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Abstract

Mutations in peripherin 2 (PRPHZ) have been associated with retinitis pigmentosa (RP) and
macular/pattern dystrophies, but the origin of this phenotypic variability is unclear. The majority
of Prph2 mutations are located in the large intradiscal loop (D2), a region that contains seven
cysteines involved in intra- and intermolecular disulfide bonding and protein folding. A mutation
at cysteine 213, which is engaged in an intramolecular disulfide bond, leads to butterfly-shaped
pattern dystrophy in humans, in sharp contrast to mutations in the adjacent cysteine at position 214
which result in RP. To help understand this unexpected phenotypic variability, we generated a
knockin mouse line carrying the C213Y disease mutation. The mutant Prph2 protein lost the
ability to oligomerize with rod outer segment membrane protein 1 (Rom1), but retained the ability
to form homotetramers. C213Y heterozygotes had significantly decreased overall Prph2 levels as
well as decreased rod and cone function. Critically, supplementation with extra wild-type Prph2
protein elicited improvements in Prph2 protein levels and rod outer segment structure, but not
functional rescue in rods or cones. These findings suggest that not all interruptions of D2 loop
intramolecular disulfide bonding lead to haploinsufficiency-related RP, but rather that more subtle
changes can lead to mutant proteins stable enough to exert gain-of-function defects in rods and
cones. This outcome highlights the difficulty in targeting Prph2-associated gain-of-function
disease and suggests that elimination of the mutant protein will be a pre-requisite for any curative
therapeutic strategy.
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1| INTRODUCTION

Peripherin 2 (Prph2, also known as rds) is a photoreceptor-specific tetraspanin protein
localized to the disc rim of rod and cone outer segments (OSs). Mutations in PRPHZ are
associated with a variety of autosomal dominant retinal degenerative diseases, including
retinitis pigmentosa (RP), cone-rod dystrophy, and multiple forms of macular dystrophy
(http://www.retina-international.org/files/sci-news/rdsmut.htm).1 No treatments for these
diseases currently exist, and progress developing therapeutics has been hampered by several
factors. First, both rods and cones express Prph2 but are affected distinctly by different
PRPHZ mutations and secondary defects can occur in adjacent tissues such as the retinal
pigment epithelium (RPE) and choroid. Second, multiple different, possibly overlapping,
disease mechanisms exist, and they are, as yet, incompletely understood. Third, there is vast
variability in clinical phenotype, diagnosis, age of onset, severity, and penetrance, often
within families carrying the same mutation. This complicates correlations with animal
models and suggests that additional modifying factors (such as modifier genes or the
presence of nonpathogenic Prph2/Rom1 variants) may play a role in some cases.2~* Finally,
the retina is severely affected by Prph2 haploinsufficiency, so levels of expression must be
carefully titrated to generate rescue (eg, with gene therapy), and in animal models with
variable levels of expression, it can be difficult to separate the effects of haploinsufficiency
from the effects of the mutation.>=8 In spite of these challenges, we and others have
identified key structural regions of the Prph2 protein such as the second intradiscal (D2)
loop,219 and begun to develop an understanding of Prph2 disease processes tied to the
effects of mutations on these key regions.

Prph2 is necessary for the formation of OSs, and specifically the disc/lamellae rim region.
Proh27'= mouse retinas completely fail to develop OS structures!!; and haploinsufficiency in
the Prph2*'~ retina leads to disorganized OSs with malformed discs and rod-dominant
defects in retinal function.® Prph2 forms noncovalent homo- and hetero-tetramers with its
non-glycosylated homologue, rod outer segment membrane protein 1 (Rom1),22 which then
assemble into covalently linked larger complexes. The region of interaction between Prph2-
Prph2 and Prph2-Rom1 has been mapped to the D2 loop of Prph2, and the presence of a
disproportionately high number of pathogenic mutations in this region supports it as a key
player in Prph2 function. The D2 loop contains seven highly conserved cysteine (Cys)
residues, of which six are involved in intramolecular disulfide bonds.13 The seventh,
Cys150, forms the intermolecular disulfide bonds responsible for assembly of large Prph2
oligomers. In models where Cys150-mediated intermolecular bonding is impaired and there
are no large Prph2 complexes, for example in the Prph2C2505/C150S knockin or in a similar
model in which a nearby lysine is deleted (Prph2K153del/K153dely ng OSs form.14-16 Animals
heterozygous for these pathogenic Prph2 mutations (which mimic the autosomal dominant
inheritance pattern in patients) develop cone-rod or cone-dominant phenotypes associated
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with gain-of-function and dominant negative effects. In contrast, our previous experiments
as well as patient phenotypes suggest that eradicating intramolecular disulfide bonding in the
D2 loop, for example in the C214S mutant, leads to pure haploinsufficiency.8 This causes a
rod-dominant defect (similar to that seen in the Prph2*/~ mice) and RP in patients,1” with
secondary cone defects appearing only much later.

However, recent evidence suggests that this dichotomous understanding of Prph2-associated
disease wherein rod-dominant disease is caused by haploinsufficiency-associated mutations,
while cone-rod and macular dystrophies are associated with mutants that abnormally affect
Prph2 oligomerization may be overly simplistic. For example, while mutations that affect
Prph2 intermolecular bonding such as K153del and Y141C do cause macular/pattern
dystrophies in patients (consistent with the cone-rod phenotype in animal models2-14.18),
they can also cause RP.19:20 |n addition, while the intramolecular disulfide bonding mutant
C214S causes rod-dominant RP in patients and animal models,817 other mutations in D2
loop cysteines associated with intramolecular bonding, such as C213Y, do not cause rod-
dominant RP, but rather butterfly pattern dystrophy/macular dystrophy.1:21-23 This
inconsistency in patient phenotypes among mutations predicted to exert similar effects
strongly suggests that complex disease mechanisms remain to be elucidated. Here, our goal
was to help expand our understanding of Prph2 disease by evaluating the molecular
mechanisms associated with the C213Y Prph2 mutation using a knockin mouse model. We
observe that, in contrast to C214S-mediated haploinsufficiency, C213Y Prph2 exhibits a
dominant negative effect on both rods and cones. This phenotype is accompanied by severe
defects in Prph2/Rom1 oligomerization and trafficking, and cannot be rescued by
supplementation with excess wild-type (WT) Prph2.

2| MATERIALS AND METHODS

2.1|] Animal care and use

Animal maintenance and experiments were approved by the local Institutional Animal Care
and Use Committee (IACUC; University of Houston, TX, USA) and guidelines as stated by
the Association for Research in Vision and Ophthalmology (Rockville, MD). The C213Y-
Prph2 knockin mice were generated by inGenious Targeting Laboratory, Inc (Ronkonkoma,
NY, USA). The knockin was made using the same approach as previously described.18:24 An
8.21 kb fragment used to construct the targeting vector was first sub cloned from a positively
identified C57BL/6 BAC clone (RP23: 68M9). The region was designed such that the long
homology arm (LA) extends 5.29 kb 5” to the first point mutation (TGC — TAC) in exon 2
and the LoxP/FRT flanked Neo cassette is inserted 882 bp 3’ to the second point mutation
(CCG — CCA) engineered into exon 2. The second point mutation is silent and introduces a
restriction site to facilitate genotyping. The short homology arm (SA) extends 2.02 kb 3" to
the LoxP flanked Neo cassette. The targeting vector was constructed using Red/ET
recombineering technology. The BAC was sub cloned into a ~2.4 kb backbone vector
(pSP72, Promega, Madison, and Wikipedia) containing an ampicillin selection cassette for
retransformation of the construct prior to electroporation. A pGK-gb2 loxP/FRT Neo
cassette was inserted into the gene as described in the project schematic (Figure 1A). The
targeting construct was linearized using Notl prior to electroporation into embryonic stem
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cells. The total size of the targeting construct (including vector backbone and Neo cassette)
is 12.4 kb. Chimeric founders were bred to identify mice with germ line transmission, and
they were 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 rd8mutation. Proh2'"* (WT), Proh2*"~, and PrphZ2™"~ (also known as the
Prph2rasrds, rg2 or rds mouse) littermates were used as controls after confirming that WT
littermates from heterozygous knockin crosses exhibited similar retinal structure and
function to the Proh2*/* animals in our colony. Some experiments utilized the previously
characterized normal mouse Prph2 (NMP) transgenic mouse in which WT Prph2 is
overexpressed in photoreceptors by an IRBP-driven promoter.2> All animals were
maintained in cyclic light (12 hours light, 12 hours dark, ~30 lux).

2.2| Antibodies

Various primary antibodies that were used for immunoblotting, immunofluorescence, and
immuno-gold EM are summarized in Table 1.

2.3| RNA preparation and analysis

Total RNA was isolated from three different pairs of retinas for each of the indicated
genotypes. In brief, retinas were harvested from P30 mice and placed in TRIzol reagent
(Life Technologies/ThermoFisher, Waltham, MA, USA). For experiments where
thapsigargin was used as a positive control to induce endoplasmic reticulum (ER) stress;
retinas were harvested from P30 WT mice, and incubated at 37°C in Dulbecco’s Modified
Eagle Medium supplemented with 10% fetal bovine serum and 5 pM thapsigargin. After six
hours, RNA was harvested as for all other experiments. After placing in trizol, retinas were
subjected to mechanical digestion. This suspension was allowed to sit at room temperature
for roughly 5 minutes, emulsified with chloroform, and centrifuged in order to extract the
total RNA. Total RNA was then further purified using the RNeasy Mini Kit (Qiagen, Inc,
Germantown, MD, USA) according to the manufacturer’s instructions. qRT-PCR primers
were designed to span the introns of the indicated genes, thus eliminating the potential for
genomic DNA contamination. RT-PCR reactions were prepared using the SuperScript 111
One-Step gRT-PCR Kit (Invitrogen), and RT-PCR was performed using the gTOW-ER3G
(Analytik Jena) with analysis carried out using qPCRsoft3.4 software. Relative expression
was calculated as 272Ct where ACt = Clgene of interest—Ctref)- Hypoxanthine
phosphoribosyltransferase, was used as a reference housekeeping gene. At least three
biological replicates were used for each genotype. The primers used are summarized in
Table 2.

2.4| Immunoblot analysis, immunoprecipitation, and velocity sedimentation

Immunoblot, immunoprecipitation, and velocity sedimentation were performed as described
previously.16:26 Retinal extracts were solubilized in 100 pL of chilled (4°C) buffer [PBS pH
7.0 containing 1% triton-X 100, 5 mM EDTA, 5 mg/mL n-ethylmaleimide (NEM), and a
standard protease inhibitor cocktail] per retina. Immunoprecipitation was performed using
protein A beads and 100 pg protein extract per sample. SDS-PAGE and immunoblotting
were performed using standard protocols under reducing conditions (with dithiothreitol
[DTT]) or nonreducing conditions (without DTT). Nonreducing velocity sedimentation was
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performed using continuous density gradients of 5%—-20% sucrose and 200 g protein/
sample. Blots were imaged using a ChemiDoc MP imaging system (Bio-Rad, Temecula,
CA).

Densitometric quantification was performed on non-saturated blots using the Image Lab
Software (Bio-Rad, Temecula, CA). In some cases brightness was adjusted in figures to
enable visualization of hard to see bands. For each quantitative immunoblot experiment
(westerns and velocity sedimentation), experiments were repeated on at least 4-8 samples.
Each sample represents a single (unpooled) retina coming from separate animal (ie, not two
retinas from the same animal). For each experiment, samples were drawn from at least 4-8
separate litters.

2.5| Electroretinography

Full-field electroretinography (ERG) tests were performed as previously described.827 Mice
were dark adapted overnight prior to ERG. Subsequently, animals were anesthetized and
eyes were dilated. ERGs were recorded with a UTAS system (LKC, Gaithersburg, MD,
USA). Scotopic ERGs were recorded with a strobe flash stimulus of 157 cd-s/m? presented
to the dark adapted mouse followed by light adaptation for 5 minutes at 29.03 cd/m?.
Photopic responses were recorded from 25 averaged flashes at 157 cd-s/m? for white light,
12.5 cd-s/m? for green light (530 nm), and 0.79 cd-s/m? for UV light (365 nm).

2.6 | Light and transmission electron microscopy

The methods used for tissue collection, processing, plastic-embedding, and transmission
electron microscopy (TEM) were described previously.8-27 Light microscopy was performed
using 0.75 um plastic embedded sections stained with toluidine blue and images were
captured at 20x and 40x magnification using a Zeiss microscope. To evaluate outer nuclear
layer (ONL) thickness and photoreceptor outer segment (OS) length, images were captured
from central superior and inferior regions containing the optic nerve head and at least three
retinal sections from three different eyes per genotype were used. ONL and OS layer
thickness were measured using Adobe Photoshop CS5. Thin sections (600-800 A) collected
on copper 75/300 mesh grids were then stained with 2% uranyl acetate and Reynolds’ lead
citrate for TEM. TEM images were collected using a JEOL 100CX electron microscope at
an accelerating voltage of 60 kV.

2.7| Fundus imaging and fluorescein angiography

Fundus imaging and fluorescein angiography were performed using the Micron 1V system
(Phoenix Research Laboratories, Pleasanton, CA, USA) as previously described.28 Bright
field fundus images and fundus auto fluorescence images were collected first (from
anesthetized/dilated animals) and then animals were injected intraperitoneally with 100 pL
of 1% (w/v) fluorescein sodium (Sigma-Aldrich, St. Louis, MO). Fluorescein angiography
images were captured using GFP filter. All images were captured using StreamPix software
(Phoenix Research Labs).
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2.8| Immunofluorescence labeling

Eyes were harvested, dissected, fixed, embedded, and immunostained as previously
described for paraffin sectioning,6 or cryosectioning.2® Primary antibodies used for
immunostaining are described in Table 1. Appropriate AlexaFluor conjugated secondary
antibodies (Life Technologies/ThermoFisher) were used at a dilution of 1:1000. Images
were captured on a ZEISS Confocal LSM 900 microscope equipped with a Zeiss Axiocam
(Zeiss, Jena, Germany) using a 63x (oil, 1.4 NA) objective. Images were then processed
using ZEN Image Analysis software (Zeiss, Jena, Germany). All images shown are
orthogonally projected from a eight slice confocal zstack.

29| Statistical analysis

Differences between genotypes were analyzed by one-way ANOVA with Tukey’s post-hoc
comparisons or two-tailed Student’s £test (where only two groups were analyzed). Analysis
was done using GraphPad Prism version 7.4 (GraphPad Software, La Jolla, CA).
Significance was set at £ < .05. Throughout the manuscript *£< .05, **P< .01, ***P < .001
and ****pP< 0001 for indicated pairwise comparisons.

3| RESULTS

3.1| C213Y Prph2 protein is expressed at low levels

To conduct our studies on disease mechanisms associated with defects in Prph2
intramolecular disulfide bonding and to avoid the side effects associated with random
integration of a transgene, we employed a knockin strategy for the introduction of the
C213Y mutation in the Prph2 gene (Figure 1A). For simplicity, animals carrying the C213Y
Prph2allele are referred to as Prph2%/* and Proh25/C, for heterozygous and homozygous,
respectively. Heterozygous mice genetically mimic patients, carrying one WT and one
mutant allele, making them the essential disease model. However, we also evaluated
Prph25/C retinas to directly study the characteristics and capabilities of the mutant protein.
Controls included mice carrying the naturally occurring Prph2 null allele (Prph2/as/rds)
referred to as Prph2’~ and Proh2t=, as well as Prph2*/* (referred to as WT).

To evaluate the levels of expression of the C213Y allele at the message and protein levels,
gRT-PCR and immunoblots were performed on retinas from postnatal (P) day 30 WT and
Proh2°/C. No differences were found in the levels of Prph2transcripts in Proh2¢/C retinas
compared to WT, consistent with introduction of the C213Y mutation into the native Proh2
locus (Figure 1B, liver is shown as a negative control for Prph2 expression). However,
though transcript levels were normal, Proh25/C retinas had only ~10% of WT levels of
Prph2 protein (Figure 1C). The levels of Rom1 protein were similarly reduced in Proh2</¢
to ~5% of WT (Figure 1D). Proh25’* retinas had ~50% of WT Prph2 protein levels, and
were comparable to those found in the Prph2*~ (Figure 1C), suggesting that C213Y protein
is unstable and/or that it adversely affects the stability of WT Prph2. Rom1 levels in the
Prph25"* retinal extracts were ~60% of WT, higher than those in the Prph2*"~ (~50% of WT,
Figure 1D), though the difference between Proh2*"~ and Proh2</* was not statistically
significant. Prph2 usually appears as a doublet, and we and others have hypothesized that the
upper band is newly synthesized Prph2 while the bottom band represents a mature form,
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though the differences between the two forms have been elusive. In the Prph2</C the upper
band predominates, although both bands can be seen in some cases (eg, Figure 2B).

Asn229 in the Prph2 D2 loop is glycosylated and to determine whether the C213Y mutation
impaired this glycosylation, retinal extracts were treated with peptide-N-glycosidase
(PNGase), an enzyme that cleaves all N-linked glycans. In addition to Prph25C and WT
retinas, we included extracts from our non-glycosylated Prph2 knockin (N229S, Pron2/V/N24)
as a control. PNGase treatment downshifted Prph2 bands on immunoblots from WT and
Prph25/C retinas (Figure 1E), indicating that the mutant protein is glycosylated. As expected,
PNGase treatment did not affect non-glycosylated Rom1. Combined, these findings suggest
that the C213Y mutation likely leads to unstable Prph2 protein without blocking Prph2
glycosylation.

3.2| C213Y Prph2is unable to bind Rom1 or form high-order molecular weight
complexes necessary for OS elaboration

Prph2 and Rom1 function as oligomers, so we performed a series of experiments to probe
Prph2/Rom1 complex assembly in the mutant. First, co-immunoprecipitation (co-I1P) was
performed under nonreducing conditions on retinal extracts from P30 WT and Prph2¢/c
mice using antibodies against the Prph2 and Rom1 C-termini (Figure 2A, top and bottom,
respectively). In contrast to WT Prph2, no interaction was detected between C213Y Prph2
and Rom1. In addition, a smaller fraction of total C213Y Prph2 was pulled down with anti-
Prph2 compared to WT, suggesting that the mutation also reduced homomeric interactions
between Prph2 molecules.

While initially Prph2 and Rom1 assemble into noncovalent homomeric and heteromeric
tetramers,13:26.30 ypon localization to OS disc rims, the majority of Prph2 either assembles
into higher order homomeric or intermediate heteromeric complexes2® held together by
C150-mediated intermolecular disulfide bonds. Under nonreducing but denaturing
conditions, these intermolecular disulfide-linked complexes migrate as dimers at roughly 75
kDa. To evaluate the mutant protein’s ability to form covalently linked complexes, we
immunoblotted retinal extracts under nonreducing conditions for Prph2 and Rom1 (Figure
2B). Both dimer and monomer bands for Prph2 and Rom1 are detected in retinal extracts
from WT, Proh2*~, Proh25’*, and Phroh25/C mice. Although both bands are present in
Proh257C retinal extracts, the majority of C213Y Prph2 is present as a monomer. This
suggests that the mutant protein has only limited ability to form covalently bound
complexes. Although overall Rom1 levels are reduced in the Prph2¢’C, Rom1 appeared
equally in monomer and dimer forms, suggesting that C213Y Prph2 did not alter the ability
of Rom1 to form disulfide-linked homomeric complexes.

Both IP and nonreducing immunoblot analyses suggest that C213Y Prph2 has impaired
oligomerization. To assess the nature of complexes formed by the C213Y Prph2,
nonreducing sucrose gradient velocity sedimentation316.26 was performed. In the WT
retina, Prph2 presents as tetramers (fractions 6-8), intermediate complexes (fractions 4-5),
and higher order oligomers (fractions 1-3), while Rom1 is detected only in tetramers and
intermediate oligomers. We did not observe a significant difference in Prph2 complex
formation between the WT and Proh2* retinas (Figure 2C). However, virtually no higher
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order or intermediate complexes were observed in the Prph2</C. Instead, C213Y Prph2 was
present only in tetrameric and lighter fractions. In the Prph2%/*, there was a reduction in
Prph2 in fractions 3—4 with an increase in fraction 7 and a slight increase in fraction 1.
These findings show that C213Y Prph2 alone cannot form higher order and intermediate
complexes and may also impair the ability of WT Prph2 to assemble into a normal
complement of larger complexes.

The pattern of Rom1 complexes in the Prph2*~ and Proh2¢"* are similar, with an overall
broadening of Rom1 distribution. This results in increased Rom1 in both the lighter fractions
(7-9) as well as the heavier fractions (1-3, arrows Figure 2D) compared to WT. The
increased presence of Rom1 in heavier fractions (fractions 1-3) in the Prph2*"~ and
Proh2¢"*, though representing a very small fraction of total Rom1, is likely due to the
reduction in the amount of WT Prph2 available to form large complexes and suggests Rom1
can compensate in a small way for reduced Prph2. In Prph2</C retinas, Rom1 was
substantially right-shifted, appearing almost exclusively in tetramer and lighter fractions
(Figure 2D). This finding, combined with the lack of interaction between Rom1 and C213Y
Prph2, supports the hypothesis that covalently linked intermediate sized Rom1 complexes
(ie, fractions 4-5) are typically Prph2/Rom1 heteromers rather than homomeric Rom1
complexes.

3.3| Expression of C213Y Prph2 leads to early onset decline in scotopic and photopic
light evoked responses

Since total Prph2 in Proh2%/* was similar to Prph2*"~, we predicted that the phenotype in the
Proh2’* mouse would be rod-dominant RP and not a cone-rod or butterfly pattern
dystrophy as observed in patients.23 To evaluate rod function, full-field scotopic ERG was
performed (Figure 3A shows representative scotopic ERG traces from P30 mice). A
significant (~60%) reduction in maximum scotopic a-wave amplitude was observed in
Prph25* when compared to WT at P30 (Figure 3B). A similar reduction was observed in
maximum scotopic b-wave amplitudes (Figure 3B, right panel) and persisted at P180 and
P365 (Figure 3C-D). This decline in scotopic function in the Proh25’* was more severe than
that in the Prph2*"~. We detected little to no scotopic response in Prph25’C mice at early
time points (similar to the Proh2™"~, Figure 3B), so homozygous animals were excluded
from later time point evaluations.

We next evaluated the effect of C213Y Prph2 on cones by performing full-field photopic
ERG (Figure 4A shows representative traces) on light adapted animals at P30, P180, and
P365. Cone function in the Prph2“/* was significantly reduced at P30 (Figure 4B) when
compared to WT and Prph2*~ and was further reduced at P180 and P365 (Figure 4C-D).
Surprisingly, though very low compared to WT, average photopic b-wave in the Proh2</¢
was significantly better than age-matched Prph2~/~ (Figure 4A B). These findings clearly
demonstrate that the C213Y mutation causes dominant functional defects in both rods and
cones rather than a rod-dominant RP phenotype.
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3.4| C213Y Prph2 knockin exhibited funduscopic abnormalities consistent with patient

phenotypes

One of the foremost features of butterfly pattern dystrophy associated with C213Y Prph2 is
the characteristic funduscopic changes that occur due to defects in the choroid and RPE,
including accumulation of lipofuscin in the RPE.23 At P30, no fundus abnormalities in
C213Y mice or other genotypes were detected (Figure 5A). However, by P180, the Proh2<’*
fundus exhibited a pronounced retinal flecking phenotype we have previously seen in pattern
dystrophy models (black arrows highlight examples of flecking in Figure 5B) which are not
seen in age-matched WT or Prph2*~. Similarly, yellow flecking was more pronounced at
P180 in the Proh25/C compared to age-matched Prph2~/~. Retinal vasculature as assessed by
fluorescein angiography was largely normal at P180 in all genotypes (Figure 5B, lower
panels). The yellow flecking in the Prph2%’* persisted at P365, while the flecking in
Proh2" and Proh25/C was masked by large splotchy areas (asterisks Figure 5C) which
align with leaky vasculature observed on fluorescein angiograms. We have previously
observed these splotches!8 in other knockin models, and hypothesize that they arise as a
result of ongoing retinal degeneration, which is quite severe in the Prph2™"~ by P365.
Though the origin of the flecking in the Prph2* is not yet known, these data suggest that
the C213Y animal model exhibits clinical signs of C213Y-associated disease, likely due to
the presence of the mutant protein, rather than the reduction in overall Prph2 levels alone.

3.5| C213Y Prph2initiates disc formation in the presence of WT Prph2

To evaluate whether observed functional defects were associated with retinal degeneration or
defects in OS structure, histologic analyses were performed at the light (Figure 6A) and
electron microscopic (Figure 6B) levels. At P30, the Prph2</C had obvious degeneration/
thinning of the outer nuclear layer and OSs that were very hard to detect (Figure 6A).
Evaluation at higher magnification shows that, while PrphZ"~ produced no observable OSs
or OS-like structures, the Proh2/C retinas produced highly disorganized membranous, disc-
like structures (Figure 6B, arrows), suggesting that OS formation was initiated but could not
be completed by the C213Y mutant protein alone.

Overall retinal appearance was similar in the Proh2¢’* and Prph2*/~ retinas (Figure 6A),
however, Proh2“’* had a modest increase in ONL degeneration compared to Prph2*"~ or WT
(Figure 6C). On electron micrographs, OS alignment and disc stacking were improved at
P30 in Prph25’* in comparison to Proh2*"~ (Figure 6B), and this structural improvement
persisted at P180 (Figure 6F). However, the observed OS structures in Proh2</* were still
completely irregular compared to the WT, and improved disc structure did not result in
improved OS length (Figure 6C, right panels) or improved rhodopsin levels (Figure 6D,E).
We observed decreased rhodopsin levels in the Proh2*~, Proh2<’*, Proh2~"~, and Proh2</C.
This decrease is likely due to a combination of photoreceptor degeneration, OS shortening,
and reductions in rhodopsin protein independent of structural concerns. To help tease out
these differences, we plotted mean rhodopsin levels (Figure 6D) as a ratio to the ONL and
OS thickness (Figure 6E). Decreased ONL thickness (ie, photoreceptor degeneration) does
not account for the decreased rhodopsin levels in the Proh2*~ and Proh25"* (Figure 6E,
top). In contrast, plotting rhodopsin levels as a ratio to OS length demonstrates that the
reduction in rhodopsin seen in the Prph2*" is accounted for by reduced OS length (Figure
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6E, bottom). After normalizing to OS length, rhodopsin levels in the Prph25’* remain
slightly lower than in the Prph2*~ and WT, though the difference is not statistically
significant.

3.6| C213Y Prph2 exhibits OS trafficking defects

The OS trafficking signal of Prph2 is present in its C-terminus.31:32 However, mutations in
the D2 loop of Prph2 can also lead to accumulation of mutant Prph2 in the inner segment of
cones.?? To evaluate whether the mutant C213Y Prph2 properly localized to the OS, we
performed immunofluorescence labeling on P30 retinal sections (Figure 7A-H). Co-labeling
of Prph2 with Rom1, rhodopsin, M-opsin, and S-opsin shows proper OS labeling of all
target proteins in the WT and Prph2*~ retinas (Figure 7A,B,E,F). In Proh25"* we observed
mislocalization of Prph2 (green) to the inner segment and perinuclear region in addition to
labeling the OS (Figure 7C,G, arrows). This phenotype is more pronounced in the Prph2¢/C
retina where Prph2 was primarily located in the ONL and inner segments (white arrows in
Figure 7D,H), suggesting that mutant Prph2 protein cannot traffic to the OS on its own.
Most Rom1 successfully transported to the OS in the Prph2<’* and Prph25/C (red arrows,
Figure 7D,H) although a small amount appears in the IS with mislocalized Prph2. Although
Prph2 and Rom1 normally co-localize in the OS, this was not observed in the Prph2¢/C;
Rom1 is found in the OS layer without appreciable Prph2 (red arrows, Figure 7H, right).
This strikingly abnormal distribution of Prph2/Rom1 in the Proh25/Cis consistent with our
finding that Rom1 did not interact with C213Y Prph2. Rhodopsin and S-Opsin were also
mislocalized in the Prph2%/C (Figure 7D,H, yellow arrows). To further assess localization of
Prph2 in the malformed Proh25’* and Prph2¢’C OSs, we conducted immunogold labeling
(Figure 71). Prph2 and Rom1 are present, albeit drastically reduced, in the OSs of both
Proh2’* and Prph2°/C (see arrowheads and insets in Figure 71). Importantly, Prph2 and
Rom1 correctly localize to the disc rim region in the Prph2¢#, though not in the Proh2¢/C
which lacks properly formed rims. The tiny abnormal OS structures in the Proh2</C also
labeled with rhodopsin and cone opsins, suggesting that they are nascent OSs in spite of
their inability to mediate substantial ERG function.

Having observed accumulation of mutant proteins in the outer nuclear layer and inner
segments of both Proh2%/* and Proh2</C retinas, we asked whether this led to endoplasmic
reticulum (ER) stress or autophagy, often a byproduct of accumulation of misfolded
proteins. Endoplasmic reticulum stress can initiate autophagy and related programed cell
death mechanisms,33 and this pathway has been previously evaluated for its potential impact
on retinal degeneration in the presence of protein aggregates and/or malformations in the
photoreceptor disc.18:34 We tested for the cleavage and activation of XBP1 mRNA (Figure
8A), the expression of genes central to the ER stress pathway (Figure 8B), and proteins
involved in stress-induced autophagy flux (Figure 8C). We observed no activation of the
XBP1 mRNA, nor any change in the expression of factors associated with ER stress (ATF4,
BiP) or apoptosis (CHOP) in any genotype (thapsigargin treatment was used as a positive
control). Similarly, we observed no change in markers of autophagy such as the LC3B-11/1
ratio and Beclin 1 protein expression. These results indicate that the observed retinal
degeneration in Proh2%/* and Proh25/C mice is not the result of cell death mechanisms
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related to ER stress or autophagy, and that the observed accumulation of Prph2 in the inner
segments and perinuclear area is not inducing detectable ER stress.

3.7| Gene supplementation does not rescue the pathological phenotype associated with
C213Y Prph2

Because the level of expression of Prph2 protein is critical to OS structure and function,
gene supplementation has often been an attractive therapeutic goal. The significantly
reduced Prph2 protein levels in the Proh25’* suggested this model might be amenable to
such an approach. To test this hypothesis, we utilized our transgenic mouse line that
overexpresses WT peripherin (NMP).25 One allele of this photoreceptor-specific transgene
results in expression of ~30% of the WT Prph2 levels,?® and can rescue haploinsufficiency
in the Proh2*/~, without causing overexpression-associated toxicity when expressed on the
WT background. After backcrossing the NMP mouse with the Prph2¢/C to get NMP/
Proh2¢"*, we evaluated Prph2, Rom1, and rhodopsin levels by immunoblot (Figure 9A). In
the NMP/ Prph25/* retina, Prph2, Rom1, and rhodopsin were rescued to WT levels and were
significantly higher than their levels in Proh25* and Proh2*”~. Immunofluorescent
evaluation of NM A/ Prph2¢"* retinas also showed proper OS localization of Prph2,
rhodopsin, and S-opsin without the pronounced Prph2 mislocalization to the inner segment
and perinuclear regions seen in the Proh2%’* (Figure 9B). Similarly, OS organization was
significantly improved in the NMP/Proh2<’* compared to the Proh2%’* (Figure 9C).

However, in spite of these improvements in protein levels, protein trafficking, and disc
structure, photoreceptor function was not rescued in NMP/Proh25’* compared to age-
matched Proh25’* and Proh2*~ mice (Figure 10A, purple lines). Scotopic ERG responses
from NMP*~/Proh25"* at P30 were slightly higher than Proh25’* but were significantly
lower than the WT and were comparable to Proh2*~. Cone function was likewise not
improved in the NMP/Prph25/* at P30. However, age-related loss-of-function was slower in
the NMP/Proh2¢’* than in WT or Prph2%/* with the result that at P365 rod function in NMP/
Proh25* was 80% of WT and cone function was comparable to WT (Figure 10A). Fundus
phenotypes in the NMP/Proh25"* eyes were variable; Figure 10B shows three representative
eyes. In some cases, retinal flecking was reduced compared to Prph2</*, while in others no
change was detected. Despite the improved protein expression levels and OS structures, the
failure of Prph2 overexpression to rescue the functional phenotype at young ages suggests
that combination of gene supplementation and knockdown is the proper strategy to
efficiently treat patients with C213Y Prph2 mutation.

4| DISCUSSION

D2 loop disulfide bonds are essential for proper folding, stability, and subunit assembly for
all tetraspanin proteins including Prph2.35:36 The tetraspanin D2 loop has been extensively
characterized and contains both a highly conserved region and a hypervariable region.3%:37
The highly conserved region is formed by two alpha helices at the N-terminal of the D2 loop
and a third alpha helix at the C-terminal, while the highly variable region is found between
the second and third helices3® (Figure 11). The six highly conserved D2 loop cysteines
involved in intramolecular disulfide bonding are essential for maintaining the secondary and
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tertiary structure of the D2 loop.13:38 These six cysteines form three intramolecular disulfide
linkages, Cys165-Cys250, Cys214-Cys222, and Cys166-Cys213, predicted based on
alignment with other crystallized tetraspanins.3® Of these six cysteines, mutations in five
have secondary macular involvement).1740-42 |n contrast, are pathogenic. Mutations in both
Cys165 and its pair mutations in Cys213 are associated with pattern and macuCys25040:41
as well as Cys214 and its pair Cys222 are as- lar dystrophy,2343 while no pathogenic
mutations have sociated with RP (though Cys250-associated RP can also been identified in
Cys166.

In vitro experiments have suggested that mutations in any of these six cysteines lead to
protein aggregation.13 In addition, Prph2 carrying mutations at Cys166 and Cys214 do not
form normal tetramers, and instead are present either as large insoluble aggregates or a
distinct, abnormal species of noncovalently linked dimers.13 Here we find that in vivo
C213Y Prph2 exhibits an intermediate molecular phenotype. Like WT Prph2, C213Y retains
the ability to form tetramers and does not form large insoluble aggregates, but like C214S
Prph2,8:13 it loses the ability to interact with Rom1 and is also shifted into lighter gradient
fractions corresponding to noncovalently linked dimers. Our finding that in spite of having
normal transcript levels, C214S Prph2 protein is undetectable in transgenic mice® has led to
the hypothesis that interruption of the Cys214-Cys222 disulfide linkage results in protein
that is sufficiently misfolded to be quickly degraded. This is quite different from C213Y
protein. The fact that C213Y Prph2 can form tetramers and does not form aggregates
suggests it is not as misfolded as C214S protein. The reduced levels of C213Y protein are
therefore likely due to its inability to support OS formation rather than biochemical
instability; that is, in the absence of elaborated OSs, Prph2 accumulates in the inner segment
and ONL (where it is ultimately degraded) simply because it does not have an OS to reside
in. We find precedence for this in the case of rhodopsin (as well as other Prph2 mutants such
as K153del4), which is reduced and mislocalized in the Proh2/-28 and Prph2¢/C not
because rhodopsin is unstable without Prph2 but because there are no OSs.

Yet the question remains, why should the C213Y mutation affect the Prph2 protein and lead
to functional and structural phenotypes so different from C214S and the other cysteine
mutations that cause RP? In the case of Cys214-Cys222 and Cys165-Cys250, mutation in
either cysteine of the pair leads to the same disease phenotype, suggesting that it is removal
of the disulfide bond (and consequent structural changes) rather than substitution of a
different amino acid that causes the defect in those cases. It is likely that removal of the
disulfide bond also underlies the C213Y phenotype. Cys166-Cys213 holds together a much
smaller region of the D2 loop than Cys165-Cys250 (which stabilizes the entire hypervariable
region of the D2 loop). In addition, the Cys166-Cys213 bond is directly in the middle of the
region required for Prph2-Rom1 interactions (Figure 11), and thus altering the structure of
that region might be predicted to affect Prph2-Rom1 bonding, while preserving the ability to
form Prph2 homotetramers (which are assembled via interactions in a smaller area of the D2
loop®). In addition to effects due to removal of the Cys166-Cys213 intramolecular disulfide
linkage, there may also be effects due to alterations in intermolecular disulfide linkages.
C213Y protein does not form covalently linked higher order complexes alone, suggesting
that either the freed cysteine (Cys166) is forming a new intramolecular disulfide bond with
Cys150 or that the folding defects consequent to the C213Y mutation block access to
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Cys150. Critically, even in the presence of WT Prph2, the C213Y protein is not capable of
complexing normally; Proh25’* retinas exhibit reductions in large-to-intermediate sized
Prph2 complexes (fractions 2—4) and a slight increase in the largest complexes (in fraction 1)
as well as tetramers (fraction 7). Interestingly, the increase in fraction 1 also occurs in the
Proh2*~, something we have also seen previously, while the alterations in fractions 3,4, and
7 are unique to the Prph25”*. We hypothesize that this alteration in the complexes in fraction
1 may be tied to changes in OS structure that are common in the Prph2*"~ and Proh2<%,
while the changes in the other fractions (3, 4, and 7) are due to biochemical defects in the
C213Y Prph2 protein such as its inability to bind Rom1. However, understanding the
specific roles of different types of Prph2 complexes and their connection to OS structure
remains an interesting unanswered question.

Due to complete degradation of the C214S protein, C214S heterozygous mice exhibit a pure
loss-of-function haploinsufficiency phenotype in which rod function and structure are
compromised and cone function is preserved until later in life (indistinguishable from the
Proh2*7).58 Here we observed similarly reduced Prph2 levels in C213Y heterozygous mice,
suggesting it could also be a loss-of-function allele. However, in contrast to other
haploinsufficiency mutants, the C213Y mutation causes significant defects in both rod and
cone function. Some dominant negative Prph2 mutations, such as P216L,%* lead to
degradation of both mutant and WT Prph2 resulting in severe haploinsufficiency and early
onset RP. This does not appear to be the case for C213Y however, which has similar Prph2
protein levels in the Proh2%’* and Proh2*"~. Other Prph2 mutations, such as R172W and
Y141C,18.45.46 gre clear gain-of-function mutations; both the mutant and WT Prph2 proteins
are stable, yet defects in cone and/or rod structure and function occur. In the case of C213Y,
reduced Prph2 levels, the presence of rod and cone targeted defects, and the inability to
significantly improve functional phenotypes by the addition of extra WT Prph2 suggest that
C213Y exerts both loss-of-function and gain-of-function effects in rods and cones.

While the Proh2C* animals exhibit worse rod and cone function than their Proh2*/-
counterparts, they exhibit slightly better rod structure (though not length). Previous studies
found that a 50% reduction in Prph2 (Proh2*") produces whorl-like OS structures.® Here,
replacing the null allele with that of C213Y Prph2 (Prph2</*) results in improved rod disc
organization. Since Proh2*~ and Prph2°’* have similar amounts of Prph2, this structural
improvement could be a result of the increased amount of Rom1 protein in the Proh2<’*.
However, our rescue experiments with supplementation of WT show that having enough
Prph2 and Rom1 is not sufficient for proper OS structure and function if C213Y mutant
protein is still present. This may be because Prph2 is not only an important structural
component of the OS, but also plays a critical role in organizing functional protein domains
at the OS disc rim, thus optimizing visual signaling in response to light stimuli.4”=4° Prph2
interacts with several proteins critical to phototransduction, including the beta subunit of the
rod cyclic nucleotide gated channel (CNGBL), the cytosolic isoforms of CNGBL1 called
GARPs,49:50 rhodopsin,®! and cone opsins.52 Furthermore, the Prph2 cone-dominant
macular dystrophy mutation, VV268l, has been shown to specifically affect Prph2 binding to
M-opsin but not S-opsin or rhodopsin,52 supporting the idea that Prph2 may play a key role
in organizing functional protein domains and that disease mutations may adversely affect
these functional domains. Interestingly, we find that S-opsin but not M-opsin is mislocalized
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in Prph2¢/C retinas. Studies have shown that Prph2 traffics separately from rod and cone
opsins.33-55 |n addition, cone opsin mislocalization often precedes cone degeneration even if
the toxic signal is not an OS protein (eg, in the Rpe65~ or Lrar’~56:57), suggesting the
mislocalized cone opsin may be due to incipient or ongoing degeneration. Why we should
observe S-opsin mislocalization without M-opsin mislocalization is not clear, especially
since S- and M-cone function are similarly affected by the C213Y mutation. However, the
pattern of more severe S-opsin mislocalization than M-opsin mislocalization was also
observed in the Rpe65~/~ mouse,>® raising the idea that the difference has more to do with
native properties of murine cones than anything specific about Prph2 or the C213Y
mutation. Certainly exploration of the interplay and functional role of Prph2/opsin
trafficking and Prph2/opsin complex assembly in rods vs. cones is an exciting area for future
study.

While mice lack a macula, the C213Y knockin mice do exhibit some of the clinical
phenotypes such as fundus speckling that characterize Prph2-associated pattern dystrophy.
Prph2-associated macular dystrophy and pattern dystrophy are often accompanied by
deleterious effects on tissues outside the photoreceptors including the choroid and RPE, and
yellowish flecking on the fundus has been recognized to arise from defects in the RPE,
accumulation of lipofuscin in the RPE, and defects in the choroidal vasculature.58 The clear-
cut origin of the flecking we observe in the C213Y animals is not known and long-term
studies evaluating this will be critical next steps.

Haploinsufficiency associated with loss of function alleles (as in the case of the Prph2*~ or
the C214S Prph2 models), is in principle the ideal situation for treatment by gene
supplementation. For example, when using the NMP transgene to supplement WT Prph2
(the same approach used here) in the C214S Prph2 or Prph2*~ model, we achieved
structural and functional rescue.?>:59 However, though both viral and non-viral genetic
interventions have been attempted for the treatment of Prph2~/-6:50 and Prph2*~7 to date no
study has reported significant functional and structural rescue because exogenously
delivered gene therapies have been unable to generate sufficient Prph2 expression levels.2>
The situation is even more complex if mutations have dominant negative or gain-of-function
defects. Because defects in the C213Y model appeared to be a blend of haploinsufficiency/
loss-of-function effects and gain-of-function effects, we here tested whether gene
supplementation for C213Y Prph2 associated phenotype would be an effective strategy.
Although we found supplementation with WT Prph2 in the Prph2¢’* significantly increased
Prph2, Rom1, and rhodopsin levels to that of WT and significantly improved OS structure, it
did not appreciably rescue the functional defects in rods or cones. This finding is quite
striking and highlights the idea that both rods and cones are affected by gain-of-function
effects of the C213Y Prph2 mutation. Our results emphasize the fact that gene
supplementation alone for Prph2%* is unlikely to be a clinically viable treatment strategy
and future therapeutic approaches will need to target the mutant allele with concomitant
gene supplementation.
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FIGURE 1.
C213Y Prph2 is expressed at very low levels. A, The C213Y mutation was introduced into

exon 2 of the Prph2 gene in order to drive properly regulated expression of the C213Y Prph2
allele. B, gRT-PCR was performed on P30 retinal cDNAs from WT and Prph2¢/C mice using
primers that recognize both WT and C213Y Prph2transcripts. Results were compared to
cDNA isolated from liver as control. C-D, Levels of Prph2 (C) and Rom1 (D) proteins from
retinal extracts of the indicated genotypes were analyzed. Band intensities were normalized
to their actin levels and plotted as percent of the WT in bar graphs. E, Immunoblot of
untreated and PNGase treated retinal extracts from WT, Prph2V/N. and Proh25/C probed for
Prph2 and Rom1. Proh2NIN is a knockin model for the non-glycosylated form of Prph2 and
is used as a control. Each experiment contains N = 4-8 independent retinas per genotype.
Data are plotted as mean + SEM. * P< .05, **P< .01, ***P < .001, and ****P < .0001 by
one-way ANOVA with Tukey’s post-hoc comparison
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C213Y Prph2 leads to abnormalities in Prph2/Rom1 oligomerization. A, Reciprocal
immunoprecipitation with anti-Prph2 (top panel) and anti-Rom1 (bottom panel) antibodies
was performed on retinal extracts from P30 WT and Prph2</C. B, Nonreducing SDS-PAGE/
immunoblots were performed on whole retinal extract in the presence of NEM-containing
buffer and were probed with antibodies against Prph2 (left), Rom1 (right), and actin
(bottom) as a loading control. C-D, To analyze Prph2/Rom1 complexes, three independent
(n = 3) retinal extracts were prepared from each of the indicated genotypes and run on a
continuous 5% to 20% nonreducing sucrose gradient. Fractions were collected and analyzed
using reducing SDS-PAGE and immunoblotting using antibodies specific for Prph2 (C) and
Rom1 (D). The position of standard molecular weight markers is marked above the relevant
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fraction as demonstrated previously.2® Graphs plot mean (+SEM) amount of Prph2/Rom1 in
each fraction as a % of total Prph2/Rom1. Arrows in (D) highlight small quantity of higher
order Rom1 complexes in mutant retinas
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Heterozygous C213Y Prph2 exerts dominant rod functional defect. Full-field ERGs were
recorded under scotopic conditions at P30, P180, and P365. Shown are representative ERG

wave forms from the indicated genotypes at P30 (A). B-D, Maximum scotopic a- and b-
waves are plotted for P30 (B) P180 (C), and P365 (D). Data are presented as mean + SEM
from 5-7 mice per genotype. *P< .05, **P< .01, ***P < .001, and ****P< ,0001 in one-
way ANOVA with ANOVA with Tukey’s post-hoc comparison
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FIGURE 4.
C213Y Prph2 exerts dominant cone functional defect. Full-field ERGs were recorded under

photopic conditions (representative waveforms shown in A). B, Maximum amplitudes are
shown at P30 recorded in response to white, green, and UV light. Maximum photopic b-
wave amplitudes recorded in response to white light at P180 (C) and P365 (D) are plotted.
Data are presented as mean £ SEM from 5 to 7 mice per genotype. *P< .05, **P< .01,
***P< 001, and ****P < .0001 in one-way ANOVA with ANOVA with Tukey’s post-hoc
comparison
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FIGURE 5.
Fundus photographs of ProhZC!* show an increase in retinal flecking at P180. Representative

fundus images (top) and corresponding fluorescein angiograms (bottom) from the indicated
genotypes were performed at P30 (A), P180 (B), and P365 (C). Black arrows denote
flecking phenotype found in the Prph2C"* as well as the Proh27~, and Proh2</C. White
arrows point to splotching, likely due to severe photoreceptor degeneration which occurs at
later ages. Asterisks denote examples of splotches that align with the leaky vasculature
observed in fluorescein angiograms. N = 6-8 eyes/group
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FIGURE 6.

C213Y Prph2 is unable to support proper OS ultrastructure and leads to photoreceptor
degeneration. Representative light microscopy (A) and transmission electron microscopy (B)
from retinas of the indicated genotypes performed at P30. Arrows show highly malformed
0Ss in the PrphX/C. C, ONL thickness and OS length were measured from the superior and
inferior central retina and plotted as a mean £ SEM. D, Rhodopsin protein levels were
assessed by immunoblot analysis (top) and quantified densitometrically on non-saturated
blots. Graph shows rhodopsin levels normalized to actin and plotted as a % of WT. E, Mean
rhodopsin levels are plotted as a ratio to ONL thickness (top) and OS length (bottom). F,
Low (upper panels) and high (lower panels) magnification electron microscopy of the
indicated genotypes showing improvements on the overall OS structures in the C213Y Prph2
retina in comparison with Prph2*~ at P180. Graphs show mean + SEM. *P< .05, **P< .01,
**%P< 001, ****P < .0001 by one-way ANOVA (D) or two-way ANOVA (C) with Tukey’s
post-hoc comparison. N = 3—4 retinas/genotype for histological analyses and 4-8 retinas per
genotype for immunoblots. Scale bars: 20 um (A), 10 um (F-top), 2 um (B, F-bottom). IS,
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inner segment; ONL, outer nuclear layer; OS, outer segment; RPE, retinal pigment
epithelium

FASEB J. Author manuscript; available in PMC 2020 October 28.

Page 27



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chakraborty et al.

(A) wr

Prph2 Prph2 Prph2
Rhodopsin

Prph2

Page 28

(B) Prph2+ (C) Prph2¢* (D) Prph2¢c

Prph2*- Prph2¢*

FIGURE 7.
C213Y Prph2 localizes abnormally to the inner segment and outer nuclear layer. A-H,

Retinal sections from the indicated genotypes were immunofluorescently co-labeled with
Prph2 (green) and Rom1, rhodopsin, S-opsin, and M-opsin (red) at P30. Nuclei in all
sections were counterstained with DAPI (blue). White arrows show accumulation of Prph2
in the ONL and IS. Yellow arrows show mislocalization of rhodopsin and S-opsin in the
ONL and IS. Red arrows show proper localization of Rom1 to the OS layer in the Proh2</C.
Panels A-H were captured at 63x with E-H showing enlarged regions from A to D. I, Shown
is electron microscopy of retinal sections immunogold labeled for Prph2, Rom1, rhodopsin,
S-opsin, and M-opsin at P30. Insets in all images show higher magnifications of the marked
areas with black arrowheads. Scale bars: 10 pM (A-H), 500 nm (1). IS, inner segments;
ONL, outer nuclear layer; OS, outer segments
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FIGURE 8.

ER stress and autophagy are not implicated in the observed mutant phenotype. A-B, Total
mRNA was harvested from three independent retinal extracts per indicated genotypes at P30
and each was tested for XBP1 mRNA cleavage/activation on an agarose gel (A) or
underwent by qRT-PCR quantification for the common ER stress markers Activating
transcription factor 4 (ATF4), Binding immunoglobulin protein (aka GRP-78) (BIP), and

C/EBP homologous binding protein (CHOP) (B). C, Immunaoblot was performed to analyze

markers of autophagic flux through the LC3B-I1/I ratio and Beclin 1 expression from three
independent samples per genotype. Plotted are mean = SEM. *** £ < .001 by one-way
ANOVA with Tukey’s post-hoc comparison: ns, not significant
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FIGURE 9.
WT Prph2 supplementation improves cellular phenotypes in the ProhZC!*. A, Shown are

immunoblots and associated densitometric analysis of Prph2, Rom1, and rhodopsin relative
to actin as a loading control from retinal extracts collected at P30. B, P30 retinal sections
were immunofluorescently labeled for Prph2 (red) and rhodopsin or S-opsin (green). Nuclei
are counterstained with DAPI (blue). Prph2 and S-opsin are mislocalized to the inner
segment and outer nuclear layer of Prph2</* (white arrows) but properly localized to the OS
in NMP/PrphZC!* retinas. Immunofluorescence experiments were repeated three times using
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sections from 3-5 different animals. C, Light microscopy (upper) and electron microscopy
(lower) taken from P30 retinas of the indicated genotypes. Scale bars: 20 um (B, C-top) and
500 nm (C-bottom). INL, inner nuclear layer; IS, inner segment; ONL, outer nuclear layer;
OS, outer segment. *P< .05, **P < .01, and ***P < .001 by one-way ANOVA with Tukey’s
post-hoc comparison
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FIGURE 10.

WT Prph2 supplementation does not rescue rod or cone function in the PrphZC!*. A, Full-
field ERGs were recorded under scotopic or photopic conditions at P30, P180, and P365
from the indicated genotypes. Plotted are mean (+SEM) maximum scotopic a-, scotopic b-,
and photopic b- wave amplitudes. N = 5-15 animals/genotype/age. Each symbol represents a
different pairwise comparison: * WT vs. Proh2*"~, # WT vs. Proh25"*, A \WT vs. NMP/
Proh25*, v Proh2*" vs. Proh25"*, + Proh2*~ vs. NMP/Proh25"*, and $ Proh2¢"* vs. NMP/
Proh25*. One symbol P< .05, two symbols P< .01, three symbols £ < .001 and four
symbols £<.0001 by one-way ANOVA with Tukey’s post-hoc comparison. B, Shown are
representative fundus images (top) and fluorescein angiograms (bottom) from animals of the
indicated genotypes captured at P180
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Prph2 D2 Loop Cysteines
and Prph2/Rom1 Interacting Domains
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FIGURE 11.
Cysteines are essential for the organization of the Prph2 D2 loop. Shown is a diagram

highlighting the seven conserved D2 loop cysteines in Prph2 and their position with regard
to the location of the Prph2/Rom1 interaction domains
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Primers for gRT-PCR

gRT-PCR Primers

Gene
Atf4
Atf4
BIP
BIP
CHOP
CHOP
XBP1
XBP1
Hprt
Hprt
Prph2
Prph2

Sequence 5’3’
GGACAGATTGGATGTTGGAGAAAATG
GGAGATGGCCAATTGGGTTCAC
GTTTGCTGAGGAAGACAAAAAGCTC
CACTTCCATAGAGTTTGCTGATAAT
GTCCAGCTGGGAGCTGGAAG
CTGACTGGAATCTGGAGAG
GAACCAGGAGTTAAGAACACG
AGGCAACAGTGTCAGAGTCC
GCAAACTTTGCTTTCCCTGGTT
CAAGGGCATATCCAACAACA
GTTCAAGTGCTGTGGGAACA
CTGTGTGGAGGTAGCGGAGT

FIR

U M XV M XV M VW T W T W

TABLE 2

Page 35

Abbreviations: Atf4, activating transcription factor 4; BIP, binding immunoglobulin protein (aka GRP-78); CHOP, C/EBP homologous binding

protein; Hprt, hypoxanthine phosphoribosyltransferase; Prph2, peripherin/rds; XBP1, X-box binding protein.
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