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Purprost. The beta subunit of the rod cyclic nucleotide gated channel B1 (CNGB1) contains a
proline/glutamic acid-rich N-terminal domain (GARP), which is also present in rods as a non-
membrane-bound protein (GARP1/2). GARP2 and CNGB1 bind to retinal degeneration slow
(RDS), which is present in the rims of rod and cone outer segment (OS) layers. Here we focus
on the importance of RDS/GARP complexes in OS morphogenesis and stability.

MertHoDS. Retinal structure, function, and biochemistry were assessed in GARP2-Tg transgenic
mice crossed onto rds™ ", rds™/~, and rds~/~ genetic backgrounds.

Resurts. GARP2 expression decreased in animals with reduced RDS levels. Overexpression of
GARP2 led to abnormalities in disc stacking in GARP2-Tg/rds*”* and the accumulation of
abnormal vesicular structures in GARP2-Tg/rds™~ OS, as well as alterations in RDS-ROM-1
complex formation. These abnormalities were associated with diminished scotopic a- and b-
wave amplitudes in GARP2-Tg mice on both the rds*”" and rds™~ backgrounds. In addition,
severe defects in cone function were observed in GARP2-Tg mice on all RDS backgrounds.

Concrusions. Our results indicate that overexpression of GARP2 significantly exacerbates the
defects in rod function associated with RDS haploinsufficiency and leads to further
abnormalities in OS ultrastructure. These data also suggest that GARP2 expression in cones
can be detrimental to cones. RDS/GARP interactions remain under investigation but are
critical for both OS structure and function.

Keywords: CNG channel, GARP2, knockout mouse, retinal degeneration slow, transgenic
mouse

isual processing in the vertebrate retina is initiated when

light is captured by the outer segment (OS) layers of rod
and cone photoreceptors and is converted to an electrical
signal. The signal transduction that mediates this process is well
characterized, and a key component is the cyclic nucleotide
gated (CNG) channel which is present in the OS plasma
membrane. The rod CNG channel consists of 3 alpha (al)
subunits (CNGA1) and 1 long beta (B1) subunit (CNGB1),!
whereas the cone CNG channel exhibits a 2A:2B stoichiometry
with 2 alpha (63) CNGA3 and beta (3) CNGB3 subunits.? The

pathogenic mutation in a highly conserved glycine in the cGMP
binding domain of CNGB1.8

Despite several years of research, the function served by the
free GARP proteins is not clear. Studies have suggested that
GARP2 can influence phototransduction by binding phospho-
diesterase 6 (PDEG) and thus altering cGMP levels.®-!!
Additional work using a transgenic mouse line which overex-
presses GARP2 demonstrated altered phototransduction gain
and slower recovery, suggesting that free GARP could play a
role in regulating rod phototransduction.!!

Other work has shown that both GARP2 and CNGB1 can

rod Blsubunit (CNGB1) is a product of the Cngbl gene and
contains a unique proline- and glutamic acid-rich region (GARP)
in its N terminus.®> Two other soluble proteins, GARP1 and
GARP2, are made as splice variants of Cngb1*> but lack the
channel portion and are not membrane bound. GARP2 is ~75
kDa and is abundant in the rod OS (ROS), while GARP1 is ~100
kDa®> with much lower abundance in rods. The mean molar
ratio of all three Cngbl protein products is 1:5:26 for
GARP1:CNGB1:GARP2, respectively.® The importance of these
proteins for OS function is underscored by animal and human
studies. For example, elimination of Cngb1 gene products leads
to abnormal trafficking of the CNGA1 channel subunit and rod
degeneration as well as structural and functional abnormalities
in 0Ss.>7 Likewise, a French family with autosomal dominant
retinitis pigmentosa has been reported to have a putative

bind to the retinal degeneration slow (RDS) protein, also called
peripherin-2 (PRPH2).%!213 RDS is a tetraspanin protein found
in the rim region of rod and cone OS discs and is required for
the formation and maintenance of the OS.'%!> Mutations in RDS
cause a variety of retinal degenerations including rod-dominant
autosomal dominant retinitis pigmentosa (ADRP) and multiple
classes of cone-dominant macular dystrophy (MD)'*17 (http://
www.retina-international.org/files/sci-news/rdsmut.htm). In ad-
dition to interactions with CNGB1/GARP, RDS also interacts
with itself and its non-glycosylated homologue, rod outer
segment membrane protein-1 (ROM-1), to form a variety of
different complexes.'82° It has been hypothesized that
interactions between GARP2/CNGB1 and RDS may contribute
to the stability of the OS by linking opposing membranes,
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helping mediate connections between either the disc rim or
the plasma membrane or between adjacent disc rims.!> GARPs
are natively unfolded and exist as both monomers and
multimeric complexes in a reversible equilibrium.® Their high
degree of intrinsic disorder is consistent with the idea that they
may be flexible proteins capable of serving as linkers in the OS.
Interestingly, recent data have indicated that GARP2/RDS
interactions occur at the base of the OS while CNGB1/RDS
and RDS/RDS interactions occur in the inner segment (IS)
layer, suggesting that GARP2/RDS interactions may be involved
in the structural assembly of the OS.!? In this study our goal
was to assess the functional relevance of RDS/GARP interac-
tions in the mammalian retina by evaluating retinal structure
and function in the presence of varying ratios of GARP2 and
RDS.

MATERIALS AND METHODS

Ethics Statement and Animal Care and Use

Animal maintenance and experiments were approved by the
local Institutional Animal Care and Use Committee (University
of Oklahoma Health Sciences Center, Oklahoma City, OK, USA)
and conformed to the guidelines on the care and use of animals
adopted by the Association for Research in Vision and
Ophthalmology (Rockville, MD, USA). GARP2 transgenic mice
(referred to here as GARP2-Tg mice) were generated by Dr.
Steven Pittler and have been previously described.!! The
GARP2 transgene contains the 4.4-kbp mouse opsin promoter,
the GARP2 cDNA, and the polyadenylation signal of the mouse
protamine gene. A c-Myc epitope was inserted between GARP2
exons 12 and 12a to differentiate the transgenic GARP2 protein
from endogenous GARP2.!'! GARP2-Tg mice on rds™~ and
rds™~ backgrounds were generated by cross-breeding in our
facility. Wild-type (referred to as rds'™), rds™~, and rds”~
littermates were used as controls. We also used Cngb I~ mice,
provided by Pittler.> All animals were maintained in a 12-h
light, 12-h dark cycle at ~30 lux).

Antibodies

Various primary antibodies used in Western blotting and in
immunofluorescence and are summarized in Supplementary
Table S1.

Light and Transmission Electron Microscopy

The methods used for tissue collection, processing, plastic
embedding, and transmission electron microscopy (EM) were
described previously.?22 Light microscopy was performed
using 0.75-um plastic embedded sections, and images were
captured at X40 magnification (universal microscope; Zeiss,
Wetzlar, Germany). To evaluate outer nuclear layer (ONL)
thickness and OS length, images were captured from central
superior and inferior regions containing the optic nerve head
and at least 3 retinal sections from 3 different eyes/genotype
were used. ONL and OS layer thicknesses were measured using
Photoshop CS5 software (Adobe, McLean, VA, USA).

Immunofluorescence Labeling

Eyes were harvested, dissected, fixed, and embedded as
previously described for paraffin sectioning,?® or cryosection-
ing.?¥ Immunostaining was performed as described previous-
ly,23:24 using the primary antibodies described in
Supplementary Table S1. Appropriate Alexa Fluor-conjugated
secondary antibodies (Life Technologies, Grand Island, NY,
USA) were used at a dilution of 1:1000 for 1 h at room
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temperature. Images were captured using a BX-62 microscope
(Olympus, Tokyo, Japan) equipped with a spinning disc
confocal unit, using a 40X (air, 0.9 numerical aperture [NA])
or a 100X (oil, 1.4 NA) objective. Images were stored and
deconvolved (using a nearest-neighbors paradigm) using Slide-
book version 4.2.0.3 software (Intelligent Imaging Innovations,
Denver, CO, USA). All images shown are single planes.

Electroretinography

Electroretinography (ERG) was performed as previously
described.??? After mice were dark adapted overnight, they
were were anesthetized and eyes were dilated. Electrophysi-
ological function was assessed using the UTAS system (LKC,
Gaithersburg, MD, USA). Scotopic ERGs were recorded with a
strobe flash stimulus of 157 cd-s/m? followed by light
adaptation for 5 minutes at 29.03 cd/m? and photopic
recording at 157 cd-s/m? (average 25 flashes). At least five to
six mice per genotype were analyzed.

Western Blot Analysis and Velocity Sedimentation

Western blotting (WB) and velocity sedimentation were
performed as described previously.?32> Retinal extracts were
prepared using 100 pL of chilled (4°C) solubilization buffer
(phosphate-buffered saline [PBS], pH 7.0, containing 1% Triton
X-100, 5 mM EDTA, 5 mg/mL N-ethylmaleimide, and a standard
protease inhibitor cocktail) per retina. SDS-PAGE and WB were
performed using standard protocols under reducing conditions
(with dithiothreitol). Non-reducing velocity sedimentation was
performed using continuous density gradients of 5% to 20%
sucrose and 200 pg of protein per sample. Experiments were
repeated 3 to 4 times, and densitometric quantification was
done using Image Lab software (Bio-Rad, Temecula, CA, USA).

Statistical Analysis

Graph data are means * standard errors of the mean (SEM).
Differences among genotypes were assessed by 1-way ANOVA
with Bonferroni’s post hoc pairwise comparison. A P value of
<0.05 was considered significant (graph data in Figs. 3, 5, and
6 show significance at *P < 0.05, **P < 0.01, and **P < 0.001).

RESULTS

GARP2 Levels in Different Genetic Backgrounds

Previously we showed that the RDS-to-rhodopsin ratio in the
OS is critical for the formation of proper OS,?° and given the
hypothesized role of GARP/RDS complexes in stabilizing OS,
we were interested in the joint role of GARP and RDS in
forming and maintaining OSs. To begin our assessment of the
role of RDS/GARP2 interactions we crossed GARP2-Tg animals
onto the rds™~ and rds”~ backgrounds and assessed levels of
critical OS proteins by reducing SDS-PAGE/WB at postnatal day
30 (P30). To control for variations in loading, the amount of
each protein (i.e., GARP2) in any given genotype was first
normalized to that of actin (Fig. 1, bottom panel of each
section). To facilitate comparisons across multiple experi-
ments, the amount of protein in each mutant genotype was
then expressed as a percentage of the amount of that protein in
the wild-type background (rds**"). Total GARP2 (i.e., endog-
enous + transgenic) is plotted in Figure 1A (upper panel) with
a representative blot below. Transgenic GARP2 protein
migrates slightly more slowly than endogenous GARP2 protein
due to the c-Myc tag, and the transgenic GARP2 protein alone
can be seen on the middle blot of Figure 1A. In non-transgenic
animals, GARP2 levels were affected by RDS levels: in rds"~
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FiGure 1.

Levels of OS proteins are altered in the GARP2-Tg retina. Retinal extracts were isolated from P30 rds™*, GARP2-Tg/rds "™, rds*/~, GARP2-

Tg/rds*~, rds~~, and GARP2-Tg/rds~~ and were analyzed by reducing SDS-PAGE and Western blotting. Blots were probed with (A) anti-GARP-4B1
and GARP-CMyc, (B) anti-RDS-CT, (C) anti-ROM1-CT, (D) anti-CNGB1, and (E) monoclonal antibody 1D4 against rhodopsin. Blots were also labeled
with actin-HRP as a loading control. Protein was quantified densitometrically and normalized to actin. Levels of OS proteins were measured in 3 to 6

retinas per genotype and are percentages of rds™*.

and rds™~, GARP2 levels were 57% and 1.5% of rds™™,
respectively. These GARP2 levels virtually mirror RDS levels:
RDS levels in the rds™~ were 58% of rds**, and RDS was not
detected in the rds ™~ background (Fig. 1B). This suggests that
changing RDS levels changes GARP2 levels, possibly a result of
the OS shortening which occurs in the rds*~ background.?”
However, the reverse was not the case: GARP2-Tg retinas on
the rds** background had 2.5-fold more GARP2 than rds™™,
and CNGB1/~ retinas had no GARP2 (Fig. 1A), yet RDS levels
were not significantly different in all three strains (Fig. 1B).
Likewise, GARP2-Tg retinas on the rds*~ background had 2.3-
fold more GARP2 than rds™* and 4-fold more than rds*~, yet
RDS levels were not different in GARP2-Tg/rds"~ compared to
rds*~. ROM-1 levels were similarly unaffected by the presence
of excess GARP2 (Fig. 10).

We next examined the effect that various levels of GARP2/
RDS had on levels of the channel subunit (CNGB1). CNGB1
(Fig. 1D) levels in GARP2-Tg/rds™" were reduced to 53% of
rds**, suggesting that expression of the GARP2 transgene
adversely affected expression of the channel. This decrease in
CNGBL1 in the GARP2-Tg/rds”* may be due to the OS
shortening previously observed in that genotype,!! although

previous work using different CNGB1 antibodies did not find
a reduction in CNGB1 levels. Likewise, CNGBI1 levels in the
rds*’~ were 58% of rds*/*, whereas those in the GARP2-Tg/
rds™~ were 45% of rds*/t. We also assessed levels of
rhodopsin in the presence of various amounts of GARP2
and RDS. Rhodopsin levels were slightly decreased in the
GARP2-Tg/rds"* versus those in rds**, likely again due to OS
shortening, but no additional decreases in rhodopsin were
seen between the rds*~ and GARP2-Tg/rds™~ (Fig. 1E). All
measured proteins were reduced in the rds "~ and the GARP2-
Tg/rds~~ (versus rds™* controls), likely due to the lack of OS
and the ongoing retinal degeneration in the rds~".

Mislocalization of GARP2 Does Not Lead to
Mislocalization of RDS

We next looked at the effect of altering the GARP2-to-RDS ratio
on protein localization. We performed immunofluorescence
labeling of OS proteins at P30 (Figs. 2A-2D) in eyes taken from
GARP2-Tg and non-transgenic animals on all rds backgrounds.
The polyclonal CNGB1 antibody (CNGB1-Ab) recognizes both
transgenic GARP2 protein as well as endogenous CNGB1 and
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GARP2-Tg/rds*- rds’- GARP2-Tg/rds™

Overexpressed GARP2 accumulates in GARP2-Tg retinas. Paraffin-embedded retinal sections from rds*™*, GARP2-Tg/rds"*, rds™~,

GARP2-Tg/rds"'~, rds~—, and GARP2-Tg/rds/~ were labeled with (A) anti-CNGB1 (red), (B) anti RDS-CT (green), (C) anti-ROM1-CT (green), and (D)
monoclonal antibody 1D4 against rhodopsin (green) and were all counterstained with DAPI (blue). Arrows indicate mislocalization of CNGB1-Ab

immunoreactivity. Scale bar: 20 pm.

GARP1/2, and we observed that in 7ds™* and rds*~, CNGB1-Ab
signal was properly restricted to the OS (Fig. 2A). CNGB1-Ab
signal was below the limit of detection in the rds”~. However,
in GARP2-Tg eyes on all three RDS backgrounds, CNGB1-Ab
signal accumulated in the IS layer, the ONL, and the outer
plexiform layer (OPL), in addition to residing in the OS (Fig. 2A,
white arrowhead). We confirmed that the GARP2-Tg protein
accumulated throughout the photoreceptor by using a ¢-Myc
antibody specific to the transgene (Supplementary Fig. S1);
however because the CNGB1-Ab recognizes all Cngbl gene
products, we could not determine whether the mislocalization
seen in sections labeled with CNGBI1-Ab arose solely due to
GARP2-Tg or whether endogenous CNGB1/GARP1/2 accumu-
lated outside the OS. Given the known interactions between
GARP2 and RDS, we next asked whether the IS/ONL/OPL
localization of GARP2 protein affected RDS or ROM-1 localiza-
tion. Immunofluorescence labeling of RDS (Fig. 2B) shows that
RDS was found only in the OS layer in both non-transgenic and
GARP2-Tg animals, suggesting that RDS localization was not
affected by GARP2. ROM-1 localization (Fig. 2C) was similarly
unaffected by overexpression of GARP2. We have previously

shown that rhodopsin mislocalizes to the ONL in the absence of

RDS, likely due to the lack of OS in the rds~~,252¢ and we found
that this rhodopsin distribution was not changed in the
presence of excess GARP2 (GARP2-Tg/rds~") (Fig. 2D).

Increasing the GARP2-to-RDS Ratio Accelerates
Retinal Degeneration

To determine how GARP2 overexpression affected retinal
structure and OS organization, we conducted histological

analyses at light microscopy and EM levels at P30 in GARP2-Tg
and non-transgenic controls on all rds backgrounds. Previously
it has been shown that OSs are shorter in GARP2-Tg animals
than in the wild-type strain!! and that OSs are likewise shorter
and disorganized into abnormal whorls in the rds™~ compared
to wild-type.?” Decreasing RDS levels also leads to retinal
degeneration.'>27 Representative retinal cross-sections are
shown in Figure 3A, with ONL thickness and thickness of
the OS layer in the inferior and superior central regions shown
in Figures 3B, 3C, respectively. General retinal organization and
stratification was not altered by altering GARP2/RDS levels;
however ONL thickness was significantly reduced in GARP2-
Tg/rds** versus those in rds** (Fig. 3B). Interestingly, ONL
thickness was not decreased in the GARP2-Tg/rds*~ compared
to either the rds™~ or the rds** strain (Fig. 3B). Likewise,
although ONL thickness was decreased as expected in the
rds™~ compared to the rds™" eyes at P30, there were no
differences between GARP2-Tg/rds~~ and rds~~. These data
show that GARP2-Tg accelerates retinal degeneration only in
the presence of a full complement of RDS and not when RDS
levels are reduced, suggesting that the degenerative effects of
excess GARP2 may depend on wild-type levels of RDS.

The ONL thickness results were recapitulated in measure-
ments of OS length (Fig. 3C). As expected based on previous
studies,'!?”7 both the GARP2-Tg/rds™* and rds*~ animals had
shorter OSs than those of rds** mice (reduced by 19% and
45%, respectively). However, as in our measurements of ONL
thickness, there were no differences in OS length between
GARP2-Tg/rds™~ and rds™~. This OS shortening was also
visible on low-magnification EM (Fig. 4A).



GARP Overexpression in RDS Deficiency. IOVS | December 2015 | Vol. 56 | No. 13 | 8191

g X X X

& &P & &
b N < N
d <3

¥
<&
OV‘

[l Inferior Central
I Superior Central

Ficure 3. Overexpression of GARP2 protein reduces OS length. Representative brightfield photomicrographs (A) were captured from plastic-
embedded retinal sections harvested at P30 from the indicated genotypes. (B) Outer nuclear layer thickness was measured in the central superior
and central inferior retina from 3 to 4 eyes per genotype. (C) Outer segment layer thickness was measured in the central superior and central
inferior retina from 3 to 4 eyes per genotype. **P < 0.01 and **P < 0.001 by one-way ANOVA with Bonferroni’s post hoc test. Scale bar: 20 um. RPE,
retinal pigment epithelium.

Gross OS ultrastructure (Fig. 4A) was not adversely overexpression became apparent (Fig. 4B). OS structures of

affected by GARP2 overexpression but was affected by RDS.
Both GARP2-Tg/rds"* and rds™* exhibited nicely stacked
discs, whereas GARP2-Tg/rds™~ and rds*~ exhibited OS
whorls and GARP2-Tg/rds”~ and rds”~ had no OSs.
However, at higher magnification, adverse effects of GARP2

rds*

GARP2-Tg/rds™* showed some abnormalities in membrane
stacking and, in rare cases, some whorl shapes (Fig. 4B), as
well as regions where the disc rims did not elongate all the
way to the plasma membrane (Fig. 4B, black arrows,
Supplementary Fig. S2A). The regions where discs did not

rds™”

rds** GARP2-Tg/rds"* GARP2-Tg/rds*" GARP2-Tg/rds™

Ficure 4. Overexpression of GARP2 leads to defects in OS ultrastructure. Electron micrographs of the OS-RPE interface was performed using the
indicated genotype samples at P30; shown are low-magnification (X3000 [A]) and higher magnification (X30,000 [B]) views. Arrows indicate whorl-
shaped OS in GARP2-Tg/rds** and accumulation of vesicular structures in GARP2-Tg/rds*~, but ultrastructure of GARP2-Tg/rds~~ appeared
similar to that of rds”~. Scale bars: 10 pm (A) and 500 nm (B).
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elongate all the way to the plasma membrane were quite
frequent, and interspersed throughout the length of the OS
(black arrows in Fig. 4B, Supplementary Fig. S2A); however,
many OSs exhibited nicely stacked regions of discs
(Supplementary Fig. S2, white arrows). Regions of altered
disc alignment were also quite common (Supplementary
Fig. S2, arrowheads). These occasionally progressed from
altered alignment to whorl like structures, but this was
quite rare. Most of these features are not quantifiable and
cannot be seen on low-magnification EM, but a qualitative
idea of the frequency of the whorls can be gleaned by
examining low-magnification EM such as Figure 4A (in
which no whorl OS are visible in the GARP2-Tg/rds""), and
Supplementary Figure S2B (whorl OS are indicated with
white arrowheads).

In addition, although the OSs of both rds~ and the
GARP2-Tg/rds*~ showed whorl shapes, we also noticed
abnormal accumulation of vesicular structures (Fig. 4B,
arrows) inside the whorl OS in the GARP2-Tg/rds™~ but not
the rds*/~. These data suggest that overexpression of GARP2
leads to subtle ultrastructural abnormalities in rim formation,
consistent with the idea that too much GARP2 can interrupt
or alter the normal complement of stabilizing RDS-CNGB/
GARP2 interactions and thus disrupt rim and rim/plasma
membrane alignment.

Overexpression of GARP2 Protein Has Negative
Effects on Rod and Cone Function

To evaluate the effects of altering the GARP2-to-RDS protein
ratio on retinal function, we conducted full field scotopic (rod)
and photopic (cone) ERGs from GARP2-Tg transgenic animals
in the rds** and rds*~ backgrounds at P30 and P180. Figure
5A shows representative traces at P30 with quantification in
Figures 5B, 5C (**P < 0.01 and **P < 0.001 in 1-way ANOVA
with Bonferroni’s post hoc test). A statistically significant 59%
reduction in maximum scotopic a-wave was observed in
GARP2-Tg/rds** in comparison to rds™*, and a 66% reduction
was seen in GARP2-Tg/rds™~ in comparison to rds™~. This
dramatic GARP2-Tg-associated functional defect was also
evident in maximum scotopic b-wave amplitudes (Fig. 5B,
middle) and persisted to P180 (Fig. 5C). The reduction in rod
function in GARP2-Tg/rds*~ compared with rds*~ is striking
as we did not observe accelerated degeneration or OS
shortening in a comparison of these two genotypes, and this
suggests that the subtle ultrastructural changes we observed in
the GARP2-Tg/rds*~ versus rds*~ could have dramatic
functional consequences.

We next evaluated photopic ERG responses at P30 and at
P180 (Figs. 5A-C, right). The GARP2 transgene is under the
control of the mouse rhodopsin promoter, so we did not
expect cone function would be affected by overexpression of
GARP2. Surprisingly however, we observed significant decreas-
es in maximum photopic b-wave in the presence of the GARP2
transgene on both the rds™* and rds™~ backgrounds
(compared to non-transgenic counterparts). Although rod-
degeneration due to defects in rod-specific proteins can lead to
secondary cone degeneration in some cases, the defects in
cone function are severe as early as P30, a time point at which
only modest rod degeneration (as measured by ONL thickness)
was occurring in the GARP2-Tg/rds**, and no rod degenera-
tion was found in the GARP2-Tg/rds"~ (Fig. 3B).

Cone Degeneration Is Not Accelerated in GARP2-Tg
Animals

The observed deficit in cone function in the GARP2-Tg retina
led us to wonder whether there was cone degeneration
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occurring in GARP2-Tg animals, so we conducted immunoflu-
orescence labeling for S- and M-opsin (Fig. 6A) and counted the
number of cone cells in a 100 um window in the central retina
(quantified in Fig. 6B) at P30. We found that though cone
numbers were modestly decreased as a result of RDS deficiency
(.e., rds** versus rds”") (Fig. 6B), there were no GARP2-
associated decreases in cone number in any RDS background
(e.g., rds*”* was not different from GARP2-Tg/rds"™").

The lack of cone cell loss coupled with functional defects in
GARP2-Tg cones led us to hypothesize that overexpression of
GARP2 led to a physiological or signal transduction deficit in
cones. However such a hypothesis would require expression of
the GARP2 transgene in cones. Previous work has shown that a
smaller 500-bp fragment of the mouse opsin promoter leads to
rod expression and some leaky expression in cones.?%2?
Because previous studies did not verify whether the 4.4-kbp
mouse opsin promoter used to generate the GARP2-Tg line
could drive gene expression in cones,® we evaluated cone
expression of the GARP2 transgene. P30 rds™* and GARP2-Tg/
rds™* retinal sections were colabeled with either S- or M-opsin
(Figs. 7A-C, green) and GARP-4B1, which recognizes trans-
genic GARP2 as well as endogenous CNGB1/GARP2/GARP1
(Figs. 7A, 7B, red) or c-Myc, which recognizes only transgenic
GARP2 (Fig. 7C, red). Single planes from a confocal image stack
are shown. Although GARP-4B1 recognizes both transgenic
and endogenous protein, it can be used to specifically assess
transgene expression in cones because endogenous CNGB1/
GARP2/GARP1 are not expressed in cones (Figs. 7A, 7C, 7E,
arrows and Supplementary Fig. S3A show wild-type cones
clearly not labeled with GARP-4B1 or c-Myc). In GARPT2-Tg/
rds*/" retinas, most cone photoreceptors had no detectable
GARP2 (Figs. 7B, 7D, 7E arrows). However, occasionally cone
0OSs were found in GARP2-Tg/rds*" retinas that did label with
the GARP-4B1 antibody (Fig. 7A, arrowheads) suggesting there
could be a low level of leaky GARP2 expression in cones in
transgenic animals. Additional GARP2-Tg/rds™* but not rds**
cone OSs showing labeling with GARP-4B1 are pictured in
Supplementary Figure S3A and S3B (arrowheads). In Supple-
mentary Figures S3A, S3B, GARP-4B1 labeling is shown in red
with cone OSs highlighted in green using the cone matrix
sheath marker peanut agglutinin-PNA, and in each panel, the
bottom row shows magnified insets of the cells highlighted by
arrows in the top row. When we repeated this experiment
using c-Myc antibody to specifically label transgenic GARP2,
similar results were observed: some cone OSs did not express
the transgene (Fig. 7F e.g., arrows) whereas others did
(Supplementary Fig. S3C, arrowheads). In many cases, the
small size of murine OSs coupled with the high levels of
GARP2 expression in adjacent rods made it difficult to
determine whether cone cells had any detectable GARP-4B1
immunolabeling. These results suggest that while many cones
in GARP2-Tg/rds*”* do not express any GARP2 transgenic
protein; there are cones which exhibit ectopic expression. In
addition, co-labeling with cone opsins and c-Myc (to specifi-
cally label GARP2-Tg) (Fig. 7C) also confirmed that the GARP2
accumulation we observed in Figure 2 was occurring in rods
and not solely due to ectopic expression in cones.

RDS:ROM-1 Oligomerization Is Subtly Affected in
the GARP2-Tg Retina

RDS function relies on the formation of a precise complement
of homo- and heteromeric (with ROM-1) complexes which can
be easily separated by non-reducing sucrose gradient velocity
sedimentation.?>25> When RDS complex formation is altered,
for example, by mutations in RDS, severe defects in OS
structure and function occur.??31:32 We therefore asked
whether overexpression of GARP2, a known RDS binding
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Ficure 5. Overexpression of GARP2 causes significant reduction in ERG function. Fullfield ERGs were recorded under scotopic (left two panels
[A]) or photopic (right two panels [A]) conditions at P30 (A, B) or at P180 (C). Maximum scotopic a- and b-waves and maximum photopic b-waves
were plotted for P30 recordings (B) and P180 recordings (C). Data are means = SEM from 5 to 7 mice per genotype. *P < 0.05, **P < 0.01, and *™*P

< 0.001 in one-way ANOVA with Bonferroni’s post hoc comparison.

partner, affected the type of RDS/ROM-1 complexes in the
retina. Retinal extracts were fractionated on continuous 5% to
20% non-reducing sucrose gradients and were then separated
on reducing SDS-PAGE. Western blots were probed with
antibodies for RDS (Figs. 8A, 8B) and ROM-1 (Figs. 8C, 8D).
In the wild-type retina, RDS is present as tetramers (fractions
6-8), intermediate oligomers (fractions 4-5), and higher order
oligomers (fractions 1-3), whereas ROM-1 was detected only in
tetramers and intermediate oligomers. We did not observe any
significant alteration in the distribution of RDS complexes in
GARP2-Tg retinas on either the rds** or rds*~ backgrounds
(Figs. 8A, 8B). However, in the GARP2-Tg/rds"~ retinas, there
is a subtle shift in ROM-1 complex formation toward the
fractions associated with intermediate sized complexes com-

pared to the non-transgenic rds™”~ (Fig. 8D). These data suggest
that overexpression of GARP2 could influence the way RDS/
ROM-1 heteromers assemble, particularly when RDS levels are
decreased (i.e., rds*™).

DISCUSSION

RDS and GARP2/CNGB1 have been shown to interact by using
multiple approaches and by multiple research groups.®1213.33
Although the domains of GARP2/CNGB1 and RDS interaction
have not yet been identified, data showing that both CNGB1
and GARP2 can interact with RDS suggest that the GARP
region of GARP2/CNGBI likely mediates the interaction.® The
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cytosolic face of RDS consists of a short N terminus and a small
cytosolic loop in addition to a lengthy and highly functional-
ized C terminus characterized by a large degree of intrinsic
disorder.3* The C terminus is the site of interaction for some
other RDS binding partners, including melanoregulin,3> is
involved in RDS OS targeting,>>37 and has the ability to mediate
membrane fusion and curvature.’%32 As a result, the C
terminus of RDS is the most likely region for GARP2 binding
on RDS. Because we observed mislocalization of excess GARP2
throughout the photoreceptor, we wondered whether exces-
sive GARP2 interactions with the RDS C terminus might
interfere with RDS OS targeting. However, this was not the
case; neither RDS nor ROM-1 showed any signs of mislocaliza-
tion. This is consistent with recent work suggesting that
CNGB1/RDS interactions occur early (i.e., in the inner
segment), whereas RDS/GARP2 interactions occur after OS
targeting, at or near the base of the OS.!?

Despite holding interest for many years, the role of GARP2/
RDS interactions remains unknown. It has been hypothesized
that GARP2/RDS interactions help to form a connection
between the disc membrane and the plasma membrane and
contribute to the stabilization of the ROS. The distance
between plasma membrane and disc membrane is estimated
at 15 to 17 nm by cryo-EM, a technique that preserves
structure because no fixatives are used.4*4! Estimates suggest

GARP2-Tg/rds*"*

M-Opsin

S-Opsin
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rds*" GARP2-Tg/rds*"

rds™ GARP2-Tg/rds™

Ficure 6. GARP2 expression does not accelerate cone degeneration. (A) Paraffin-embedded retinal sections from indicated genotypes were labeled
with anti-M-opsin (fop, red) and anti-S-opsin (bottom, red) and were counterstained with DAPI (blue). (B) Numbers of M- and S-opsin cones were

counted in a 100-um window from the central superior and inferior region of the retina, respectively, from P30 transgenic and non-transgenic retinal
sections. 7 = 3 to 6 eyes per genotype. Scale bar: 20 pm.

that the maximum length of an intrinsically disordered peptide
is 3.8 A per amino acid, indicating that GARP2 (at 450 amino
acids) could reach up to 171 nm in length. This suggests that
the CNGB1/RDS complex could reach far enough to span the
gap between membranes and to bind directly to RDS.
Additionally, knockout of CNGB1 and GARP1/2% severely
disrupted plasma/disc membrane interactions, further sup-
porting the hypothesis that CNGB1 and/or GARP1/2 is
essential for this interaction. It is also not clear how strong
the affinity of RDS is for CNGB1/GARP2. For example, RDS
binds ROM-1 with very high affinity, and RDS/ROM-1 com-
plexes are abundant and easily detected in the presence of
commonly used detergent (e.g., 1% Triton X-100, CHAPS, and
Brij-96). Similarly, GARP2 interacts with PDE6 with high affinity
and copurifies with PDE6.'° However, we have observed that
RDS/GARP2/CNGBI1 interactions are harder to detect by
standard immunoprecipitation, and other groups have used
more advanced methodologies such as crosslinking!'? and
bimolecular fluorescence complementation15 to confirm RDS/
GARP2 and RDS/CNGBI1 interactions. Thus, it is possible that
GARP2/RDS interactions are either less abundant or more
labile (or both) than other common OS protein/protein
interactions.

Additional insight into the function of RDS/GARP2 interac-
tions comes from a recent study by Ritter et al.,'> which
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Ficure 7. Most cones in GARP2-Tg retinas do not express the GARP2 protein. Retinal sections from rds™* and GARP2-Tg/rds™*+ mice were
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F). Nuclei in all sections were counterstained with DAPL. Arrows indicate cones that do not have detectable GARP-4B1 immunoreactivity.
Arrowbeads show cones that do display GARP-4B1 immunoreactivity. Areas shown by arrows are expanded in the insets. Scale bar: 10 pM.

reported that interactions between RDS and CNGB1 occur in
the IS but RDS and GARP2 interactions occur at the base of the
OS at the site of disc morphogenesis. They suggest that GARPS
interactions may have some role in disc sizing, and we do
observe some abnormally sized and aligned discs in GARP2-Tg
overexpressors.!? That RDS is required for disc formation has
been known for several decades and that RDS binding partners
may regulate disc sizing is likewise accepted. ROM-1 has been
hypothesized to play a role in disc sizing,*?> and the defect in
RDS/ROM-1 complex formation we observe in the presence of
excess GARP is a shift in ROM-1 toward larger oligomers. It is
thus possible that excess GARP2/RDS interactions alter the
type of RDS/ROM-1 complexes that form and thus contribute
to structural abnormalities and the minor shifts in ROM-1
complexes we see in sedimentation experiments (Fig. 8).

It is also possible that all of the structural and functional
defects we see in animals expressing various GARP2:RDS ratios
could be due to independent effects of GARP2 and RDS. RDS
haploinsufficiency is known to cause severe structural and
functional defects alone,?”%3 and recent work has suggested
that GARP2 may play a role in regulating rod sensitivity by
altering PDEG activity and cGMP turnover.~'144 In addition,
our observation that CNGBI1 levels were decreased in the
presence of excess GARP suggests that CNG channel function
or trafficking may be slightly altered in GARP2-Tg animals.
Because our CNG antibodies recognize both CNGB1 and GARP,
it is not possible to assess CNGB1 alone by immunofluores-
cence (although the GARP2-TG protein can be visualized by
using the c-Myc antibody).

The observation that cone photoreceptor function is
reduced in GARP2-Tg animals (on both the rds** and the
rds'”7) is one of the most interesting and unexpected
outcomes of this study. The 4.4-kbp mouse opsin promoter
that was used to make the GARP2-Tg mice has previously

shown robust expression in rod photoreceptors, but this early
study was unable to conclusively determine whether the
promoter drove gene expression in cones as well.>° Given the
observation that shorter fragments of the mouse opsin
promoter are known to promote expression in both rods and
cones and the fact that our results showed a clear functional
deficit in GARP2-Tg cones, it was logical to assess GARP2
expression in cones. Our high-magnification immunofluores-
cence experiment showed that most cone cells had no
detectable GARP2, but we did find cone OSs that exhibited
some GARP2 immunoreactivity. These data suggest that the
4.4-kbp opsin promoter may have some low level of expression
in cones. More importantly, data suggest that a small amount of
GARP2 expression in cones could be enough to impair cone
function. We did not directly assess cone OS ultrastructure, but
we did rarely observe highly abnormal whorl-shaped OSs in the
GARP2-Tg/rds**, and it is possible that these are cone OSs and
appear as either a consequence of low-level ectopic expression
in cones or as an indirect consequence of other ongoing
changes in retinal morphology. These two possibilities are
equally interesting. First, why expression of GARP2 in cones
should be so bad for cone function is unclear. The cone CNGB
channel subunit (CNGB3) does not have a GARP region, free
GARPs are not expressed in wild-type cones, and we
previously showed that cone CNGB3 does not interact with
RDS.33 If GARP2 in rods is involved in regulating OS structure
or maintenance, it is reasonable to imagine that another
protein could fill that role in cones and help regulate the open
versus closed disc structures present in cones. It is possible
that abnormal expression of GARP2 in cones somehow
interrupts this interaction. Because GARP2 has also been
hypothesized to play an unexplained role in phototransduc-
tion,!! it is possible that the adverse effects of GARP2 on cone
function are due to interference in the phototransduction



Investigative Ophthalmology & Visual Science

GARP Overexpression in RDS Deficiency.

RDS

>

[o2]
o
1

-e- rds**
-# GARP2-Tg/rds™*

I
o
1

20%

RDS Immunoreactivity
(% total)

0_
12 3 4567 8 9101112
kD 443 200 150 66 29

v A 2 v

37-| P - ‘ rds**

37_|-.-v-v ——
20%

Sedimentation Fractions 5%

kD 443

‘ GARP2-Tg/rds™ 37'| R~

D

C ROM-1
> 607 . i
£ = GARP2-Tg/rds"
S
$ _ 40
]
5%
£ = 20/
=
g o
12345678 9101112
kD 443 200 150 66 29
¥ Yy o9 3
37—‘ - an e ‘ s
371 —— ‘GARPZ-Tg/rds*’*

20% Sedimentation Fractions 5%

IOVS | December 2015 | Vol. 56 | No. 13 | 8196

RDS
60
-e-rds*
-#-GARP2-Tg/rds*
40

04—
12 3

4567 8 910 1112
200 150 66 29

v vy ¥ X
37-|-w-“- .

‘ rds*"

GARP2-Tg/rds*

20% Sedimentation Fractions 5%

ROM-1
60+ - rds™
-8 GARP2-Tg/rds*-

401
20 1
04

12 3 4567 8 910 1112
kD 443 200 150 66 29

v LA S B
37—| — P —— ‘ rds*-

- .. GARP2-Tg/rds*"

a7k
20%

Sedimentation Fractions 5%
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experiments.

process. The second possibility is that defects in cone function
in GARP2-Tg animals are secondary abnormalities due to
ongoing changes in rods/degeneration. While the very low
level of ectopic expression of GARP2-Tg in cones that we
observed makes this hypothesis attractive; it is certainly
unexpected. While secondary cone degeneration due to loss
of rod cells is quite common, it is usually not seen until overall
retinal changes are more severe. For example, in the rho”~
retina, rod OS completely fail to form,*> a much worse
phenotype than in GARP2-Tg animals, yet cone function
remained normal beyond the time points that we observed
significant defects in cone function. Certainly further explora-
tion of the effects of GARP2 in or on cones will be an ongoing
research goal since it may shed light on differences in the
structure and function of the two cell types and the differential
role of RDS in them as well as potential interactions between
the two cell types during the degenerative process.

In conclusion we showed that increasing GARP2 levels,
while decreasing RDS levels, leads to structural and functional
defects in photoreceptors. These defects are likely due to a
combination of independent and combined factors. For
example, GARP2 has a role in regulating phototransduction
through effects on PDE, whereas RDS has a role in regulating
OS structure. In addition, there are combined effects of the
two proteins such as the potential for RDS/GARP2 complexes
to be involved in disc sizing and in interactions between the
disc and plasma membrane or between adjacent discs. Future
work will continue to explore these differences and may
elucidate some of the structural and functional differences

between rod photoreceptors (which express GARPs) and cone
photoreceptors (which do not).
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