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Photoreceptor Disc Enclosure Is Tightly Controlled by
Peripherin-2 Oligomerization
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Mutations in the PRPH2 gene encoding the photoreceptor-specific protein PRPH2 (also known as peripherin-2 or rds) cause
a broad range of autosomal dominant retinal diseases. Most of these mutations affect the structure of the light-sensitive pho-
toreceptor outer segment, which is composed of a stack of flattened “disc” membranes surrounded by the plasma membrane.
The outer segment is renewed on a daily basis in a process whereby new discs are added at the outer segment base and old
discs are shed at the outer segment tip. New discs are formed as serial membrane evaginations, which eventually enclose
through a complex process of membrane remodeling (completely in rods and partially in cones). As disc enclosure proceeds,
PRPH2 localizes to the rims of enclosed discs where it forms oligomers which fortify the highly curved membrane structure
of these rims. In this study, we analyzed the outer segment phenotypes of mice of both sexes bearing a single copy of either
the C150S or the Y141C PRPH2 mutation known to prevent or increase the degree of PRPH2 oligomerization, respectively.
Strikingly, both mutations increased the number of newly forming, not-yet-enclosed discs, indicating that the precision of
disc enclosure is regulated by PRPH2 oligomerization. Without tightly controlled enclosure, discs occasionally over-elongate
and form large membranous “whorls” instead of disc stacks. These data show that the defects in outer segment structure aris-
ing from abnormal PRPH2 oligomerization are manifested at the stage of disc enclosure.
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The light-sensitive photoreceptor outer segment contains a stack of flattened “disc” membranes that are surrounded, or
“enclosed,” by the outer segment membrane. Disc enclosure is an adaptation increasing photoreceptor light sensitivity by
facilitating the diffusion of the second messenger along the outer segment axes. However, the molecular mechanisms by which
photoreceptor discs enclose within the outer segment membrane remain poorly understood. We now demonstrate that
oligomers of the photoreceptor-specific protein peripherin-2, or PRPH2, play an active role in this process. We further pro-
pose that defects in disc enclosure because of abnormal PRPH2 oligomerization result in major structural abnormalities of
the outer segment, ultimately leading to loss of visual function and cell degeneration in PRPH2 mutant models and human

patients.
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known as peripherin-2 or rds), whose mutations cause a hetero-
geneous set of retinal diseases, including retinitis pigmentosa,
pattern dystrophy, and macular dystrophy (Boon et al., 2008;
Stenson et al., 2014). PRPH2 forms oligomeric complexes which
reside at the rims of enclosed discs where they support the highly
curved membrane structure of these rims, essentially allowing
the discs to be flat (Arikawa et al., 1992; J. D. Ding et al., 2015;
Stuck et al,, 2016; Conley et al., 2019; Milstein et al., 2020). In
PRPH2 oligomers, noncovalently associated tetramers of PRPH2
are covalently linked among themselves by disulfide bonds
(Loewen and Molday, 2000; Chakraborty et al., 2009, 2010; Stuck
et al., 2016; Zulliger et al., 2018). While disruption of PRPH2 oli-
gomerization does not completely prevent disc formation (Zulliger
et al., 2018) and enclosure (Lewis et al., 2020), it does lead to outer
segment dysmorphia (Chakraborty et al., 2009, 2010; Stuck
et al,, 2014; Conley et al., 2017; Zulliger et al., 2018; Lewis et
al., 2020; Milstein et al., 2020).

The goal of this study was to further explore the interconnection
between PRPH2 oligomerization and photoreceptor disc enclosure.
We studied heterozygous knockin mice bearing either the C150S or
the Y141C mutation in PRPH2 that have been shown to affect
PRPH2 oligomerization, outer segment ultrastructure, and visual
function (Chakraborty et al., 2009, 2010; Stuck et al., 2014; Conley
et al, 2017; Zulliger et al., 2018; Lewis et al,, 2020). The Y141C
mutation, which causes pattern dystrophy in human patients
(Khani et al, 2003; Francis et al., 2005; Moshfeghi et al., 2006;
Vaclavik et al.,, 2012), leads to the formation of abnormally large
PRPH2 oligomers because of the introduction of additional disul-
fide bonds between individual PRPH2 molecules (Stuck et al., 2014;
Conley et al, 2017). Conversely, the C150S mutation prevents
PRPH2 tetramers’ assembly into high order, disulfide bond-linked
oligomers (Chakraborty et al., 2009, 2010; Zulliger et al., 2018).

We assessed the status of disc enclosure using a recently
developed technique for ultrastructural analysis, which yields a
more intense staining of newly evaginating “open” discs than
mature discs fully enclosed inside the outer segment (J. D. Ding
et al., 2015). Applying this technique to C150S and Y141C heter-
ozygous mice revealed that, in both cases, rod outer segments
have a significantly increased number of open discs, indicating
that PRPH2 oligomerization regulates disc enclosure. The retar-
dation in disc enclosure occasionally results in disc over-elonga-
tion, followed by uncontrolled expansion and formation of large
membranous “whorls” instead of disc stacks. These data suggest
that defects in disc enclosure serve as a primary cause of outer
segment dysmorphia in these mice, and likely in patients bearing
related PRPH2 mutations.

Materials and Methods

Animals. Animal maintenance and experiments were approved by
the local Institutional Animal Care and Use Committee (University of
Houston) and guidelines as stated by the Association for Research in
Vision and Ophthalmology. The generation of the C150S and Y141C
knockin mice was previously described by Zulliger et al. (2018) and
Stuck et al. (2014), respectively. The rds mouse was generously provided
by Neeraj Agarwal (University of North Texas Health Science Center).
All mice were genotyped to ensure that they did not contain either the
rd8 (Mattapallil et al., 2012) or rdl (Pittler et al., 1993) mutations com-
monly found in inbred mouse strains. All mice were on a pure C57BL/6
genetic background and housed under a 12/12 h diurnal light (~301ux)
cycle.

Transmission electron microscopy (TEM). Fixation and processing of
mouse eyes for TEM were performed as described previously (J. D. Ding
et al, 2015). In the afternoon, anesthetized mice were transcardially
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perfused with 2% PFA, 2% glutaraldehyde, and 0.05% calcium chloride
in 50 mm MOPS, pH 7.4, resulting in exsanguination. Enucleated eyes
were fixed for an additional 2 h in the same fixation solution at
room temperature. Eyecups were dissected from fixed eyes, embed-
ded in 2.5% low-melt agarose (Precisionary), and cut into 200-pum-
thick slices on a Vibratome (VT1200S; Leica Microsystems).
Agarose sections were stained with 1% tannic acid (Electron
Microscopy Sciences) and 1% uranyl acetate (Electron Microscopy
Sciences), gradually dehydrated with ethanol, and infiltrated and
embedded in Spurr’s resin (Electron Microscopy Sciences); 70 nm
sections were cut, placed on copper grids, and counterstained with
2% uranyl acetate and 3.5% lead citrate (19 314; Ted Pella). The sam-
ples were imaged on a JEM-1400 electron microscope (JEOL) at
60 kV with a digital camera (Orius; Gatan). Image analysis and proc-
essing was performed with Image].

Western blots of retinal lysates. Eyecups were dissected and immedi-
ately frozen using liquid nitrogen and stored at —80°C before processing.
Lysates were prepared as previously described (Stuck et al,, 2014). In
short, eyecups were lysed in solubilization buffer (PBS, pH 7.0, contain-
ing 1% Triton X-100, 5 mm EDTA, 5mg/ml NEM, and protease inhibi-
tors, Roche) on ice. Samples were incubated on ice for 1 h before being
centrifuged for 30 min at 18,000 x g at 4°C. Protein concentration was
assayed by using a colorimetric Bradford assay (Bio-Rad). Western blot-
ting was performed as previously described (Chakraborty et al., 2008)
with minor modifications. Lysates were incubated for 30 min with
Laemmli sample buffer (50 mum Tris-HCI, 2% SDS, 10% glycerol, and 1%
bromophenol blue) with or without 100 mm DTT (for reducing or non-
reducing SDS-PAGE, respectively). Samples containing 10 pg of total
protein were run on a 10% SDS-PAGE gel, transferred onto a PVDF
membrane, and blocked with 5% nonfat dry milk in TBS with 0.1%
Tween-20. Blots were incubated with primary antibodies, including 2B7
monoclonal mouse anti-PRPH2 (Conley et al., 2019) (Millipore), 2H5
monoclonal mouse anti-ROMI1 (Kakakhel et al., 2020) (Millipore), and
AC-15 monoclonal mouse anti- 3 -actin conjugated to HRP (Millipore)
for 2 h before washing and incubating with goat anti-mouse HRP
(Millipore) for 2 h (except in the case of B-actin). All experiments were
repeated at least 3 times. Blots were imaged using ChemiDoc MP imag-
ing system (Bio-Rad).

Velocity sedimentation using sucrose gradients. Eyecups were dis-
sected and immediately frozen using liquid nitrogen and stored at —80°
C before processing. Lysates were prepared essentially as described above
(Stuck et al., 2014). In short, individual eyecups were lysed in 200 pl sol-
ubilization buffer (PBS, pH 7.0, containing 1% Triton X-100, 5 mm
EDTA, 5mg/ml NEM, and protease inhibitors, Roche) on ice. Samples
were incubated on ice for 1 h before being centrifuged for 30 min at
20,000 x g at 4°C. Sucrose gradients were prepared as previously
described (Chakraborty et al., 2009). In short, continuous gradients of
5%-20% sucrose were prepared by sequentially layering 0.5 ml each of
20%, 15%, 10%, and 5% sucrose solutions in PBS with 0.1% Triton X-
100 and 10 mm NEM and allowing them to sit at room temperature for 1
h to become continuous. Sucrose gradients were then chilled on ice for
30 min before loading lysate and centrifugation at 40,000 rpm on a TLS-
55 swinging bucket rotor (Beckman Coulter) for 16 h at 4°C. The bottom
of each gradient was pierced with a 21G needle, and 12 fractions of
~180 pl each were collected. Western blotting was performed essentially
as previously described (Spencer et al., 2016). In short, lysates were incu-
bated with Laemmli sample buffer (50 mwm Tris-HCI, 2% SDS, 10% glyc-
erol, and 1% bromophenol blue) with or without 100 mm DTT for
reducing or nonreducing blots, respectively. Reduced samples were incu-
bated at 90°C for 5 min, whereas nonreduced samples were incubated at
room temperature for 10 min. Reduced samples were run on a 10%-20%
Tris-HCI gel, whereas nonreduced samples were run on a 10% Tris-HCl
gel. Gels were transferred onto PVDF membrane and blocked with
Intercept (PBS) Blocking Buffer (Li-Cor) with 0.25% Tween-20. Blots
were incubated with polyclonal rabbit anti-PRPH2 (Gabriel Travis,
University of California, Los Angeles) overnight at 4°C before washing
and incubating with donkey anti-rabbit DyLight 800 (Invitrogen) for
2 h. All experiments were repeated at least 3 times. Blots were imaged
using Odyssey CLx imaging system (Li-Cor).



3590 - J. Neurosci., April 21,2021 - 41(16):3588-3596

Experimental design and statistical analysis.
For the quantification of the number of open
discs (see Fig. 1C), darkly stained new discs at
the base of the rod outer segment were counted
until the first lightly stained enclosed disc.
Three retinas were collected of each genotype
with the number of outer segments analyzed as
follows: WT1, 32; WT2, 45; WT3, 34; rds/+1,
26; rds/+2, 18; rds/+3, 23; C150S/+1, 32;
C150S8/+2, 56; C150S/+3, 33; Y141C/+1, 57; B
Y141C/+2, 62; Y141C/+3, 33. Data were plot-
ted with samples separated, while statistical
analysis was performed on combined samples
with sample sizes as follows: WT, 111; rds/+,
67; C150S/+, 121; Y141C/+, 152. One-way
ANOVA was performed to determine statistical
significance across genotypes (p < 0.0001) fol-
lowed by Tukey’s multiple comparisons analy-
sis, which was performed to determine
statistical significance between individual geno-
types in each fraction (significance values
reported in legends). C
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performed using Image Lab software version 40+
4.1 (Bio-Rad) and Image]. For the quantifica-
tion of PRPH2 and ROMI1 levels following
reducing SDS-PAGE (see Fig. 2A,B), data were
normalized to B-actin loading control. For
PRPH2 levels, the number of eyecups analyzed
was as follows: WT, 4; rds/+, 4; C150S/+, 5;
Y141C/+, 4. One-way ANOVA was performed
to determine statistical significance across ge-
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notypes (p=0.0084; ROMI1, p=0.1213), fol-
lowed by Dunnett’s multiple comparisons post
hoc test to determine statistical significance
between individual genotypes and WT (signifi-
cance values reported in legends). For ROM1
levels, the number of eyecups analyzed was as
follows: WT, 5; rds/+, 4; C150S/+, 5; Y141C/
+, 5. One-way ANOVA was performed to
determine statistical significance across geno-
types (p=0.1213). For the quantification of
PRPH2 and ROM1 monomer, dimer, and high
order oligomer bands following nonreducing
SDS-PAGE (see Fig. 2C,D), three samples were
used for all genotypes. Two-way ANOVA was
performed to determine statistical significance
across genotypes and complexes (PRPH2,
p<0.0001; ROMI, p=0.5702), followed by
Dunnett’s multiple comparisons post hoc test in
the case of PRPH2 to determine statistical significance between individ-
ual genotypes and WT (significance values reported in legends). For
the velocity sedimentation analysis of PRPH2 supramolecular orga-
nization (see Fig. 3B), three samples were used for all genotypes.
Two-way ANOVA was performed to determine statistical signifi-
cance across genotypes and fractions (p=0.0172), followed by
Dunnett’s multiple comparisons post hoc test to determine statistical
significance between individual genotypes and WT in each fraction
(significance values reported in legends).

All experiments were performed with mice of randomized sex. Data
were graphed with Prism 7 (GraphPad) with error bars indicating the SEM.
Statistical analyses were performed using Prism 7 (GraphPad). Where
noted, statistical values are depicted in graphs (noted in figure legends).

Figure 1.

Results
The status of photoreceptor disc enclosure was analyzed in
C150S and Y141C heterozygous mice (C150S/+ and Y141C/+,
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(1505/+ and Y141C/+ photoreceptors have an increased number of open discs at the outer segment base. A,
Representative low-magnification TEM images of tannic acid/uranyl acetate-stained retinas of WT, rds/+, C1505/+, and
Y141C/+ mice at P16. Scale bar, 2 pum. B, Representative high-magnification TEM images of photoreceptors from WT, rds/
+, (1505/+, and Y141(/+ mice at P16. Scale bar, 0.5 um. €, Quantification of the number of darkly stained open discs at
the rod outer segment base in retinas obtained from WT, rds/+, C1505/+, and Y141C/+ mice. Each data point represents
a single outer segment. For each genotype, three retinas were analyzed with at least 18 outer segments analyzed per retina.
One-way ANOVA with post hoc Tukey’s multiple comparisons analysis revealed statistically significant increases in the number
of open discs in the (1505/+ (p << 0.0001) and Y141(/+ (p << 0.0001) combined samples and a statistically significance
decrease in the rds/+ (p=10.0371) combined samples. *p << 0.05. ****p < 0.0001. D, High-magnification TEM image of a
photoreceptor from a Y141C/+ mouse at P16 showing an extraordinarily high number of open discs. Scale bar, 0.5 pum.

respectively) at P16, an age preceding the development of severe
outer segment dysmorphia (Stuck et al., 2014; Conley et al., 2017;
Zulliger et al., 2018). For ultrastructural analysis, we contrasted
tissue with tannic acid and uranyl acetate (J. D. Ding et al., 2015).
Because tannic acid poorly penetrates membranes, this procedure
results in a preferential, darker staining of “open” disc membranes
exposed to the extracellular space than membranes of discs fully
enclosed inside the outer segment. Images obtained at lower mag-
nification showed that a majority of outer segments in both heter-
ozygous mutant mice appear relatively normal in regard to their
overall shape and disc structure, especially when compared with
those in rds heterozygous mice (rds/+) bearing a null PRPH2 al-
lele (van Nie et al., 1978; Connell et al., 1991; Travis et al., 1991)
(Fig. 1A). Yet, some dysmorphic outer segments were observed in
both C150S/+ and Y141C/+ mice even at this early age.
Examining C150S/+ and Y141C/+ photoreceptors at higher
magnification revealed a striking phenotype not observed in any
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Figure 2.  The (1505 and Y141C heterozygous mutations affect PRPH2 supramolecular organization without causing a significant reduction in the PRPH2 expression level. 4, B, A single
Western blot probed for both PRPH2 and ROM1 after protein separation by SDS-PAGE under reducing conditions. Each sample contained 10 j1g of lysate obtained from eyecups of WT, rds/+,
1505/, or Y141C/+ collected at P16. The amount of PRPH2 and ROM1 was quantified on the same blot using densitometry of at least four independent samples, normalized to 3 -actin as
a loading control and plotted in the graph on the right relative to WT. One-way ANOVA with Dunnett’s multiple comparisons post hoc test revealed a statistically significant reduction in PRPH2
for rds/+ (**p=0.0096) but not C1505/+ or Y141(/+ eyecups (p =0.9999 and p = 0.9346, respectively), while there was no statistical significance in ROM1 levels. C, D, A single Western
blot probed for PRPH2 and ROM1 performed after protein separation by SDS-PAGE under nonreducing conditions. Each sample contained 10 g of lysate obtained from eyecups of WT, rds/+,
(150S/+, or Y141(/+ collected at P16. Under these conditions, PRPH2 and ROM1 run as abnormal high order complexes (H, =250 kDa), dimers (D, ~75 kDa), and monomers (M, ~37
kDa). Protein amount in each band was quantified using densitometry of three independent samples and plotted in the graph on the right. Two-way ANOVA with Dunnett’s multiple compari-
sons post hoc test revealed that more PRPH2 exists as a monomer than dimer in C1505/+ eyecups (monomer, p << 0.0001; dimer, p << 0.0001) as well as smaller changes in both rds/+
(monomer, p = 0.0243; dimer, p = 0.0243) and Y141C/+ eyecups (monomer, p << 0.0001, dimer, p = 0.0002), while there was no statistical significance in any differences in ROM1 complexes.
The high order complex that includes both PRPH2 and ROM1 was only observed in Y141C/+ eyecups.

previously characterized mutant photoreceptors: the number of  slightly lower than in WT rods (Fig. 1B,C). We additionally ana-
open discs forming at the base of the otherwise normal-looking rod ~ lyzed the levels of ROMI, a tetraspanin binding partner of
outer segments was significantly increased in both mice (Fig. 1B,C).  PRPH2 (Loewen and Molday, 2000; Stuck et al, 2016), and
Whereas WT rods contained a relatively constant number of ~7-10  found no significant differences across all genotypes (Fig. 2B).
open discs, C150S/+ and Y141C/+ rods contained an average of =~ These data suggest that the observed impairment in disc enclo-
~14 and ~18 open discs, respectively. In addition, the number of ~ sure is a specific consequence of the C150S and Y141C
open discs in these mutants was much more variable than in WI' ~ mutations.
rods. We observed as many as 27 open discs in C150S/+ rods and As described above, mice bearing the C150S and Y141C
47 in Y141C/+ rods (one such extreme example is shown in Fig. ~ mutations are characterized by abnormal PRPH2 oligomerization
1D). In contrast, the largest number of open discs in a WT rod was  (Stuck et al,, 2014; Conley et al., 2017; Zulliger et al,, 2018). To assess
14. the status of PRPH2 oligomerization in C150S/+ and Y141C/+
In principle, the increased number of open discs in C150S/+  rods at P16, we used nonreducing SDS-PAGE (Chakraborty et al,,
and Y141C/+ rods could be potentially explained by a reduction ~ 2008) (Fig. 2C). In this assay, PRPH2 oligomers are denatured into
in the overall content of PRPH2. However, no such decrease was ~ two forms: dimers originating from complexes that are covalently
observed in either mouse (Fig. 2A). Furthermore, the number of ~ linked through disulfide bonds (ie., larger than tetramers) and
open discs in the subset of relatively normal-looking outer seg- ~ monomers originating from noncovalent tetrameric complexes.
ments of rds/+ mice, which express approximately half of the  Consistent with previous reports, C150S/+ mice displayed a
WT PRPH2 amount (Fig. 2A) (see also Cheng et al, 1997), is  decrease in the PRPH2 dimer-to-monomer ratio (~1.5 vs ~3 in
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Velocity sedimentation analysis of PRPH2 supramolecular organization in rds/+, C1505/+, and Y141C/+ retinal lysates. A, Lysates obtained under nonreducing conditions from

eyecups of WT, rds/+, (1505/+, and Y141C/+ mice at P16 were subjected to velocity sedimentation on 5%-20% sucrose gradients. Twelve fractions were collected with fraction #1 corre-
sponding to 20% sucrose and fraction #12 to 5% sucrose. Proteins from each fraction were subjected to reducing SDS-PAGE and Western blotting for PRPH2. B, Quantification of PRPH2 in each
fraction was performed using densitometry of three independent lysates and normalized to the total PRPH2 content across all fractions. Two-way ANOVA with Dunnett's multiple comparisons
post hoc test revealed a statistically significant change in PRPH2 content of two fractions from C1505/+ lysates: a reduction in high order oligomers in fraction #1 (*p =0.0124) and a corre-
sponding increase in smaller PRPH2 complexes in fraction #5 (*p = 0.0156). C, Proteins obtained from fraction #1 of three independently sedimented WT and Y141C/+ samples were separated
by SDS-PAGE under nonreducing conditions and Western blotted for PRPH2. Under these conditions, PRPH2 runs predominantly as a dimer (D, ~75 kDa) with very few monomers (M, ~37

kDa). Abnormal, high order complexes (H, >250 kDa) exist only in the Y141(/+ sample.

WT mice), indicative of a smaller outer segment content of disul-
fide-bridged PRPH2 oligomers (Zulliger et al., 2018). Meanwhile,
Y141C/+ mice displayed a small fraction (~5% of total PRPH2) of
abnormally large (>250 kDa) oligomeric complexes of both PRPH2
and ROM1 (Fig. 2D), also as reported previously (Stuck et al., 2014;
Conley et al., 2017). These complexes are formed through numerous
ectopic disulfide bonds because of the presence of an additional cys-
teine. Of note, these abnormally large oligomeric complexes were
not observed in any other genotypes assessed.

To further characterize the supramolecular organization of
PRPH2 in these mice, we separated PRPH2 complexes of various
sizes using velocity sedimentation of retinal lysates on a sucrose
gradient under nonreducing conditions, followed by SDS-PAGE
under reducing conditions and Western blotting for PRPH2
(Clarke et al., 2000; Goldberg et al., 2001; X. Q. Ding et al., 2004;
Chakraborty et al., 2008, 2009; Stuck et al., 2014; Zulliger et al.,
2018; Milstein et al., 2020) (Fig. 3A). In this technique, high
order oligomeric complexes of PRPH2 sediment in fractions #1-
3, while tetramers sediment in fractions #6-9 (Chakraborty et al.,
2008; Stuck et al., 2014). As quantified in Figure 3B, PRPH2 had
a relatively even distribution among the fractions corresponding
to oligomeric and tetrameric forms in both the WT and rds/+
retinas, illustrating that merely a reduction in the content of WT

PRPH2 does not affect its supramolecular organization. In con-
trast, C150S/+ retinas contained a reduced amount of high order
PRPH2 oligomers (i.e., fraction #1) with a corresponding
increase in smaller complexes (i.e., fraction #5). In Y141C/+ reti-
nas, the change in supramolecular PRPH2 organization was
modest and consisted of a reproducible, although not statistically
significant, increase in the PRPH2 amount in fraction #1 con-
taining the largest oligomers. This small increase is consistent
with ~5% of PRPH2 existing in abnormal high order complexes
(Fig. 2C), also observed in fraction #1 analyzed by nonreducing
SDS-PAGE (Fig. 3C).

Together, the data in Figures 2 and 3 show that: (1) rds/+ ret-
inas do not appear to have any change in PRPH2 supramolecular
organization; (2) C150S/+ retinas have a reduction in high order
PRPH2 oligomers; and (3) Y141C/+ retinas contain a small pop-
ulation of abnormally large PRPH2 oligomeric complexes corre-
sponding to only ~4%-5% of total PRPH2. These data suggest
that the defects in disc enclosure associated with the C150S and
Y141C mutations originate from abnormal supramolecular orga-
nization of PRPH2 rather than altered PRPH2 content.

While the defect in disc enclosure was the most striking phe-
notype observed in young C150S and Y141C heterozygotes, each
line contained a small population of photoreceptors that
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Figure 4.

in the middle of the outer segment (E). Scale bars, 0.5 pm.

exhibited more extensive morphologic abnormalities even at
P16. C150S/+ mice contained cells in which newly forming discs
were longer than normal (Fig. 44,B). In other cells, these longer
discs were dramatically overgrown and enveloped other cellular
structures, including neighboring cells (Fig. 4C,D). On occasion,
the overgrown disc membranes extended around the entire outer
segment (Fig. 4E,F) or formed membrane whorls (Fig. 4G), such
as previously observed in older C150S mice (Zulliger et al.,
2018). The same diversity of outer segment dysmorphia, from
overextended nascent discs to membranous whorls, was
observed in Y141C/+ mice (Fig. 5). Interestingly, in both
mutants, overgrown discs appear to grow to exactly the same
length together (e.g., Figs. 4A, 5C), suggesting that the diameter
of a disc may be templated from adjacent ones.

Discussion

While previous studies established that PRPH2 plays a critical
role in stabilizing the disc rim structure (Arikawa et al., 1992;
Kevany et al.,, 2013; J. D. Ding et al.,, 2015; Stuck et al., 2016;

(150S/+ mice exhibit a stepwise progression of defects in disc enclosure leading to the formation of
membranous whorls. A-G, Representative TEM images of tannic acid/uranyl acetate-stained retinas of (1505/+ mice
at P16. Outer segment structural defects ranged from slightly overgrown open discs to membranous whorls. On occa-
sion, overgrown membrane structures extend laterally across the outer segment giving the appearance of open discs
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Milstein et al., 2017; Salinas et al., 2017; Conley
et al, 2019; Milstein et al., 2020), the data
reported here suggest that PRPH2 also plays an
active role in the membrane remodeling that
takes place during disc enclosure. Our central
finding is that the defects in PRPH2 oligomeri-
zation caused by the C150S and Y141C muta-
tions are associated with an increased number
of newly forming, not-yet-enclosed discs, as
well as an unusually high variability in the
number of not-yet-enclosed discs across indi-
vidual rod cells. Remarkably, this phenomenon
was observed regardless of whether the extent
of PRPH2 oligomerization was decreased or
increased. Furthermore, an alteration in oligo-
merization of only ~5% PRPH2 in Y141C/+
mice was sufficient to produce a major pheno-
type. This suggests that the process of PRPH2
oligomerization proceeds with such a precise
speed and high fidelity that even an occasional
formation of an abnormal disulfide bond may
be sufficient to derail normal disc enclosure dy-
namics. Our data further suggest that the pre-
cise regulation of disc enclosure is essential for
achieving the uniformity in the final diameter
of enclosed discs and, accordingly, the outer
segment as a whole.

Ultimately, outer segments of C150S/+ and
Y141C/+ mice become dysmorphic and pho-
toreceptors degenerate. The incremental array
of structural defects observed in young mice
suggests a sequence of events leading to pathol-
ogy in these and potentially other PRPH2 mu-
tant mice. As discs remain open for an
abnormally long period of time, they occasion-
ally incorporate more than a normal amount of
membranous material delivered to the outer
segment, causing disc overgrowth comparable
to that observed in other models (e.g., Yang et
al., 2008; Schietroma et al., 2017; Sharif et al,,
2018; Spencer et al., 2019; Carr et al., 2021).
This disc overgrowth can become uncontrolled,
leading to the formation of “membrane whorl”
structures described for other mutations in
PRPH2 (Hawkins et al., 1985; Tam et al., 2004; Chakraborty et
al., 2016, 2020; Lewis et al., 2020) and other proteins (LaVail et
al., 1972; Narfstrom and Nilsson, 1989; Leon and Curtis, 1990;
White et al., 1993; Stiemke et al., 1994; Jablonski et al., 1999; Gao
et al., 2002; Yefimova et al., 2002; Duncan et al., 2003; Rice et al,,
2004; Lu et al., 2019; Spencer et al., 2019; Ying et al,, 2019). The
probability of whorl formation reflects the nature of disc forma-
tion defect. For instance, whorl formation is predominant in
rods unable to initiate new disc formation because of the KO of
the actin nucleator complex Arp2/3 (Spencer et al., 2019), but is
much less prominent in the current PRPH2 mutants in which
new discs are formed and, for the most part, manage to enclose.
Interestingly, even extremely dysmorphic whorls may contain
enclosed membrane structures (e.g., Fig. 5G), as has been
observed in mice bearing other PRPH2 mutations (Lewis et al.,
2020) and in the Arp2/3 KO (Spencer et al., 2019).

Critical for documenting the novel phenotypes of C150S/+
and Y141C/+ mice were several methodological approaches
used in this study, such as using mice bearing only a single copy
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of the C150S and Y141C mutant alleles and ana-
lyzing them at an early age. Indeed, older hetero-
zygotes and mice homozygous for each mutation
have outer segments too perturbed to appreciate
a fine change in the number of open discs (Stuck
et al.,, 2014; Conley et al,, 2017; Zulliger et al,,
2018; Lewis et al., 2020). Most importantly, a de-
finitive distinction between open and enclosed
discs could be made by contrasting the tissue
with tannic acid/uranyl acetate versus tradition-
ally used osmium tetroxide.

Of note, the number of open discs in WT
mouse rods observed in this study is consistent
with the original report introducing the tannic
acid methodology (J. D. Ding et al., 2015), but is
higher than the 4-6 discs reported for mouse rods
in another study that used osmium tetroxide
(Volland et al,, 2015). This discrepancy is likely
explained by the fact that tannic acid staining
unequivocally identifies all discs that are not 100%
enclosed, while certain discs undergoing the pro-
cess of enclosure may appear as enclosed in thin
single plane sections, as the authors discussed
(Volland et al., 2015).

Another observation from the current study
is that C150S/+ photoreceptors do not form “ec-
topic incisures” or “ectopic disc rims,” a pheno-
type recently reported for frog rods
transgenically expressing the C150S PRPH2 mu-
tant (Milstein et al., 2020). There are two poten-
tial explanations for this discrepancy. First,
mouse rods have only a single incisure (De
Robertis, 1956; Cohen, 1960), whereas frog rods
have approximately two dozen incisures
(Tsukamoto, 1987). Thus, the presence of ec-
topic incisures in C150S transgenic frogs, but
not C150S/+ mice, could be a species-dependent
phenotype based on differences in incisure for-
mation. Second, it is possible that the ectopic
incisures and disc rims in frogs occurred because
the C150S mutant was expressed in addition to
the normal level of endogenous PRPH2, whereas
knockin C150S/+ mice have essentially normal
total PRPH2 content.

In conclusion, the data presented in this
study suggest that PRPH2 plays an active role in the process of
photoreceptor disc enclosure and that defects in disc enclosure
may be the primary cause of outer segment dysmorphia that
arises from these, and possibly other, PRPH2 mutations. Yet,
much remains to be learned about the underlying mechanisms
and other aspects of disc enclosure. For example, it is completely
unknown how the transition from disc evagination to enclosure
is triggered on the molecular level. Regardless, it does not appear
that this transition is tightly bound to the number of newly form-
ing discs, as this number varies by nearly twofold during the nor-
mal diurnal cycle (Volland et al,, 2015) without affecting the
disc/outer segment diameter. Another interesting question
relates to a well-recognized difference between mammalian rods
and cones, whereby all mature discs in rods are fully enclosed
while cone discs may remain partially open (Cohen, 1970;
Anderson et al., 1978; Bunt, 1978; Carter-Dawson and LaVail,
1979). These exciting questions remain the subject of future
investigations.

Figure 5.

Lewis etal. @ Peripherin-2 Controls Photoreceptor Disc Enclosure

Y141C/+ mice exhibit a stepwise progression of defects in disc enclosure leading to the formation of
membranous whorls. A—G, Representative TEM images of tannic acid/uranyl acetate-stained retinas of Y141C/+
mice at P16. Outer segment structural defects ranged from slightly overgrown open discs to membranous whorls.
Scale bars, 0.5 pm.
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