
RPGR-ORF15, which is mutated in retinitis pigmentosa, associates with SMC1, SMC3,
and microtubule transport proteins
Khanna, Hemant; Hurd, Toby W.; Lillo, Concepcion; Shu, Xinhua; Parapuram, Sunil K.; He,
Shirley; Akimoto, Masayuki; Wright, Alan F. ; Margolis, Ben; Williams, David S.; Swaroop,
Anand
Published in:
Journal of Biological Chemistry

DOI:
10.1074/jbc.M505827200

Publication date:
2005

Document Version
Publisher's PDF, also known as Version of record

Link to publication in ResearchOnline

Citation for published version (Harvard):
Khanna, H, Hurd, TW, Lillo, C, Shu, X, Parapuram, SK, He, S, Akimoto, M, Wright, AF, Margolis, B, Williams, DS
& Swaroop, A 2005, 'RPGR-ORF15, which is mutated in retinitis pigmentosa, associates with SMC1, SMC3, and
microtubule transport proteins', Journal of Biological Chemistry, vol. 280, no. 39, pp. 33580-33587.
https://doi.org/10.1074/jbc.M505827200

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

Take down policy
If you believe that this document breaches copyright please view our takedown policy at https://edshare.gcu.ac.uk/id/eprint/5179 for details
of how to contact us.

Download date: 23. May. 2023

https://doi.org/10.1074/jbc.M505827200
https://researchonline.gcu.ac.uk/en/publications/3cc1d858-5c06-42c3-aea2-ee03868a0657
https://doi.org/10.1074/jbc.M505827200


RPGR-ORF15, Which Is Mutated in Retinitis Pigmentosa,
Associates with SMC1, SMC3, and Microtubule
Transport Proteins*

Received for publication, May 27, 2005, and in revised form, July 19, 2005 Published, JBC Papers in Press, July 25, 2005, DOI 10.1074/jbc.M505827200

Hemant Khanna‡, Toby W. Hurd§1, Concepcion Lillo¶, Xinhua Shu�, Sunil K. Parapuram‡, Shirley He‡,
Masayuki Akimoto**, Alan F. Wright�, Ben Margolis§2, David S. Williams¶, and Anand Swaroop‡ ‡‡3

From the Departments of ‡Ophthalmology & Visual Sciences and ‡‡Human Genetics, University of Michigan, Ann Arbor, Michigan
48105, the §Howard Hughes Medical Institute, University of Michigan Medical School, Ann Arbor, Michigan 48109, the
¶Departments of Pharmacology and Neurosciences, School of Medicine, University of California, La Jolla, California 92093, the
�MRC Human Genetics Unit, Western General Hospital, Edinburgh EH4 2XU, Scotland, United Kingdom, and the **Translational
Research Center, Kyoto University Hospital, Sakyo-ku, Kyoto, 606-8507 Japan

Mutations in the retinitis pigmentosa GTPase regulator (RPGR)
gene account for almost 20% of patients with retinitis pigmentosa.
Most mutations are detected in alternatively spliced RPGR-ORF15
isoform(s), which are primarily but not exclusively expressed in the
retina.We show that, in addition to the axoneme, the RPGR-ORF15
protein is localized to the basal bodies of photoreceptor connecting
cilium and to the tip and axoneme of sperm flagella. Mass spectro-
metric analysis of proteins that were immunoprecipitated from the
retinal axoneme-enriched fraction using an anti-ORF15 antibody
identified two chromosome-associated proteins, structuralmainte-
nance of chromosomes (SMC) 1 and SMC3. Using pulldown assays,
we demonstrate that the interaction of RPGRwith SMC1andSMC3
ismediated, at least in part, by theRCC1-like domain of RPGR.This
interaction was not observed with phosphorylation-deficient
mutants of SMC1. Both SMC1 and SMC3 localized to the cilia of
retinal photoreceptors and Madin-Darby canine kidney cells, sug-
gesting a broader physiological relevance of this interaction. Addi-
tional immunoprecipitation studies revealed the association of
RPGR-ORF15 isoform(s) with the intraflagellar transport polypep-
tide IFT88 as well as microtubulemotor proteins, including KIF3A,
p150Glued, and p50-dynamitin. Inhibition of dynein function by
overexpressing p50 abrogated the localization of RPGR-ORF15 to
basal bodies. Taken together, these results provide novel evidence
for the possible involvement of RPGR-ORF15 in microtubule orga-
nization and regulation of transport in primary cilia.

X-linked retinitis pigmentosa (XLRP)4 (MIM 312610) is a relatively
severe and genetically heterogeneous inherited retinal degeneration.

RP3 is the major subtype of XLRP accounting for over 70% of affected
families (1, 2). The RP3 gene, called retinitis pigmentosa GTPase regu-
lator (RPGR), encodes several distinct alternatively spliced transcripts
that are widely expressed (3–5). Mutations in the constitutive RPGR
protein of 815 amino acids are detected in �20% of XLRP (6). Subse-
quent studies revealed an unusual exon, ORF15 (immediately following
exon 15) encoding aGly- andGlu-rich carboxyl-terminal domain of 567
amino acids; mutations in ORF15 accounted for an additional 50% of
XLRPpatients and 25%of RPmaleswith no family history (7–9). Several
distinct RPGR isoforms that include complete or part of ORF15 (RPGR-
ORF15) are detected preferentially, but not exclusively, in the retina (7,
10) and localized to the connecting cilium and/or outer segments of
photoreceptors (11–13).
The amino-terminal region of RPGR (termed RCC1-like domain,

RLD) shows homology to RCC1, a guanine nucleotide exchange factor
for Ran, a GTPase involved in nucleocytoplasmic transport (14). Hence,
RPGR was predicted to be a guanine nucleotide exchange factor for a
small GTP-binding protein. However, no such activity or interaction
has yet been demonstrated. Yeast two-hybrid analysis using RPGR-RLD
had previously identified two proteins, RPGRIP1 (RPGR-interacting
protein 1) and PDE6D (� subunit of rod cyclic GMP phosphodiesterase)
(15–18). RPGRIP1 has been localized to the connecting cilium ofmouse
retina and shown to be mutated in some patients with Leber congenital
amaurosis (17, 19). PDE6D, on the other hand, is a prenyl-binding pro-
tein involved in the solubilization of phosphodiesterase from the rod
outer segment discmembrane during phototransduction (20, 21).More
recent studies have demonstrated that RPGR-ORF15 isoform(s) also
interact with the centrosomal protein, nucleophosmin (22), and ciliary
IQ-domain protein, nephrocystin-5 (or IQCB1), which is mutated in
Senior-Loken syndrome (13).
A majority of RPGR mutations in humans result in early onset pho-

toreceptor disease (2, 7–9). Mutations in RPGR-ORF15 have also been
identified in two canine models of retinal degeneration; however, the
severity of disease appears to depend upon the type of alteration (23).
Mutations leading to complete loss of Rpgr function have not been
reported in mouse as yet; nevertheless, the deletion of internal Rpgr
exons encoding a part of RLD is shown to cause mild retinal phenotype
with late-onset cone-rod degeneration (24). In this mouse retina, mis-
localization of opsin-containing vesicles was observed, suggesting a role
for RPGR in intracellular trafficking. Despite these studies, the precise
role(s) of RPGR-ORF15 in ciliary transport are poorly understood.
To gain insight into RPGR-ORF15 function and to delineate mecha-

nisms of RPGR-associated disease pathogenesis, we performed immu-

* This work was supported in part by National Institutes of Health Grants EY07961,
EY07003, EY13408, EY12598, and DK069605 and the Foundation Fighting Blindness
and Research to Prevent Blindness. The costs of publication of this article were
defrayed in part by the payment of page charges. This article must therefore be
hereby marked “advertisement” in accordance with 18 U.S.C. Section 1734 solely to
indicate this fact.

1 Supported by Polycystic Kidney Disease Foundation Grant 92a2f.
2 Investigator of the Howard Hughes Medical Institute.
3 Harold F. Falls Collegiate Professor and Research to Prevent Blindness Senior Scientific

Investigator. To whom correspondence should be addressed: Dept. of Ophthalmol-
ogy and Visual Sciences, University of Michigan, W.K. Kellogg Eye Center, 1000 Wall
St., Ann Arbor, MI 48105. Tel.: 734-763-3731; Fax: 734-647-0228; E. mail: swaroop@
umich.edu.

4 The abbreviations used are: XLRP, X-linked retinitis pigmentosa; IFT, intraflagellar trans-
port; IP, immunoprecipitation; KIF, kinesin family member; MDCK, Madin-Darby
canine kidney; RLD, RCC1-like domain; RPGR, retinitis pigmentosa GTPase regulator;
RPGRIP1, RPGR-interacting protein 1; SMC, structural maintenance of chromosomes;
ORF, open reading frame; PBS, phosphate-buffered saline; GST, glutathione
S-transferase.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 280, NO. 39, pp. 33580 –33587, September 30, 2005
© 2005 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in the U.S.A.

33580 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 280 • NUMBER 39 • SEPTEMBER 30, 2005

This is an Open Access article under the CC BY license.

http://creativecommons.org/licenses/by/4.0/


nolocalization and immunoprecipitation studies of RPGR-ORF15. We
demonstrate that, in addition to the axoneme of photoreceptor con-
necting cilium, RPGR-ORF15 isoform(s) are localized to the basal bod-
ies in mammalian photoreceptors and to the tip and axoneme of sperm
flagella. Furthermore, we describe the interaction of RPGR-ORF15with
two chromosome-associated proteins, SMC1 and SMC3, and their
localization to primary cilia of photoreceptors and MDCK cells. Based
on these and additional interactions with IFT88 and components of the
microtubule-associated molecular motors, we propose that RPGR-
ORF15 is involved in regulating ciliary transport assemblies.

EXPERIMENTAL PROCEDURES

Antibodies and Reagents—Details of RPGR antibodies, ORF15CP

(ORF15-specific) and GR-P1 (raised against a peptide from exon 2),
have been described (13, 22, 25). CT-15 antibodies were raised against a
previously reported carboxyl-terminal peptide of humanRPGR-ORF15,
called MCW27-28 (11). Antibodies against �-tubulin, 14-3-3�, p50-dy-
namitin, dynein heavy chain, dynein intermediate chain, SMC1, and

SMC3 were purchased from Chemicon (Temeculla, CA). Mouse anti-
p150Glued antibody was obtained from BDTransduction Labs (San Jose,
CA), and anti-KIF3A and KAP3 antibodies were from Sigma. Anti-RP1
and anti-IFT88 antibodies were generously provided by Dr. Eric A.
Pierce (University of Pennsylvania School ofMedicine, Philadelphia, PA
(26)) and Dr. Bradley K. Yoder (University of Alabama at Birmingham,
Birmingham, AL), respectively.

Plasmids—A mouse cDNA encoding the RPGR protein including
RLD and part of ORF15 (mRPGR-C1) was cloned into the pcDNA-4C
vector (Invitrogen). The mammalian expression constructs encoding
full-length human SMC3, SMC1, and its variants at the serine phospho-
rylation sites (SMC1 S957A, SMC1 S966A, and double mutant SMC1
S957A:S966A (SMC1-DM)) were a generous gift of Dr. Michael B. Kas-
tan (St. Jude Children’s Research Hospital, Memphis, TN (27)).

Immunolocalization—The ORF15CP, SMC1, and SMC3 antibodies
were used for immunogold electron microscopy of human and mouse
retina, as described previously (13, 28). The procedures for immuno-
staining of mouse sperm andMDCK cells have been published (29, 30).

Axoneme Preparation and Immunoprecipitation (IP)—Photorecep-
tor axoneme extract was prepared from frozen bovine retina according
to a published procedure (17). Althoughwe did not use sucrose gradient

FIGURE 1. Localization of RPGR-ORF15 isoform(s) to primary cilia. A, immunogold
labeling of human and mouse retina using the ORF15CP antibody. The signal is concen-
trated in the connecting cilium (CC) and basal bodies (BB). Scale bars, 300 nm. B, left panel,
staining of mouse sperm flagellum with ORF15CP (green) and anti-acetylated (acet) �-tu-
bulin (red). Merged image shows co-localization of the two signals (yellow) along the
length of the axoneme and tip of the flagellum. Blue color in the head of sperm shows
4,5-diamidino-2-phenylindole staining for nuclei. Right panel, RPGR-ORF15 (green) co-
localizes with acetylated �-tubulin (red) in MDCK cells in a punctate pattern (Merge).

FIGURE 2. Association of RPGR-ORF15 isoform(s) with SMC1 and SMC3. A, localiza-
tion of RPGR-ORF15, SMC1, and SMC3 in different subcellular fractions of bovine retina.
Total bovine retinal extract (BR), cytosol, detergent soluble (Det. Sol.), and axoneme (Ax)
fractions of the retina were analyzed by SDS-PAGE and immunoblotting using indicated
antibodies. Molecular mass markers in kDa are shown on the left. B, co-immunoprecipi-
tation of SMC1 and SMC3 with RPGR-ORF15 from bovine retinal axoneme. Axoneme-
enriched fraction (250 �g) was immunoprecipitated using the ORF15CP antibody. The
proteins were analyzed by SDS-PAGE followed by immunoblot (IB) analysis using SMC1
or SMC3 antibodies. Lanes are as indicated. Asterisk (*) indicates IgG heavy chain. Molec-
ular mass markers in kDa are shown on the left of each panel.
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centrifugation to isolate axonemal proteins, enrichment of�- and acety-
lated �-tubulin validated the purity of the axoneme preparation. IP
using theORF15CP antibody was carried out as described elsewhere (13,
22). The proteins were analyzed by SDS-PAGE, followed by immuno-
blotting and/or staining with Coomassie Blue. In some instances, the

protein bands were excised from the gel and subjected to tandem mass
spectrometry.

Transfections and IP—MDCK type II cells were transfected using the
Polyfect reagent (Qiagen, Valencia, CA). For IP, cells were lysed in 1�
PBS containing 0.1% Triton X-100 and Complete protease inhibitor

FIGURE 3. Interaction of RPGR-RLD with SMC1 and SMC3. A, GST pulldown assay: GST-RLD fusion protein or GST alone (5 �g) was incubated with bovine retinal axoneme (250 �g)
followed by addition of glutathione-Sepharose beads. SMC1 and SMC3 bound to GST-RLD but not GST moiety. Lanes are as indicated. Molecular mass markers in kDa are shown on
the left. IB, immunoblot. B, immunoprecipitation from transiently transfected MDCK cells: MDCK cells were transfected with construct encoding either Xpresss (Xp) tag alone or a
Xp-tagged mRPGR-C1 protein. After transfection, cells were lysed and protein extract was subjected to immunoprecipitation followed by SDS-PAGE and immunoblot (IB) analysis
using the indicated antibodies. Both SMC1 and SMC3 displayed specific binding to mRPGR-C1. C, in vitro transcription/translation and co-IP: interaction between Xp-mRPGR-C1 and
SMC1, SMC3, and phosphorylation mutants of SMC1 was studied by synthesizing the 35S-labeled or unlabeled proteins in vitro followed by IP as described under “Experimental
Procedures. ” Left panel, non-radiolabeled Xp-mRPGR-C1 and 35S-labeled SMC1, SMC3, and various mutants of SMC1 were used, and IP was performed using anti-Xp antibody. The
immunoprecipitated proteins were analyzed by SDS-PAGE and autoradiography. Lanes are as indicated. Molecular mass markers in kDa are shown on the left. Right panel, 35S-
mRPGR-C1 was detected when non-radiolabeled SMC1, SMC1 S957A, and SMC3 were used for immunoprecipitation. All constructs synthesized equal amounts of proteins as
determined by visual estimation of the inputs analyzed by SDS-PAGE followed by autoradiography (data not shown). Immunoprecipitation using normal IgG did not show a signal
(data not shown).
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mixture (Roche) and incubated with the primary antibody overnight.
Immune complexes were collected using Protein A- or G-Sepharose
beads (Invitrogen), washed with 1� PBS containing 1% Triton X-100,
and analyzed by SDS-PAGE followed by immunoblotting.

Glutathione S-Transferase (GST) PulldownAssay—A fragment of the
human RPGR cDNA (encoding residues 33–392, which are part of
RLD) was cloned into pGEX4T-2 (Amersham Biosciences) in-frame
with GST. The GST-RLD fusion protein and native GST were purified
to homogeneity as per the manufacturer’s instructions. The pulldown
assays were performed using 5 �g of GST or GST-RLD fusion protein
with bovine retinal axoneme extract (250 �g), as described (31).

In Vitro Transcription/Translation and Co-immunoprecipitation—
The proteins were synthesized in vitro from pcDNAplasmid constructs
using the TNT-T7Quick-coupled rabbit reticulocyte translation system
(Promega, Madison, WI), in the presence or absence of 35S-labeled
methionine (Amersham Biosciences) and used for co-immunoprecipi-
tation, as described (32).

p50-dynamitinOverexpression—mIMCD-3 (AmericanTypeCulture
Collection, Manassas, VA; ATCC number CRL-2123) or ARPE-19
(ATCC number CRL-2302) cells were grown on coverslips in six-well
plates and transfected with myc-tagged p50-dynamitin expression vec-
tor (kindly provided by Dr. R. Vallee, Columbia University, NY). After
incubation for 48 h, cells were washed in PBS, fixed with ice-cold meth-
anol, blockedwith 2% bovine serum albumin in PBS, and incubatedwith
the primary antibody. After washing in PBS, cells were blocked again
and incubatedwith Texas Red or fluorescein isothiocyanate-conjugated
secondary antibodies. Cells were mounted in Vectashield (Vector Lab-
oratories Ltd.) containing 4,5-diamidino-2-phenylindole. Images were
captured using an Axioplan fluorescence microscope and analyzed
using IPLab software.

RESULTS

RPGR-ORF15 Isoforms Localize to Both the Axoneme and the Basal
Bodies of Photoreceptor Cilia and to the Axoneme of Sperm Flagella—
With a goal to determine the function of RPGR-ORF15 in primary cilia,
and specifically in photoreceptors, we performed immunolocalization
studies using the ORF15CP antibody. Previous studies have reported the
localization of RPGR-ORF15 to photoreceptor axoneme. However, we
observed by immunoelectron microscopy that the basal bodies of both
human andmouse photoreceptor cells were also labeled (Fig. 1A). Con-
sistent with the observation that XLRP patients may exhibit abnormal
sperm tails and axoneme (33), ORF15CP co-localized with acetylated
�-tubulin to the tip and tail axoneme of mouse sperm flagella (Fig. 1B).
We also detected similar co-localization of RPGR-ORF15 with acety-
lated �-tubulin to the primary cilia of MDCK cells with a punctate
staining pattern (Fig. 1B), as observed with another RPGR-interacting
ciliary protein IQCB1 (13).

SMC1 and SMC3 Associate with RPGR-ORF15 in Retinal Axon-
emes—To identify proteins that exist in complex(es) with RPGR-ORF15
in photoreceptor cilia, we immunoprecipitated retinal axoneme-en-
riched fraction using theORF15CP antibody. As predicted, the axoneme
fraction was enriched in �- and acetylated �-tubulin and RPGR-ORF15
isoforms (Fig. 2A). Mass spectrometry analysis of Coomassie Blue-
stained protein bands of the immunoprecipitate identified multiple
peptides for two ATP-binding proteins, SMC1 and SMC3 (5 of 6 pep-
tides for SMC1, and 8 of 10 for SMC3), which are involved in maintain-
ing chromosome dynamics during cell cycle (34). Both SMC1 and
SMC3 were detected in the axoneme and detergent-soluble fractions,
which includes nuclear proteins (Fig. 2A). Detection of SMC1 and
SMC3 upon immunoblot analysis of the ORF15CP immunoprecipitate
(Fig. 2B) provided further evidence in support of their existence in
RPGR-ORF15 complex(es). Similar results were independently
obtained with another set of antibodies against RPGR-ORF15, SMC1,
and SMC3 (data not shown). Reverse IP with anti-SMC1 or -SMC3
antibody did not reveal RPGR-ORF15, probably because of the low
abundance of SMC1 and SMC3 in the axoneme preparation. Normal
rabbit IgG did not immunoprecipitate any specific protein (Fig. 2B).

SMC1 and SMC3 Interact with RLD—Given that RPGR-RLD inter-
acts with RPGRIP1 and PDE6D (16, 17), we examined whether this
domain is involved in interaction with SMC1 and/or SMC3. In pull-
down assays, the GST-RLD fusion protein but not GST was able to
associate with endogenous SMC1 and SMC3 in retinal axoneme

FIGURE 4. Localization of SMC1 and SMC3 to primary cilia. A, immunogold labeling of
mouse retina using SMC1 (1:300) and SMC3 (1:50) antibodies. The labeling (arrowheads)
of the connecting cilium (CC) by the SMC3 antibody is quite robust. The labeling by the
SMC1 antibody is much less, but still significant. Scale bars, 300 nm. B, MDCK cells were
stained with acetylated (acet) �-tubulin (red), anti-SMC1 or anti-SMC3 (green) antibodies.
Merge (yellow) shows the punctate staining pattern (depicted by arrowheads) for SMC1
and SMC3 along the axoneme of the primary cilia. Negative control did not show a
staining (data not shown).
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extracts (Fig. 3A). To further investigate this interaction, we transfected
MDCK cells with a construct encoding the 90-kDa Xpress-tagged
mRPGR-C1 protein that included the intact RLD but only a truncated
ORF15. In these experiments, IP using anti-Xpress antibody could pull
down endogenous SMC1 and SMC3 (Fig. 3B). Cells transfectedwith the
vector alone did not pull down either SMC1 or SMC3. In reciprocal
experiments, anti-SMC1 or anti-SMC3 antibodies could immunopre-
cipitate Xpress-tagged mRPGR-C1 (Fig. 3B).
It has been demonstrated that phosphorylations at Ser-957 and Ser-

966 residues are critical for SMC1 function (27). To examine the effect
of SMC1phosphorylation on its interactionwith RPGR,we used in vitro
translated 35S-labeled wild-type and mutant SMC1 proteins. IP using
anti-Xpress (Xp) antibody followed by autoradiography revealed the
interaction of RPGR with the wild-type SMC3, SMC1, and the single
mutant SMC1 S957A, but not with SMC1 S966A and SMC1-DM (Fig.
3C). Similar results were obtained in reverse experiments using 35S-
labeled mRPGR-C1 and unlabeled mutant SMC1 proteins (Fig. 3C).

SMC1 and SMC3 Localize to Primary Cilia—SMC1 and SMC3 have
been shown to be associated with chromosomes and mitotic spindle
(34). To evaluate the physiological relevance of the interaction of RPGR
with SMCs, we performed immunogold electron microscopy studies.
Antibodies against SMC3 labeled the entire length of the cilium in
mouse photoreceptors, including the basal bodies (Fig. 4A). Antibodies

against SMC1 also significantly labeled the photoreceptor cilium,
although this labeling was much less robust than that with the SMC3
antibodies (Fig. 4A). Additional immunogold labeling with SMC1 anti-
bodies was observed in the photoreceptor inner segments and the rib-
bon synapse (data not shown). The cilium labeling was confirmed by
co-localization of SMC1 and SMC3 staining with acetylated �-tubulin
in the primary cilia of dissociated mouse rod photoreceptors (data not
shown). Furthermore, SMC1 and SMC3 co-localized with acetylated
�-tubulin along the entire length of the cilia inMDCKcells in a punctate
pattern similar to RPGR-ORF15 (Fig. 4B).

RPGR-ORF15 Associates with IFT88 and Microtubule Motor Pro-
teins—The studies described above prompted us to investigate the
interaction (whether direct or indirect) of RPGR-ORF15 with other
basal body and microtubule-associated proteins. Immunoblot analysis
revealed that basal body proteins IFT88,�-tubulin, and 14-3-3� could be
co-immunoprecipitated by ORF15CP from the retinal axoneme prepa-
ration; these proteins were not detected when normal IgG was used
instead of the ORF15CP antibody (Fig. 5A). Reverse IP experiments
showed that 14-3-3� was able to pull down RPGR-ORF15 isoforms, but
�-tubulin did not (Fig. 5B). This may reflect the relative abundance of
different proteins. Notably, two other basal body proteins, centrin and
pericentrin, were not present in the RPGR-ORF15 immunoprecipitate
(Fig. 5, A and B).

FIGURE 5. Co-immunoprecipitation of basal
body and microtubule-associated proteins
with RPGR-ORF15. A, IP using the ORF15CP anti-
body or normal rabbit IgG from the bovine retinal
axoneme fraction (250 �g) was performed. The
proteins were analyzed by SDS-PAGE followed by
immunoblotting using the indicated antibodies
indicated below each panel. Lanes are: 1, input
(retinal axoneme extract); 2, IP using ORF15CP; 3, IP
using normal IgG. B, reverse IP using the indicated
antibodies was performed and analyzed by SDS-
PAGE and immunoblotting. The immunoblot was
probed with ORF15CP antibody. Arrow indicates
faint ORF15CP immunoreactive bands immuno-
precipitated with the anti-p50 dynamitin anti-
body. Ax, axoneme fraction. Molecular mass mark-
ers in kDa are shown on the left. DIC, dynein
intermediate chain; KAP, kinesin-associated pro-
tein; DHC, dynein heavy chain.
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We then examined the association of RPGR-ORF15 with microtu-
bule-associated motor assemblies in the axoneme of the connecting
cilium (35, 36). Immunoblotting of the RPGR-ORF15 immunoprecipi-
tate showed the presence of kinesin II subunits KIF3A and KAP3,
dynein subunit intermediate chain, as well as dynactin subunits
p150Glued and p50-dynamitin (Fig. 5A). The RP1 protein, a known axon-
emal component (26), was not detected in the ORF15CP immunopre-
cipitate. Although cytoplasmic dynein heavy chain immunoreactive
bands were not detected in the retinal axoneme fraction (data not
shown), anti-dynein heavy chain antibody was able to pull down RPGR-
ORF15 from axoneme extracts (Fig. 5B).

RPGR-ORF15RequiresDynein for Basal Body Localization—We then
examined whether localization of RPGR-ORF15 to basal bodies is
dependent upon the retrograde dynein-dynactin motor complex. For
this purpose, the dynein activating complex of dynactin was disrupted
by overexpressing p50-dynamitin subunit (37). In the transfected
ARPE19 cells expressing p50-dynamitin, ORF15CP-specific RPGR sig-
nal was not evident (Fig. 6). As demonstrated previously, anti-ninein
labeling was also not observed in p50-overexpressing cells (37), whereas
�-tubulin localization was unaltered (Fig. 6).

RPGR-ORF15 Is Still Detected in Photoreceptor Cilia of the Rpgr
Knock-out Mouse of Hong et al. (24)—As we discuss later, our results

indicate a role for RPGR-ORF15 in regulating ciliary transport. This is of
particular interest with respect to the transport along photoreceptor
cilium because human RPGR mutations result in relatively early onset
retinal degeneration. A major question is whether photoreceptor
degeneration in the patients with RPGR mutations is caused by defects
in protein trafficking through the cilia. An animal model is necessary to
investigate the underlying biochemical mechanism(s). However, the
only available Rpgr knock-out mouse exhibits a mild and late cone-rod
degeneration with corresponding late-onset alterations in the transport
of opsin to the photoreceptor outer segment (24). Because this model
was generated by deleting Rpgr exons 4–6, we wanted to examine
whether ORF15 transcripts or protein isoforms are expressed in the
retina of this mouse. Reverse transcriptase-PCR analysis using multiple
primer sets revealed ORF15-containing Rpgr transcripts in the Rpgr
knock-out retina.5 RPGR-ORF15 isoform(s), as identified by ORF15CP,
CT-15, and GR-P1 antibodies, were still detectable in this mouse retina,
whereas the constitutive Rpgr isoform of �80 kDa (identified only by
the amino-terminal GR-P1 antibody) was not observed (Fig. 7A). Fur-
ther evidence of RPGR-ORF15 expression in the Rpgr knock-out retina

5 M. I. Othman and A. Swaroop, unpublished data.

FIGURE 6. Dynein-dependent localization of
RPGR-ORF15 to basal bodies. ARPE-19 cells were
transiently transfected with the p50-dynamitin
expression construct, followed by immunocyto-
chemistry, as described under “Experimental Pro-
cedures.” Only transfected cells expressing p50-
dynamitin show red cytoplasmic fluorescence.
The localization of RPGR (small thin arrows), ninein
(large thicker arrows), and/or �-tubulin (arrow-
heads) is indicated in cells that do (with red fluores-
cence) or do not express the p50-dynamitin con-
struct. The basal body localization of RPGR (green)
is detectable in untransfected cells that do not
overexpress p50-dynamitin. The p50-overexpress-
ing cells (red) do not exhibit basal body localiza-
tion of RPGR or ninein, as evident in the merged
view. Localization of �-tubulin to basal bodies was
unaffected in these cells. Similar results were
obtained in IMCD3 cells (data not shown).
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was provided by immunogoldmicroscopy using theORF15CP antibody,
which revealed the basal body as well as axoneme staining (Fig. 7B).
Hence, this genetic model is not useful for testing our hypothesis.

DISCUSSION

Vertebrate photoreceptors are highly polar neuronswith distinctmorphol-
ogyandsubcellularorganization.Theconnectingciliumofaphotoreceptorcell
is a modified primary cilium that forms a bridge between the inner and the
outer segment (36). It contains amicrotubule-based axoneme, which initiates
fromthebasalbody inthe innersegmentandcontinues intotheoutersegment
(26).Theoutersegment iscomprisedofanorderedarrayofstackedmembrane
discs;�10% of disks are replenished each day, and in amouse photoreceptor
�70 opsinmolecules per second are transported to the outer segment (38). In
addition to the anterograde transport of opsin and other phototransduction
proteins, bidirectionalmovement of arrestin and transducin has beendemon-
strated through the connecting cilium (39). The connecting cilium therefore
represents a critical junction in the cell biology, and consequently, the viability
of the photoreceptors. The present study develops our understanding of the
role of RPGR in primary cilia, particularly the photoreceptor cilium.We have
shown that the distribution of RPGR-ORF15 includes the ciliary basal bodies,
which function as a gateway to the cilium (38). Moreover, we have identified
binding partners of RPGR-ORF15, including microtubule motors and SMC
proteins, which are involved in microtubule-based movement of chromo-
somes but whose ciliary function has not been realized. Thus, our findings
suggest a significant role for RPGR in regulating transport along the photore-
ceptor cilium.
We have consistently observed multiple specific isoforms of RPGR-

ORF15 that are generated, at least in part, by alternative splicing. Accu-
mulating evidence indicates that distinct ORF15 isoformsmay be local-
ized to different subcellular compartments within the photoreceptors
and perform specific functions (11–13, 22, 25). A common theme is now
emerging regarding the role of RPGR in intraphotoreceptor transport.
The interactions of RPGRwith PDE6D (18), RPGRIP1 (17), and nephro-
cystin-5 (13), the localization of one RPGR-ORF15 isoform to centro-
somes of dividing cells and its association with nucleophosmin (22) are
consistent with a role in microtubule dynamics. The studies described
in this report strongly suggest specific function of RPGR-ORF15 in reg-
ulating the ciliary transport at the level of basal bodies.
Basal bodies of primary cilia are the docking sites for proteins

involved in assembly, maintenance, and function of the cilia. There is a
selective transport of cargo from the basal body to the axoneme, which
is partly carried out by the IFT polypeptides and polarity proteins (30,
40). IFT88 is required for assembly andmaintenance of the photorecep-
tor outer segment and photoreceptor viability (41). Based on our obser-
vations of RPGR-ORF15, IFT88, and kinesin-2 proteins (KIF3A and
KAP3) as part of a multiprotein complex in the retinal axoneme, we
hypothesize that RPGR-ORF15 is involved in the selection of cargo,
which is carried by kinesin-2 along the cilium. Our hypothesis is con-
sistent with a previous report that IFT88 associates with kinesin-2 in the
retina (42). Nevertheless, it should be noted that two of the potential
cargo proteins, opsin and arrestin, were not detected as part of the
RPGR-ORF15 complex(es) (data not shown).
The association of RPGR-ORF15 isoforms with both anterograde

(kinesin-2) and retrograde (cytoplasmic dynein-dynactin complex)
molecular motors is an interesting and significant finding. Whereas the
kinesin-2 complex has been shown to participate in compartmentalized
ciliogenesis inDrosophila sensory cilia and inter-segmental transport in
mouse retina (43, 44), the function of the dynein-dynactin complex in
the retina is poorly understood. The dynactin subunits p50-dynamitin
and p150Glued are responsible for tethering cargo to the dynein motor
(45) and regulate transport of several microtubule-associated proteins

(46). The dynein-dependent localization of RPGR-ORF15 to basal bod-
ies, as observed for the BBS4 protein (47), provides further evidence in
support of the functional relevance of RPGR-dynein association.
The interaction of SMC1 and SMC3 with RPGR-ORF15 and their

localization to the photoreceptor axoneme suggest a broader role for
SMC proteins in microtubule dynamics. SMC1 and SMC3 are large
coiled-coil proteins associated with chromosomes, share structural
similarity with the microtubule motor protein kinesin, and are involved
in ATP-dependent chromosomal movement along spindle microtu-
bules during cell division (34). Themechanism bywhich neurons estab-
lish their polarity is similar to spindle organization during mitosis (48).
Our immunolocalization of SMC1 and SMC3 to primary cilia in the
retina as well as in cultured mammalian cells demonstrates that these
proteins are also associated with ciliary microtubules. SMC proteins,
including 1 and 3, are listed as part of the sensory cilia in a recent
genomic study (49), which supports our findings.

FIGURE 7. Expression of RPGR-ORF15 in the retina of Rpgr knock-out mouse. A, ret-
inal protein extract (50 �g each) from wild-type (wt) and Rpgr knock-out (ko) mouse (24)
was analyzed by SDS-PAGE, followed by immunoblotting using the ORF15CP, CT-15,
GR-P1, and �-tubulin (as control for protein loading) antibodies. Lanes are as indicated.
Arrows indicate RPGR-ORF15 isoform(s) and the asterisk (*) indicates the constitutive
isoform. B, immunogold labeling of the Rpgr knock-out mouse retina using ORF15CP

antibody. The antibody labels the connecting cilium (CC) as well as basal bodies (BB) of
photoreceptors. Scale bar, 300 nm.
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Abnormal sperm tails and instability of sperm axonemes have been
observed in patientswithXLRP (33). RPGR-ORF15 staining in the tip and the
axonemeofmouse spermflagella is consistentwith these clinical findings.The
flagellar tip is thesite foraxonemeturnover, aprocess similar to the turnover in
photoreceptor outer segments (50).Notably, abnormal nasal ciliary axonemes
and hearing defects are also detected in some patients with RPGRmutations
(51, 52). Taken together, it appears that mutations in RPGR lead to defects in
microtubule-stability/maintenance but not cilia biogenesis. Consistent with
this hypothesis, cilia formation is not compromised in theRpgr�/� retina (24)
or inXLRPpatients (53).
In summary, we have demonstrated that RPGR-ORF15 isoform(s)

are present in the axoneme and basal bodies of primary cilia and asso-
ciated with proteins that are components of basal bodies and microtu-
bule-based motor assemblies. These results suggest that RPGR-ORF15
functions in regulating transport along primary cilia, including the pho-
toreceptor cilium. The photoreceptor degeneration (and spermdefects)
observed in XLRP patients with RPGRmutations is therefore predicted
to result from defects in transport assemblies in the photoreceptor cilia.
A genetic test of this hypothesis must await an animal model in which
the RPGR-ORF15 isoform is deleted or nonfunctional, unlike the pres-
ent Rpgr knock-out mouse (24).
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