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Neurobiology of Disease

Essential and Synergistic Roles of RP1 and RP1L1 in Rod
Photoreceptor Axoneme and Retinitis Pigmentosa
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Retinitis pigmentosa 1 (RP1) is a common inherited retinopathy with variable onset and severity. The RPI gene encodes a
photoreceptor-specific, microtubule-associated ciliary protein containing the doublecortin (DCX) domain. Here we show that
another photoreceptor-specific Rpl-like protein (Rp1L1) in mice is also localized to the axoneme of outer segments (0Ss) and
connecting cilia in rod photoreceptors, overlapping with Rpl. RpILI—/— mice display scattered OS disorganization, reduced
electroretinogram amplitudes, and progressive photoreceptor degeneration, less severe and slower than in RpI—/— mice. In
single rods of RpIL1—/—, photosensitivity is reduced, similar to that of RpI—/—. While individual heterozygotes are normal,
double heterozygotes of Rpl and RpILI exhibit abnormal OS morphology and reduced single rod photosensitivity and dark
currents. The electroretinogram amplitudes of double heterozygotes are more reduced than those of individual heterozygotes
combined. In support, Rp1L1 interacts with Rp1 in transfected cells and in retina pull-down experiments. Interestingly, photo-
transduction kinetics are normal in single rods and whole retinas of individual or double RpI and Rp1L1 mutant mice. Together,
Rpland Rp1L1 play essential and synergistic roles in affecting photosensitivity and OS morphogenesis of rod photoreceptors. Our

findings suggest that mutations in RP1LI could underlie retinopathy or modify RP1 disease expression in humans.

Introduction

Retinitis pigmentosa 1 (RP1) is an autosomal dominant RP
(adRP) that causes characteristic night blindness and abnormal
or extinguished electroretinogram (ERG) amplitudes and is as-
sociated with retinal atrophy, deposition of pigment, and atten-
uation of retinal vessels. Heterozygous carriers of RP1 mutations
exhibit late onset of retinopathies, whereas homozygous carriers
tend to have earlier onset and more severe symptoms (Haider et
al., 2002; Daiger et al., 2006). RPI locus mutations account for
5-10% of all adRPs; the RPI mutant allele derived from the
UCLA-RPO1 pedigree is the third most frequent mutation caus-
ing adRP (Blanton et al., 1991; Bowne et al., 1999; Pierce et al.,
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1999; Sullivan et al., 1999; Jacobson et al., 2000). The onset and
severity of RP1 disease symptoms can vary greatly, even within
the same pedigree with the same mutation. Such variations sug-
gest the influence of genetic modifiers or environmental factors
(Daiger et al., 2006).

The RPI gene encodes a 240 kDa retinal photoreceptor-
specific protein (Pierce et al., 1999; Sullivan et al., 1999). The N
terminus of RP1 (~300 aa) shares significant homology with
doublecortin (DCX), a known microtubule-associated protein
that, when mutated, causes the double cortex syndrome in fetuses
(des Portes et al., 1998; Sossey-Alaoui et al., 1998; Gleeson et al.,
1999; Pilz et al., 1999). The outer segment (OS) axoneme of rod
and cone photoreceptors localizes RP1 to the site of OS disc as-
sembly (Liu et al., 2002, 2004). Two independent mouse lines
with targeted disruptions of Rp1 have similar phenotypes of OS
misalignment and dysplasia: one deletes the N-terminal con-
served DCX tandem repeats (Gao et al., 2002), and the other
introduces a truncation at the residue corresponding to the hu-
man UCLA-RP0O1 mutation, resulting in expression of only the
DCX-containing N terminus (Q. Liu et al., 2003, 2004). Further-
more, Rpl assembles and stabilizes microtubules in vitro and in
vivo (Liu et al., 2004; Coquelle et al., 2006), providing evidence
that Rp1 is a photoreceptor-specific microtubule-associated pro-
tein. A gene encoding an RP1-like protein 1 (RP1L1) has been
identified through sequence analyses of human and mouse ge-
nomes (Bowne et al., 2003; Conte et al., 2003). RP1 and RP1L1
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have similar DCX tandem repeats at their N termini followed by a 34
aa domain (RP1D) that is unique to them. The C termini have no
significant homology to each other or to other proteins. The RPI and
RPILI genes have identical four-exon structures. Moreover, both
are photoreceptor specific with identical temporal expression
patterns during postnatal development. Although no muta-
tions in RPIL1 have been identified, these striking similarities
between RP1 and RP1LI strongly suggest that they are colo-
calized and involved in similar functions in the photoreceptor.

Here we describe the creation and characterization of a knock-
out mouse that lacks the Rp1L1 protein. Rp1L1 and Rpl both
localize to the OS axoneme, and their interactions are examined
genetically and biochemically. We conclude that both are es-
sential for OS morphogenesis and normal photosensitivity in
rod photoreceptors. Our findings suggest that mutations in
RPILI may cause autosomal recessive RP or modify RP1 dis-
ease expression.

Materials and Methods

Creation of Rp1L1—/— mice. To generate the RpILI knock-out mice, we
used the recombineering approach developed by P. Liu et al. (2003) (see
also Gao et al., 2004). Briefly, we first designed two sets of primers (AB
and XY) to amplify two small fragments that flank the region from exon
2to exon 4 in mouse RpILI genomic DNA, and subcloned into the vector
VP101. The VP101 vector was transformed into Escherichia coli cells
(EL350), which contain the Rp1L1 BAC DNA, to retrieve the DNA frag-
ment flanked by AB and XY into the VP101 vector (VP101-retrieve). Two
sets of primers (CD and EF) were designed to amplify another two small
fragments flanking the Rp1L1 genomic DNA starting from exon 2 to the
middle of exon 4, and the PCR fragments were cloned into vector PL452
to flank the neomycin resistance cassette (PL452-mini target). The
VP101-retrieve and PL452-mini target vectors were cotransformed into
competent EL350 cells. AB2.2 embryonic stem cells (specialty medium)
derived from the 129/SvEv strain were electroporated with Notl-
linearized targeting vector. DNA from ES cells was digested by EcoRI and
analyzed by Southern blotting.

Genotype. PCR was performed using TagDNA polymerase (Fisher Sci-
entific). For RpIL1—/—, PCR primers were designed as follows: up-
stream primer for wild-type allele, 5'-GTT GAG TGT TTG CCC AGT
GTC-3'; upstream primer for knock-out allele, 5'-AAG CGC CTC CCC
TAC CCG-3'; common downstream primer, 5'-GGC AAC CAA GCT
CTC CTC TG-3'. The thermal parameters used in PCR were denatur-
ation, 30 s at 94°C; annealing, 30 s at 54°C; extension, 30 s at 72°C. For the
Rpland Rp1LI cross, we used primers specific for the RpI targeted allele:
5'-CCT CTG CCCATT GTT TGA GT-3";5'-CGT TGG CTA CCCGTG
ATATT-3".

Light and transmission electron microscopic analysis of retinal sections.
All animal experiments were performed in accordance with National
Institute of Health and institutional guidelines approved by the Animal Care
and Use Committee. All mice were killed by cervical dislocation 8—12 h after
the onset of the light phase (unless specified otherwise). The procedures for
retinal histological analyses were described previously (Gao et al., 2002).

Constructs. For mammalian expression vector of the N-terminal
region (1-361) of Rp1L1 (accession number AAN86958), the oligonu-
cleotides below were synthesized and used to amplify a fragment. The
product was digested with EcoRI and Sall restriction enzymes, respec-
tively, and subcloned into pcDNA3.1 mycHisA. Forward primer: 5'-
ACC GAATTC GCCACCATG AAC AGC ACC CCA GGA G-3'; reverse
primer: 5'-CGC CCT CTA GAG GTT TTG GGG GGC TTC CTATC-3'".

Purification of recombinant protein. cDNA encoding mouse Rp1L1 (ac-
cession number AAN86958), which contains amino acid residues 1281—
1531, was subcloned into pET-41 Ek/LIC bacterial expression vector
(Novagen). The soluble fraction of the GST and His fusion protein was
then affinity purified with a Ni-column (Qiagen) according to the man-
ufacturer’s protocol.

For the pull-down assay, cDNA encoding mouse Rpl (accession
number AF291754), which contains amino acid residues 27-365, was
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subcloned into pGEX-4T-1 bacterial expression vector (GE Health-
care). The soluble fraction of the GST fusion protein was then
affinity-purified with glutathione-Sepharose 4B (GE Healthcare) ac-
cording to the manufacturer’s protocol.

Production of antibodies. An antibody specific for Rp1L1 was obtained
by immunizing rabbits with purified GST and His-fused Rp1L1 re-
combinant protein (described above) (Proteintech Group). Poly-
clonal antibody was then affinity-purified using the fusion protein
coupled to NHS-activated Sepharose 4 (GE Healthcare). The antibody
specificity was determined by immunoblotting and immunostain analy-
sis as described below.

SDS-PAGE and immunoblot analysis. To visualize the Rp1L1 band, 100
g of retina whole-cell lysates were subjected to SDS-PAGE, followed by
blotting onto a polyvinylidene difluoride (PVDF) membrane (Milli-
pore). Primary antibodies used were rabbit anti-Rp1L1 antibody (0.5
wg/ml), mouse anti-FLAG M2 monoclonal antibody (F3165, 1:5000 di-
lution, Sigma), mouse anti-myc (9E10) antibody (M4439, 1:7000 dilu-
tion, Sigma), mouse anti-rhodopsin monoclonal antibody (MAB5316,
1:2000 dilution, Millipore Bioscience Research Reagents), rabbit anti-
rod transducin a polyclonal antibody (sc-389, 1:5000 dilution, Santa
Cruz), rabbit anti-PDE6« polyclonal antibody (ab5659, 1:1000 dilution,
Abcam), goat anti-CNG1 polyclonal antibody (sc-13694, 1:1000 dilu-
tion, Santa Cruz), and mouse anti-GAPDH monoclonal antibody
(ab8245, 1:5000 dilution, Abcam).

Immunocytochemistry. For immunostaining of retina sections, either
the eye cup or retina was taken out and fixed with 4% paraformaldehyde
in 0.1 M phosphate buffer (PB), pH 7.4, overnight. Primary antibodies
used were rabbit anti-Rp1L1 polyclonal antibody (20 wg/ml), chicken
anti-Rp1 polyclonal antibody (1:100 dilution, kindly donated by Eric
Pierce), mouse acetylated a-tubulin monoclonal antibody (T6793, 1:200
dilution, Sigma), mouse y-tubulin monoclonal antibody (T6557, 1:200
dilution, Sigma), mouse GFAP monoclonal antibody (G3893, 1:100 di-
lution, Sigma), and peanut agglutinin (PNA, RL1072, 1:10 dilution, Vec-
tor Laboratories). The immunofluorescence was visualized with Alexa
Fluor 488 goat anti-mouse IgG (H+L), Alexa Fluor 488 goat anti-rabbit
IgG (H+L), Alexa Fluor 546 goat anti-mouse IgG (H+L), or Alexa Fluor
546 goat anti-chicken IgG (H+L) (Invitrogen). Fluorescence images
were analyzed with a Zeiss Axiophot2 microscope using a LSM510 Meta
confocal laser scanning image system (Carl Zeiss).

Preparation of photoreceptor OSs. Individual photoreceptor OSs were
isolated with a slight modification of established techniques (Hong et al.,
2001; Yang et al.,, 2002). In brief, fresh retinas from C57BL/6 mice,
RpI1L1—/— mice, or RpIL1+/+ mice 21 d postnatally (P21) were col-
lected in a microcentrifuge tube containing 0.5 ml of PBS consisting of
0.01 M phosphate, 0.138 M NaCl, and 0.0027 m KCI, pH 7.4. The tube was
shaken vigorously for a few seconds and allowed to settle. Next, 10 ul of
the buffer containing intact OSs was transferred to a poly-L-lysine-
treated glass coverslip and then subjected to immunostaining described
above.

TUNEL assay. Cell death was detected by TUNEL assay using the
ApopTag Peroxidase In Situ Apoptosis Detection Kit (Millipore Bio-
science Research Reagents) according to the manufacturer’s protocol.

ERG measurements and fundus photography. Mouse eyes were dilated
with phenylephrine hydrochloride 2.5% and tropicamide 2%, dark-
adapted 4.5 h to overnight and prepared for recording under a dim red
light while the dilation was reinforced with hyoscine. Mice were anesthe-
tized with intraperitoneal injection of 0.008 ml/g of a mixture of ket-
amine (20%), xylazine (0.5%), and sodium chloride solution (79.5%).
The eye was numbed with Alcaine, and Refresh Celluvisc was added to
the contact-lens electrode to protect the eye. Signals were amplified
(X10,000) and filtered (eight-pole Butterworth 60 Hz notch filter) to
remove line noise before averaging (n = 20-200) by computer. A Gan-
zfeld dome and the incorporated Grass photostimulator, similar to sys-
tems used in human testing, was used to produce flashes comparable to
those of the International Society for the Clinical Electrophysiology of
Vision standard (Marmor and Fishman, 1989). Rod a-waves were elicited
by a high-intensity Xenon flash (Novatron). Cone b-wave responses were
obtained in the presence of a rod-saturating background (3.2 log Td).
Fundus photographs and fluorescein angiographs for RpIL1+/+ and
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RpILI—/— mice were taken at 6 and 12 A
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months of age using a Kowa RC-2 handheld
fundus camera. The eyes were dilated with
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phenylephrine hydrochloride 2.5% 1 h before
photography.

Single-cell recordings. Mice were dark- B
adapted overnight before experiments. Ani-
mals were killed in dim red illumination by
CO, asphyxiation followed by cervical disloca-
tion. The eye was removed, and the retina was

isolated and finely chopped under infrared il- C +H- ++

lumination. Small pieces of the retina were
placed in the experimental chamber on the
stage of an inverted microscope and perfused
with bicarbonate-buffered solution (112.5
mu NaCl, 3.6 mm KCl, 2.4 mm MgCl,, 1.2 mm

CaCl, 10 mu HEPES, pH 74, 20 mu D o
NaHCOj;, 3 mm sodium succinate, 0.5 mum so-

dium glutamate, 0.02 mm EDTA, and 10 mm %gg: -
glucose). The solution was bubbled with 95%

0,/5% CO, and warmed to 36-38°C in a flow 1001
heater before it entered the experimental gg |
chamber. Membrane current was recorded a7

with a suction electrode from a rod OS project-
ing from a piece of retina. The recording elec-
trode was filled with 140 mm NaCl, 3.6 mm KCl,
2.4 mm MgCl,, 1.2 mm CaCl,, 3 mm HEPES,
pH 7.4, 0.02 mm EDTA, and 10 mm glucose.
Flashes (20 ms) were delivered from a cali-
brated light source via computer-controlled
shutters. Light intensity and wavelength were
changed by using calibrated neutral-density
and interference filters. The current was ampli-
fied, low-pass filtered at 30 Hz, digitized at 1
kHz, and stored on a computer for subsequent
analysis. Dark current in individual rods was
measured as the amplitude of a saturating light
response. Sensitivity was estimated from the
intensity-response curve for each cell as the light intensity required to
produce a half-saturating response. Single-photon response was esti-
mated as the ratio of variance and mean of a family of 30 responses to
identical dim flashes. Time to peak was measured as the time between the
midpoint of the flash and the peak of the response. Integration time was
calculated as the time integral of the dim-flash response divided by its
peak amplitude.

Tissue cultures and transfection. Human embryonic kidney cells (293T)
and COS7 cells were maintained in DMEM (Invitrogen) supplemented
with 10% (v/v) heat-inactivated FBS at 37°C in a humidified atmosphere
containing 5% CO,. The cells were seeded at a density of 1.2 X 10° cells
on each 100 mm dish the day before transfection. Transfection was per-
formed using Fugene6 according to manufacturer’s protocol.

In vitro coimmunoprecipitation assay. COS7 cells (2 X 10° cells per 100
mm dish) were transfected with pcDNA3.1mycHis-Rp1L1 (1-361) or
p3XFLAG-Rpl. One day after transfection, cells were lysed in TNE buffer
(50 mm Tris-HCI, pH 7.5, 1% NP-40, 5 mm EDTA, and 145 mm NaCl)
containing a protease inhibitor cocktail (Sigma). The insoluble fraction
was excluded by centrifugation at 18,000 X g for 30 min, and the
supernatants were used for coimmunoprecipitation by incubation with
anti-FLAG M2 resin (Sigma) or protein G Sepharose 4 Fast Flow (GE
Healthcare) as a negative control for 1 h at 4°C. The immunoprecipitates
were washed three times with TNE buffer and eluted with Laemmli sam-
ple buffer.

In vitro and in vivo pull-down assay. Purified GST-Rp1 (residues 27—
365) fusion protein and the Myc/His-fused Rp1L1-transfected 293T cell
lysate were used in vitro pull-down assays. For the in vivo experiment,
mouse retinal homogenates were prepared in TNE buffer (50 mwm Tris-HCI,
pH 7.5, 1% NP-40, 5 mm EDTA, and 145 mm NaCl) containing a protease
inhibitor cocktail (Sigma), using a glass/Teflon homogenizer (20 passes).
The insoluble fraction was excluded by centrifugation at 18,000 X g for 30
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Generation of Rp7L7 mutant mice. A, Targeted disruption of Rp7L1. Solid rectangles represent exons 2 through 4. The
targeting vector contains a Neo-selectable marker and deletes exons 2 and 3 and the N-terminal portion of exon 4 in the Rp7L7
locus by homologous recombination. B, Genomic Southern blot analysis of Rp7L7 mutant mice. After EcoRI digestion of genomic
DNA, an external probe asindicated detected a9.2 kb band in the wild-type allele and a 7.6 kb band in the targeted allele. , RT-PCR
analysis of retinas of Rp7L7 mutant mice. Exons 3 and 4 were amplified and subjected to 1% agarose gel. No products from the
targeted allele were detected (top). B3-Actin was amplified as a control. D, Western blot analysis of retinal homogenates from
Rp1L7 mutant mice using an affinity-purified Rp1L1 antibody. Each lane contains 100 g of homogenates of the retinas of one
mouse at P30. A 200 kDa band seen in Rp7L7+/+ mice is absent in Rp7LT—/— mice. E, Immunofluorescent staining on frozen
sections (projected images) of retinas from wild-type and Rp7L7—/— mice at P30 using an affinity-purified C-terminal Rp1L1
antibody (green) and TOPRO3 (blue). RPE, Retinal pigment epithelium. Scale bar, 10 m.

min. To inhibit polymerization of microtubules during the experiment,
the supernatants were mixed with 5 ug/ml (17 um) nocodazole and then
incubated with 10 ug of GST-RP1 (residues 27-365) or GST (negative
control) coupled to glutathione-Sepharose 4B (GE Healthcare) at 4°C for
6 h. The GST beads were washed three times with TNE buffer.

Results

Generation of RpI1L1—/— mice

To study in vivo the function of Rp1L1 and to provide negative
controls for Rp1L1 localization studies, we created an RpILI
knock-out mouse by deleting exons 2 and 3 and the first part of
exon 4, which encodes the conserved DCX tandem repeat and the
34 aa RP1D domain of Rp1L1 (Fig. 1A, B). Homozygous mutant
mice were viable and displayed no detectable behavioral abnor-
malities; their retinas contained no RpILI mRNA, as shown by
RT-PCR analysis of the deleted region of RpILI (Fig. 1C).

We developed a polyclonal antibody against the middle seg-
ment of Rp1L1 that is specific to Rp1L1 and is undeleted in
RpIL1—/— mice. The antibody’s efficacy was tested by Western
blot analysis using bacterially expressed recombinant fusion pro-
tein GST-Rp1L1 (1281-1531). The anti-Rp1L1 antibody specifi-
cally recognized GST-Rp1L1 but it did not recognize GST alone
(data not shown). In Western blot analysis using retinal lysate,
the antibody labeled multiple bands clustered around ~200 kDa,
consistent with the predicted size of Rp1L1 (Bowne et al., 2003)
(Fig. 1 D). These bands were absent in the knock-out lysate. Sev-
eral faint bands below 130 kDa were also detected in retinal ly-
sates; however, they were present in both genotypes, indicating
that these bands were labeled nonspecifically and were not de-
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Cellular and subcellular distribution of Rp1L1 in mouse retinas. A, Cone receptors were visualized with rhodamine-conjugated PNA. A series of 0.8- Lm-thick optical sections oriented

close to the plane of the retina at the level of the connecting cilium. Top, Rp1L1immunoreactivity (green) was not seen in a small zone within the cone sheath at the level of the IS—-0S junction. Scale
bar, 5 um. Bottom, Rp1L1 proteins (green) and cone photoreceptors (red) were immunostained in dissociated 0Ss of mouse retinas at P21. Scale bar, 2.5 um. B, Dissociated 0Ss from mice at P21
were labeled with anti-Rp1L1 antibody (green), anti-rhodopsin antibody (red, top), anti--y-tubulin antibody (red, middle), and anti-Rp1 antibody (red, bottom). Rhodopsin staining indicates 0Ss.
~y-Tubulin staining indicates the position of the basal bodies (white arrowheads). Rp1 staining indicates 0S axoneme. Scale bar, 0.1 pum. €, Frozen sections of retinas from mice at P30 were stained
with antibodies to Rp1L1 (green) and acetylated cx-tubulin (red), and viewed by confocal microscopy (projected images). Boxed areas are merged and enlarged in the top; acetylated c-tubulin

staining indicates axoneme. Scale bar (top, 10 pem; bottom, 1 um) applies in all panelsin C.

graded products or isoforms of Rp1L1. Together, these findings
showed that the knock-out mice were RpIL1-null. We performed
immunostaining of Rp1L1 using this polyclonal antibody on ret-
inal sections of both genotypes (Fig. 1E). The Rp1L1 antibody
labeled a subcellular region in the vicinity of connecting cilia (CCs)
between the inner segment (IS) and OS in wild-type retinas, and this
signal was completely absent in knock-out retinas. Furthermore, no
signals were detected in other regions of the wild-type retinas that
were absent in the knock-out retinas (data not shown).

Subcellular localization of Rp1L1 in photoreceptors

Because ~97% of photoreceptors in mouse retinas are rods, we
investigated whether Rp1L1 was present in cones as well. By dou-
ble staining Rp1L1 with PNA [a cone-specific marker that labels
the plasma membrane of the OS and IS (Rattner et al., 2001)], we
analyzed dissociated OS preparations (Hong et al., 2001; Yang et
al., 2002; Liu et al., 2004) and frozen sections from wild-type
mouse retinas (Fig. 2A, top). In >200 PNA-positive dissociated
cones, we found none with Rp1L1 staining (Fig. 2 A, bottom; data
not shown). Furthermore, we used confocal microscopy to ana-
lyze retinal sections of >200 PNA-positive cones in serial
Z-sections 0.8 wm apart and found no Rp1L1 staining within the

PNA-labeled plasma peripheral boundaries of the cones (Fig. 24,
top). The possibility still exists that it is more difficult to stain
RplL1 in cones than in rods. However, given that we did not
observe any Rp1L1 staining in a large number of cones using two
distinct methods that both clearly showed Rp1L1 expression in
rods, we believe that Rp1L1 is not expressed in cones.

To determine the subcellular localization of Rp1L1 in rods, we
double stained Rp1L1 and rhodopsin, Rp1, or y-tubulin in dis-
sociated OS preparations (Fig. 2 B). Rhodopsin localizes to OS
discs, Rp1 localizes to the axoneme of the basal OS (Zhao et al.,
2003; Liu et al., 2004), and +y-tubulin localizes to the basal bodies
of the CCs (Hong et al., 2001). We found that Rp1L1 localized to
the axoneme of both the OS and CCs but not to the axoneme of
the IS or on the basal bodies (Figs. 1 E, 2 B). Recent photoreceptor
sensory cilium complex proteome revealed Rp1L1 expression in
the OS but not in the IS, consistent with our observations (Liu et
al., 2007). Furthermore, Rp1L1 coexisted with Rp1 only in the OS
axoneme but not in the CCs; Rp1L1 and Rp1 appeared localized
along the entire length of OS axoneme but were more concen-
trated at the basal third OS, consistent with previous findings
(Fig. 2 B, bottom) (Zhao et al., 2003; Liu et al., 2004). To deter-
mine whether Rp1L1 was colocalized with microtubules in the
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Photoreceptor abnormalities in Ap7L7—/— retinas. 4, Light micrographs of epoxy-embedded sections of central retinas of Rp7L7 mutant mice at ages 1 (1M), 6 (6M), and 12 (12M)

months. Scale bar, 5 um. The 0S and ONL are significantly thinner in retinas of 6-month-old Rp7L7—/— mice than in retinas of wild-type littermates. B, Average numbers of photoreceptor rows
inthe ONL of central retinas located 300 — 400 m from the optic nerve at ages 1, 6, and 12 months as described before (Gao et al., 2002). Group mean values and SDs (bars) are shown. Progressive
degeneration of photoreceptors (manifested as the numbers of photoreceptor rows) in Rp7L7—/— mice is much milder than in Rp7—/— mice (Gao et al., 2002). C, Ultrastructural (transmission
electron) micrographs of 0Ss at ages 1,6, and 12 months. Scale bar, 2 um. Note the appearance of vacuoles in several 0Ss (1M) and abnormal discs in isolated 0Ss flanked by normal-appearing 0Ss
(1,6,and 12M). Interestingly, the abnormal discs that are in the middle or basal segment of the 0S and are bordered by normal-appearing discs in the same 0S (6 and 12M). D, GFAP induction in
retinal Miller glia in Rp7L7—/— retinas at 3 months (3M). Rp7L7+/+ (left) and Rp1L7—/— (right) retinas were stained with monoclonal anti-GFAP antibodies and fluorescein-conjugated

secondary antibody. Scale bar, 10 wm.

axoneme, we stained Rp1L1 in retinal sections with a-acetylated
tubulin, which is a marker of polymerized microtubules, includ-
ing those of the axoneme (Fig. 2C). All Rp1L1 signals were colo-
calized with axoneme-positive signals. Only a small amount of
a-acetylated tubulin-positive axoneme did not appear to include
Rpl1L1. These were probably the axonemes of cones, which lack Rp1L1
(Fig. 2C, long arrowhead). These findings suggest that both Rp1L1 and
Rpl are expressed in the rod photoreceptor axoneme.

Outer nuclear layer and OS abnormalities in

RpIL1—/— retinas

We next examined RpILI—/— retinal photoreceptor pheno-
types. We first examined the morphology of RpILI—/— and
wild-type retinas at 1, 6, and 12 months using plastic sections.
The retinas of Rp1L1—/— mice appeared overall nearly normal at
these ages, with only a few minor abnormalities. For example, the
outer nuclear layer (ONL) of the retinas of RpIL1—/— mice at all
ages was significantly thinner than that of wild-type retinas (Fig.
3A, B). At 12 months, the number of photoreceptors in RpILI
knock-out retinas was ~60% of that in wild-type littermate ret-
inas (Fig. 3B). The rate of ONL reduction appeared constant over
a period of 12 months, indicating that at any given time, similar
numbers of photoreceptor cells were dying, resulting in a pro-

gressive degeneration at a rate significantly slower than that of
RpI—/— retinas (Gao et al., 2002). Retina sections of RpIL1—/—
mice also revealed consistent but unique alterations in OS mor-
phology (Fig. 3A, C). The OS was shorter at 1, 6, and 12 months.
The average percentages of obviously abnormal OS observed
in RpI1LI—/— retinas at ultrastructural levels increased from
15.1 = 0.9% at 1 month ( p < 0.05 compared with wild-type),
to 25.7 £ 6.8% at 6 months ( p < 0.05 compared with wild-
type), to 19.9 * 10.8% at 12 months ( p < 0.05 compared with
wild-type) in RpILI—/— retinas, relative to those observed in
wild-type controls (3.1 = 1.1% at 1 month, 6.5 * 2.0% at 6
months, and 2.1 = 1.8% at 12 months; due to preparation arti-
facts). Sporadically, the OS appeared to form vacuoles, and discs
were disarrayed or swirling. Within the vacuoles, some dark spots
appeared (Fig. 3C, long arrow). The content of these vacuoles in
the OS is unknown, but they appeared similar to those in Pur-
kinje cell degeneration ( pcd—/—) retinal photoreceptors as early
as P13. Moreover, abnormal OSs were often flanked by neighbor-
ing OS with a normal appearance (Fig. 3C). Swirling OS discs
sometimes formed sharp boundaries in the basal or middle por-
tion of the OS. The membranes appeared to take a different ori-
entation than the normal OS discs and formed discrete segments
along the entire OS length.
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Photoreceptor degeneration in RpI1L1—/— mice

To investigate photoreceptor cell death in Rp1LI—/— retinas, we
performed in situ labeling of DNA fragmentation using the
TUNEL method. At 3 months, TUNEL-positive photoreceptor
cells were detected in RpILI—/— mice (2.6 * 1.7 cells per retinal
section) but not in their wild-type littermates. There were far
fewer TUNEL-positive photoreceptors in RpILI—/— mice at 3
months than in RpI—/— mice (26.8 £ 12.0 cells per retinal sec-
tion) (Gao et al., 2002). Additionally, we examined activation of
Miiller glia by immunostaining with the glial fibrillary acidic pro-
tein (GFAP) antibody in retinas of RpILI—/— mice. Significant
GFAP staining was clearly observed in RpILI—/— retinas in the
ONL, inner nuclear layer, and ganglion cell layer at 3 months
(Fig. 3D). The GFAP staining was much weaker at 1 month than
at 3 months; no GFAP signal was observed in RpIL1—/— retinas
at 6 months except in the inner limiting membrane region (data
not shown). These labeled fibers were probably from Miiller cells
reactive to photoreceptor cell degeneration, similar to those ob-
served in Rpl—/— and RP GTPase regulator (Rpgr)—/— retinas
(Hong et al., 2000; Gao et al., 2002). These observations were
consistent with our measurements of ONL thickness in
Rpl1L1—/— mice and indicated that the lack of Rp1L1 caused
photoreceptor cell death. Staining with the cone marker PNA was
normal in RpIL1—/— mice at 6 months (data not shown), show-
ing that, as in RpI—/— mice, cones did not degenerate in
RpIL1—/— mice at least until 6 months of age (Gao et al., 2002).
These findings were consistent with our observation that Rp1L1
is absent from cones.

ERG and fundus analyses of Rp1L1—/— mice

ERG recordings were made for a comparison of retinal function
in wild-type and RpILI—/— mice (Fig. 4A-C). Maximum rod
(scotopic) a-wave responses to high-intensity flashes (which are
proportional to the total number of functioning photoreceptor
cells) at 6 and 12 months were reduced to 70% and 54% com-
pared with age-matched wild-type mice (p < 0.01, unpaired
Student’s t test) (Fig. 4A), consistent with ONL length reductions
at equivalent ages (70% and 60%) (Fig. 3B). Such a close corre-
lation (correlation coefficiency of 1.00) between ERG rod a-wave
amplitudes and ONL reductions in RpIL1—/— retinasat6 and 12
months further suggests that only a small number of photorecep-
tor cells degenerated at any time and that the remaining photo-
receptors were still functional. The maximum rod (scotopic)
b-waves in RpILI—/— mice at 12 months of age were signifi-
cantly reduced to 79% of those of wild-type controls ( p < 0.05,
unpaired Student’s ¢ test) (Fig. 4 B). The rod ERG b-wave repre-
sents the responses of secondary retinal neurons (i.e., bipolar and
Miiller cells). As in many other retinal rod mutants (Gao et al.,
2002; Q. Liu et al., 2003), the fact that it was much less affected
than the rod a-wave is consistent with the notion that rod dys-
functions are the primary cause of abnormalities in RpIL1—/—
retinas. The cone (photopic) b-waves were reduced significantly
only at 12 months to 74% of the wild-type level ( p < 0.01, un-
paired Student’s ¢ test) (Fig. 4C). The fact that the cone responses
were reduced at a slower rate than the rod responses is consistent
with the normal appearance of cones in RpIL1—/— mice at 6
months, similar to the effect seen in many other rod mutants
(Gao et al., 2002; Q. Liu et al., 2003). The kinetics of ERG waves
appeared normal in RpI1L1—/— mice at all ages examined (data
not shown). Fundus images at 6 and 12 months revealed subreti-
nal deposits, atrophy, and thinner arteries in RpILI—/— mice
(data not shown), consistent with the histologic findings from
their retinas.
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Figure4. Dark-adapted ERG. A, Amplitudes (in millivolts) of scotopic a-waves with increas-

ing light intensities. B, Amplitudes (in millivolts) of scotopic b-waves with increasing light
intensities. ¢, Amplitudes (in millivolts) of photopic b-waves with increasing light intensities.
Lightintensity is in decibels; a series of light intensities were used from —20dBto +20dB (i.e.,
—2to02logcd+s-m 2 insteps of 1log cd + s - m 2. ERGs were obtained from 16 mice
between the ages of 6 months (6M; black, wild-type; green, Rp7L1—/—)and 12 months (12M;
red, wild-type; blue, Ro7L7—/—):5mice were Rp1L1—/— and 5 mice were Rp7L1+/+ at 12
months; 3 were Rp1L1—/— and 3 were Rp7L1+/+ at 6 months. The rod phototransduction
model was fit to the leading edges of a-waves to high-intensity stimuli. Error bars give SEM.

Genetic interactions between Rp1 and Rp1LI

Because Rp1 and Rp1L1 exhibited identical temporal and spa-
tial mRNA expression patterns in rod photoreceptors (Bowne
et al., 2003) and protein distributions in the OS axoneme, we
next examined potential genetic interactions between Rp1 and
RplL1. Transmission electron microscopic studies of OS from
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Rpl+/—:RpIL1+/— mice at 6 months of age revealed OS ab-
normalities in double heterozygous retinas similar to those in
RpIL1—/— retinas, butnotin RpI+/— and RpIL1+/— retinas
(Fig. 5A). The average percentage of obviously abnormal OSs,
which includes vacuoles, disarrayed or swirling discs, ob-
served in Rpl+/—:RpILI1+/— retinas was 16.0 = 2.3% at 6
months (p < 0.05 compared with RpI+/+:RpIL1+/—),
much higher than those observed in individual heterozygous
retinas (2.8% in RpI+/—:Rp1L1+/+,2.3 = 2.2% in Rpl+/+:
RpIL1+/—)butlower than thatin RpIL1—/— retinas (25.7 £
6.8%). The two-way ANOVA showed a significant effect of
Rpl1-RplL1 interaction (p = 0.0067). The ONL length ap-
peared to be reduced at 6 months in double heterozygotes,
although not significantly (Fig. 5B). These findings indicate
that Rpl and Rp1L1 play essential roles in disc organization in
a synergistic manner.

The abnormality of rods from double heterozygotes was con-
firmed by ERG recordings of their dark-adapted flash responses
(Fig. 5C). The maximum rod a-wave responses in Rpl+/— mice
at 6 months were reduced and consistent with previous findings
(223.47 £ 7.33 mV vs 190.59 = 17.63 mV at 0 dB) (Gao et al.,
2002; Q. Liu et al., 2003), whereas those in RpI1L1+/— mice were
similar to those of wild-type mice ( p > 0.05, unpaired Student’s
t test) and the average reduction was 15% (at 0 dB intensity). To
confirm the synergistic interaction between them, we have added
together the effects of each heterozygote and compared with the
effect of the double heterozygote. The a-wave amplitudes of dou-
ble heterozygotes were similar to those in RpILI—/— mice
(150.98 = 17.14 mV vs 125.92 * 22.38 mV at 0 dB intensity p >
0.05, unpaired Student’s ¢ test) but significantly more severe than
additive amplitudes of individual heterozygotes ( p = 0.018, un-
paired Student’s t test).

Photoresponses of individual rods

To gain insight into photoreceptor degeneration in RP1 diseases
and to confirm the genetic interactions between RpI and RpILI,
we recorded photoresponses from individual rods from
Rpl—/—,RplL1—/—, Rpl+/—:RpIL1+/—, Rpl+/—, and wild-
type retinas at P21-P30 using suction electrodes. At this age, rods
in these mutant retinas were already mature but displayed fairly
mild alterations.

First, we analyzed the flash sensitivity of individual rods in
these mice. The flash sensitivity is defined as the peak ampli-
tude of the linear response divided by the strength of the flash
and commonly measured as the half-saturating flash strength.
We found that the flash sensitivity was significantly decreased
in Rpl—/—, RplLI—/—, and Rpl+/—:RpIL1+/— rods
(~50%, p < 0.01) (Fig. 6, Table 1), whereas that in RpI+/—
rods was normal. In contrast, the disruption of rootletin,
another ciliary rootlet protein, apparently resulted in shorten-
ing, disorganization, and loss of the OS at 18 months;
however, single-photoreceptor recordings showed normal re-
sponse kinetics and flash sensitivity (Yang et al., 2005). There-
fore, the reduced flash sensitivity in Rpl —/—, RpIL1—/—, and
Rpl+/—:RpIL1+/— rods may depend on OS abnormalities
that are unique to the functions of Rp1 and Rp1L1.

<«

intensities were used from —20 dB to +20dB (i.e., —2to2logcd - s+ m ~2) in steps of
1logcd - s - m % ERG amplitudes were recorded from 20 mice at 6 months: 5 Rp7+/—
(green), 3 Rp1L1+/— (red), 7 Rp1+/—:Rp1L1+/— (blue), and 5 wild-type (black)
mice. Error bars give SEM.
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Figure 6. Photoresponses of rod receptors from wild-type, Rp7+/—:Rp1l1+/—,
Rp1—/—, and Rp1L1—/— mice. Representative families of responses from control (4),
Rp1+/—Rp1L1+/— (B), Ro1—/— (C), and Rp1L7—/— (D) rods to flashes delivering 1.3,
3.7,10.7, 40, 118, 359, 1054, 5111, and 15,024 photons - m ~ 2. Fach trace is the average of
4-30responses. The red trace in each figure represents the photoresponse to a flash delivering
40 photons - m ~2, which is close to the half-saturating intensity for wild-type rods.

To investigate whether rhodopsin function was intact in each
rod, we estimated the amplitude of the single-photon response in
mutant rods as the ratio of variance/mean of a series of photore-
sponses to identical dim flashes. We found that single-photon
response amplitude was normal in RpILI1—/— and double het-
erozygous rods but elevated (1.6 times) in the Rpl —/— rods (Ta-
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ble 1) ( p <0.01). These findings indicate that phototransduction
cascades are normal in RpIL1—/— and double heterozygous
rods. For the increased single-photon responses in RpI —/— rods,
we noticed that flashes producing substantial responses occasion-
ally failed to generate any response (data not shown), which re-
sulted in increased response variance. This higher than normal
response variance would result in overestimation of the single-
photon response in these rods, as estimated from very dim
flashes. Therefore, we speculate that some of the flashes were
absorbed by the normal discs of the RpI —/— rods and generated
normal responses, while other flashes were absorbed by the dis-
organized discs and failed to produce responses. Alternatively, it
is possible that most OS discs in RpI—/— rods were misaligned
and therefore remained immature, similar to the nascent normal
discs at the base of the OS that are known to have higher single-
photon responses (Schnapf, 1983).

We also used saturating flash responses to measure the dark
current flowing through the cyclic nucleotide-gated (CNG)
channels of rod OS. Using bright flashes that completely block
this current and produce saturating photoresponses, we found
that the amplitudes of the saturating responses were normal in
individual Rp1L1—/— and Rp1+/— rods (Fig. 6, Table 1), despite
reductions in ERG a-wave amplitudes in their mice (Fig. 4) (Gao
et al., 2002; Q. Liu et al., 2003). In contrast, the amplitudes of
saturating responses were significantly decreased in RpI+/—:
Rp1LI+/— and Rpl1—/— rods (22 = 7% and 45 = 6%, p < 0.01)
(Fig. 6, Table 1), supporting synergistic genetic interactions be-
tween Rp1 and RpILI. At least two factors can contribute to dark
current: OS length and number of CNG channels (Mendez et al.,
2001). Because the OS length was not significantly reduced at 6
months in double heterozygous rods (Fig. 5B), the reduction of
the dark current is probably not directly related to the OS abnor-
malities. The OS of RpI—/— rods was significantly shorter than
that of wild-type rods (Liu et al., 2004). Therefore, this reduced
dark current of Rpl—/— rods was most likely the result of the
shorter OS.

To further examine the roles of Rpl and Rp1L1 in phototrans-
duction, we investigated how their deletions affect the kinetics of
photoresponses of individual rods. First, we measured the time to
peak of dim flash responses, which reflects the rate of activation of
the phototransduction cascade. We found that the time to peak in
RpIL1—/— and double heterozygotes was indistinguishable from
that of control rods, but the time to peak in RpI —/— rods was 1.2
times longer than that of control rods (Table 1) (p < 0.01).
Consistent with these observations from single-cell recordings,
the kinetics of a-wave ERG in both RpI1L1—/— and double het-
erozygous mice appeared normal (see above), whereas that of
another independent Rp1-mutant allele (RpI™ ™) appeared
slower than that in controls at 30 ms (Q. Liu et al., 2003). This
slower activation of RpI—/— rods was most likely the result of
deficiencies in the interactions between phototransduction cas-
cade proteins (i.e., downstream of transducins) caused by the
severe OS disc disorganization in these mice.

Finally, we examined the integration time of the normal-
ized dim flash response, which is a measure of the overall
kinetics of the response and is dominated by the shutoff of the
phototransduction cascade. No significant differences were
observed between the four mutant rods and the wild-type rods in
this parameter (Table 1), indicating that phototransduction shut-
off was not affected by the deletion of RpI or RpILI. A key step in
phototransduction shutoff is the inactivation of rhodopsin by
arrestin (Xu et al., 1997), a molecule whose distribution in the OS
is controlled by light (McGinnis et al., 2002; Strissel et al., 2006).
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Table 1. Flash response parameters of Rp1+/—, Rp1—/—, Rp1L1—/—, and Rp1+/—:Rp1L1+/— mice and wild-type controls

Dim-flash-response kinetics

Genotype (RpT:Rp1LT) Sensitivity i, (photons * pm’z) Maximal response r,,,, (pA) Single-photon response a (pA) t (ms) f;(ms)

+/++/+ 41 £ 1(58) 11.9 = 0.4 (58) 0.45 = 0.03 (45) 179 = 5 (57) 395 + 14 (57)
+/—=+/= 60 = 4(21) 9.3 +0.8(21) 0.46 = 0.05 (15) 170 = 8 (21) 385 = 22(21)
—/—+/+ 52 = 5(19) 6.6 = 0.7 (19) 0.73 £ 0.12 (16) 215 +9(18) 377 £ 38(18)
+/+:—=/= 57 = 4(37) 133+ 0.8(37) 0.44 = 0.03 (31) 167 = 5 (36) 351 % 14 (36)
+/—=+/+ 45 + 2(26) 11.8 = 0.3 26) 0.37 = 0.04 (24) 182 = 4(26) 408 + 17 (26)

Values are mean == SEM with the number of cells studied in parentheses; r,..,, is the saturating photoresponse amplitude; i (inversely proportional to sensitivity) is the intensity required to produce a half-saturating response, which was
measured from the intensity—response curve for each rod; a i the amplitude of the single photon response; t, is the time to peak of the dim flash response; and t;is the integration time of the dim flash response. Bold indicates a significant

difference ( p < 0.01) between Rp mutants and wild-type control analyzed by a two-population  test of variance.

The normal shutoff of rhodopsin, as indicated from the unaf-
fected integration time of the mutant rods, suggests lack of sig-
nificant alterations in arrestin distribution under light-to-dark
conditions (Fig. 6, Table 1). Furthermore, based on our measure-
ments of integration time and sensitivity from the single-cell re-
cording experiments, it is most likely that the Rpl and Rp1L1
deletions have not affected the normal OS/IS movement of arres-
tin and transducin (Fig. 6, Table 1). However, to directly establish
that, measurements of kinetics of transducin and arrestin trans-
location will be needed (Sokolov et al., 2002, 2004; Sampath et al.,
2005; Strissel et al., 2006).

Biochemical interactions between Rp1 and Rp1L1

Both Rpl and Rp1L1 mRNAs are photoreceptor specific with
identical temporal expression patterns during postnatal develop-
ment (Bowne et al., 2003). In addition, both Rp1L1 and Rpl
proteins were localized along the length of OS axoneme in rods
(Fig. 2C). One possible mechanism for the synergistic action is
that the proteins function in a physical complex to regulate OS
disc organization. To seek evidence of biochemical interactions
between Rpl and RplL1 proteins, we cotransfected full-length
FLAG-tagged Rpl and Myc/His-tagged RplL1 (1-361) into
COS7 cells and examined their association by coimmunoprecipi-
tation (Fig. 7A). ~12% of FLAG-Rp1 was coimmunoprecipitated
when Myc/His-tagged Rp1L1 was immunoprecipitated from the
cotransfected cell lysates (Fig. 7A, left). The reciprocal immuno-
precipitation confirmed the association (Fig. 74, right). It would
be desirable to repeat this experiment with full-length Rp1L1
protein. Unfortunately, we could not access the potential inter-
action between full-length Rp1 and Rp1L1 in vitro due to techni-
cal difficulties.

The potential interaction between Rpl and Rp1L1 was next
examined by in vitro and in vivo GST pull-down assays using
bacterial-expressed GST-Rpl N-terminal fusion protein. The
Rpl recombinant protein coprecipitated Rp1L1 from RplL1-
transfected cells (Fig. 7C) as well as multiple bands around ~200
kDa that was detected by anti-Rp1L1 antibody from retinal ly-
sates (Fig. 7B). This form of multiple bands in Figure 7B is specific
for Rp1L1 as shown in Figure 1 D. Notably, when normalized to
GST-Rpl, which was bound to the glutathione-Sepharose beads
(Fig. 7B, bottom), the relative amounts of the precipitants ap-
peared similar regardless of whether nocodazole (a microtubule
disrupting reagent) was present (Fig. 7B, top). The complemen-
tary in vivo immunoprecipitation assay using ciliary protein
would require antibodies for Rp1 and Rp1L1. Sufficient quanti-
ties of these antibodies could not be obtained for this experiment.
Nevertheless, these results further support the idea that their syn-
ergistic interactions can be mediated by their physical association
in rod OS axoneme, although it remains possible that such inter-
actions are indirect or transient through other proteins in the
complex in vivo.

No mislocalization of RplL1 was observed in RpI—/—:
RpIL1+/— rod photoreceptors (Fig. 7D). Conversely, Rp1 is
most likely localized correctly in Rp1L1—/— rod photoreceptors;
otherwise, Rp1LI1—/— retinas would display severe phenotypes as
in Rp1—/— retinas (Gao et al., 2002). Therefore, Rp1 and Rp1L1
are not dependent on the expression of one another, although
they coexisted.

Protein levels of rhodopsin and other members of the
phototransduction cascade

To determine whether the decrease in rhodopsin concentration
reduced photosensitivity, we measured rod opsin, rod transducin
a, phosphodiesterase (PDE) 6¢, and the CNG1 channel by im-
munoblotting analysis. The immunoblotting analysis of whole-
retinal lysates from Rpl1—/—, Rp1L1—/—, and wild-type controls
did not indicate significant differences in their expression levels,
consistent with our single cell recording analysis (Fig. 8). No
mislocalization of rhodopsin was observed in RpIL1—/— retinas
(data not shown). Therefore, the density of the disk is probably
normal in RpI1L1—/— retinas.

Discussion

We have elucidated the subcellular localization and in vivo func-
tion of Rp1L1, a paralog of the RP1 disease gene, and their rela-
tions. Our studies also have implications for the function of other
DCX-containing microtubule-associated proteins and ciliary
proteins.

Similarities and differences between Rp1 and Rp1L1

It is striking that Rpl and Rp1L1 share significant homology in
their N-terminal sequences and have identical photoreceptor-
specific postnatal expression patterns, similar axoneme localiza-
tion, and similar OS functions in rod photoreceptors. Although
RP1 is present in cones (Liu et al., 2002), human RP1 patients do
not lose their cone-mediated color vision as long as visual acuities
are better than 20/20 (Jacobson et al., 2000). RpI—/— mice do
not display cone degeneration or reduction in cone ERG until 10
months of age (Gao et al., 2002), suggesting that RP1 does not
play a critical role in cones. Rp1L1 is absent in cones (Fig. 2A),
and Rp1L1—/— retinas do not exhibit significant cone loss at least
until 6 months of age (data not shown), as expected. It is already
clear that Rp1L1 cannot fully complement the lack of Rp1 func-
tion. Therefore, this differential distribution may reflect the func-
tional disparity between the two proteins.

A small percentage of photoreceptors in RpILI—/— retinas
were abnormal and randomly scattered at any time we exam-
ined them over the period of 1 year, whereas all rod photore-
ceptors in Rpl —/— retinas were abnormal starting at P7-P10.
In Tubby—/— retinas, although rhodopsin is mislocalized in ev-
ery photoreceptor cell, arrestin is mislocalized in only a small
number of photoreceptor cells that are randomly scattered
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Figure7.

Biochemical interaction of Rp1L1and Rp1. 4, C-terminal mycHis-tagged Rp1L1 (1-361) (Rp1L1-mycHis) and N-terminal FLAG-tagged full-length Rp1 (FLAG-Rp1) were coexpressed in

(0S7 cells. Lysates of the transfected cells were immunoprecipitated (IP) with anti-mycantibody or resin alone (left). Conversely, lysates were immunoprecipitated with anti-FLAG antibody or resin
alone (right). The immunoprecipitates were electrophoresed and immunoblotted with anti-myc (9E10) (top) or anti-FLAG M2 (bottom) monoclonal antibodies. The strength of the interactions can
be assessed by comparing the amount of protein immunoprecipitated in the test lanes to the amount in the 10% of input for immunoprecipitation run the gel in parallel. B, The GST-Rp1 fusion
protein was incubated with retinal lysate followed by pull-down with glutathione-Sepharose 4B. Bound proteins were analyzed by immunoblotting using anti-Rp1L1 antibody. €, The GST-Rp1
fusion protein was incubated with 1 mg of Rp1L1-mycHis-transfected 2937 cell lysate (as a source for Rp1L1) followed by pull-down with glutathione-Sepharose 4B. Bound proteins were analyzed
by immunoblotting. The first lane shows a negative control in which a GST protein, instead of the GST-Rp1 fusion protein, was incubated with Rp1L1-mycHis-transfected 293T cell lysate. D,
Localization of Rp1L1 (green) in dissociated rods of Rp7 —/—:Rp1L1+/— retinas at P21. Red signal shows Rp1 distribution. The DICimage is superimposed (right). Note that the truncated-Rp1
protein lacking DCX domains is mislocalized into the CCsin Rp7—/— rods, consistent with previous study reporting the mislocalization of the residual Rp1 protein in Ro7—/— rods (Liu etal., 2004).

Scale bar, 0.2 um.

among normal-appearing photoreceptor cells (Kong et al., 2006)
in a manner similar to the scattered rod loss in Rp1L1—/— retinas
(Fig. 3C) and scattered rhodopsin mislocalization in RpI—/—
retinas (Gao et al., 2002).

The photoreceptor degeneration in RpILI1—/— retinas is
much slower than that in Rp] —/— retinas. At 12 months, only a
single row of photoreceptors (mostly cones) remains, and no
normal OS ever forms in Rpl—/— retinas (Gao et al., 2002),
whereas nearly 60% of photoreceptors remain in Rp1L1—/— ret-
inas. Abnormal OS discs often form in discrete boundaries along
the length of the OS, flanked by normal-appearing discs in
Rp1L1—/— retinas. Possibly an unidentified OS protein is mislo-
calized or absent in such a segment along the OS. Alternatively,
fluctuations in light or oxygen levels might trigger the abnormal
formation of these disc segments (Pierce et al., 1999). However,
because OS discs are renewed every 10 d in mice and our light—
dark cycle was 12 h on and 12 h off, we would expect ~10 such

segments to coexist in a single OS if light were the trigger. Higher
oxygen consumption during exercise is another possible trigger
of abnormal OS discs, consistent with the fact that RP1 was orig-
inally identified as oxygen-regulated protein (Pierce et al., 1999).
It would be interesting to raise RpI1L1—/— mice in darkness or in
steady light to directly test this hypothesis.

Functions of Rp1 and Rp1L1

Photosensitivity was reduced in RpI—/— and RpI1L1—/— rods.
This can be explained either by altered expression levels or assem-
bly of phototransduction proteins or by the morphologic defects
of the rod OS. Conversely, single photoresponses were normal in
either homozygote (Fig. 6, Table 1), indicating that the photo-
transduction cascade (the gain and kinetics of any phototrans-
duction reaction downstream of rhodopsin) functions normally.
The total amounts of rod opsin, transducins, PDEs, and CNG
channels were also normal in rods of either homozygote, indicat-
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Expression of other phototransduction proteins, rod opsin (4), rod transducin « (B), PDE6cx (€), and CNG1 channel (D), in Rp7+/—,Rp1—/—, Rp1L1—/—, and wild-type mice that

had been exposed to ambient light for ~8 h. The retinas from Rp7L7—/— and wild-type mice at P46 —P47 were analyzed by SDS electrophoresis and probed with antibodies as shown (left).
Cerebellum whole-cell lysates were used as a negative control. Because of the severe degeneration of photoreceptors, the whole-retina lysates from Rp7+/—, Rp1—/—, and wild-type mice were
analyzed at P21 (right). An anti-GAPDH antibody was used for the detection of the loading control. Note slight reductions of rod opsin, rod transducin c, and PDE6« protein in Rp7—/— retinal
lysates, attributable to the shortened 0S in Rp7—/— rods, as described by Liu et al. (2004). WB, Western blot.

ing no defects in the assembly, total amounts, and ratios of these
phototransduction molecules (Fig. 8). Therefore, we believe that
Rpl and RplL1 are required for normal OS morphogenesis.
Swirling OS discs existed only in a small percentage of RpIL1—/—
rods (Fig. 3C). The variations of single-cell photoresponse in
RpIL1—/— rods were greater than those in wild-type controls,
possibly reflecting the small percentage of abnormal rods in
Rp1L1—/— retinas.

The steady-state localization of arrestin and transducin in
dark-adapted mutant retinas of Rp1 or Rp1L1 appeared normal
(Fig. 6). The OS/IS movement also appeared normal. These re-
sults further support the notion that deletion of Rp1 or Rp1L1
affects primarily rod morphology, but not the molecular mecha-
nisms that deliver phototransduction proteins to the OS.

Synergistic interactions between Rp1 and Rp1L1

Several lines of evidence show that Rp1 and Rp1L1 interact in the
rod OS axoneme. First, they are both localized to the axoneme of
the rod OS. Second, OS discs of double heterozygotes are abnor-
mal, similar to those of RpILI—/— but different from those of

RpI—/— retinas; the ONL length of double heterozygotes
appeared reduced, although insignificantly, at 6 months. No
morphologic OS abnormalities have ever been identified in
RpI+/— or RplL1+/— retinas at any ages despite extensive ef-
forts (Gao et al., 2002; Q. Liu et al., 2003; this report). Third, ERG
a-wave amplitudes of double heterozygotes are significantly re-
duced at 6 months, similar to those of RpILI—/— mice, but
significantly more than the combined 15% reduction in Rp1+/—
mice and 0% reduction in RpILI+/— mice (Gao et al., 2002; Q.
Liu et al., 2003) (Fig. 5C). Fourth, at the single-cell level, photo-
sensitivity in Rpl—/—, RplL1—/—, and Rpl+/—:RpILI+/—
rods were significantly decreased but not in RpI+/— rods (Fig. 6,
Table 1). Because the ERG a-wave amplitude, the single-cell pho-
tosensitivity, for Rp1L1+/— mice was normal, these results indi-
cate that the photosensitivity for double heterozygous rods was
reduced in a synergistic manner, caused by the abnormal OS
discs. Finally, dark current in single rods of double heterozygotes
is reduced whereas those of individual heterozygotes are normal
(Table 1). Expression of Rp1L1 overlaps with that of Rp1 in the
OS axoneme, whereas only Rp1L1 alone exists in the CCs (Fig.
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2B). Although the overlap between Rp1 and Rp1L1 distribution
in rod OS is partial and biochemical interactions between Rpl
and Rp1L1 are possibly transient, such interactions could have
significant functions for rod photoreceptors, as evident in our
genetic interaction results. DCX and doublecortin-like kinase
(DCLK) are collectively involved in neuronal migration and axon
growth in embryonic cortex (Koizumi et al., 2006; Deuel et al.,
2006). DCLK coimmunoprecipitated DCX from PO whole-brain
lysate and the transfected cells (Koizumi et al., 2006). It would be
attractive to test whether the function in pairs is conserved
among DCX-domain proteins. How Rp1 and Rp1L1 play syner-
gistic roles in the OS morphogenesis remains to be further
investigated.

Implications for the RP1 disease and other retinopathy
Nearly all human RP1 patients are heterozygous carriers (Jacob-
son et al., 2000; Daiger et al., 2006). It remains unclear why 15%
reduction of ERG amplitudes in RpI+/— mice (Gao et al., 2002;
Q. Liu et al., 2003) (Fig. 5C) occurs despite normal morphology,
normal protein levels of members of the phototransduction cas-
cade (Fig. 8), and normal sensitivity in RpI+/— rods (Table 1).

No mutations in RPILI were found in ~60 patients with adRP
of unknown causes (Bowne et al., 2003). Given the mild and
recessive nature of RpILI—/— mouse retinal phenotypes, muta-
tions in RPILI may cause age-related recessive RP in humans.
Alternatively, given the genetic interactions between Rpl and
Rp1LI1, mutations or polymorphisms in RP1LI could modify the
phenotypic expression of RPI in humans (Jacobson et al., 2000;
Daiger et al., 2006).

Implication for other DCX-containing and ciliary proteins
Among a total of 11 DCX-containing proteins found in the
mouse and human genomes (Coquelle et al., 2006), only RP1 and
RP1L1 are photoreceptor specific and coexist in the axoneme of
the rod OS. Because the DCX domain is a microtubule-binding
domain, Rp1L1 and Rpl can assemble and stabilize axonemal
microtubules (Liu et al., 2004; Coquelle et al., 2006).

Because the RP1D domain, a 34 aa segment following the
DCX domains, is conserved only in Rp1 and Rp1L1 but is absent
in other DCX-containing proteins, a mutant Rp1 protein with
both DCX repeats and RP1D is targeted to the axoneme in pho-
toreceptors in vivo, whereas another truncated Rp1 protein with-
out these domains is not (Liu et al., 2004; Coquelle et al., 2006). It
is therefore likely that the DCX tandem repeats and the RP1D
domain are necessary and sufficient for OS axoneme localization.

The mouse photoreceptor sensory cilium complex, which
comprises OS axoneme and its cytoskeleton, has been estimated
to include ~2000 distinct proteins (Liu et al., 2007). Mutations in
genes encoding ciliary proteins result in progressive photorecep-
tor degeneration [i.e., Rpgr—/—, Rpgrip—/—, BBS, IFT88
(Pazour et al., 2002; Pazour and Rosenbaum, 2002; Hong et al.,
2003, 2005; Zhao et al., 2003; Kim et al., 2004; Nishimura et al.,
2004; Pazour, 2004; Yen et al., 2006)]. In addition, many existing
mutants display photoreceptor phenotypes similar to those of
RpI—/— and Rp1L1—/— retinas [Rds+/— or Rds—/—, pcd—/—,
Roml1—/— (Blanks et al., 1982; Pazour et al., 2002; Pazour and
Rosenbaum, 2002; Hong et al., 2003, 2005; Kim et al., 2004; Nish-
imura et al., 2004; Pazour, 2004)]. It is therefore attractive to
hypothesize that RP1 and RP1L1 work together with some of
these ciliary or OS proteins in photoreceptors. Further investiga-
tion of identifying RP1- and RP1L1-interacting proteins in pho-
toreceptors is warranted.
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