradients), mono- and
dimeric forms appear. However, in the presence of the Y141C
mutant protein, additional disulfide bonds form, leading to the
appearance of abnormal covalently linked complexes (underlined
on Fig. 8) with higher apparent molecular weights. These two sets
of experiments indicate that although oligomerization occurs in
the presence of Y141C-RDS, it is decidedly abnormal.
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Reciprocal co-IPs confirm that RDS/ROM-1 interactions were maintained in retinal extracts from animals carrying the Y141C-RDS mutation (C). FT, flow through
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Although we did not detect accumulation of RDS in the inner
segment, large protein complexes can be associated with aggre-
gation and often lead to endoplasmic reticulum (ER) stress.
However, we conducted electron microscopy examination of
the inner segment (the site of protein synthesis) and observed
no apparent swelling of the ER in any genotype (Supplementary
Material, Fig. S3A). Similarly, we observed no significant in-
crease in the mRNA levels of several ER stress markers in any
genotype tested (Supplementary Material, Fig. S3B) nor any
signs of activation of the ER stress marker XBP1 (Supplementary
Material, Fig. S3C). Given that the vast majority of Y141C-RDS is
found in abnormal large molecular weight complexes in the rds™”
retina, these data coupled with our immunolocalization data
support a model in which the abnormal complexes are present
in the OS even in the absence of WT RDS.

Y141C protein can initiate OS formation but not proper
disc growth

Given the presence of abnormal Y 141C complexes in the OS, we
were encouraged to more closely examine OS ultrastructure at
P30. Interestingly, although we showed OS length was not

improved in the rds”* versus rds™~, OSsin the rds" " exhibited
better disc sizing, stacking and alignment (Fig. 9A, arrowheads;
Supplementary Material, Fig. S4) than the rds™’~ which is char-
acterized by highly abnormal membrane swirls in the OS.
Although many rds"”* OSs exhibited abnormalities including
some lengthening of discs, and accumulation of vesicular struc-
tures (white arrows, Fig. 8B; Supplementary Material, Fig. S4),
ultrastructure in other cells was virtually normal (black arrows,
Supplementary Material, Fi)g. S4). In contrast to the rds™/~
which forms no OSs, the rds”” made attempts at OS formation;
however, the structures were 9uite small compared with WT or
heterozygous (rds™ ™ or rds”") animals. OSs in the rds”” did
not exhibit normal discs/lamellae; however, they did have flat-
tened, whorl shaped membranes (Fig. 9A, arrows). Images cap-
tured at higher magnification from the rds”’ " and rds”"” revealed
abnormal disc sizing (white arrow, Fig. 9B) and misorientation
of OS discs in relation to each other and the axoneme/connecting
cilium. Interestingly, many abnormal vesicular structures line up
adjacent to the flattened discs in the rds”” (Fig. 9A and B, aster-
isks). These vesicles are quite rare when WT RDS is present
(rds™'~ or rds"’™), suggesting that they may be aborted attempts
at rim formation mediated by Y141C-RDS and thus serve as
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Figure 7. Y141C-RDS leads to formation of abnormal high-molecular-weight oligomers. To analyze RDS/ROM-1 complexes under non-denaturing conditions,
whole retinal extracts were prepared and run on a continuous 20% (fraction 1) to 5% (fraction 12) non-reducing sucrose gradient. Fractions were collected and analyzed
using non-reducing SDS—PAGE/western blotting with antibodies specific for RDS (top) and ROM-1 (bottom). The position that molecular weight markers appear

when using this protocol is listed above the fraction number for reference. In the rds

Y/ :
* a full complement of normal RDS monomer and dimer were seen; however,

abnormal high-molecular-weight complexes are observed in the heavier fractions as well as the pellet (arrowheads, middle). The rds”’" lacks normal higher-order
complexes (dimers in high-density fractions) of RDS which are replaced by very distinct high-molecular-weight complexes in fractions 1-3 and in the pellet

(arrowheads, right). N = 3—4 independent experiments/genotype.

reservoirs for the accumulation of abnormal RDS oligomers. To
test this hypothesis, we conducted immunogold labeling at P30
(Fig. 10). In both the WT and rds”", ROM-1 and RDS are
restricted to the rim region (Fig. 10A, arrows) while rhodopsin
is found throughout the discs (Fig. 10B). Critically, in the rds"?,
RDS and ROM-1 localize primarily to the abnormal vesicles
seen in Figure 8B (Fig. 10A, asterisks), although they are also
seen at the edges of the flattened membranes, while rhodopsin
is mostly excluded from the vesicular structures and is most
heavily concentrated in the lamellae of the nearby swirls of mem-
brane (Fig. 10B, arrowheads). These data suggest that while
Y141C-RDS and ROM-1 traffic to the OS in the rds””, both ac-
cumulate in abnormal vesicular structures rather than supporting
normal disc formation.

DISCUSSION

Our data provide an exciting new interpretation for the disease
processes for RDS-associated pattern dystrophy. Previously, a
fairly simplistic interpretation of RDS disease-causing muta-
tions had prevailed: namely that retinitis pigmentosa was
caused by loss-of-function mutations that lead to protein degrad-
ation and preferentially affected rods, while macular diseases
were caused by gain-of-function mutations that preferentially
affected cones. This was supported by studies using C214S (ret-
initis pigmentosa) (9) and R172W (macular dystrophy) (11)
transgenic mice, in which rod-dominant or cone-dominant

degeneration were observed. However, this interpretation left
no way to account for the vast inter- and intrafamilial variability
in phenotypes associated with some mutations such as Y141C
nor an explanation for the development of secondary phenotypes
such as RPE and choroidal defects. Our data suggest a third,
more complex, disease mechanism which may apply to many
different RDS mutations. Several pieces of evidence shown
here suggest that the Y141C allele has some loss-of-function
characteristics (e.g. similar, levels of degeneration and OS
length in rds™ "~ and rds"’"), whereas others suggest that there
are also gain-of-function effects of the allele (e.g. fundus pheno-
type in rds”’" but not rds*~, scotopic b-wave function in rds*”"
but not rds /", the presence of normal RDS protein levels but
abnormal oligomers in the rds”" OSs and the accumulation of
abnormal vesicular structures in the rds”’”? retina). Based on
these observations, we postulate that the abnormal Y 141C oligo-
mers cannot support proper OS structure and function, leading to
primary defects in photoreceptors (i.e. similar phenotype to
rds™' ™). However, since the altered complexes are stable and
found in the OS (as opposed to being degraded in the inner
segment as is the case with other retinitis pigmentosa mutations)
(9), they can induce secondary toxicity in the RPE and neighbor-
ing tissue. In patients, this would result in macular vision loss and
macular fundus changes characteristic of RPE loss (pattern dys-
trophy, etc.) simply due to the unique demands on the RPE in the
macula (28). The Y141C mouse sheds light on phenotypic het-
erogeneity in patients because it recapitulates many of the differ-
ent phenotypes observed (e.g. photoreceptor structural defects,
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cone and rod ERG changes, fundus flecking, etc.) and links them
to changes in the molecular structure of RDS complexes. Subtle
changes in the content, stability or quaternary structure of the
abnormal complexes from mutation to mutation could set a base-
line level of RDS-related stress which acts in conjunction with
variability in other non-genetic lifestyle factors to explain the
vast phenotypic variability among RDS patients.

There is precedence for the hypothesis that photoreceptor
defects can lead to secondary RPE toxicity; the most common
example is ABCA4-associated Stargardt’s macular dystrophy
wherein abnormal accumulation of retinoids in the photorecep-
tor leads to RPE toxicity and subsequent macular dystrophy

(28,29). Although mice do not have amacula and it has therefore
historically been difficult to model macular dystrophies, we here
show that the Y141C knockin line exhibits late-onset fundus ab-
normalities, suggesting that it may be a good model for the as-
sessment of the interplay between these tissues. Yellowish
flecking on the fundus has been attributed to defects in the
RPE, accumulation of lipofuscin in the RPE, and defects in the
choroidal vasculature (13, 26, 30). Since it is unclear how the ex-
pression of abnormal RDS/ROM-1 complexes will impact the
long-term health of the retina and neighboring RPE, we look
forward to conducting long-term studies to determine whether
Y 141C knockin animals develop observable phenotypes in the
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Figure 9. The Y141C-RDS protein is unable to support normal OS ultrastructure. Transmission electron microscopy was performed on eyes from the indicated geno-
types at P30 (A and B). Y141C-RDS-expressing photoreceptors appear to have a significant improvement in overall OS structure (arrowhead) when compared with
appropriate rds*’~ controls, while rds”? exhibits only small highly malformed OSs (arrow). Higher magnification images reveal that despite increases in overall
organization, Y 141C-RDS-expressing retinas still are characterized by OS discs which lack proper orientation and sizing (B). Interestingly, in the rds"” a large
number of abnormal membranous vesicular structures appear to surround the flattened discs (A and B, asterisks). OS, outer segments; IS, inner segments. Scale

bars: 5 pwm in (A) and 500 nm in (B). N = 3 eyes/genotype.

RPE tissues (such as abnormal accumulation of lipofuscin) and
what factors regulate these effects.

One of our most interesting findings is that the presence of
Y141C-RDS protein results in the formation of abnormal
disulfide-linked complexes that include RDS as well as ROM-1,
which is not normally engaged in disulfide bonds with RDS
(31, 32). While we have seen large non-specific aggregates
form in the case of other RDS mutations such as C214S (9),
the complexes we observe here are distinct. C214S RDS cannot
traffic to the OS and is thought to aggregate in the ER through a
failure to fold normally. In contrast, the Y141C mutation traffics
to the OS and the lack of any observable ER stress would suggest
that no RDS builds up in the ER. The high-molecular-weight of
these complexes and the fact that they are reduced to monomers
in the presence of DTT suggest that the complexes are held to-
gether by additional intermolecular disulfide bonds between
Y141C-RDS and itself or neighboring WT RDS (i.e. C141
with a neighboring C150) or ROM-1 (C141 of RDS with C153
of ROM-1). The additional intermolecular bond may form dir-
ectly via the newly introduced cysteine (Y141C), but it is also
possible that the loss of a tyrosine 141 destabilizes the D2 loop
enough to allow other D2 cysteines to engage in abnormal inter-
molecular interactions. Regardless, the presence of ROM-1
within these high-molecular-weight complexes demonstrates
that these complexes are fundamentally altered. The role of
ROM-1 in normal RDS complexes likely primarily rests in its

ability to subtly regulate disc size which is defective in both
the ROM-1 knockout (33) and the Y141C knockin photorecep-
tors. Abnormal inclusion of ROM-1 in disulfide-linked com-
plexes in Y141C retina may impair its function.

Our ultrastructural studies also shed light on the role of RDS
oligomers in OS formation. We have hypothesized that rim for-
mation is the initiating step in OS biogenesis and disc elaboration
due to the absence of rims and nascent discs in the rds ™/~ .
Normal disulfide-linked RDS oligomers are responsible for
maintaining the pinched rim structure (18, 34); however, a
clear role for RDS and ROM-1 homo- and heterotetramers has
not been established. It is possible that these two pools of RDS
(oligomers and tetramers) may have different roles, e.g. struc-
tural support of the rim region versus functional organization
of a membrane microdomain. In the rds"”* model, we observe
the accumulation of abnormal RDS/ROM-1-containing vesicu-
lar structures which carry little or no rhodopsin, as well as some
flattened rhodopsin-containing OS material with RDS/ROM-1 at
its edges. We hypothesize that the abnormal high-molecular-
weight complexes which comprise the majority of the RDS in
the Y141C model cannot support normal rim formation, and
thus the complexes accumulate in the large vesicular structures.
However, some tetramers are still present in the rds?? ,and it is
possible that these tetramers may participate in the observed
initiated disc formation (thus the appearance of flattened mem-
branes with RDS/ROM-1 at the edges). Confirmation of this
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Figure 10. Y141C-RDS and ROM-1 accumulate in a distinct region from rhodopsin. Retinal thin sections collected at P30 from the indicated genotypes were 1G
labeled with antibodies for RDS (A), ROM-1 (B) and rhodopsin (C) and secondary antibodies conjugated to 10 nm gold particles. Both ROM-1 and RDS localize
properly to the rim regions of OS discs in the WT, rds”" and the rds"” (arrows). In the rds”””, the abnormal membranous vesicles are enriched for RDS and
ROM-1 and contain relatively less rhodopsin labeling (asterisks). CC, connecting cilium. Scale bar: 500 nm.

hypothesis has been difficult to biochemically test directly;
however, it is clear that Y141C protein can initiate disc/rim for-
mation (since absolutely no discs are formed in the rds~'7) but
not support proper maturation or maintenance of discs. Previous
studies suggest that the C-terminus of RDS is a likely candidate
for the region of the protein that promotes the initiation of the
discs as it contains both the OS trafficking signal and an import-
ant amphipathic helix which aids in membrane curvature and
fusion (35-38).

The current work points to two important issues that will be the
focus of future studies. The first is a need to analyze the effects of
specific mutations on the quaternary oligomerization of RDS to
determine if a pattern can be found linking specific complexes
with specific disease phenotypes. Itis possible that disease muta-
tions which seem unrelated at a primary or secondary or even ter-
tiary protein level could have a similar effect on the RDS
quaternary complexes and thus result in similar disease pheno-
types. Collectively, data from this and some of our other models
(39) suggest that different variations in higher-order oligomer

structure can occur from mutation to mutation and in rods versus
cones (17). In keeping with this, it will also be necessary to fur-
ther analyze whether mutations have different effects on RDS
quaternary structure in rods versus cones in order to determine
if these changes underlie some of the cell-type-specific nature
of the disease phenotype. Second, work needs to be done to
determine which of these disease phenotypes can be treated
effectively with methods such as gene delivery, a promising
treatment for RDS-related disease, or if some phenotypes or
mutations will need additional treatments to neutralize abnormal
quaternary structures that could have a detrimental gain-of-function
effect on the photoreceptors or adjacent tissues (40).

MATERIALS AND METHODS
Animals

All experimental procedures, maintenance and handling fol-
lowed protocols approved by the University of Oklahoma’s
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Institutional Animal Care and Use Committee, and the guidelines
set by the Association for Research in Vision and Ophthalmology.
Y 141C-RDS knockin mice were generated by inGenious Tar-
geting Laboratory, Inc. (Ronkonkoma, NY, USA). A 10.14 kb
region of genomic DNA was isolated from a positively identified
bacterial artificial chromosome (BAC) clone and used to con-
struct the targeting vector. The long homology arm extended
~6.9 kb 5’ from the site of the mutation in exon 1 of the RDS
gene. A LoxP/FRT-neomycin selection cassette was inserted
383 bp downstream of exon 1 (in RDS’ large first intron). The
short homology arm extended 2.7 kb 3’ of the end of the Neo cas-
sette. Two point mutations were introduced into exon 1 using
PCR: (i) a silent CTC>CTG, to eliminate a Hinfl restriction
site to aid in genotyping, and (ii) the pathogenic TAT>TGT,
to introduce the Y141C mutation. The BAC was sub cloned
into a 2.45 kb pSP72 (Promega, Madison, WI, USA) backbone
vector and linearized with Not1 prior to electroporation into em-
bryonic stem (ES) cells. The final targeting construct was
14.3 kb. Following electroporation, ES cells were screened for
the presence of the desired allele and positive clones were
injected into C57BL/6 blastocysts and implanted (five positive
clones were identified and recommended for injection, the
final line in use came from clone 272). Subsequent chimeric
founders were bred to identify mice with germline transmission,
then bred to FLPeR expressing mice (Stock#003946, Jackson
Labs, Bar Harbor, ME, USA) to remove the Neo cassette. PCR
genotyping confirmed that these mice do not carry the 7d8 muta-
tion. The rds™’~ mice were bred from founders generously pro-
vided by Dr Neeraj Agarwal (University of North Texas Health
Science Center, Fort Worth, TX, USA). Animals of both genders
were used and all animals were reared under cyclic lighting con-
ditions (12 h L/D, 30 lux). All animals for the current study were
postnatal day (P) 30 or P180 at the time of analysis as indicated in
the results section.

Antibodies

Antibodies used are as follows. Rabbit polyclonal RDS-CT (gen-
erated in house) was used for immunofluorescence (IF) at a dilu-
tionof 1:1000 (11, 18). Mouse monoclonal RDS-2B7 (generated
forus by Precision Antibodies and characterized previously) was
used for WB at 1:1000 (15, 17). Rabbit polyclonal RDS-MPCT
(a kind gift from Dr Andrew F. Goldberg, Oakland University)
was used for immunogold (IG) at 1:200. These three antibodies
are against the C-terminus of RDS and recognize both the wild-
type (WT) and Y141C mutant protein. Rabbit polyclonal
ROMI-CT (generated in house) was used at 1:1000 for WB
(11). Mouse monoclonal ROM1-2H5 (generated in house and
characterized previously) (10) was used at 1:10 for WB and
1:100 for IG. Mouse monoclonal Na*K " ATPase (Developmen-
tal Studies Hybridoma Bank, developed under the auspices of the
NICHD and maintained by the University of lowa, Department
of Biology, lowa City, IA, USA) was used for IF at a dilution of
1:500. Mouse monoclonal rhodopsin 1D4 (generously provided
by Dr Robert Molday, University of British Columbia, Canada)
was used for IF and WB at a dilution of 1:1000. Goat polyclonal
S-ospin (H-17, Santa Cruz Biotechnology, Santa Cruz, CA,
USA) wasused at a dilution of 1:500 for IF. Actin was visualized
using HRP-conjugated mAB against beta-actin (Sigma-Aldrich,
St Louis, MO, USA) at a dilution of 1:10 000.

Immunofluorescence

Following euthanasia, eyes were enucleated, fixed with 4% par-
aformaldehyde, dissected and cryoprotected as described previ-
ously (17). Ten micrometer retinal cryosections were subjected
to IF analysis following procedures described previously (41).
Primary antibodies were used as described above. Secondary
antibodies were specific to goat, rabbit or mouse and were con-
jugated to either Alexa-488 or Alexa-555 (Life Technologies,
Grand Island, NY, USA). All sections were imaged using a
Hamamatsu C-4742 camera through UPlanSApo objectives
(Olympus, Tokyo, Japan) on an Olympus BX62 upright micro-
scope equipped with a spinning disc confocal unit. Image ana-
lysis was performed using Slidebook v4 software (Intelligent
Imaging Innovations, Denver, CO, USA). Experiments were
repeated at least three times.

Transmission electron microscopy and IG cytochemistry

The methods used for processing of tissues for transmission EM
and IG have been published previously (17, 18, 42). In brief, thin
(600—800 A) sections were collected on copper 75/300 mesh
grids and stained with 2% uranyl acetate and Reynolds’ lead
citrate for TEM. Thin sections for IG were similarly collected
on 75/300 mesh grids and probed with primary antibodies as
described above. Secondary antibodies (AuroProbe 10 nm gold-
conjugated goat anti-rabbit IgG or goat anti-mouse IgG, GE/
Amersham, Piscataway, NJ, USA) were used at 1:50 dilution.
Images were collected using a JEOL 100CX electron micro-
scope at an accelerating voltage of 60 kV.

Electroretinography

ERG has been described in detail previously (11, 18, 42). To
summarize, following dark adaptation overnight, mice were
anesthetized by intramuscular injection of 85 mg/kg ketamine
and 14 mg/kg xylazine (Butler Schein Animal Health, Dublin,
OH, USA) and eyes were dilated using 1% cyclogyl (Pharma-
ceutical Systems, Inc., Tulsa, OK, USA), and full-field ERG
was assessed using the UTAS system (LKC, Gaithersburg,
MD, USA) with a platinum wire loop electrode in contact with
the cornea through a layer of methylcellulose (Pharmaceutical
Systems, Inc.). Rod photoreceptor function (scotopic) was
assessed with a single strobe flash stimulus of 157 cd s/m? pre-
sented to the dark adapted mouse. Cone photoreceptor function
(photopic) was analyzed by averaging responses to 25 flashes at
157 cd s/m? following a 5 min light adaptation with background
light at an intensity of 29.03 cd/m?. Statistical analysis was per-
formed using one-way ANOVA with Bonferroni’s multi-
comparison post-test.

Fundus imaging and FA

Fundus imaging and FA were performed using the Micron III
system (Phoenix Research Laboratories, Pleasanton, CA, USA)
as previously described (43, 44). Brightfield fundus images and
fundus autofluorescence images were collected first (from
anesthetized/dilated animals) and then animals were injected
intraperitoneally with 100 wl of 1% (w/v) fluorescein sodium
(Sigma-Aldrich). FA images were captured using an excitation



and emission filters of 486 and 436 nm, respectively. All images
were captured using StreamPix® software (Phoenix Research
Labs).

Protein extraction and analysis

Retinas from indicated genotypes were removed and immediately
frozen using liquid nitrogen and stored at —80°C prior to pro-
cessing. Extracts were prepared using 150 wl of chilled (4°C)
solubilization buffer (phosphate-buffered saline, pH 7.0, con-
taining 1% Triton X-100, 5 mm ethylenediaminetetraacetic
acid, 5 mg/ml NEM and a standard protease inhibitor cocktail)
per retina. Samples were briefly sonicated and extracted for
~1 h at 4°C prior to a 30 min spin at 20 000g in a refrigerated
centrifuge at 4°C to remove insoluble debris. Protein concentra-
tion was assayed by using a colorimetric protein assay (Bradford
reagent from Bio-Rad, Hercules, CA, USA). All extracts were
kept on ice and used immediately to avoid any non-specific post-
extraction aggregation. Western blots, SDS—PAGE and IP
were performed as previously described (10, 18, 27). Velocity
sedimentation using continuous 5-20% sucrose gradients
was performed as described previously (10, 18, 27). All experi-
ments were repeated at least three times. Blots were imaged
using ChemiDoc™ MP imaging system (Bio-Rad) and densito-
metric analysis was performed using Image Lab software v4.1
(Bio-Rad).

RNA preparation and analysis

Total RNA was isolated from retinas as described previously
(40) using TRIzol reagent (Life Technologies) and treated
with RNase-free DNase I (Promega) according to the manufac-
turer’s recommendations. Reverse transcription was performed
using an oligo-dT primer and superscript I1I reverse transcriptase
(Life Technologies). qRT-PCR was done using a real-time PCR
detection system (C1000 Thermal Cycler, Bio-Rad) and was
performed as previously described (42). Values were normalized
to the housekeeping gene HPRT. For unfolded protein response
positive controls retinas were removed and then incubation
in DMEM with 10% FBS supplemented with 5 pwm thapsigargin
(Sigma) for 6 h. Resulting relative values were analyzed by
one-way ANOVA to determine statistical significance. Primer
sequences used are included in Supplementary Material,
Table S1. Northern blot was performed by loading 20 pg of
total RNA on 1% agarose gel containing 18% (v/v) formalde-
hyde. 18S and 28S ribosomal RNA were imaged prior to blotting
using a ChemiDoc™ MP imaging system (Bio-Rad). RNA was
blotted onto Ambian® Brightstar®-Plus (Life Technologies).
The resulting membrane was hybridized with P*?-labeled oligo-
nucleotides prepared with the Amersham™ (GE Healthcare)
random priming kit using a linearized PcDNA3.1 vector contain-
ing WT RDS cDNA (45). Following washes, the resulting blot
was exposed to Kodak Biomax MS film using a BioMax
Transcreen-LE Intensifying Screen (Carestream Health, Roch-
ester, NY, USA).

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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