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The Late Endosomal Pathway Regulates the Ciliary Targeting
of Tetraspanin Protein Peripherin 2
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Peripherin 2 (PRPH2) is a tetraspanin protein concentrated in the light-sensing cilium (called the outer segment) of the vertebrate
photoreceptor. The mechanism underlying the ciliary targeting of PRPH2 and the etiology of cone dystrophy caused by PRPH2 mutations
remain elusive. Here we show that the late endosome (LE) is the main waystation that critically sorts newly synthesized PRPH2 to the
cilium. PRPH2 is expressed in the luminal membrane of the LE. We delineate multiple C-terminal motifs of PRPH2 that distinctively
regulate its LE and ciliary targeting through ubiquitination and binding to ESCRT (Endosomal Sorting Complexes Required for Trans-
port) component Hrs. Using the newly developed TetOn-inducible system in transfected male and female mouse cones in vivo, we show
that the entry of nascent PRPH2 into the cone outer segment can be blocked by either cone dystrophy-causing C-terminal mutations of
PRPH2, or by short-term perturbation of the LE or recycling endosomal traffic. These findings open new avenues of research to explore
the biological role of the LE in the biosynthetic pathway and the etiology of cone dystrophy caused by PRPH2 mutations and/or malfunc-
tions of the LE.
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Introduction
The endosomal system is where the endocytic and exocytic path-
ways intersect. The endosomal system consists of a mosaic of

interconnected compartments, including early endosomes, recy-
cling endosomes, and late endosomes (LE). A subset of LEs can
further mature to form lysosomes (Lys). Both LE and Lys have an
acidic lumen and an overlapping protein expression pattern [e.g.,
Lamp (lysosomal-associated membrane protein) 1, Lamp2,
CD63]. The main function of the Lys is protein degradation,
whereas LE (or multivesicular bodies) has emerged as an impor-
tant sorting station. Membrane cargoes are recruited into the
lumen of the LE as intraluminal vesicles through Endosomal
Sorting Complexes Required for Transport (ESCRT)-dependent
or ESCRT-independent pathways (Piper and Katzmann, 2007).
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de la Princesa, Madrid, Spain), S. Urbé (University of Liverpool, Liverpool, UK), M.R. Al-Ubaidi (University of Houston,
Houston, TX), and T.E. McGraw (Weill Cornell Medical College, New York, NY) for providing valuable reagents; and

The Eye-Bank for Sight Restoration Inc. for human donor eyes. We also thank Emily Benson (Renovo Neural, Cleve-
land, OH) for processing/imaging collection for serial block face scanning electron microscopy.

The authors declare no competing financial interests.
Correspondence should be addressed to Jen-Zen Chuang at jzchuang@med.cornell.edu or Ching-Hwa Sung at

chsung@med.cornell.edu.
https://doi.org/10.1523/JNEUROSCI.2811-18.2019

Copyright © 2019 the authors

Significance Statement

Peripherin 2 (PRPH2) is a tetraspanin protein abundantly expressed in the light-sensing cilium, the outer segment, of the verte-
brate photoreceptor. The mechanism underlying the ciliary transport of PRPH2 is unclear. The present study reveals a novel ciliary
targeting pathway, in which the newly synthesized PRPH2 is first targeted to the lumen of the late endosome (LE) en route to the
cilia. We deciphered the protein motifs and the machinery that regulates the LE trafficking of PRPH2. Using a novel TetOn-
inducible system in transfected mouse cones, we showed that the LE pathway of PRPH2 is critical for its outer segment expression.
A cone dystrophy-causing mutation impairs the LE and ciliary targeting of PRPH2, implicating the relevance of LE to cone/
macular degenerative diseases.
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LE luminal membrane components have been shown to recycle
back to the cell surface or trans-Golgi network (TGN), or be
released into the extracellular exosomes upon LE fusion to the
plasma membrane (Kobayashi et al., 2000; Kleijmeer et al., 2001;
Abrami et al., 2004; Le Blanc et al., 2005). Other membrane des-
tinations of the LE luminal cargoes and the mechanisms under-
lying LE trafficking are incompletely understood.

The tetraspanins are a family of four-pass transmembrane
proteins that have both their N and C termini facing the cytosol.
Tetraspanins are known to act as molecular scaffolds and have
been implicated in several pathological conditions (e.g., cancer,
infectious disease, inflammation, blindness; Hashimoto et al.,
2017). Peripherin 2 (PRPH2 or peripherin/rds) is a photo-
receptor-specific tetraspanin protein abundantly expressed in the
cilium (outer segment) of both rods and cones. The outer seg-
ments contain disc membranes that undergo constant renewal
(Young, 1967). PRPH2 is essential for the morphogenesis of the
outer segment. PRPH2-deficient (rds/rds) mice fail to develop
outer segments and undergo subsequent retinal degeneration
(Sanyal et al., 1980). To date, the mechanism that underlies the
ciliary transport of PRPH2 remains unclear. Chimera mapping
studies performed in transgenic frog rods and transfected RPE-1
cells showed that the cytoplasmic C-terminal tail is required for
the ciliary targeting of PRPH2 (Tam et al., 2004; Salinas et al.,
2013; Tian et al., 2014). Ectopically expressed PRPH2 in AD293T
and COS cells was absent from the plasma membrane and, in-
stead, was distributed on internal membranes of unknown nature
(Loewen et al., 2003; Conley et al., 2010; Khattree et al., 2013;
Milstein et al., 2017; Salinas et al., 2017). Endoglycosidase sensi-
tivity assays indicate that PRPH2 does not undertake the canon-
ical Golgi-mediated secretory pathway (Connell and Molday,
1990; Tian et al., 2014).

PRPH2 has several proposed functions, including membrane
fusion, membrane curvature formation/tubulation, and ciliary
shedding (Boesze-Battaglia et al., 1998; Molday et al., 2004; Gold-
berg, 2006; Khattree et al., 2013; Hsu et al., 2015; Stuck et al.,
2016; Salinas et al., 2017). A large number of human mutations of
the PRPH2 gene have been linked to a spectrum of hereditary
retinal degenerative diseases, affecting predominantly either rods
or cones (Stuck et al., 2016). The majority of PRPH2 mutations
linked to rod dystrophy cause impaired protein stability/oli-
gomerization and endoplasmic reticulum (ER) exit (Loewen et
al., 2003; Conley et al., 2010). The cellular defect caused by cone
dystrophy-associated PRPH2 mutants is unknown.

Using two ciliated cell models and mouse cones in vivo, the
present work shows that, unexpectedly, the nascent PRPH2 is
mainly held in the lumen of the LE en route to the cilia. We mecha-
nistically dissected the C-terminal sorting motifs of PRPH2, which
are differentially required for ubiquitination, the interaction with
ESCRT component Hrs, and the trafficking through the LE for cili-
ary entry. We provide both morphological and functional evidence
supporting the importance of endosomal trafficking in the outer
segment targeting of PRPH2 in mouse cones. These studies were
aided by 3D electron microscopy (EM) technology and our newly
established TetOn-regulated gene manipulation in transfected
mouse cones. These results reveal a novel ciliary targeting pathway
and open a new direction for investigating the functions of LE in
cones and the relevance of LEs to cone degenerative diseases.

Materials and Methods
Reagents. All chemicals were obtained from Sigma-Aldrich unless other-
wise mentioned. The following primary antibodies were used in this
study: PRPH2 [1:30 for immunofluorescent (IF) assay, 1:150 for immu-

noblotting (IB) assay; mouse, 3B6, a gift from Dr. R.S. Molday (Molday et
al., 1987) mouse, 2H5, a gift from Dr. R.S. Molday (Connell et al., 1991);
1:30 for IF assay, 1:200 for IB assay, 1:100 for immunoprecipitation (IP)
assay; rabbit, catalog #18109-1-AP, Proteintech (RRID:AB_10665364);
1:100 for IF assay, 1:1000 for IB); FLAG M2 (1:1000 for IF assay; mouse,
catalog #P2983, Sigma-Aldrich; RRID:AB_439685); 1:2000 for IF,
1:20,000 for IB, GFP [chicken, catalog #GFP-1020, Aves Labs (RRID:
AB_10000240); 1 �g for IP assay, mouse, catalog #A-11120, Thermo
Fisher Scientific (RRID:AB_221568)]; mCherry (mCh; 1:2000 for IF as-
say, 1:20,000 for IB assay; goat; catalog #AB0040-200, SICGEN; RRID:
AB_2333092); DsRed (1:500 for IF assay, 1:1000 for IB assay; rabbit;
catalog #632496, Clontech Laboratories; RRID:AB_10013483); �-
tubulin (1:5000 for IB assay; mouse; catalog #T5201, Sigma-Aldrich;
RRID:AB_609915); acetylated-�-tubulin (1:2000 for IF assay; mouse;
catalog #T6793, Sigma-Aldrich; RRID:AB_477585); detyrosinated tubu-
lin (1:400 for IF assay; rabbit; catalog #AB3201, Millipore; RRID:
AB_177350); E-cadherin (1:500 for IF assay; rat; catalog #U3254, Sigma-
Aldrich; RRID:AB_477600); gp135 (1:200 for IF assay; rabbit; a gift from
Dr. T.S. Jou; Jou and Nelson, 1998); canine Lamp2 (1:100 for IF assay;
mouse; AC17, a gift from Dr. E. Rodriguez-Boulan; Nabi et al., 1991);
Rab11a (1:200 for IF assay; rabbit catalog #71-5300, Thermo Fisher Sci-
entific; RRID:AB_2533987); Rab11b (1:200 for IF assay, 1:500 for IB
assay; rabbit; catalog #19742-1-AP, Proteintech; RRID:AB_10642010);
GM130 (1:200 for IF assay; mouse; catalog #610822, BD Biosciences;
RRID:AB_398141); EEA1 (1:400 for IF; mouse; catalog #610456, BD
Biosciences; RRID:AB_397829); Lamp1 [1:10 for IF, mouse, catalog
#H4A3, Developmental Studies Hybridoma Bank (RRID:AB_2296838);
1:50 for IF assay, rat, catalog #1d4b, Developmental Studies Hybridoma
Bank (RRID:AB_2134500)]; TGN38 (1:1000 for IF assay; rabbit;
WMC18, a gift from Dr. E. Rodriguez-Boulan; Gravotta et al., 2012); Hrs
(1:200 for IB; mouse; catalog #sc-271455, Santa Cruz Biotechnology;
RRID:AB_10648901); ubiquitin (1:200 for IB assay; mouse, catalog #sc-
8017, Santa Cruz Biotechnology; RRID:AB_628423); and cone opsin (1:
100,000, used as a cocktail for the detection of all cones, IF assay; rabbit,
S-cone opsin for JH455 and M-cone opsin for JH492, gifts from Dr. J.
Nathans; Wang et al., 1992). Alexa Fluor dye-conjugated secondary
antibodies were obtained from Thermo Fisher Scientific or Jackson
ImmunoResearch.

All the plasmids made in this study were generated by standard mo-
lecular cloning methods. The coding regions obtained by PCR were all
sequence confirmed. The human PRPH2 gene was amplified from a
human retina cDNA library (gift from Jeremy Nathans, Johns Hopkins
University School of Medicine, Baltimore, MD). The 3�-untranslated
region of the human PRPH2 gene was PCR synthesized to mimic the C
terminus of the 1137TG mutant. TetOn-PRPH2, TetOn-GFP-Hrs-
shRNA, TetOn-GFP-Rab11b-shRNA, or TetOn-control short hairpin
RNA (shRNA) plasmids were generated by inserting the sequences of
tetracycline operator-miniCMV promoter and rtTA3 (from the TRIPZ
Lentiviral vector; Thermo Fisher Scientific) into the pCAG vector con-
taining either PRPH2 cDNA or Hrs-shRNA, or Rab11-shRNAs. The
miR-E backbone sequence was inserted with the targeting sequences of
Hrs-shRNA#1 (ID Hgs.1087), Hrs-shRNA#2 (ID Hgs.352), and Rab11b-
shRNA (ID Rab11b.236) were obtained from Chang et al. (2006, their
supplemental Table S3). The scrambled control shRNA sequence was
AATGACGACCACGAGGAATGAG-3�. All constructs involving PCR
were confirmed by sequencing. The following plasmids have been previ-
ously reported. The plasmid encoding bovine PRPH2 was a gift from Dr.
R.S. Molday (Goldberg et al., 1995). PRPH2-GFP, PRPH2-mCh, and
CAG:LoxP-neo-LoxP-PRPH2-GFP were made in our laboratory (Hsu et
al., 2015). The following mammalian expression vectors for fluorescence
tagged reporters were used: EYFP-GalT [J. Lippincott-Schwartz (Cole et
al., 1996)/catalog #11936, Addgene]; GFP-EEA1 [S. Corvera (Lawe et al.,
2000)/catalog #42307, Addgene]; Lamp1-GFP [E. Dell’Angelicaå
(Falcón-Pérez et al., 2005)/catalog #34831, Addgene]; GFP-Sec61beta (T.
Rapoport/catalog #15108 Addgene); and RFP-Hrs [E. De Robertis (Tael-
man et al., 2010)/catalog #29685, Addgene]. GFP-CD63 was a gift from
Dr. F. Sanchez-Madrid (Mittelbrunn et al., 2011). GFP-Rab11a was a gift
from Dr. T. McGraw (Thuenauer et al., 2014). GFP-Hrs was a gift from
Dr. S. Urbé (Urbé et al., 2003). Plasmid coding superfolder GFP was a gift
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from Dr. E.L. Snapp (Aronson et al., 2011). ER T2-Cre-ER T2 was a gift
from Dr. C. Cepko (Matsuda and Cepko, 2007).

Cell culture studies: transfection, staining, and imaging. 293T cells (cat-
alog #CRL-3216, ATCC; RRID:CVCL_0063) were transfected using a
polyethylenimine-based method. Madin-Darby canine kidney (MDCK)
cells (catalog #CCL-34, ATCC; RRID:CVCL_0422) were transfected us-
ing the Amaxa Nucleofector System (Lonza) or Lipofectamine 2000
(Thermo Fisher Scientific). MDCK stable clones were generated using
G418 selection and were selected based on both immunofluorescent and
immunoblotting assays. To generate polarized ciliated MDCK cells, the
cells were plated on Transwell filters (Corning) at a density of 1 � 10 5

cells/6.5 mm dish for 3– 4 d. 661W cells [a gift from M.R. Al-Ubaidi
(Al-Ubaidi et al., 2008); RRID:CVCL_6240) were transfected using the
Amaxa Nucleofector System, and ciliogenesis was induced by serum-free
starvation for 48 h (at a plating density of 5 � 10 5/35 mm dish). For the
pulse-chase experiments, 4 h post-transfection 661W cells were incu-
bated at 15°C for 2 h and then transferred back to 37°C for the indicated
time. Cycloheximide (100 �g/ml) was added in the culture media during

the last 30 min of 15°C incubation and throughout the chase. In some
experiments, brefeldin A (0.5 �g/ml) was also added during the chase.
661W stable cell lines were generated as described for MDCK cells.

Immunostaining and imaging of cultured cells. For immunostaining,
the cells were fixed with 4% paraformaldehyde (PFA) in PBS-C/M (PBS
containing 2 mM MgCl2 and 0.2 mM CaCl2) for 10 min. After quenching
with 50 mM NH4Cl, the cells were permeabilized and blocked with the
PBTAD buffer (PBS-C/M plus 0.25% Triton X-100, 0.5% bovine serum
albumin (BSA), 0.2 mg/ml Na-azide, and 0.3 mM DAPI) followed by
primary and secondary antibodies. For staining involving Lamp2, PBS-
C/M supplemented with 0.5% saponin, 2% bovine serum albumin, and
0.3 mM DAPI for 30 min was used for the cell permeabilization/blocking
instead. Confocal images of stained cells were acquired by a 63� objec-
tive on a Zeiss LSM880 microscope; 0.24-�m-thick single sections are
shown for all images acquired from the subconfluent cells. To obtain
super-resolution-grade images, the Airyscan system on the Zeiss LSM880
microscope was used. Images were processed using Photoshop CS6
(Adobe Systems) for presentation. Some images were edited with the

Figure 1. Ciliary expression of PRPH2 requires its C terminus and proper endosomal trafficking. A, WT and 1137TG FLAG-PRPH2 expressed in MDCK cell lines were stained for FLAG and a cilium
marker (detyrosilated tubulin). Optical sections horizontal to the monolayers (x–y plane) show the ciliary expression of the WT (arrows) and the cell border expression of the 1137TG mutant
(arrowheads). B, MDCK cells stably expressing WT or 1137TG PRPH2-mCh were stained for mCh, gp135, and E-cadherin. Optical sections perpendicular to the monolayer (x–z plane) show the WT
being expressed on the cilium (arrows) and the 1137TG mutant being expressed on the lateral membrane (arrowheads). AP, Apical; BL, basolateral. C, Representative x–z and x–y confocal sections
show that in polarized MDCK monolayers, the stably expressed nontagged WT bovine PRPH2 (labeled by 3B6 antibody) is localized on the cilia extending from the apical surface (dashed lines). PRPH2
is also enriched in the Rab11b-labeled recycling endosomes at the subapical/periciliary region (arrowheads). D, The x–z (left) and x–y (right) sectioning planes of confocal images (with Airyscan
head) show the spatial relationship among Rab11a (arrowheads), Lamp2 (arrows), and stably expressed PRPH2-mCh. E, PRPH2-GFP expressed in the cilia was imaged before (Pre) and after
photobleaching in control cells and cells transfected with indicated mCh-Rab mutants. Red channel is not shown. Arrowheads mark the PRPH2-GFP recovered in the cilia after photobleaching. F,
Quantification of E. y-Axis represents the relative intensity of PRPH2-GFP recovered on cilia after photobleaching; the ciliary signal of PRPH2-GFP before bleaching is considered as 1 (mean � SD;
n � 6, N � 3). Blue: DAPI nuclear stain (A, C, D). Scale bars: A–C, x–z in D, 10 �m; x–y in D, E, 1 �m.
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ImageJ Deconvolution plugin (DeconvolutionLab) using the Tikhonov–
Miller algorithm. Pearson’s coefficients were measured by ImageJ using
the Coloc 2 plugin.

For live cell recording, cells grown on glass-bottom dishes (Greiner
Bio-One) were imaged in warm recording buffer (140 mM NaCl, 20 mM

HEPES, pH 7.4, 2.5 mM KCl, 1.8 mM CaCl2, 1.0 mM MgCl2, 20 mM

D-glucose, and 1% BSA). The images were acquired by an Axio Observer
Z1 fluorescence microscope (Zeiss; equipped with a Plan-Apochromat
63�/1.4 oil-immersion objective, an AxioCam HRM camera, and CO2

Module S), or TempModule S (Zeiss), or a Zeiss LSM 880 Live Imaging
System (equipped with an incubation chamber, with or without an
Airyscan head).

In vivo retinal transfection and retinal immunostaining. All animal ma-
nipulations were performed in accordance with the guidelines for animal
experiments at Weill Medical Cornell Institutional Animal Care and Use
Committee. Neonatal retinal transfection was performed in PN0 Sprague
Dawley rats. A single subcutaneous injection of 4-hydroxytamoxifen (2
mg/ml in corn oil, 0.5 ml/rat) was used to induce the expression of the
transgene regulated by the iPCAG system, as described previously (Hsu et
al., 2015). Embryonic retinal transfection was performed in CD1 mice at
gestational day 14.5. The uterus was extracted through an abdominal
incision, and DNA (in TE buffer, �0.5 �l of 1 �g/ml) was injected into
the subretinal space of the embryo through a beveled micropipette. Three
pulses (45 V, 50 ms each, 950 ms intervals) were delivered by the Twee-
zertrode (Platinum, 7 mm diameter; Harvard Apparatus) placed on the
injected eye through ECM830 Square Wave Pulse generator (BTX). All
DNA was prepared using Endofree kit (Qiagen). For the iPCAG-inducible
system, a mixture of LoxP-neo-LoxP-bPRPH2-GFP: ER T2-Cre-ER T2

plasmids (ratio 2:1) was used. For TetOn-inducible knockdown, a mix-
ture of TetOn-PRPH2 and TetOn-GFP-Hrs-shRNA or TetOn-GFP-
Rab11b-shRNA (ratio 1:9) was used. A single intraperitoneal injection of
doxycycline (1 mg/kg body weight) or Dox Diet (2 g/kg; Bio-Serv) was
used to induce the expression of the transgene regulated by the TetOn-
system. All animals were kept in 12 h light/dark cycles until harvest and
were harvested between 9:00 A.M. and noon (12:00 P.M.). At least three
mice were tested for each experimental condition. All transfected eyes
were harvested by transcardial perfusion with 0.1 M phosphate buffer
(PB), pH 7.4, containing 4% PFA plus 3.75% acrolein, and postfixed with
4% PFA plus 0.1% glutaraldehyde in 0.1 M sodium cacodylate buffer, pH
7.4, overnight. Transfected mouse retinal and (submerged fixed) human
retinal pieces were embedded in 5% low-melting agarose (Amresco),
sectioned by vibratome, and then subjected to immunostaining and con-
focal microscopic examination, as described previously (Hsu et al.,
2015).

Figure 2. PRPH2 is enriched in the endosomal compartments in MDCK cells. A, Nontagged bovine PRPH2 was stably expressed in MDCK cells, and the cells were costained with anti-PRPH2 (3B6)
and various transfected organelle-specific GFP reporters. Insets show enlarged views of the boxed areas. Arrowheads point to the overlapping PRPH2 and GFP signals. B, Quantification of A. Pearson’s
coefficients represent the extent of the colocalization between PRPH2 and the indicated organelle-specific markers (mean � SD; n � 36 cells; N � 3). C–E, Stably expressed PRPH2-mCh (detected
by mCh antibody) was colabeled with Lamp2 (C), GM130 and transfected Lamp1-GFP (D), or transfected GFP-Sec61� (E). The boxed areas were zoomed in and further acquired by super-resolution
Airyscan. Arrowheads point to signals of PRPH2-mCh overlapped with either endogenous Lamp2 (C) or Lamp1-GFP (D), but not GM130. Scale bars: A, C, D, E, 10 �m.

Movie 1. Time-lapse video recording of stably expressed WT PRPH2-
mCh (red) and transiently transfected Lamp1-GFP (green). Arrows point
to two examples of LE that are positive for both mCh and GFP. Scale bar,
10 �m.
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Immunoelectron microscopy, transmission EM, 3D scanning EM of reti-
nal tissues. Immunoelectron microscopy (ImmunoEM) was performed
as described previously (Chuang et al., 2007). Briefly, vibratome-cut ret-
inal slices were permeabilized in cryoprotection solution, quenched in
1% sodium borohydride, and briefly washed in 0.1% Triton X-100 con-
taining PB (0.1 M PB) and then Tris-buffered saline (TS; 0.15 M NaCl in
0.1 M Tris buffer, pH7.4). The sections were then blocked with 0.5% BSA
containing TS for 30 min and incubated with GFP chicken antibody in
the blocking buffer overnight at room temperature. After washing, the
sections were blocked in 0.8% BSA/0.1% gelatin-containing PB for 10
min and incubated with UltraSmall gold goat-anti-chicken antibody
(Electron Microscopy Sciences) for 3 h. The stained sections were post-
fixed with 2% glutaraldehyde for 10 min followed by silver enhancement

for 4 min, OsO4 fixation, and dehydration. The sections were then flat
embedded in Epon and cut into 70-nm-thick ultrathin sections. The
most superficial sections were counterstained and examined on a CM10
Electron Microscope (Philips).

C57BL/6J mice were transcardially perfused with 2.5% glutaraldehyde
plus 4% PFA in 0.1 M sodium cacodylate buffer, pH 7.4. The prepared
eyecups were stored in the same fixative solution at 4°C before being
further processed. Small pieces of eyecup (�2 � 2 mm) were processed
for en bloc fixation and staining by the following steps: (1) washes in cold
cacodylate buffer containing 2 mM calcium chloride; (2) 1.5% potassium
ferrocyanide, 2 mM calcium chloride, and 2% osmium tetraoxide in 0.15
M cacodylate buffer, pH 7.4 for 1 h on ice; (3) thiocarbohydrazide treat-
ment for 20 min at room temperature; (4) 2% osmium tetroxide fixation

Figure 3. PRPH2 is predominantly expressed in the lumen of nondegradative LEs. A, Still images of live PRPH2-mCh expressing MDCK cells loaded with green fluorescent dextran. Low-power
(bottom) and high-power (top) views of single-color and three-color merged views show many dextran-filled vacuoles that express PRPH2 (arrowheads). B, MDCK cells stably expressing nontagged
bovine PRPH2 were transfected with GFP-CD63-Flag-Rab5 Q79L, and loaded with Alexa Fluor 647-conjugated EGF for 30 min. The cells were processed for staining of PRPH2 and GFP. The enlarged
view of boxes 1 and 2 represent the PRPH2 �/EGF 	 and PRPH2 	/EGF � vacuoles, respectively. C, Quantification of B. The percentages of CD63 �/PRPH2 � vacuoles contain EGF (�) or without
EGFP (	) are shown (mean � SD; n � 230 endosomes, N � 3). D, Confocal images of the direct fluorescence exhibited by the stably expressed WT PRPH2-mCh-GFP [with or without (	] NH4Cl
treatment) or 1137TG PRPH2-mCh-GFP. Arrowheads in the insets (enlarged boxed areas) point to the PRPH2-expressing vacuoles that have both red and green fluorescence. Arrows marked the cell
border signal of the 1137TG mutant. E, Quantification of the overlap between Lamp2 and PRPH2 variants using Pearson’s coefficients (mean � SD; n � 41 cells, N � 3). ***p � 0.00034, Student’s
t test. F, G, Immunostaining of Lamp2 (F; a representative image used for quantification in E) or EEA1 (G) in MDCK cells stably expressing 1137TG PRPH2-mCh. Arrows and arrowheads point to the
cell border and early endosomal expression of 1137TG, respectively. Scale bars: A, D, F, G, 10 �m; B, 2 �m.
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for 30 min at room temperature; (5) incubation in 1% uranyl acetate at
4°C overnight; and (6) Walton’s lead aspartate staining at 60°C for 30
min. The en bloc stained tissues were dehydrated with graded ethanol
and embedded in Epon. Ultrathin sections (72 nm) were collected on
G400-Cu grids (Electron Microscopy Sciences) and were examined un-
der a Philips CM10 Microscope for conventional transmission EM anal-
ysis. Alternatively, tissue blocks were mounted and electrically grounded
with the application of silver paint. The surface of the specimen was
sputter coated with a thin layer of gold/palladium and subjected to serial
block face imaging using a 3View Ultramicrotome. Samples were imaged
every 65 nm at a resolution of �3.5 nm/raw pixel.

Focused-ion bean scanning EM (FIB-SEM) was performed exactly as
described previously (Chuang et al., 2015). A “trench” that is orthogonal
to the above en bloc stained tissues embedded in Epon was first milled to
identify the “region of interest” perpendicular to the original transmis-
sion EM block face. Precision milling with a focused ion beam at a pixel
resolution of �3.5 nm/pixel was followed and analyzed using a Helios
NanoLab 650 Microscope (FEI). These images were processed using the
Serial Sections Alignment Program of IMOD/eTomo to correct drifting
caused by the 30° angle from the block face during imaging. To charac-
terize the LE luminal tubules, we traced the darkly versus lightly stained
luminal membranes using the pen tool in Photoshop CS6 and quantified
their relative covered areas using FIJI software.

Dextran and epidermal growth factor uptake assays. For dextran uptake,
cells were incubated with 1 mg/ml fluorescein-conjugated dextran
(10,000 molecular weight; Thermo Fisher Scientific) for 24 h, followed by
a 6 h chase of the medium without dextran. The cells were recorded by
live imaging as described above. Epidermal growth factor (EGF) uptake
assays were conducted as described previously (Kajimoto et al., 2013).
Briefly, the cells were transfected with GFP-CD63 and FLAG-Rab5 Q79L
for 1 d and treated with 100 ng/ml Alexa Fluor 647 EGF (Thermo Fisher
Scientific) for 30 min, followed by fixation and staining.

Fluorescence recovery after photobleaching assay. MDCK cells stably
expressing PRPH2-GFP were transfected with TetOn-mCh-Rab11a-
S25N, TetON-mCh-Rab11b-S25N, or TetOn-mCh-Rab7a-T22N plas-
mid and plated on glass-bottom dishes at high density. Six days later, the
cells were treated with doxycycline (0.4 �g/ml) for 8 h and then recorded
using an LSM 880 Microscope (Zeiss ) using the fluorescence recovery
after photobleaching (FRAP) module (Zen Software for confocal micros-
copy, Zeiss). The signal of the PRPH2 expressed on the primary cilium of
“red” transfected cells was captured before and after photobleaching
every 30 s.

Immunoprecipitation and immunoblotting. Surgically removed mouse
retinal tissues were vigorously vortexed in buffer A (10 mM PIPES, 5 mM

MgCl2, and 50% sucrose) for 1 min and spun (5000 � g, for 5 min, at
4°C). The obtained cell pellets were lysed with RIPA buffer (0.5% 3-[(3-
cholamidopropyl)dimethylammonio]-1-propanesulfonate hydrate, 50
mM Tris-HCl, pH 7.4, 150 mM NaCl, 0.5% NP-40, 0.5% Na-
deoxycholate, 0.1% SDS, 1 mM EGTA, 5% glycerol) plus 10 mM

N-ethylmaleimide, and spun again (13,000 rpm, for 15 min, at 4°C). The
obtained postnuclear supernatants were subjected to immunoprecipita-
tion using the antibody and Dynabeads Protein G (Thermo Fisher Sci-
entific). The postnuclear supernatants of the transfected 293T cell lysates
were similarly prepared in RIPA buffer and subjected to immunoprecipi-
tation assay. Phenylmethylsulfonyl fluoride and proteinase/phosphatase
inhibitor cocktails were added during cell lysing. Quantitative immuno-
blotting assays were performed using the Odyssey Infrared Imaging Sys-
tem (LI-COR).

Experimental design and statistical analysis section. Power analysis was
conducted to estimate the sample size using G*Power 3.1 software. All
the statistical tests were performed by Student’s t test using a confidence
interval of 95%. All the graphs are presented as the mean � SD. We
analyzed at least three mice for each transfection. To date, we have not
encountered any difference in the transfection efficiency or morphology
of retina to mouse sex, and thus both sexes were used. Details regarding
the number of cells, particles, blots, and exact p values are included in the
figure legends.

Results
PRPH2 transits through LE and recycling endosomes en route
to cilia
We first characterized the ciliary targeting of PRPH2 stably ex-
pressed in MDCK cells. Stable MDCK lines that expressed a sim-
ilar modest level of various PRPH2 reporters were examined. The
representative results obtained from two independent clones of
each cell line are shown.

Bovine and human PRPH2 are 91% identical overall, and
their C termini are 85% identical. To rule out any species differ-
ence or tagging effect, we tested in parallel the nontagged bovine
PRPH2, the C-terminal mCh-tagged bovine PRPH2 (PRPH2-
mCh), and the N-terminal Flag-tagged human PRPH2. Regard-
less of the tagging or the type of the tagging, the WT PRPH2 was
consistently present on the acetylated �-tubulin (or detyrosi-
nated tubulin)-labeled primary cilia extending from the apical
surface of the polarized MDCK cells (Fig. 1A–C). While PRPH2
was absent from the gp135-labeled apical plasma membrane (Fig.
1B), it was enriched in the Rab11a- and Rab11b-labeled recycling
endosome immediately beneath the apical plasma membrane
(Fig. 1C,D). Surprisingly, PRPH2 at that region was also closely
associated with the Lamp2-labeled vacuoles (Fig. 1D).

Previous studies showed that shRNA-mediated Rab11 silenc-
ing can impede the polarization (and hence, likely the ciliogen-
esis) of MDCK cells (Bryant et al., 2010). To test whether
cytoplasmic PRPH2 travels through the endosomes before enter-
ing the cilium, we allowed the PRPH2-GFP-expressing cells to
polarize and form cilia first, and then induced the expression of
dominant-negative mutant Rabs for 8 h. Overexpressing mCh-
Rab7a T22N and mCh-Rab11a S25N (or mCh-Rab11b S25N)
were used to selectively disrupt the trafficking of LE/Lys and re-
cycling endosome, respectively. We performed FRAP assays and
measured the recovered rate of the ciliary green fluorescence of
PRPH2-GFP after photobleaching. The recovery of the ciliary
PRPH2-GFP was detectably slower in Rab7a T22N-, Rab11a
S25N-, or Rab11b S25N-expressing cells compared with the con-
trol cells (Fig. 1E,F). The results support the notion that the
trafficking pathway of the LE/Lys and the recycling endosome are
important for the ciliary entry of PRPH2.

Next, we tested a naturally occurring mutant PRPH2,
1137TG, which had the C-terminal 46 aa replaced by 89 different
residues, due to the deletion of nucleotides 1137 and 1138 (Nich-
ols et al., 1993). In contrast to the WT, the 1137TG mutant was
largely absent from the primary cilium and subapical region, and,
instead, was prominently aligned along the E-cadherin-labeled

Movie 2. Time-lapse video recording of stably expressed WT PRPH2-
mCh-GFP. The majority of the granules exhibit red, but not green, fluo-
rescence. Also visible are highly dynamic tubulovesicles, appearing to be
shuttled between the red LE granules. Scale bar, 10 �m.
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lateral membranes (Fig. 1A,B). These results indicate that the C
terminus of PRPH2 contains the sorting signal for its apical cili-
ary expression.

WT PRPH2, but not 1137TG mutant, is expressed in the
lumen of nondegradative LE
We then performed a series of colocalization studies to compre-
hensively document the subcellular distribution of PRPH2. We
conducted these experiments in subconfluent cells for better
spatial resolution. Since several organelle markers and the anti-
bovine PRPH2 antibody were both made in mice, we first cola-

beled the GFP-tagged organelle-specific reporters with the stably
expressed nontagged bovine PRPH2 (Fig. 2A). The Pearson’s co-
efficients showed that, among all the organelles tested, PRPH2
had the highest association with Lamp1-GFP-labeled (Fig. 2A)
and GFP-CD63-labeled (data not shown) LE/Lys (Fig. 2B). A
smaller subset of PRPH2 was expressed on GFP-Rab11a-labeled
recycling endosomes and GFP-EEA1-labeled early endosomes
(Fig. 2A,B). Galactosyltransferase-labeled TGN and plasma
membrane had no detectable PRPH2 (Fig. 2A,B).

The predominant LE/Lys expression of PRPH2 was also con-
firmed by the colabeling of the stably expressed PRPH2-mCh

Figure 4. Newly synthesized PRPH2 undergoes the Golgi-independent ER-to-LE transport in 661W cells. A, 661W cells stably expressing PRPH2-mCh were serum starved to induce cilium
formation and then processed for staining of mCh and acetylated �-tubulin (Ac-Tub). Insets (enlarged boxed areas) highlight the cilium localized PRPH2-mCh (arrowheads). B, Representative still
images, in both low-power and high-power (insets) magnifications, show that transfected PRPH2-mCh and Lamp1-GFP are closely associated in live 661W cells. C, D, PRPH2-mCh-GFP transfected
in 661W cells for 4 h was synchronized at the ER (15°C, 2 h) and chased for the indicated durations. Representative confocal images (C) and quantification of the number of red-only vacuoles (D;
mean � SD; n � 30 cells, N � 3) are shown. E, PRPH2-mCh transiently expressed in 661W cells for 4 h were synchronized in the ER (15°C, 2 h) and chased for the indicated times. Representative
confocal images of mCh, Lamp1, and GM130 immunostaining are shown. Arrowheads mark the overlapping signal of Lamp1 with ER-released PRPH2-mCh. F, G, WT (F ) or 1137TG (G) PRPH2-mCh
expressed in 661W cells for 4 h was blocked at the ER and then released in the absence (control in F; G) or the presence of brefeldin A for 2 h (F ) or for the indicated duration (G). The cells were then
stained with the indicated antibodies. Arrowheads in F show that the nascent WT PRPH2 was on LE but not on Golgi. Arrow and arrowheads in G point to the cis-Golgi and cell border signal of 1137TG,
respectively. Blue, DAPI nuclei (A, E, F, G). Scale bars: A–C, E–G, 10 �m.
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Figure 5. Delineate the C-terminal motifs of PRPH2 that distinctively regulate its LE and ciliary targeting. A, Total detergent lysates of mouse retinas and immunoprecipitates of PRPH2 (top) or
Hrs (bottom) obtained from retinal lysates were immunoblotted with the indicated antibodies. B, Total lysates of 293T cells transfected with RFP-Hrs and PRPH2-GFP or GFP, and the respective
immunoprecipitates pulled down by control or GFP antibody were immunoblotted as indicated. C, Total lysates of 293T cells cotransfected with RFP-Hrs with the indicated PRPH2-GFP variants, as
well as their respective GFP immunoprecipitates were immunoblotted as indicated. Considering the amount of Hrs pulled down by WT PRPH2 as 1, the relative amounts of Hrs pulled down by the
indicated PRPH2 variants are shown. 1137TG, p � 0.00024; 
53, p � 0.00023. D, Schematic diagram of the membrane topology of PRPH2 and the cytoplasmic C-terminal amino acids of WT bovine
and human PRPH2 in which the valine 332, the region encompassing residues 331–342, and the four conserved lysines (K) are highlighted in red, pink, and blue, respectively. E, Immunoblots of
MDCK lines stably expressing the PRPH2-mCh variants characterized in this article using the indicated antibodies. All PRPH2 variants have the expected molecular masses; they did not exhibit any
detectable aggregation or degradation. F, x–z and x–y confocal images of MDCK monolayers stably expressing the V332A mutant of PRPH2-mCh and stained for mCh, acetylated �-tubulin (Ac-Tub),
and DAPI. AP, Apical side; BL, basolateral side. G, Representative images of immunoprecipitation assays of Hrs coimmunoprecipitated by the WT vs the indicated (Figure legend continues.)
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with the endogenous Lamp2 (Fig. 2C) and Lamp1-GFP (Fig. 2D,
Movie 1). Furthermore, in agreement with the notion that the
LE/Lys is tethered to the ER network (Eden et al., 2012; Friedman
et al., 2013), PRPH2-labeled granules were affiliated with GFP-
Sec61�-labeled ER tubules (Fig. 2E). Little or no PRPH2-mCh
was detected on the GM130-labeled cis-Golgi (Fig. 2D).

We performed a fluid-phase tracer experiment to indepen-
dently demonstrate the LE/Lys expression of PRPH2. As shown
in Figure 3A, the extracellularly fed green fluorescein-conjugated
dextran, which is known to accumulate in the LE lumen, had
extensive overlap with stably expressed PRPH2-mCh.

The late endocytic compartment is known to be heteroge-
neous; not all of the LEs merge to become lysosomes (Kobayashi
et al., 2002; White et al., 2006; Piper and Katzmann, 2007; Edgar
et al., 2014). We used the extracellularly internalized EGF to se-
lectively mark the population of LE that fuses with the Lys (Felder
et al., 1990). As described previously (Kajimoto et al., 2013), to
visualize the luminal content in slightly swollen LE/Lys, we
analyzed the internalized Alexa Fluor 647-EGF in the PRPH2-
expressing MDCK cells transfected with GFP-CD63 and Rab5-
Q79L (Fig. 3B). These experiments showed that the majority of
PRPH2 was expressed in the Alexa Fluor 647 EGF-negative,
CD63-positive granules (Fig. 3C). Thus, PRPH2 is mainly ex-
pressed in the nondegradative LE, rather than the degradative
LE/Lys.

In the LEs, PRPH2 was surrounded by the limiting membrane
highlighted by Lamp1, Lamp2, or CD63 (Figs. 1D, 2A, 3B). This
was especially evident when super-resolution confocal micros-
copy was used (Fig. 1D, right). Consistently, PRPH2 extensively
overlapped with the dextran-filled LE (Fig. 3A). To formally
demonstrate that PRPH2 is localized to the luminal side of the LE,
we assessed the pH of the milieu encountered by the PRPH2 C
terminus, which was tagged by both mCh and GFP in tandem
(PRPH2-mCh-GFP). The GFP-derived green fluorescence, but
not the mCh-derived red fluorescence, is susceptible to quench-
ing by low pH. The superfolder version of GFP was used in this
construct and the constructs herein prevent molecular aggrega-
tion (Pédelacq et al., 2006). In both fixed and live cells, most of
the PRPH2-mCh-GFP puncta expressed only red fluorescence
(Fig. 3D, top panels; Movie 2). Raising the luminal pH by treating
the cells with NH4Cl effectively recovered the green fluorescence,
which matched the location of the red fluorescence and merged
to form a yellow signal (Fig. 3D, middle panels).

Compared with the WT, 1137TG had significantly reduced
Lamp2 colocalization (Fig. 3E,F), indicating that the mutant had
impaired LE targeting. Further supporting this, in contrast to its
WT counterpart, the 1137TG mCh-GFP reporter exhibited both
red and green fluorescence (Fig. 3D, bottom panels). 1137T was
prominently detected on the cell border (Fig. 3D,F,G, arrows)
and, to a less extent, on the early endosome in subconfluent
MDCK cells (Fig. 3G).

Golgi-independent ER-to-LE transport of PRPH2 requires its
C terminus
To further delineate the biosynthetic pathway of PRPH2, we used
a more relevant cell model, a cone cell line 661W. We found that
serum-starved quiescent 661W cells grew primary cilia. Since en-
dogenous PRPH2 was undetectable in these cells (Tan et al.,
2004), we showed that the stably expressed PRPH2-mCh was
present on the cilia of the 661W cells (Fig. 4A). Furthermore,
PRPH2-mCh was also expressed in the Lamp1-GFP-labeled LEs
(Fig. 4B). The extent of PRPH2-Lamp1 colocalization was signif-
icant and was similar in the cells cultured with (Pearson’s coeffi-
cient � 0.31 � 0.08; 24 cells; N � 3) or without (Pearson’s
coefficient � 0.31 � 0.09; 24 cells; N � 3) serum.

The absence of the PRPH2 signal from the plasma membrane
and its expression in the LE prompted us to ask whether the LE is
in the biosynthetic pathway of nascent PRPH2. To test this, we
subjected the newly synthesized (4 h post-transfection) PRPH2-
mCh-GFP in 661W cells to 15°C ER block and then 37°C chase.
At the 0 h time point (i.e., before chase), the ER-held PRPH2-
mCh-GFP had both red and green fluorescence (Fig. 4C). Little
or no red granular signal was observed (Fig. 4D). The number of
“red-only” vacuoles (likely the acidic LEs) gradually increased
over the 2 h period of chase (Fig. 4C,D). At no time point (15 min,
30 min, 1 h, 2 h) was PRPH2 found on the cell surface or the Golgi
cell (Fig. 4E). Importantly, PRPH2 was still chased into the
red-labeled granules in the cells treated with brefeldin A, a Golgi-
disrupting agent (Fig. 4F). In stark contrast to its WT counter-
part, the 1137TG-mCh was mainly chased into the Golgi cell (15
min), and then the cell border (60 min; Fig. 4G).

These results suggest that the majority of the ER-released WT
PRPH2 is delivered to the LE without first passing through the
Golgi or the plasma membrane. Additionally, the C-terminal tail
of PRPH2 contains a sorting signal for its ER-to-LE pathway. The
PRPH2 mutant with this “dominant” signal removed undergoes
the canonical Golgi–secretory pathway.

The C terminus of PRPH2 is ubiquitinated, binds to Hrs, and
contains multiple endosomal and ciliary targeting motifs
Next, we investigated the mechanism underlying the LE targeting
of PRPH2. Hrs has an established role in sorting various mem-
brane cargoes into LE lumens (Raiborg and Stenmark, 2002). We
showed that PRPH2 and Hrs physically interacted. In immuno-
precipitation experiments from mouse retinal lysates with either
the anti-PRPH2 antibody or the anti-Hrs antibody, the endoge-
nous PRPH2 and Hrs were specifically coimmunoprecipitated
with each other (Fig. 5A). Furthermore, transfected PRPH2-GFP,
but not GFP alone, also pulled down the cotransfected RFP-Hrs
in 293T cells (Fig. 5B). Significantly less RFP-Hrs was pulled
down by the 1137TG-GFP compared with the WT-GFP (Fig. 5C).
The GFP fusion of 
53 mutant PRPH2 (missing the terminal 53
residues) also had decreased binding to the cotransfected
RFP-Hrs (Fig. 5C). These results suggest that Hrs binds to the
C-terminal region of PRPH2.

Using chimera or deletion mutants in transgenic frog rods
(Salinas et al., 2013) or transfected RPE-1 cells (Tian et al., 2014),
previous studies showed that amino acids 331–342 and valine 332
at the distal C-terminal region of PRPH2 (Fig. 5D) are required
for its ciliary expression through an unknown mechanism. We
generated and characterized the MDCK lines expressing the mCh
fusion of 
331–342 (with the 331–342 residues deleted) and
V332A (valine 332 was changed to alanine) mutant PRPH2 (Fig.
5E). Both the 
331–342 mutant (data not shown) and the V332A
mutant (Fig. 5F) failed to be expressed in the cilia of the polarized

4

(Figure legend continued.) mutant PRPH2. The relative amount of coimmunoprecipitated Hrs
is shown at the right (not significant). H, Representative confocal images of MDCK cells stably
expressing the indicated PRPH2-mCh variants. The cells were labeled with Lamp2. Arrowheads
point to the colocalized signals. I, Quantification of H. Pearson’s coefficients representing the
colocalization between Lamp2 and the indicated PRPH2 variants (mean � SD; n � 24 cells,
N � 3). V332A, p � 0.019; 
331–342, p � 0.0064. ***p � 0.0005; *p � 0.05, Student’s t
test. Scale bars: F, H, 10 �m.

3384 • J. Neurosci., May 1, 2019 • 39(18):3376 –3393 Otsu et al. • Late Endosome–Cilium Pathway of PRPH2



MDCK cells. Interestingly, both mutants
still bound to Hrs (Fig. 5G), and, in fact,
both mutants had statistically significant
increased association with Lamp2-labeled
LE (Fig. 5H, I). These results indicate that
while these two distal C-terminal mutants
can enter the LE, they fail to leave the LE
for the subsequent ciliary targeting.

Ubiquitins added to the cytoplasmic
region of several membrane proteins have
been shown to be the LE lumen sorting
signal that binds to Hrs (Raiborg and
Stenmark, 2002). We found that WT
PRPH2-GFP, but not GFP alone, ex-
pressed in transfected 293T cells was ubi-
quitinated (Fig. 6A). Both 1137TG and

53 had significantly reduced ubiquitina-
tion (Fig. 6A), supporting the idea that the
C terminus is the major ubiquitination
site for PRPH2. Subsequently, we gener-
ated the 4xA mutant, in which all four
conserved lysines (K317, K324, K325, and
K328; Fig. 5D) in the cytoplasmic tail of
human PRPH2 were replaced by alanines.
The 4xA mutation underwent signifi-
cantly less ubiquitination (Fig. 6B), indi-
cating that the C-terminal lysine residues
are important ubiquitination sites. Unex-
pectedly, while the 4xA mutant still bound
to Hrs (Fig. 6C), it had defective LE target-
ing. The 4xA-mCh had reduced Lamp2
colocalization (Fig. 6D,E), and the 4xA
mCh-GFP reporter displayed both red
and green fluorescence (Fig. 6F). Further-
more, 4xA was not detected in the primary
cilium (data not shown). The missorted
4xA was readily detected in the cell bor-
ders (Fig. 6E–G). These results suggest
that the four lysines in the C terminus of
PRPH2 are important for the LE and cili-
ary targeting of PRPH2 through an Hrs-
independent pathway.

Characterizing the expression of LE and
PRPH2 in photoreceptor
Each photoreceptor has the following
four major compartments: the outer seg-
ment, the inner segment, the cell body/cell
process, and the synapse (Fig. 7A). Outer
segment proteins are synthesized by the
biosynthetic pathways housed in the cell
body and the inner segment. The endo-
somes of mammalian photoreceptors
remain poorly characterized. Using trans-
mission EM, the LEs, characterized by
their multivesicular vacuoles (Fig. 7B, top
left), were readily seen in the photorecep-
tor inner segments and cell bodies. Typi-
cal looking lysosomes containing an
electron-dense luminal matrix were, how-
ever, rarely seen.

To further delineate the distribution
pattern of the LEs in the photoreceptors

Figure 6. The C-terminal lysins of PRPH2 are ubiquitinated and involved in the LE and ciliary targeting. A, B, GFP immunopre-
cipitates from 293T cell lysates containing transfected GFP or PRPH2-GFP variants were immunoblotted for GFP or ubiquitin (Ub).
Considering the ubiquitination of WT PRPH2 as 1, the relative ubiquitination level for the indicated PRPH2 variants are shown.
1137TG, p � 0.0091; 
53, p � 0.018 (A). 4xA: p � 0.00013 (B). C, Representative immunoblots supporting the quantification
demonstrate that RFP-Hrs was specifically pulled down by both WT and 4xA PRPH2-GFP. The relative amount of Hrs coimmuno-
precipitated by the WT vs 4xA PRPH2 are shown at the right (not significant). D, Pearson’s coefficients representing the colocal-
ization between Lamp2 and 4xA PRPH2 (mean � SD; n � 24 cells, N � 3). p � 0.0062. E, Representative confocal images
supporting the Lamp2 colocalization quantification in D. MDCK cells stably expressed 4xA PRPH2-mCh, and PRPH2 was found in the
cell borders (arrows) but rarely in the Lamp2-positive LE. F, Direct fluorescence of MDCK stably expressed 4xA PRPH2-mCh-GFP in
intracellular granules (arrowheads) and cell border (arrows). G, The x–y sectioning plane confocal images of mCh and E-cadherin
staining show that stably expressed 4xA PRPH2-mCh was prominently expressed on cell borders (arrowheads). ***p � 0.0005;
**p � 0.005; *p � 0.05 (Student’s t test). Scale bar: E–G, 10 �m.
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Figure 7. Characterization of LE and LE expression of PRPH2 in rodent photoreceptors. A, A schematic drawing of mammalian photoreceptors, both rod and cone. B, Top left, A
representative multivesicular vacuole, characteristics for LE, seen in the mouse inner segment by transmission EM (TEM). Right, A low-power, single-view plane of a SBF-SEM shows the
photoreceptor region containing the basal outer segments (OSs) and part of the inner segments of an adult CD1 mouse retina. Arrowheads point to the typical LEs; their multivesicular
feature was confirmed by surveying the entire stack of zoomed-in images. Bottom left, An SBF-SEM image of a cone inner segment (IS) that contains abundant LEs (arrows). This cone
was identified by its typical cone outer segment when a stack of images was viewed in high power. Mitochondria (m). C, A single FIB-SEM image shows LE-like vacuole (boxed), dark
membrane tubules (T), and mitochondria (m) in a mouse photoreceptor inner segment. D, A representative confocal image of the entire mouse retina immunostained with Lamp1. The
DAPI dye labels the cell bodies of photoreceptors [i.e., the outer nuclear layer (ONL)] and the cell bodies of the inner retinal cells [i.e., the inner nuclear layer (INL)]. Detectably less Lamp1
signal was seen in the nonphotoreceptor layers. OPL, Outer plexiform layer; IPL, inner plexiform layer; GC, ganglion cell layer. E, Three FIB-SEM views (in 25 nm intervals) of the same LE
boxed in C (Movie 3), which has dark luminal membranes (arrowheads) and is connected to dark tubules (T; arrows) distributed alongside the long axis of the inner segments. The
quantification of eight FIB-SEM electron micrographs of two representative LEs (shown in Movies 3, 4) suggests 39.0 � 12.1% of the total luminal membranes are darkly stained. F, The
immunospecificity of the anti-PRPH2 rabbit antibody was confirmed by immunoblotting assay using mouse retinal lysates. G, Representative PRPH2 and Lamp1 staining in photore-
ceptors of human retinas. Arrowheads mark some overlapping PRPH2 (green) and Lamp1 (red) signal spanning the ONL. To emphasize the PRPH2 signal in the rest of photoreceptor, only
the basal portion of the outer segment (OS) is shown. Enlarged views of box 1 and box 2 highlight the fine PRPH2 punctates associated with Lamp1-labeled granules. H, ImmunoEM of
rat photoreceptors expressing PRPH2-GFP for 16 h. Left, A low-power electron micrograph shows three immunogold-decorated LEs (arrows). Dashed lines demarcate the borders
between individual inner segments. Middle, An enlarged view shows an LE having a high-density immunogold-labeled lumen. Orange dashed lines mark the border of the LE vacuole.
White arrowheads in the enlarged view of the boxed area (inset) point to the PRPH2-derived silver-enhanced immunogold labeling. Right, A representative image of LE lacking
immunogold labeling. Scale bars: left top in B, 200 nm; left bottom in B, C, D, 1 �m; right in B, 4 �m; D, G, 20 �m; left in H, 500 nm; right in H, 250 nm.
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and the geometry of individual LEs, we used two types of 3D
EM techniques. Namely, we performed serial block-face view-
ing of “en block-fixed” (vs ultrathin-sectioned) retinal tissues,
by either serial block-face scanning EM (SBF-SEM; Fig. 7B) or
FIB-SEM (Fig. 7C). We found that the LE vacuoles were more
frequently seen in the lower part of the inner segment of both
rods and cones (Fig. 7B). This was consistent with the Lamp1
immunostaining of mouse retinal sections (Fig. 7D). Although
bright Lamp1 puncta were also found in the cell body (i.e., the
outer nuclear layer) and the terminus (i.e., the outer plexiform
layer) of the photoreceptors, we did not perform detailed EM
imaging of those regions.

The high-power 3D topographies revealed that many of the
LEs were pleomorphic. Their lumens were filled with vesicular
tubules of variable electron density (Fig. 7E; Movies 3, 4, 5). A
variable subset of these luminal membrane had matched electron
density to the membrane tubules that were attached to and/or
extended from the vacuoles, which appeared to belong to a tubu-
lar network spanning nearly the entire inner segment. The dark
tubules (�35–75 nm in diameter) morphologically resembled
endosomal tubules described in the literature (Tooze et al., 1990;
Gibson et al., 1998).

The immunostaining of human retinal sections showed that,
in addition to the bright outer segment signal, a modest, but
specific, fine punctate signal of PRPH2 was also associated with

the Lamp1-labeled tubular granular structures in the inner seg-
ments/cell bodies (Fig. 7F,G). The trace amount of PRPH2 in
transit was expected to be difficult to detect because the abundant
outer segment-expressed PRPH2 could sequester most of the an-
tibodies applied. The nature of the heavily glycosylated LE mem-
brane coats might also impede the antibody accessibility for
detecting the LE luminal proteins. To circumvent these technical
issues, we set out to visualize the nascent PRPH2 expressed in the
transfected photoreceptors using the iPCAG-inducible system
(Hsu et al., 2015). Specifically, we subjected adult rods, which had
been neonatally transfected with ER T2-Cre- ER T2 and floxed-
STOP-PRPH2-GFP, to a single dose of 4-hydroxytamoxifen. We
showed that PRPH2-GFP expressed for �1 d reached the outer
segment (Hsu et al., 2015). We then harvested the retinas express-
ing PRPH2 for 16 h for immunoEM of GFP. These investigations
showed that the high-density gold particles were consistently
found in the lumens of the LE-like vacuoles (Fig. 7H). Though
sparse, low-density gold particles were also found on nonmito-
chondrial, yet-to-be-characterized membrane profiles in the in-
ner segments. No similar signals were seen in sections not stained
by primary antibodies.

Movie 3. An FIB-SEM movie presents a series of consecutive block
face images of a single LE in the mouse photoreceptor inner segment
(i.e., “LE” shown in Fig. 7E; 5 nm per frame; total of 20 frames). These
images show that the LE is highly polymorphic, and it has close contacts
with the dark membrane tubules (T) belonging to a tubular network
that runs longitudinally across inner segment. An arrowhead indicates
the high-electron density intraluminal vesicle contents. m, mitochondria. Scale bar, 500 nm.

Movie 4. An FIB-SEM movie presents a series of consecutive block
face images of a single photoreceptor LE that is highly polymorphic and
has multiple contacts with the dark membrane tubules (T; 5 nm per
frame, total 39 frames). m, mitochondria. Scale bar, 500 nm.
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Novel TetOn-inducible expression and cone
transfection method
Thus far, studies of outer segment trafficking have been focused
in rods, the predominant photoreceptor cell type in humans and
mice. Rods and cones have several distinct features in their cyto-
structures, including their outer segments. We are keen to ad-
dress the targeting of PRPH2 in cones because most of the
C-terminal PRPH2 mutations, such as 1137TG (Nichols et al.,
1993), are linked with cone-dominant macular dystrophies
(http://www.retina-international.org/files/sci-news/rdsmut.htm). The
current neonatal retinal transfection protocol (used in the above exper-
iments) mainly targets rods. To improve the cone targeting, we trans-
fectedtheembryonicmouseretinasduringthedevelopingstagearound
the birthdates of the cones in utero (Fig. 8A). In the retinas harvested
from adults, the silhouette outlined by the embryonically transfected
GFP showed that a large fraction of transfected retinal cells looked like
cones. These cells had a larger synaptic pedicle, a teardrop-shaped cell
body, and a conical-shaped outer segment that expressed cone opsins
(Fig. 8B).

To enhance the performance and versatility of the temporal
transgene regulation in transfected photoreceptors (see Discus-
sion), we established the TetOn-inducible system, which involves
a single plasmid encoding of both the reverse CAG-directed Tet-
rtTA3 and Tet operator-miniCMV-directed transgene (Fig. 8C).
Doxycycline was used to turn on the expression of the transgene
(PRPH2-mCh in this case). We used this method to confirm that

in mouse cones the PRPH2-mCh expressed for 4 –16 h was pres-
ent on the Lamp1-labeled LEs (Fig. 8D) and Rab11b-labeled re-
cycling endosomes (Fig. 8E).

The LE pathway regulates the cone OS targeting of PRPH2
Subsequently, we used the TetOn system to characterize the outer
segment targeting of the 1137TG PRPH2 in mouse cones. The
WT PRPH2-mCh expressed in the mouse cones for 4 d was pre-
dominantly localized in the outer segment (Fig. 9A). While the
granular signal of PRPH2 was occasionally seen in the inner seg-
ment, almost no signal was ever detected in the cell body/process and
synapses (Fig. 9A). In contrast, the 1137TG-mCh expressed in
mouse cones for 4 d was frequently seen in the cell body/process and
synapse of transfected cones (Fig. 9A). The predominant outer seg-
ment expression of cone opsin was not affected by the expression of
either WT or 1137TG mutant PRPH2 (data not shown).

We wished to test the physiological importance of the endo-
somes in the cone outer segment targeting of PRPH2. To avoid
any potential impact on cone development or cone survival, we
interfered with the LE or recycling endosome trafficking pathway
after the cones matured. We generated plasmids that encode both
TetOn-regulated Hrs-shRNA and GFP, and validated their
knock-down effect (Fig. 9B). Doxycycline food was used to si-
multaneously activate the expression of the transfected GFP-Hrs-
shRNA and WT bovine PRPH2 for 4 d. Bovine PRPH2 expressed
in cones was detected by the antibody 3B6, which does not cross-
react with mouse PRPH2 (Molday et al., 1987). These studies
showed that the large majority of the Hrs-suppressed cones had
bovine PRPH2 accumulated at the cell body/process and synapse
(Fig. 9C). Two independent Hrs-shRNAs, but not the scrambled
control shRNA, generated a similar mislocalization index, ruling
out the concern of any off-target effect. Furthermore, we showed
that the endogenous PRPH2 (detected by anti-mouse PRPH2
antibody 5H2) was also severely mislocalized in cones singly
transfected with GFP-Hrs-shRNA (Fig. 9D). Finally, we showed
that bovine PRPH2 was also significantly mislocalized in cones
that expressed a validated GFP-Rab11b-shRNA for 4 d (Fig.
9E,F). The Hrs- or Rab11b-suppressed cones look normal and
had normal outer segment expression of cone opsins (data not
shown), suggesting that the ciliary targeting problem of the
PRPH2 was not due to overall cell sickness.

Discussion
Endosomal pathway underlies the ciliary trafficking
of PRPH2
Until now, ciliary membrane proteins have been known to be
transported as post-Golgi vesicles, with or without passing
through the recycling endosome, or laterally diffused from the
apical plasma membrane (Nachury et al., 2010; Sung and Leroux,
2013). We now add a novel ciliary targeting pathway. Using
PRPH2 as a model, we showed that the membrane cargo inside
the LE lumen can also be selectively targeted to the cilia, likely
through the recycling endosome. PRPH2 mutants that failed to
traffic through the LE have impaired ciliary entry. Perturbing the
expression or function of the key LE trafficking regulators Rab7
or Hrs inhibited the ciliary localization of PRPH2.

We provided supporting evidence, in both cell cultures and in
mouse cones in vivo, demonstrating that the nascent PRPH2 is
expressed on the luminal side of the LE. Previous studies
showed that the LE luminal membrane proteins (e.g., MHC
class II antigen, MMP14) are transported to various mem-
brane compartments on tubules through an incompletely under-
stood mechanism (Kobayashi et al., 2000; Turley et al., 2000;

Movie 5. An FIB-SEM movie reveals that a single LE is “intertwined”
by dark membrane tubules (T; 5 nm per frame, total 28 frames). m,
mitochondria. Scale bar, 500 nm.

3388 • J. Neurosci., May 1, 2019 • 39(18):3376 –3393 Otsu et al. • Late Endosome–Cilium Pathway of PRPH2

http://www.retina-international.org/files/sci-news/rdsmut.htm





Kleijmeer et al., 2001; Abrami et al., 2004; Le Blanc et al., 2005).
Our time-lapse video recording of MDCK cells detected “red”
tubules extending from the PRPH2-mCh-labeled LE granules,
and these tubules later broke off and moved away (Movie 6).
These observations indicate that PRPH2 leaves LE on tubules too.
The 3D EM images of photoreceptors showed that the membrane
tubules attached to the LEs are in-and-out of the vesicle-/tubule-
filled lumens and belong to the tubular network spanning the
entire long axis of the inner segments (Movies 3, 4, 5). We are
tempted to speculate that these tubules, which are electron
dense due to glycoproteins (Goldfischer et al., 1981), represent
the outer segment-directed transport carriers of LE-expressed
PRPH2.

The current studies showed that PRPH2 is also expressed
on the recycling endosome, and Rab11 functionally regulates
its ciliary expression both in vitro and in vivo. Since the newly
synthesized PRPH2-mCh-GFP mainly appeared as red (i.e.,
acidic) granules, the recycling endosomes are likely to be sit-
uated “downstream” to the LE trafficking of PRPH2 and serve
as an intermediate compartment for the PRPH2 en route to
cilium.

The LE is part of the biosynthetic
pathway of PRPH2
Unlike most LE proteins, which are mol-
ecules internalized from the cell surface
for lysosomal turnover, our study suggests
that LE-expressed PRPH2 is not. First, the
ER-released PRPH2 is found in the LE
without any prior appearance on the
plasma membrane or the Golgi. The latter
was biochemically supported by the en-
doglycosidase digestion pattern of PRPH2
(Connell and Molday, 1990; Tian et al.,
2014; Zulliger et al., 2015) and the brefel-
din A experiments presented in the current
article. Although we cannot completely rule
out the possibility that a small fraction of
PRPH2 enters somewhere else and immedi-
ately departs for LEs, our observations
strongly indicate that the PRPH2 under-
takes a novel ER-to-LE transport pathway
that has not been previously described.

Second, the PRPH2 signal is persistently
detected in the EGF-negative LEs, indicating
that the majority of PRPH2 is not prone to
degradation. Third, our EM showed that the
photoreceptor-expressed nascent PRPH2 is
enriched in the LE vacuoles. Although it is
conceivable that some of the LEs serve as a
reservoir for the PRPH2 that is going for
degradation, the typical-looking lysosomes
are rarely seen in mouse photoreceptors.
The latter observation makes sense, as outer
segment expressed PRPH2 (and other pro-
teins) are mainly digested in the retinal pig-
ment epithelial cells, which engulf the
distally shed outer segments (Young, 1967).

Multiple C-terminal sorting signals and
pathways regulate the LE trafficking of
ciliary-directed PRPH2
Although the importance of the cytoplas-
mic tail of PRPH2 in its ciliary targeting

has been reported, mechanistic insight has been lacking until
now. Our systematic analyses of a series of C-terminal mutants
suggest that this region of PRPH2 governs the ciliary targeting by
modulating its trafficking through the LE via multiple distinct
pathways (Fig. 10A,B). (1) The mutants that lack almost the
entire C terminus (1137TG, 
53) have concomitant impaired
Hrs binding, LE targeting, and ciliary targeting. (2) The
C-terminal mutants (
331–342, V332A) have normal Hrs bind-
ing and increased LE accumulation. This indicates that while the
distal C-terminal residues (331–342 and V332) are not required
for the LE targeting of PRPH2, these residues are required for the
LE exit of PRPH2 for the subsequent transport to cilium. Also,
piecing the above two pieces of data together, we deduced that the
Hrs binding site lies at the proximal C-terminal region of PRPH2
(Fig. 10C). (3) The 4xA mutant, while it binds to Hrs, had im-
paired ubiquitination and targeting to both LE and cilium. One
of the easiest explanations for this result is that C-terminal ubiq-
uitination is required for the LE targeting. Alternatively or addi-
tionally, since the C-terminal lysine residues belong to an
amphipathic helix structure (Milstein et al., 2017), these lysines
might play an Hrs-independent, structural role (e.g., membrane

Figure 8. Delineating the endosomal expression of newly synthesized PRPH2 in vivo using TetOn-inducible system in trans-
fected mouse cones. A, A diagram depicts the cone transfection procedure, which involves the in utero subretinal plasmid injection
and Tweezertrode-conducted electroporation with the cathode (�) facing the injection side. B, A representative confocal image
of a mouse retina that was embryonically transfected with GFP, harvested postnatally at 3 weeks, and stained for GFP, (S�M) cone
opsin, and DAPI. C, A diagram depicts the Tet-ON: PRPH2-mCh plasmid, which encodes tetracycline operator (tetO)-miniCMV
promoter-directed PRPH2-mCh, and CAG promoter (PCAG)-directed rtTA3. In the presence of doxycycline (Dox), rtTA3 binds to
TetOn-miniCMV promoter and activates the transgene expression. Poly(A), poly(A) tail. D, E, A representative image of a GFP-
transfected cone that had TetOn-directed PRPH2-mCh induced to express for 18 h (D) or 4 h (E), and stained for GFP, mCh, and
either Lamp1 (D) or Rab11b (E). The boxed areas in the cone inner segments/cell bodies are enlarged to highlight the expression
of the newly synthesized PRPH2 in Lamp1-labeled LEs (D, arrowheads) and Rab11b-labeled recycling endosomes (E, arrowheads).
Cell borders were marked by dashed lines. Scale bars: B, D, E, 10 �m.
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curvature formation; Khattree et al., 2013) in LE targeting. In all
cases (i.e., 1137TG, 
53, 4xA), the removal of the LE targeting
signal from PRPH2 unmasks the “default” Golgi secretory path-
way, redirecting the mutants to the lateral side of the cells (in
vitro) or the synaptic terminal/cell body/cell process in mouse
cones. Like the WT, all tested C-terminal mutants were detected
as a single major specie on protein gels (Fig. 5E), implicating that
none of the ciliary targeting defects seen in the C-terminal mu-
tants is due to protein instability and/or aberrant protein
aggregation.

The C terminus of the PRPH2 is a hot spot for human muta-
tions linked to macular/cone dystrophies. The naturally occur-
ring nonsense mutants Q331X, W316X, and Y285X (Felbor et al.,
1997; Kohl et al., 1997; Grover et al., 2002), respectively, lack one,
two, and all three LE sorting/exit motifs mapped for PRPH2 (Fig.
10C). These correlations lend clinically relevant support to the LE
trafficking pathway of PRPH2.

The physiological significance of LE-expressed PRPH2
Tetraspanin proteins have a tendency to form membrane mi-
crodomains (i.e., tetraspanin web) through homophilic and/or
heterophilic protein–protein interactions (Charrin et al., 2014).
PRPH2 forms homo-oligomers and hetero-oligomers [with

Figure 9. Endosomal trafficking regulates outer segment targeting of PRPH2 in mouse cones. A, Representative images of GFP-transfected mouse cones had WT or 1137TG PRPH2-mCh expressed
for 4 d. GFP and mCh staining showed that the WT PRPH2 is mainly expressed on the outer segment, while the 1137TG mutant was detectably mislocalized in the cell body/process (arrowheads) and
synaptic terminus (asterisks). The percentages of GFP-positive cones that had mislocalized PRPH2-mCh in the indicated cell regions are shown (mean � SD; n � 40 cells, N � 3). Terminal, p �
0.0023; cell body/process, p � 0.0046. B,E, Top in B schematic diagram of TetOn-GFP-shRNA plasmid. Bottom, Validating the gene-silencing effect of Tet-On-Hrs-shRNA (B) and TetOn-Rab11-
shRNA (E). B, Immunoblots of doxycycline-treated 293T cells transfected with GFP-Hrs together scrambled control shRNA or two different Hrs-shRNAs (sh#1, sh#2). The relative expression level of
GFP-Hrs (internalized by the control protein �-tubulin) is shown. E, Immunoblots containing 661W cells transfected with TetOn-regulated GFP-scrambled control shRNA or GFP-Rab11b-shRNA were
treated with doxycycline for 3 d, and probed as indicated. The relative Rab11b signals detected (internalized by the �-tubulin signal) are also shown. C, Transfected mouse cones expressing
nontagged bovine PRPH2 together with GFP-scrambled control-shRNA or GFP-Hrs-shRNA for 4 d were stained for bovine PRPH2 (red) and GFP (green). The bovine PRPH2 mislocalized in the cell
body/process (arrowheads) and terminus (asterisks) of Hrs-shRNA-transfected cones are prominent. Quantification of the PRPH2 mislocalization in GFP-positive cones is shown (mean � SD; n �
34 cells, N � 3). Terminal: Hrs-sh#1, p � 0.00065; Hrs-sh#2, p � 0.0089; cell body/process: Hrs-sh#1, p � 0.021; Hrs-sh#2, p � 0.042. D, Two representative mouse cones that had GFP-Hrs-shRNA
expressed for 4 d and were then stained with anti-mouse PRPH2 antibody (red). The endogenous PRPH2 was selectively mislocalized in the cell body/process (arrowheads) and terminus (asterisks)
of Hrs-shRNA-transfected cones. F, Transfected mouse cones expressing nontagged bovine PRPH2 together with GFP-Rab11-shRNA for 4 d (via doxycycline food) were stained for bovine PRPH2 (red)
and GFP (green). Arrowheads point to the mislocalized bovine PRPH2 at the cell body/process (arrowheads) and synapse (asterisks). ***p � 0.0005; **p � 0.005; *p � 0.05, Student’s t test. Scale
bars: A, C, D, F, 10 �m.

Movie 6. Time-lapse video recording of stably expressed WT PRPH2-
mCh in MDCK cells using super resolution-grade Airyscan. Arrows point
to a fluorescent tubule that first extends from an LE-like globule and is
then pinched off. Scale bar, 1 �m.
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ROM1 (retinal outer segment membrane protein 1)], and it is
concentrated in the specialized “rim/incisure region” of the rod
disc membranes (Molday et al., 1987; Arikawa et al., 1992; Farjo
et al., 2006). In agreement with our current finding, several
PRPH2-binding proteins are known LE components (e.g.,
melanoregulin, V-ATPase; Damek-Poprawa et al., 2009; Zul-
liger et al., 2015). Moreover, an endosomal trafficking regula-
tor Numb has been shown to regulate the outer segment
expression of cGMP-gated channel, a protein that interacts with
PRPH2 (Couturier et al., 2014; Ramamurthy et al., 2014).

Given that PRPH2 has a pleiotropic role in membrane remod-
eling and protein interactions (Boesze-Battaglia et al., 1998;
Goldberg, 2006; Khattree et al., 2013), its mislocalization could
generate spurious changes in membrane structure and cell signal-
ing, contributing to retinal pathology. A growing number of
studies demonstrate that the late endocytic compartments are
not merely a garbage bin, but rather that these organelles are
endowed with wide-ranging roles including autophagy flux, met-
abolic signaling, lipid homeostasis, and plasma membrane repair
(Mukherjee and Maxfield, 2004; Scott et al., 2014; Pu et al., 2016).
Our observation that the LE is the major depot for the cilium-
directed PRPH2 in cones opens a new direction for investigating
the etiology of retinal dystrophies caused by PRPH2 mutations
and brings awareness to the physiological importance of LE biol-
ogy in mammalian photoreceptors.

Novel cone manipulation techniques
Our current understanding of cones significantly lags behind our
knowledge about rods. It is challenging to detect cone-associated
phenotypes in rod-dominant retinas (rods outnumber cones by
�20-fold in mice and humans). Here, we streamlined a plasmid
transfection protocol to perform mouse cone targeting. Addi-
tionally, we established the novel TetOn system to perform gain-
of-function or loss-of-function in transfected photoreceptors.
Doxycycline, either by injection or feeding, can be used to acti-
vate the TetOn-directed transgenes in a tunable fashion based on
the dose of doxycycline. Since PRPH2 is essential for the genesis
of the outer segment (Sanyal et al., 1980; Sanyal and Jansen,
1981), it is crucial to investigate the ciliary targeting of the PRPH2
in cones that already have a fully developed outer segment. In the

current study, we used a low dose of doxycycline to briefly
perturb endosomal trafficking without detectably sickening
the cells. We also investigated the distribution of pulse-
expressed PRPH2; the low-level PRPH2 fluorescent reporter
expression has to be visualized by immunostaining (vs direct
fluorescence). Finally, the cell-autonomous phenotypes are
easy to identify in transfected cones. This is in contrast with
the challenges with phenotyping sometimes seen in Cre-lox-
mediated conditional knock-out mice due to mosaicism or
hypomorphism. Thus, the cone manipulation described here
will expedite discovery for cone biology and the etiology of a
high number of cone/macular dystrophies, which remain
largely unexplored.
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