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Abstract

Degeneration of photoreceptors (rods and cones) results in blindness. As we rely almost entirely
on our daytime vision mediated by the cones, it is the loss of these photoreceptors that results in
legal blindness and poor quality of life. Cone dysfunction is usually observed due to two
mechanisms: non cell-autonomous due to the secondary effect of rod death if the causative gene is
specifically expressed in rods, and cell autonomous, if the mutation is in a cone-specific gene.
However, it is difficult to dissect cone autonomous effect of mutations in the genes that are
expressed in both rods and cones. Here we report a property of murine cone photoreceptors, which
is a cone-autonomous effect of the genetic perturbation of the retinitis pigmentosa 2 (Rp2) gene
mutated in human X-linked RP. Constitutive loss of Rp2 results in abnormal extension of the cone
outer segment (COS). This effect is phenocopied when the Rp2 gene is ablated specifically in
cones but not when ablated in rods. Furthermore, the elongated COS exhibits abnormal
ultrastructure with disorganized lamellae. Additionally, elongation of both the OS membrane and
the microtubule cytoskeleton was observed in the absence of RP2. Taken together, our studies
identify a cone morphological defect in retinal degeneration due to ablation of RP2 and will assist
in understanding cone-autonomous responses during disease and develop targeted therapies.
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Introduction

The eye is the most exposed and readily accessible part of the central nervous system. The
retina, situated in the back of the eye, is a laminated tissue consisting of the neurons that are
the first responders of light detection arranged in distinct layers [Kessel and Kardon 1979].
Of these, photoreceptors (rods and cones) form the bulk of the cell types in the retina and are
the first cell types that detect light and initiate the phototransduction cascade. Photoreceptors
are polarized neurons with two distinct compartments: inner segment, which contains
protein synthesis transport machinery and outer segment (OS), which is the hub for proteins
involved in phototransduction [Kandel 2013; Veleri et al. 2015; Wright et al. 2010].

The photosensory OS is a modified sensory cilium [Liu et al. 2007]. Cilia are microtubule-
based extensions of the plasma membrane, which originate from the mother centriole (also
called basal body) [Satir 2008; Satir and Christensen 2008]. Cilia maintain a unique
composition of their membrane by retaining specific signaling receptor moieties, which
sense the extrinsic cues to regulate intracellular signaling cascades, such as sonic hedgehog
signaling, olfaction, and photoreception [Yildiz and Khanna 2012]. The function and the
composition of the cilia are regulated by an elaborate and conserved protein trafficking
mechanism called Intraflagellar Transport. The IFT is modulated by the activity of
microtubule motor assemblies, which carry the cargo in the anterograde as well as
retrograde directions [Engel et al. 2009; Pazour and Rosenbaum 2002; Pazour and Witman
2003; Rosenbaum 2002; Rosenbaum et al. 1999].

The photoreceptors develop a unique sensory cilium in the form of a light-sensing outer
segment (OS) composed of membranous discs loaded with the G protein coupled receptor
opsin and regulatory proteins involved in initiating the phototransduction cascade [Besharse
1986; Liu et al. 2007]. The components of the OS are transported from the inner segment to
the base of the OS where they cross a narrow bridge-like structure called the connecting
cilium (or transition zone; TZ) to enter the OS [Sung and Chuang 2010; Young 1968]. Rods
and cones are morphologically distinct neurons. Whereas rods develop long cylindrical OS
extension with membranous discs arranged in a coin-stack manner, the cones are conical-
shaped structures with open OS discs [Carter-Dawson and LaVail 1979a; Carter-Dawson
and LaVail 1979b; LaVail 1973]. Remarkable studies have uncovered the basic mechanisms
underlying cone development and function [Livesey and Cepko 2001; Mears et al. 2001;
Swaroop et al. 2010], however, we know very little about the mechanisms that regulate cone
function in adulthood.

In several mammals, including mice and humans, rods outnumber the cones by a ratio of
20:1. Given that we rely on cones for our daylight and high acuity vision, it is the loss of
cones that results in complete blindness and poor quality of life in retinopathies. Although
cones die due to a primary defect in cone-specific genes, such as Achromatopsia due to
CNGB3 mutations [Khan et al. 2007; Kohl et al. 2000; Komaromy et al. 2013; Sidjanin et al.
2002], alterations in rod-specific genes also result in secondary cone death [Leveillard et al.
2004; Punzo et al. 2009]. Further complexity is observed when the causative gene is
expressed in both rods and cones. In such cases, cones are affected both due to a secondary
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effect of rod death as well as cone autonomous mechanisms [Wright et al. 2010]. Thus, it is
difficult to dissect the cone-specific alterations that result in their dysfunction and
degeneration. Lack of such knowledge has also hampered our understanding of heterogenic
clinical presentation in patients with mutations in widely expressed genes, such as RPGR
(retinitis pigmentosa GTPase regulator) and RP2, mutated in X-linked forms of retinal
degeneration [Breuer et al. 2002; Churchill et al. 2013; Schwahn et al. 1998; Sharon et al.
2000; Wu et al. 2010]. Several patients with RP2 mutations exhibit early loss of cone
function followed by rods.

We previously showed that ablation of the Rp2 gene in mice (Rp2"U") (or knockdown in
zebrafish) [Li et al. 2013; Patil et al. 2011], resulted in a predominant effect on cone
function as compared to rods. These observations led us to further elucidate the effect of
RP2 on cones with an aim to uncover new information about cone biology and maintenance.
We not only utilized the Rp2™!! mice, but also generated and characterized cone-specific or
rod-specific conditional mouse mutants of Rp2. Our studies have uncovered a novel aspect
of cone photoreceptor biology and provide new knowledge, which will form the basis for
further understanding these elusive sensory neurons.

Reagents and Instruments

Antibodies

Microscopy

Methods

Anti-acetylated a-tubulin and anti-KIF3A antibodies were obtained from Sigma-Aldrich (St.
Louis, MO). Anti-RP1 antibody was a kind gift of Dr. Eric Pierce (Massachusetts Eye and
Ear Infirmary) and anti-M-opsin antibody was procured from Dr. Cheryl M. Craft [Zhu et al.
2003]. Anti-KIF3A was procured from Abcam (Cambridge, MA) and anti-MAK was
obtained from Abgent (San Diego, CA). Peanut agglutinin (PNA) and anti-Cre antibody
were procured from Vector Labs (Burlingame, CA) and Millipore (Billerica, MA),
respectively. Hoechst 33342 was procured from Life Technologies Corp.

Ultrathin sections for TEM were observed in a Zeiss EM900 electron microscope and
pictures were taken with a coupled digital camera using the ImageSP software. The sections
were then visualized using a scanning confocal microscope (Leica TCS SP5 Il laser; Leica
Microsystems).

Mice and ERG

All animal experiments were performed in accordance with the approved procedures of the
Institutional Animal Care and Use Committee. All mice were maintained in the same
conditions of 12-hour light to 12-hour dark, with unrestricted access to food and water.
Lighting conditions were kept constant in all cages with illumination of 10 to 15 lux at the
level of the cages. ERGs were recorded as described previously by using Espion 2
recording system [24].
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The Rp2flox, Rp2null | iCre75, and M-Cre (HRGP-Cre; M-opsin promoter driving Cre
expression in cones) mice have been previously described [Le et al. 2004; Li et al. 2013; Li
et al. 2005]. The Rp2°X mice were bred to M-Cre or iCre75 mice to generate a cone- or rod-
specific deletion of the Rp2 gene (Rp2MKO or Rp2iKO), respectively. Male mice of
appropriate genotypes were used in these studies. All mice were also genotyped to exclude
rd1 and rd8 alleles.

Immunofluorescence, Transmission Electron Microscopy (TEM) and Immunogold EM

For immunofluorescence analyses, mouse eyes (n=6 for each experiment) were enucleated
and then fixed in 4% paraformaldehyde in PBS (pH 7.4) followed by cryosectioning and
staining as recently described [Li et al. 2013]. Primary antibodies were prepared in blocking
solution and slides were further incubated overnight at 4°C. Sections were then washed three
times with PBS and incubated for 1 hour with goat anti-rabbit (or mouse) Alexa Fluor 488
nm, 546 nm or 647 nm secondary antibody (1:500) at RT.

For TEM, mouse eyes were enucleated and fixed in 2% glutaraldehyde, 2%
paraformaldehyde in 0.1M sodium cacodylate buffer (pH 7.2), overnight at RT. The anterior
portion was removed on the next morning, and processed as described [Li et al. 2013].

For immunoelectron microscopy, eyecups were fixed by immersion in 0.1% glutaraldehyde
+ 2% paraformaldehyde in 0.1M sodium cacodylate buffer (pH 7.2) and processed for
embedment in LR White. LR White ultrathin sections were etched with saturated sodium
periodate (Sigma, St. Louis, MO, USA), blocked with 4% bovine serum albumin (BSA) in
Tris-buffered saline (TBS) for 1 hour, incubated with 1:100 M-opsin antibody in TBS + 1%
BSA + 1% Tween 20 overnight at 4°C, washed and incubated with goat anti-rabbit 1gG
conjugated to 10 nm gold (Aurion, Electron Microscopy Sciences, Hatfield, PA, USA) in
TBS + 1% BSA + 1% Tween 20 for 1 hour. EM sections were observed in a Zeiss EM900
electron microscope and pictures were taken with a coupled digital camera using the
ImageSP software.

Results and Discussion

Rp2"U!l mice possess longer COS

We previously showed that ablation of Rp2 in mice results in early loss of cone
photoreceptors (as early as 1 month of age) as compared to rods [Li et al. 2013]. These
studies indicated that RP2 plays a distinct role in cones. After further investigation, we
observed elongation of COS in Rp2™!! mice. As shown in Figure 1A, M-opsin (red; marker
for COS) stained OS in Rp2"!! retina are considerably longer than in sibling control mice, as
early as 1 month of age.

We then asked whether COS elongation coincides with extension of the ciliary cytoskeleton.
To this end, we performed immunostaining of Rp2"U!! retinas with anti-acetylated a-tubulin
(a marker of ciliary microtubules) antibody. We found that the elongated staining of M-
opsin coincided with axoneme staining (arrowheads) (Figure 1B), indicating extension of
both the axoneme and ciliary membrane.
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Rp2 conditional mutant mice

To assess whether the elongated COS phenotype is due to a cone-autonomous effect or a
secondary effect of dying rods, we generated conditional mutants of Rp2, in which the Rp2
gene is specifically ablated in cone or rod photoreceptors. We bred the Rp2f% mice in which
exon 2 of Rp2 is flanked by loxp sites [Li et al. 2013] to previously described transgenic
mice expressing the Cre gene under the control of human red-green opsin promoter
(Medium wave-length (M) cone specific expression) [Le et al. 2004] (for cone specific
expression; Rp2MKO:M-opsin promoter-driven Cre knock out) or rhodopsin promoter
(iCre75; for rod specific expression of Cre; Rp2k?: iCre75-driven Cre knock out) [Li et al.
2005]. Expression of the CRE protein was confirmed by immunofluorescence analysis using
the anti-CRE antibody. As shown in Supplementary Figure S1A and B, CRE expression in
Rp2MKO mice is confined to the top layers of the outer nuclear layer (ONL), which consist
of mostly cone photoreceptor nuclei whereas CRE-staining in the Rp2'k° mice is detected in
majority of photoreceptor nuclei, which belong to rod photoreceptors. We first assessed the
effect of conditional inactivation of Rp2 on photoreceptor function by electroretinography
(ERG). ERG analysis of 1 month and 3 months old mice revealed an early progressive cone
dysfunction, as determined by decline in the photopic a-wave amplitude (p<0.05 and
p<0.01) (Figure 2 A, B). On the other hand, inactivation of Rp2 in rods (Rp21°) resulted in a
delayed and relatively less severe dysfunction of scotopic a- and b-wave responses (rod-
mediated) with no detectable effect on photopic (cone-derived) signals (Figure 2 C, D).
Taken together, we found that the conditional ablation of Rp2 in cones phenocopies the early
cone dysfunction in the Rp2"!! mice.

COS in the Rp2MKO and Rp2ik° mice

We then investigated the localization of M-opsin in Rp2MKO and Rp2/k° mice.
Immunofluorescence analysis revealed that the M-opsin stained OS is considerably longer
than the sibling control mice in Rp2MKO mice (Figure 3A). Our analysis of Rp2/k° mice did
not reveal COS extension even at 6 months of age (Figure 3B), indicating that Rp2 ablation
in rods does not affect COS extension. We did not detect a change in the length of the rod
OS in the absence of RP2, as determined by staining with anti-rds (retinal degeneration
slow; rod OS marker) antibody (Supplementary Figure S2).

Quantitative analysis of elongated COS

We then investigated the extent of elongation of the COS and the corresponding axoneme by
using two methods: (i) quantifying the distance between the base and the tip of the COS in
the Rp2nUll and Rp2MKO mice and (ii) measuring the distance between the outer limiting
membrane (base of the inner segment) and the base of the RPE (retinal pigmented
epithelium) after staining with anti-M-opsin antibody and anti-acetylated a-tubulin
antibodies. Analysis of the COS length revealed significant (p<0.01 and p<0.0001) increase
in the length of the COS in Rp2MU!l and Rp2MKO retina respectively compared to age-
matched control) (Supplementary Figure S1C). As another validation for COS extension, we
calculated the relative intensity in 10 equally distributed regions in the photoreceptor layer
(1-close to outer limiting membrane (OLM) and 10: close to RPE for wild type, Rp2MKO
and Rp2"U! retinas (Supplementary Figure S1 D-F). Increased intensity of acetylated a-
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tubulin and M-opsin was consistently detected in regions 6-9 of mutant retinas whereas
majority of the signal in wild type retina was concentrated in regions 3-5.

Composition of Rp2 mutant COS

Previous studies have indicated a role of RP2 in regulating protein trafficking and cilia
maintenance [Chapple et al. 2000; Evans et al. 2006; Holopainen et al. 2010; Hurd et al.
2010; Li et al. 2013; Patil et al. 2011; Schwarz et al. 2012; Wright et al. 2011]. We
therefore, asked whether trafficking of key OS proteins is perturbed in the absence of RP2 to
gain insights into the mode of COS elongation in Rp2MKO and Rp2™U!l mice. Photoreceptor
sensory cilium contains doublet microtubules in the TZ and singlet microtubules in the distal
axoneme. The elongated COS showed normal localization of distal axonemal protein RP1 in
both mutants (Figure 4 A-C). Previous reports showed that MAK (male germ cell associated
kinase) negatively regulates cilia length in photoreceptors [Omori et al. 2010]. We tested
whether absence of MAK in Rp2™!! retina mediates the long COS phenotype. Contrary to
our hypothesis, our analysis revealed localization of MAK in the axoneme of the elongated
COS (Figure 4 D-F). However, KIF3A, a microtubule motor previously shown to be
associated with doublet microtubules of the TZ of cilia, did not localize in the long cone
axoneme (Figure 4 G, H). Although subtle differences in the amount of MAK or other
axonemal proteins may account for long COS, such changes in relative amounts of COS
proteins might be below the detection levels of analyses due to paucity of cones in mice.

We then examined the ultrastructure of the COS in Rp2-mutant mice. Transmission electron
microscopy (TEM) analysis of Rp2"!! mice revealed that the abnormally long COS have
disorganized OS morphology (Figure 5 A, B). Cones were identified by their unique
morphology, nucleus and electron density of the inner segment, and the COS was stained
with anti-M-opsin antibody (Figure 5 C, C/).

These data indicate that (i) the elongated COS contains long distal axoneme and (ii)
elongation of COS is not due to the absence of MAK, a negative regulator of photoreceptor
cilia length. It is possible that other MAK-like cilia length regulators are present in cone
photoreceptors, whose activity and/or localization is mediated by RP2. RP2 may also be
involved in modulating the turnover of tubulin required for the extension of OS axonemal
microtubules. RP2 shows homology to tubulin-binding cofactor C, which, along with other
cofactors, is an activator of GTPase activity of tubulin [Bartolini et al. 2002; Kuhnel et al.
2006]. Consistent with this, RP2 was found to stimulate the activity of tubulin as well as
another small GTPase ARL3 (Arf-GTPase like-3) [Bartolini et al. 2002; Grayson et al. 2002;
Kuhnel et al. 2006]. However, if such activity were to be involved in COS extension it
should be regulated by cone-specific modulators of microtubule extension.

Photoreceptor cilia display a unique characteristic of periodic shedding of their distal tips,
which are engulfed by the overlaying retinal pigment epithelium (RPE). It is estimated that
about 10% of the distal OS is shed each day and the renewal of OS involved trafficking of
immense load of opsins and other OS proteins [Besharse and Hollyfield 1976; Besharse and
Hollyfield 1979; Besharse et al. 1977; Young 1968]. Thus, even subtle defects in the
regulation of OS formation and function are associated with severe retinal degenerative
diseases, such as retinitis pigmentosa (RP), which results from dysfunction and degeneration

Cytoskeleton (Hoboken). Author manuscript; available in PMC 2016 October 14.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lietal.

Page 7

of photoreceptors [Deretic et al. 1995; Deretic et al. 2005; Heckenlively et al. 1988;
Mazelova et al. 2009; Pazour et al. 2002]. An alternative explanation for long COS is that
RP2 regulates the shedding of the COS tips. Elegant previous studies revealed that COS
shedding occurs similarly to that of the rod OS and likely by a conserved mechanism
[Anderson et al. 1978]. It has been shown that asymmetric distribution of anionic
phospholipids such as phosphoserine (PS), redistributed to the external surface of the OS, is
the main ‘eat me’ signal recognized by the RPE [Ruggiero et al. 2012]. Hyperelongation of
the COS may indicate a defect in this recognition process. As RP2 is shown to associate
with membranes and phospholipids in vitro [Demers et al. 2015], we suggest that RP2 is
involved in regulating the trafficking of moieties involved in facilitating OS shedding.

Taken together, our data provide a platform for further studies to unravel not only the
mechanism of cone sensory cilium elongation but also to understand the mechanism by
which RP2 specifically regulates COS extension. However, a roadblock to testing such
hypotheses is the paucity of cones in conventional animal models. Recently, a gene-trap
mouse model of Rp2 ablation was reported to have a relatively delayed defect in both cones
and rods and associated with defective trafficking of prenylated proteins [Zhang et al. 2015].
Moreover, a zebrafish model of rp2 ablation was recently reported [Liu et al. 2015]. This
model develops an early rod and cone dysfunction but a preservation of the morphology of
the retina up to 7 months of age. Both the zebrafish and the gene-trap mouse models show
defects in the trafficking of prenylated proteins. However, no effect of the loss of RP2 on the
extension of COS was reported in these studies. The progression of photoreceptor
dysfunction in the Rp2-gene trap mice as well as decrease in cone PDEG6 levels were similar
to that of the Rp2™!! mice used in this study [Mookherjee 2015]. It would however, be
interesting to delineate the effect of loss of RP2 on the COS of the gene trap Rp2-ko mice
and the rp2-ko zebrafish. Taken together, these studies further attest to the complexities and
clinical heterogeneity of RP2-associated disease and warrant the development of amenable
animal models to examine the underlying mechanisms of cell-autonomous effects of widely
expressed genes. Such information also holds key to delineating the pathogenesis of
pleiotropic ciliary disorders.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Mouse retinas from 2 months old sibling control (A) or Rp2™!! (B) mice were stained with

anti-M-opsin (red) antibody or anti-acetylated tubulin (AcTub; green). Arrowheads indicate
the elongated OS (depicted by black bar) in cones, as depicted by co-localized signal in
merged images. RPE, retinal pigment epithelium; OS, outer segment; IS, inner segment;
ONL, outer nuclear layer. Scale bar: 50 pm.
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Figure 2.

A and B. Photopic ERG analysis represented as wave forms (A) and quantitative analysis
(B) of the a-wave amplitude of the Rp2MKO mice at indicated ages as compared to control
M-Cre mice show a progressive decline in cone function. *: p<0.05; **: p<0.01. C, D show
the scotopic (C) ERG and photopic (D) ERG recordings of the Rp2'k° and control mice. All

data represent analysis of 6 mice of each genotype.
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Figure 3.
Mouse retinas from 2 months old Rp2MKO (A) or Rp2/ (B) were stained with anti-M-opsin

(red) antibody or anti-acetylated tubulin (AcTub; green). Arrowheads indicate the elongated
OS (depicted by black bar) in cones, as depicted by co-localized signal in merged images.
RPE, retinal pigment epithelium; OS, outer segment; IS, inner segment; ONL, outer nuclear
layer. Scale bar: 50 pm.
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Figure 4.
Retinas from control, Rp2"Ull and Rp2MKO mice were stained with anti- RP1 (A, B, green

and C, red), MAK (D, E, green; F, red) or KIF3A (G, H, red) antibodies. Anti-acetylated a-
tubulin (AcTub) antibody was used as axoneme marker. Arrowheads indicate the presence
of RP1-specific and MAK-specific signal in the elongated cone outer segment of mutant
retinas. G, H: Immunostaining of control and Rp2™!! mouse retina sections did not show
KIF3A positive signal in elongated COS. Nuclei are stained with Hoechst (blue).
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Figure5.
TEM analysis of the control and the Rp2"U!l mouse retina was performed. The cone

photoreceptors are highlighted with a dotted border. Inner segments of cones are
distinguishable since at the EM level, cone mitochondria (M) are less electron-dense, larger
and more distended than rod mitochondria (m). As compared to the sibling control mice (A),
the Rp2™!! mouse retinas showed extension of COS and disorganized discs (B). The OS of
Rp2™!! cone extended much longer than control with disorganized lamellae. C:
Immunogold-labeling of cone opsin in an Rp2™! cone photoreceptor (square enlarged in C
’.), showing extension of the outer segment and disorganization of disks. C’: Gold particles
are present in COS (arrows) but not in ROS (rod outer segment) (arrowheads). Scale bars:
2500 nm.
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