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Cellular/Molecular

Comparison of Ciliary Targeting of Two Rhodopsin-Like
GPCRs: Role of C-Terminal Localization Sequences in
Relation to Cilium Type

Abhishek Chadha,"> Antonio E. Paniagua,' and David S. Williams">**
"Departments of Ophthalmology and Neurobiology, *Stein Eye Institute, *Molecular Biology Institute, and *David Geffen School of Medicine, Brain
Research Institute, University of California, Los Angeles, Los Angeles, California 90095

Primary cilia exhibit a distinct complement of proteins, including G-protein-coupled receptors (GPCRs) that mediate sensory
and developmental signals. The localization of GPCRs to the ciliary membrane involves ciliary localization sequences (CLSs),
but it is not known how CLSs might relate to cilium type. Here, we studied the localization of two rhodopsin (RHO)-like
GPCRs, somatostatin receptor (SSTR3) and RHO, in three types of cilia, from inner medullary collecting duct (IMCD3) cells,
hTERT-RPELI cells (possessing pocket cilia), and rod photoreceptors (whose cilia grow into elaborate phototransductive outer
segments). SSTR3 was localized specifically to all three types of cilia, whereas RHO showed more selectivity for the photore-
ceptor cilium. Focusing on C-terminal CLSs, we characterized a novel CLS in the SSTR3 C terminus, which was required for
the robust ciliary localization of SSTR3. Replacing the C terminus of RHO with this SSTR3 CLS-enhanced ciliary localization,
compared with full-length RHO in IMCD3 and hTERT-RPEI cells. Addition of the SSTR3 CLS to the single transmembrane
protein CD8A enabled ciliary localization. In hTERT-RPE1 cells, a partial SSTR3 CLS added to CD8A effected specific local-
ization to the periciliary (pocket) membrane, demonstrating C-terminal localization sequence targeting to this domain. Using
retinas from mice, including both sexes, we show that deletion of the C terminus of RHO reduced the rod outer segment
localization and that addition of the SSTR3 C-terminal CLS to the truncated RHO partly rescued this mislocalization. Overall,
the study details elements of the different C termini of SSTR3 and RHO that are major effectors in determining specificity of
cilium (or pericilium) localization among different types of cilia.
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The localization of G-protein-coupled receptors to primary cilia is key to many types of signal transduction. After characteriz-
ing a novel C-terminal CLS in SSTR3, we investigated how SSTR3 and RHO localization to the cilium relates to C-terminal
CLSs and to cilium type. We found that the SSTR3 C-terminal CLS was effective in three different types of cilia, but the RHO
C terminus showed a clear localization preference for the highly elaborate photoreceptor cilium. When added to CD8A, part
of the SSTR3 CLS promoted specific periciliary membrane localization in hTERT-RPEI cells, demonstrating an effective CLS
for this domain. Thus, we demonstrate that elements of the C termini of SSTR3 and RHO determine different localization pat-
terns among different types of cilia. /

exhibits a composition that is distinct from that of the plasma

Introduction -0mpo; : .
Primary cilia are small microtubule-based structures involved in ~ membrane, including an enrichment of sensory receptors (Corbit et
al,, 2005; Hu et al.,, 2010; Nemet et al., 2015; Garcia et al,, 2018).

the detection of extracellular signals. The ciliary membrane
Localization to the ciliary membrane is key for the function of
many G-protein-coupled receptors (GPCRs). For example, the rho-
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dopsin (RHO)-like somatostatin receptor 3 (SSTR3) is localized to
the neuronal cilia of the CNS (Guadiana et al., 2016), where it func-
tions in novel object recognition in mice, possibly via ciliary cAMP
signaling (Einstein et al., 2010). The localization of Smoothened to
the cilium is dynamically regulated by the ciliary binding of the Hh
ligand to Patchedl and leads to the activation of Gli transcription
factors (Wong and Reiter, 2008).
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The most extreme example of GPCR ciliary localization
occurs in vertebrate photoreceptor cells. The ciliary plasma
membrane of photoreceptors is extensively amplified into disk
membranes (Sjostrand, 1953; Steinberg et al., 1980; Burgoyne et
al,, 2015; Ding et al., 2015; Volland et al., 2015), which contain
vast amounts of RHO (Papermaster and Dreyer, 1974; Nickell et
al., 2007). The formation and continual renewal of these disk
membranes requires the movement of large amounts of RHO
into the cilium and along the ciliary plasma membrane to the site
of disk morphogenesis: an average of 72 RHO molecules per sec-
ond in a mouse rod (Williams, 2002), and 1000 molecules per
second in the larger frog rod (Papermaster et al, 1985). Gene
mutations resulting in defects in RHO localization to the outer
segment underlie retinal degenerations in animal models and
humans; for example, mutations in Myo7a, Tulpl, Bbs2, RHO
(P23H), and TUB (Dryja et al., 1990; Liu et al., 1999; Nishimura
et al., 2004; Lopes et al., 2010; Grossman et al., 2011; Borman et
al., 2014).

Our understanding of how GPCRs are localized to cilia has
focused on motifs within the intracellular domains of GPCRs.
Such ciliary localization sequences (CLS) have been identified in
the C terminus and the third intracellular loop of GPCRs. In
RHO a motif consisting of the last four amino acids of the C ter-
minus, VxPx, has been identified as a CLS, required for enrich-
ment of RHO in the outer segment (Li et al,, 1996; Tam et al,,
2000; Concepcion and Chen, 2010; Lodowski et al, 2013;
Pearring et al., 2013). By contrast, SSTR3 has been reported to
use dual Ax(S/A)xQ motifs in its third intracellular loop (IC3)
for ciliary localization (Berbari et al., 2008a; Geneva et al., 2017).

Here, we have considered the specificity of CLSs. We have
addressed whether the CLSs within different GPCRs might show
different preferences for different types of cilia. Our results show
that SSTR3 undergoes highly specific localization to a broad
range of types of cilia, whereas the localization of RHO, while
highly specific to the photoreceptor cilium [outer segment (OS)],
is targeted less specifically to less elaborate primary cilia. To
understand these localization behaviors better, we furthered CLS
characterization in SSTR3, by defining a novel CLS in the C ter-
minus, and we compared and contrasted the localization func-
tion of this C-terminal CLS with that of the RHO C terminus in
different types of cilia.

Materials and Methods

Cell culture. We obtained previously validated cell lines from the
American Type Culture Collection (h\TERT-RPE1, CRL-4000; IMCD3,
CRL-2123). IMCD3 and hTERT-RPEL1 cells, which had been passaged
15-30 times, were maintained in DMEM-F12 with 10% FBS and 1%
penicillin and streptomycin. IMCD3 cells were grown on glass cover-
slips, and RPEL1 cells were grown on Ibidi #1 chambered coverslips. For
all IMCD3 experiments and most hTERT-RPE1 experiments, expression
was achieved by transient transfection. For some hTERT-RPEI experi-
ments, a stable lentivirus transduced cell line, expressing RHO-EGFP-C8
and SSTR3-670, was used. We confirmed that the localization of RHO-
EGFP-C8 and SSTR3-670 was not different between transiently trans-
fected and stably transduced cells.

Cells were transfected with Lipofectamine 3000 (Thermo Fisher
Scientific) for IMCD3 cells or jetPRIME (Polyplus Transfection) for
hTERT-RPEI cells. They were transfected for 16-24 h and serum starved
for 24-48 h before imaging. Ibidi chambered coverslips containing RPE1
cells were imaged directly; coverslips with IMCD3 cells were inverted
and placed on 35 mm Ibidi chambered coverslips to promote cilium flat-
tening. Liquid was wicked away, and the edges of the coverslips were
coated with vacuum grease to prevent the cells from drying out during
imaging.
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Avitag-labeled constructs were expressed in cells that were grown in
10 pu biotin (Avidity). Cells were cotransfected with pDisplay-BirA-ER,
which biotinylates avitag-labeled proteins in the endoplasmic reticulum
(Howarth et al., 2005). We labeled cells with 20 pg/ml extracellular strep-
tavidin-Alexa Fluor 488 (Thermo Fisher Scientific) for 10 min at room
temperature, then washed them three times with DPBS containing 0.9
mum Ca>* and 0.5 mm Mg*" before imaging.

For clustered regularly interspaced short palindromic repeat (CRISPR)-
Cas9 gene editing, RPE1 cells were transfected with a vector expressing the
single guide RNA (sgRNA), targeting TULP3, CAS9, and a puromycin re-
sistance cassette (Ran et al., 2013). The following day, cells were treated with
10 ug/ml of puromycin. After 5d of puromycin treatment, cells underwent
limiting dilution cloning, and clones were screened for the predicted
TULP3 knockout.

Constructs. Mouse SSTR3-expressing constructs were derived from a
previously used SSTR3-mKate2 construct (Chadha et al,, 2019). To gen-
erate SSTR3-iRFP670 (referred to as SSTR3-670), the mKate2 tag
was replaced with the iRFP670 tag. The constructs SSTR3-Ctl1-4
were progressive C-terminal deletions of Avi-SSTR3-EGFP, with
SSTR3-Ct4 being the shortest of the series. In SSTR3-Ct4, amino
acids 338-428 of SSTR3 were excised, so that a short linker
(GSGGSIAT) followed the sequence, SYRFKQGFRRIL, which
occurs after the juxtamembrane region, immediately before the
EGFP tag. SSTR3 Ctl1-3 had the same vector design, with more of
the C terminus of SSTR3 (see Fig. 2A4). Avi-SSTR3 and Avi-
SSTR3-Ct4 (see Fig. 2F) were generated by removing the EGFP
tag from the corresponding EGFP-labeled constructs. Bovine rho-
dopsin-expressing vectors were derived from constructs used in
Chadha et al. (2019). RHO-EGFP-C8 contained a repeat of the
last eight amino acids of RHO, ETSQVAPA. Avi-RHO'*'*-SCt1
and Avi-RHO'?'*-SCt9 were generated by removing the last 34
amino acids from the C terminus of the Avi-RHO construct, fol-
lowing the amino acids FR, and adding the SCtl sequence
(SYRFKQGFRRILLRPSRRIRSQEPGSGPPEKT) or SCt9 sequence
(FKQGFRRILLRPSRRIRSQE). Avi-RHO'*'*-SCt1-EGFP and Avi-RHO"
314_5Ct9-EGFP also contained a short linker (LRSGG) before the EGEP tag.
The human CD8A-EGFP plasmid was a gift from Lei Lu (plasmid #86051,
Addgene; Madugula and Lu, 2016). All CD8A-EGFP chimeras, including
those used for alanine scanning mutagenesis, were generated by the addi-
tion of amino acid sequences (see Fig. 3C,D), immediately after the EGFP
tag of CD8A-EGEFP (e.g., CD8a-EGFP-SCt9 from Fig. 3C was CD8a-EGFP-
FKQGFRRILLRPSRRIRSQE). pDisplay-BirA-ER was a gift from Alice Ting
(plasmid #20856, Addgene; Howarth et al., 2005). Vector schematics are
displayed using Protter (ETH Zurich). EGFP-EHD1 (Eps15 homology-do-
main containing protein 1) was a gift from Chris Westlake (Lu et al,, 2015).
The MKSI-mEmerald construct was a gift from Michael Davidson (plasmid
#54183, Addgene.

For subretinal electroporation, RHO-EGFP, SSTR3-EGFP, and
RHO'?"-SCt1-EGFP constructs were generated by PCR amplification
of the respective constructs in a vector containing a 2.5 kb human RHO
promoter. RHO'?'*-EGFP was generated by excision of the 32-amino-
acid SCt1 tag, which was flanked by a pair of AcclII restriction sites, and
RHO'*"-EGFP was generated by insertion of a PCR product corre-
sponding to RHO?"*>* following RHO' ', CD8a-EGFP and CD8a-
EGFP-SCt1 were generated by PCR amplification of the respective con-
structs used for in vitro studies. CD8a-EGFP-RhoCt was generated by
inserting the last 38 amino acids of RHO following the EGFP tag of
CD8a-EGFP. These CD8a-based constructs were also driven by the 2.5
kb human RHO promoter.

TULP3 knockout was performed by transfection of hTERT-RPE1
cells with the PX459 vector (PX459 was a gift from Feng Zhang; plasmid
# 48139, Addgene; Ran et al, 2013), containing both Cas9 and the
sgRNA GGAGTATGACAGTTCACCAA targeting TULP3 (Han et al.,
2019). For rescue experiments, we purchased a gene block (Integrated
DNA Technologies) with the coding region of TULP3. We inserted this
segment into an mKate2-expressing vector to generate mKate2-TULP3.

Cilium to plasma membrane fluorescence intensity ratio measure-
ments. Cilium to plasma membrane fluorescence intensity ratio (CPIR)
measurements were performed on a Nikon Eclipse Ti2-E inverted
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microscope with 60x 1.40 numerical aperture (NA) Plan Apo oil
immersion objective, dual Andor iXon 888 EMCCD cameras, and
a Yokogawa high-speed CSU-X1 spinning disk, using a methodol-
ogy that was described previously (Geneva et al., 2017; Chadha et
al., 2019). Representative 2 x 2 pixel squares along the central line
of the cilium were picked and averaged to measure observed cilium
fluorescence in Image] software. The background fluorescence in
the same Z plane was measured and subtracted to obtain actual cil-
ium fluorescence. This was normalized to the actual florescence in
the apical membrane of the cell to obtain a CPIR value.

In many cases, IMCD3 cilia protrude vertically from the apical sur-
face of the cell. However, given that the orientation of the cilium is im-
portant for consistent CPIR values (Geneva et al., 2017), cilia were only
quantified when they were aligned horizontally, that is, lying on the api-
cal surface. Geneva et al. (2017), modeled this position to be the equiva-
lent of a cylinder lying on a planar surface. Thus, they calculated that
when the concentration of a fluorescent protein is the same in the ciliary
and apical membranes, the cilium should appear 2.3 times brighter.
However, the apical membrane of polarized IMCD3 cells, like that of
other epithelia, may not be planar because of the presence of mi-
crovilli. Although microvilli are likely to be quite limited in the
cells of the present study because the cells were grown on cover-
slips (cf. Pihakaski-Maunsbach et al., 2010), we have avoided
assumptions about the organization of the apical membrane by
using the CPIR only as a relative measurement. We used the appa-
rent fluorescence intensity in the ciliary membrane versus that in
the apical plasma membrane to compare ciliary localization among
different fluorescent proteins in the same cell type.

Structured illumination microscopy imaging. Three-dimensional
structured illumination microscopy (SIM) imaging was performed using
a GE OMX SR microscope with a Blaze SIM module, 60 1.42 NA point
spread function objective lens and pco.edge sSCMOS cameras. Z planes
were obtained 125nm apart, and we collected 15 raw images per
plane (three angles and five phases). Reconstructions were
performed with a Wiener filter setting of 0.001, along with chan-
nel-specific optical transfer functions in the softWoRx software
package (Applied Precision). Wide-field reference images were
wide-field reconstructions of 3D SIM datasets generated in
softWoRx. Live imaging at 37°C was performed using oil with a re-
fractive index of 1.524, and experiments at room temperature were
performed using oil with a refractive index of 1.518.

Alignment of the reconstructed images was confirmed using tetra-
speck beads imaged near the plane of the cilium. For some images, the
green channel was Z shifted by 250 nm relative to the far-red channel to
compensate for the difference in the Z position of green and far-red fluo-
rophores that was observed with tetraspeck beads.

For analysis of SIM images, 3D reconstructions were imported into
Image]J. The base of the cilium was defined using a cilium-specific label,
and a line profile was generated perpendicular to the cilium at that point.
The line profile was imported into OriginPro (OriginLab) and fitted to
multiple Gaussian distribution curves with the Peak Analyzer tool, using
the second derivative of the line profile to search for hidden peaks in the
line profile. Curve peaks were obtained and used to determine the per-
centage of fluorescence from the ciliary membrane relative to the sum of
that from the cilium and ciliary pocket.

Western blot. \TERT-RPEI cells were lysed in RIPA buffer, contain-
ing PMSF and protease inhibitor cocktail. Lysed cells were centrifuged at
10,000 x g for 10 min to remove debris, and the supernatant was col-
lected. Protein concentration was obtained using the Pierce Micro BCA
kit (Thermo Fisher Scientific). We loaded 10 pg of protein lysate of wild-
type or TULP3 knockout lines in each lane. Western blots were probed
with a 1:200 dilution of rabbit anti-TULP3 (catalog #13 637-1-AP,
Proteintech) and 1:5000 mouse anti-GAPDH (Invitrogen). TULP3 anti-
body was validated by visual inspection of a Western blot in which one
major band was identified at the correct size from wild-type hTERT-
RPE1 lysate.

Immunofluorescence. For labeling of TCTN2, hTERT-RPEI cells
were methanol fixed at —20°C for 3 min, washed in 0.1 M phosphate
buffer, blocked in 5% goat serum with 1% BSA and 0.1% TX-100, and
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treated with a 1:200 dilution of rabbit anti-TCTN2 (catalog #17 053-1-
AP, Proteintech) overnight at 4°C before secondary staining. The
TCTN2 antibody has been validated for immunofluorescence in previ-
ous studies of the ciliary transition zone (Garcia-Gonzalo et al., 2011).

For cilium labeling (see Fig. 8B-D), hTERT-RPEI cells were fixed in 4%
formaldehyde, 0.1 M phosphate buffer for 10 min, washed in 0.1 M phos-
phate buffer to remove fixative, blocked using the same blocking buffer
described above, and stained with a 1:500 dilution of YF594-conjugated ace-
tylated tubulin antibody (catalog #YF594-66 200, Proteintech) for 1 h at
room temperature before washing.

Electron microscopy. hTERT-RPEI cells were fixed with 2% formal-
dehyde and 2% glutaraldehyde in 0.1 M cacodylate buffer, pH 7.4, at 4°C
for 24 h and postfixed during 2 h in darkness with 1% OsO, (w/v)
diluted in ultrapure water. Then, cells were washed with distilled water
and dehydrated using a graded ethanol series and a final step in propyl-
ene oxide before resin infiltration. Samples were subsequently embedded
in Araldite 502 resin (Electron Microscopy Sciences), and ultrathin sec-
tions were obtained using a PowerTome X ultramicrotome (RMC
Boeckeler). Sections were contrasted with uranyl acetate and lead citrate
and were analyzed using a JEM-1400 Plus (JEOL) electron microscope
with an Orius SCI000A (Gatan) camera with Gatan Microscopy Suite
Software. Minor contrast and brightness adjustments to whole images
were performed with Adobe Photoshop CS6 software. Length and width
measurements were conducted with Image] software.

Mice. Animal use followed National Institutes of Health guidelines
with an approved protocol. Mice were kept on a 12 h light/12 h dark
cycle under 10-50 lux of fluorescent light during the light cycle. We used
CD1 mice that were randomized according to sex for our studies.

Subretinal electroporation, retinal dissection, and imaging of photo-
receptors. We injected 2-3 ng/ul DNA solution, containing a plasmid-
expressing EGFP-tagged proteins under the 2.5-kb human RHO pro-
moter, into the subretinal space of CD1 mice using a FemtoJet 4i system
(Eppendorf), followed by electroporation with an ECM 830 Square
Wave Electroporation System (BTX). Mice were killed at P 21, the eyes
were enucleated, and after immersion in fixative 4% formaldehyde in 0.1
M phosphate buffer, corneas were punctured. After 2 h, each eye was dis-
sected, and the retinal pigment epithelium was mechanically separated
from the neural retina. A flatmount of the retina was then imaged using
a Nikon Eclipse Ti2-E inverted microscope with NIS-Elements software
(Nikon). Three-dimensional stacks of photoreceptors were imaged at an
interval of 0.3 pm, and an orthogonal view was taken of the resulting vol-
ume using the 3-D viewer in NIS-Elements software. The localization of
the outer segment layer was confirmed by colabeling with wheat germ
agglutinin (WGA)-647. For measurements of the percentage of fluores-
cence in the OS, we measured the average fluorescence of representative
regions of the outer segment and inner segment (IS) from orthogonal
views, subtracted any background fluorescence, and divided the OS fluo-
rescence by the IS+ OS fluorescence.

Experimental design and statistical analysis. We performed all in
vitro experiments on multiple cultures. For CPIR measurements, experi-
ments were repeated until an n value of ~20 cilia was achieved. For
quantitative 3-D SIM measurements, experiments were repeated until an
n value of ~15 was achieved. We tested datasets for normality using the
Kolmogorov-Smirnov test. As all datasets were observed to be at least
partly composed of non-normally distributed data, multiple compari-
sons were performed using the nonparametric Kruskal-Wallis test, fol-
lowed by Dunn’s multiple comparisons test. Single comparisons were
performed using the Mann-Whitney U test. All statistical tests were two
sided.

Results

Relative localization of RHO and SSTR3 to different types of
primary cilia

As reported previously, SSTR3 localizes very specifically to the
cilium of IMCD3 cells (Berbari et al., 2008a; Hu et al., 2010; Ye et
al., 2013; Geneva et al., 2017). RHO has also been shown to local-
ize to IMCD3 cilia (Wang et al., 2012; Wang and Deretic, 2015),
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B

RHO-EGFP-C8

SSTR3-670

C EGFP-EHD1 SSTR3-670

D RHO-EGFP-C8 SSTR3-670

SSTR3™-EGFP

RHO™-EGFP SSTR3M-EGFP

Figure 1.

RHOFL-EGFP

Comparison of RHO and SSTR3 localization in cilia of IMCD3, hTERT-RPE1, and photoreceptor cells. A, RHO-EGFP-C8 and SSTR3-mKate2 labeling of the same cilium of an IMCD3

cell, imaged by spinning disk confocal microscopy; the RHO labeling of the cilium is not as specific as the SSTR3-mKate2 labeling. Scale bar, 5 um. B, RHO-EGFP-C8 and SSTR3-mKate2 labeling
of the same cilium in an hTERT-RPE1 cell, imaged by spinning disk confocal microscopy; the RHO labeling of the cilium is not as specific as the SSTR3-mKate2 labeling. Scale bar, 5 ptm. C,
Three-dimensional SIM imaging of EGFP-EHD1, a marker for the periciliary membrane (Lu et al., 2015). Scale bar, 2 um. D, RHO-EGFP-(8 and SSTR3-mKate2 labeling of the same cilium in an
hTERT-RPE1 cell, imaged by 3D SIM; in this example, the RHO is localized mainly to the periciliary membrane, surrounding the cilium membrane region, which is labeled by SSTR3-mKate2.
Scale bar, 2 um. E, Orthogonal view of retinal flatmounts from mice that had been electroporated with either SSTR3-EGFP or RHO-EGFP. The overall brightness of the image is increased in right

panels to make the dim IS fluorescence visible. Scale bar, 5 pm.

but the specificity of ciliary localization was significantly lower
for RHO compared with SSTR3 (Geneva et al., 2017; Chadha et
al.,, 2019). We confirmed these reports using SSTR3-670, together
with the RHO-EGFP-C8 construct, which features a repeat of
the last eight residues, ETSQVAPA, including the VXPX motif
(Fig. 14).

Another cell line that has been used for heterologous expres-
sion studies on primary cilia is the hTERT-RPEI line. The cilia
of hTERT-RPE1 cells extend from a pocket, unlike 90% of
IMCD3 cilia, which emerge directly from the cell surface (Molla-
Herman et al., 2010). Therefore, the basal region of the cilium is

surrounded by a closely apposed periciliary membrane. A partic-
ular interest in this type of cilium is that the basal organization
bears some similarity to the basal region (i.e., the connecting cil-
ium) of the photoreceptor cilium (ie., the OS; Trivedi et al,
2012). The photoreceptor cilium is rooted in the IS so that the
base of the cilium is partially surrounded by the inner segment,
forming a partial pocket (Liu et al., 2007, their Fig. 3C). The peri-
ciliary membrane of the inner segment appears to be a site of
docking for RHO vesicles, migrating from the Golgi in the IS
(Papermaster et al., 1985; Deretic and Papermaster, 1991); in
frog rod photoreceptors, with high volume of traffic into
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the cilium, the periciliary membrane is
amplified into a series of folds, known as the
periciliary ridge complex (Peters et al,
1983).

Spinning disk confocal microscopy indicates
that SSTR3-670 localizes very specifically to the
RPE1 cilium, comparable to previous reports in
the IMCD3 cilium (Mukhopadhyay et al., 20105
Tian et al, 2014; Madugula and Lu, 2016).
Although not to the same extent as in the
IMCD3 cells, RHO-EGFP-C8 labeling was
also evident generally in the plasma mem-
brane, indicating less cilium specificity than
that for SSTR3-670 (Fig. 1B). Using super-re-
solution microscopy, an additional distinc-
tion between SSTR3 and RHO localization
was evident. SIM allowed for the resolution
of the ciliary membrane and the periciliary
membrane as separate structures. EHD1 has
been shown to be localized to the periciliary
membrane of hTERT-RPEI1 cells (Lu et al.,
2015). SSTR3-670 (or -EGFP) was localized
almost exclusively inside EGFP-EHD1 label-
ing, indicating localization to the ciliary
plasma membrane and exclusion from the
periciliary membrane (Fig. 1C). RHO-EGFP-
C8 showed considerable variation from cell
to cell but could be detected in the periciliary
membrane of some cilia, with sometimes the majority of the
signal coinciding with this outer structure and thus sur-
rounding the SSTR3 signal (Fig. 1D; see below for quantifica-
tion of localization).

Given the greater enrichment of SSTR3 compared with RHO
in IMCD3 and RPE1 cilia, one might expect the converse of these
findings in rod photoreceptor cilia, which normally contain a
high concentration of RHO. To address this question, we per-
formed subretinal electroporation of WT mice and studied the
localization of SSTR3-EGFP and RHO-EGFP in the photorecep-
tor cilium by examining orthogonal views from Z stacks of flat-
mounts from electroporated retinas (Movie 1). As expected,
RHO-EGFP was primarily localized to the OSs of rod photore-
ceptors. However, SSTR3-EGFP was also localized to rod outer
segments; indeed, fluorescence intensity suggested that it local-
ized nearly as well as RHO-EGFP (Fig. 1E).

These observations indicate that SSTR3 possesses a CLS that
is highly effective in a broad range of primary cilia, from the sim-
ple IMCD3 cilium to the pocket cilium of RPE1 cells to the most
elaborate of all cilia, the highly specialized photoreceptor cilium.
RHO, on the other hand, possesses a CLS that appears to func-
tion relatively better in rod photoreceptor cells.

Movie 1.

Requirement of motif in C terminus of SSTR3 for cilium
localization in IMCD?3 cells

Berbari et al., (2008a) reported that replacement of the well-char-
acterized third intracellular loop (IC3) of SSTR3 with the IC3 of
SSTR5, which does not localize to a cilium, did not prevent cili-
ary localization. These authors therefore suggested that there
may be one or more additional CLSs in SSTR3. Given the pres-
ence of C-terminal CLSs in other GPCRs, such as RHO, and
especially SMO, which contains considerable C-terminal homol-
ogy with the C terminus of SSTR3 (Corbit et al., 2005), we tested
the role of the C terminus of SSTR3 in ciliary trafficking.
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Retinal flatmounts were imaged to generate 3D volumes, which enabled comparison of IS and 0S fluo-
rescence. WGA-647 was used to confirm the localization of the OS layer. [View online]

First, we generated EGFP-tagged SSTR3 constructs with pro-
gressive deletions of the C terminus of the protein (whose full
length is 428 amino acids): SSTR3-Ctl (1-357), SSTR3-Ct2 (1-
348), SSTR3-Ct3 (1-346) and SSTR3-Ct4 (1-337; Fig. 24). To
study the relative ciliary localization among different proteins,
we used the cilium to plasma membrane (fluorescence) intensity
ratio, which we and others have used in previous studies to quan-
tify ciliary localization (Madugula and Lu, 2016; Geneva et al,,
2017; Chadha et al., 2019). When the C terminus of SSTR3 was
truncated, protein was still detected in the cilium (Fig. 2B), how-
ever, we observed substantially reduced CPIR values, particularly
when the region close to the initial portion of the C terminus was
perturbed, as with SSTR3-Ct4 (Fig. 2C).

Previous studies have indicated that the presence of an EGFP
tag may affect ciliary localization (Madugula and Lu, 2016).
Hence, we tested SSTR3 chimeras that instead of having a C-ter-
minal EGFP, were N-terminally tagged with a 15-amino-acid bi-
otin acceptor peptide (avitag), and subsequently treated with
streptavidin-Alexa Fluor 488. Similar to our result with SSTR3-
EGFP, the ciliary localization of Avi-SSTR3 was reduced signifi-
cantly by a deletion of the majority of the SSTR3 C terminus, as
in Avi-SSTR3-Ct4 (Fig. 2F,G).

We next tested whether the SSTR3 C terminus could promote
ciliary localization of proteins that are typically less concen-
trated than SSTR3 in the cilia of transfected IMCD3 cells.
This approach provides a test of sufficiency of the C-terminal
CLS in the absence of the remainder of the SSTR3 protein,
including the CLSs in the IC3 loop (Berbari et al., 2008a).
The ciliary concentration of RHO, with or without a tag, is
less than that of SSTR3 (Geneva et al., 2017; Chadha et al.,
2019) (Fig. 1A). As shown in Figure 2, F and G, we measured
a significant increase in the CPIR with IMCD3 cells, when
we replaced the C-terminal 34 amino acids of Avi-RHO with
either the Ctl of SSTR3 (SCtl), or SCt9, which we deter-
mined to be the minimal CLS from the SSTR3 C terminus
when appended to CD8A-EGFP.


https://doi.org/10.1523/JNEUROSCI.0357-21.2021.video.1
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Novel CLS in SSTR3, demonstrated with live IMCD3 cells. A, Schematic of full-length Avi-SSTR3-EGFP and derived truncation constructs (corresponding to region indicated by dotted

black line). Blue indicates SSTR3 sequence, green indicates EGFP sequence, and red indicates amino acids of the full-length sequence that were removed in each truncation. Solid black rectangle
indicates 20 amino acid sequence that we ultimately determined to be critical for ciliary localization. White residues represent the linker sequence GSGGSIAT. B, Representative images showing
fluorescence from full-length (FL) Avi-SSTR3-EGFP, compared with a truncation in which only 32 amino acids of the C terminus of SSTR3 remained (SSTR3-Ct4). The presence of SSTR3-(t4 on
the plasma membrane reflects a reduced ciliary enrichment. Full-length SSTR3-iRFP670 was used as a cilium marker. Scale bar, 5 pum. €, CPIR of full-length versus SSTR3 truncations. Note that
all constructs also included an N-terminal avitag, however only EGFP fluorescence was analyzed for these experiments; n = 16-26. Means = SEM. ***p << 0.001, Kruskal-Wallis test with
post hoc Dunn’s multiple comparisons test. D, Schematic of full-length Avi-RHO and Avi-RHO'*™-5Ct1 in which the 34 C-terminal amino acids of RHO were replaced with 32 amino acids from
the SSTR3 C terminus. E, Schematic of the 34 C-terminal amino acids of bovine RHO. RHO 314, 340, and 348 are indicated. F, Representative images of avitag-labeled SSTR3, SSTR3-(t4, RHO,
RHO™™-SCt1 (in which the C-terminal 34 amino acids of RHO were replaced with 32 amino acids from the SSTR3 C terminus) and RHO'™-SCt9 (which contains a 20-amino-acid sequence
from the SSTR3 C terminus), following treatment with streptavidin Alexa Fluor 488. SSTR3-iRFP670 was used as a cilium marker. Scale bar, 5 um. G, CPIR values measured, using constructs
that only included an avitag (no EGFP). For these experiments, cells were cotransfected with biotin ligase, grown in 10 wm biotin solution and treated with streptavidin-Alexa Fluor 488 before

imaging. **p < 0.01, Mann—Whitney test, n = 17-35.

To characterize the CLS property of the SSTR3 C-terminal
region of SSTR3 in detail, we used CD8A-EGFP chimeras, to
which we appended CLS candidates from the SSTR3 C terminus.
CD8A is a single-pass transmembrane protein (Fig. 3A), and chi-
meras of CD8A have been used successfully in several studies of
ciliary localization tags (Follit et al, 2010; Madugula and Lu,
2016; Badgandi et al., 2017). The difference between these experi-
ments and those involving SSTR3 C terminus deletion is that
these test whether the SSTR3 C-terminus, in isolation from the
IC3 loop, is sufficient for driving ciliary localization (Berbari et
al., 2008a).

Whereas CD8A-EGFP is minimally present in the cilium
(Fig. 3B,C), addition of an SSTR3 C-terminal CLS results in ro-
bust enrichment in the cilium (Fig. 3C). We initially examined a
32-amino-acid sequence (CD8A-EGFP-SCtl); this sequence rep-
resents the portion of SSTR3 C terminus remaining in the
SSTR3-Ct1 deletion (Fig. 2A,C). Addition of this 32-amino-acid
sequence effected enrichment in the cilium, indicating that this
region of the C terminus of SSTR3 contains a ciliary localization

sequence sufficient to impart localization of CD8A-EGFP to the
cilium (Fig. 3C).

We sought to define the minimal CLS sufficient for ciliary
localization, following the approach performed with studies on
the fibrocystin CLS (Follit et al., 2010) and the polycystin-1 CLS
(Luo et al,, 2019). We initially trimmed the C terminus of the
CDB8A-EGFP-SCt1 construct and found that trimming the motif
beyond the QE sequence at the C terminus resulted in a large
reduction in ciliary localization. When we trimmed the SCt6 tag
at the N-terminal end, we observed that removal of residues
beyond the FK sequence also resulted in a reduction in cili-
ary localization, in agreement with a previous prediction
(Fig. 3C; Corbit et al.,, 2005). Therefore, these studies dem-
onstrate that the minimal ciliary localization sequence in
the SSTR3 C terminus is the 20-amino-acid sequence from
329-348, FKQGFRRILLRPSRRIRSQE.

Recent studies have suggested the presence of a charge code
for ciliary localization of peripheral membrane proteins (Maza et
al., 2019), raising the possibility that charge might also be
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Figure 3.

Characterization of the SSTR3 C terminus CLS by addition to CD8A in IMCD3 cells. A, Schematic of CD8A chimeric protein. Green indicates EGFP. Blue indicates the location where

each (LS was added. B, Representative images showing fluorescence from CD8A-EGFP (no tag), and chimeras containing SSTR3 amino acids 326-348 (S(t2), 326-346 (S(t3), 329-349 (S(t7),
331-349 (SCt8), and 329-348 (SCt9). They demonstrate that SSTR3 329-348 (S(t9) is the minimal sequence sufficient to enable robust ciliary localization of CD8A-EGFP. Scale bar, 5 pum. C,
CPIRs of various SSTR3 C-terminal CLS variants appended to CD8A-EGFP. The sequences of S(t1-12 are shown on the left. SCt 1—4 correspond to the sequences remaining in the SSTR3 C termi-
nus in Figure 2A. Red dotted line and sequence in green (SCt9) indicate the minimal 20-amino-acid functional SSTR3 CLS; n = 15-29. *p << 0.05, **p << 0.01, ****p < 0.0001, Kruskal—
Wallis test with post hoc Dunn’s multiple comparisons test. D, Pairs of amino acids in SCt9 that were mutated to alanine and compared for the effect of amino acids on CPIR; n = 17-32.

important for the localization of other ciliary membrane pro-
teins. The C-terminal CLS of SSTR3 is rich in positively charged
amino acids, with the net charge potentially regulated by phos-
phorylation (Lehmann et al., 2016). To test whether amino acid
charge might affect ciliary localization of SSTR3, we first modi-
fied the nonpositively charged residues to Ala. This alteration
resulted in a large reduction in ciliary localization, as did muta-
tion of the positively charged residues to Ala (compare SCt6 with
SCt10 and SCt11; Fig. 3C). Therefore, the positively charged resi-
dues in the SSTR3 CLS are required but not sufficient for ciliary
localization. Mutation of the phosphorylation residues of the

SSTR3 CLS to Ala did not result in a significant reduction in
CPIR values (compare SCt6 with SCt12; Fig. 3C), suggesting that
phosphorylation likely plays a minimal role in localization of this
sequence to the cilium. A compilation of mean CPIR measure-
ments for different constructs expressed in IMCD3 cells is shown
in Table 1.

Alanine scanning mutagenesis is a useful tool for defining im-
portant residues in a ciliary localization sequence (Follit et al.,
2010; Luo et al., 2019). We performed an Alanine scan of the 20-
amino-acid SSTR3 CLS and found that although the majority of
the sequence was important for ciliary localization, the sequence
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Table 1. Relative ciliary localization of different proteins in IMCD3 cells and hTERT-RPE1 cells

J. Neurosci., September 8, 2021 - 41(36):7514-7531 - 7521

RPE1 % in cilium membrane?

Construct (-terminal domain IMCD3 CPIR (n/experiments)b (n/experiments)b
EGFP-EHD1
SSTR3-EGFP Full-length SSTR3 23.4 =59 (16/2 89.7 = 2.8 (28/3)

SSTR3-SCt1-EGFP
SSTR3-SCt2-EGFP
SSTR3-SCt3-EGFP
SSTR3-SCt4-EGFP
Avi-SSTR3
Avi-SSTR3-5(t4
(D8A-EGFP
(D8A-EGFP-SCt1
(D8A-EGFP-5Ct2
(D8A-EGFP-SCt3
(D8A-EGFP-SCt4
(D8A-EGFP-SCt5
(D8A-EGFP-5Ct6
(D8A-EGFP-SCt7
(D8A-EGFP-SCt8
(D8A-EGFP-5Ct9
(D8A-EGFP-SCt10
(D8A-EGFP-SCt11
(D8A-EGFP-5Ct12

SYRFKQGFRRILLRPSRRIRSQEPGSGPPEKT
SYRFKQGFRRILLRPSRRIRSQE
SYRFKQGFRRILLRPSRRIRS
SYRFKQGFRRIL

Full-length SSTR3

SYRFKQGFRRIL

SYRFKQGFRRILLRPSRRIRSQEPGSGPPEKT
SYRFKQGFRRILLRPSRRIRSQE
SYRFKQGFRRILLRPSRRIRS
SYRFKQGFRRIL
SYRFKQGFRRILLRPSRRIRSQ
SYRFKQGFRRILLRPSRRIRSQEP
FKQGFRRILLRPSRRIRSQEP
QGFRRILLRPSRRIRSQEP
FKQGFRRILLRPSRRIRSQE
SYAFAQGFAAILLAPSAAIASQEP
AARAKAAARRAAARAARRARAAAA
AARFKQGFRRILLRPARRIRAQEP

(16/2)
15.2 = 3.5(28/2)
184 = 43 (19/2)
10.6 = 2.4 (2172
29 + 0.3 (26/2)
103 + 1.9 (35/4)
3.4 + 0.6 (22/2)
0.5 = 0.1 (21/2)
43 + 0.6 (293)
11.9 = 3.8 (2173)

03 =+ 0.1(15/2)

2.2 = 0.6 (21/3)

6.5 = 1.3 (20/3)
145 = 3.1 (25/2)
2.6 = 0.7 (20/2)
14.8 * 2.9 (24/2)
0.2 = 0.04 (24/2)
0.2 = 0.07 (23/2)
9.1 =23 (292

56.6 = 6.7 (45/8)

15.5 = 7(16/2)
100 (16/2)

0(7/2)

(D8A-EGFP-5(t9-Ala1 FKQGFRRILLRPSRRIRSAA
(D8A-EGFP-S(t9-Ala2 FKQGFRRILLRPSRRIAAQE
(D8A-EGFP-SCt9-Ala3 FKQGFRRILLRPSRAARSQE
(D8A-EGFP-SCt9-Alad FKQGFRRILLRPAARIRSQE
(D8A-EGFP-SCt9-Ala5 FKQGFRRILLAASRRIRSQE
(D8A-EGFP-SCt9-Ala6 FKQGFRRIAARPSRRIRSQE
(D8A-EGFP-SCt9-Ala7 FKQGFRAALLRPSRRIRSQE
(D8A-EGFP-S(t9-Ala8 FKQGAARILLRPSRRIRSQE
(D8A-EGFP-SCt9-Ala9 FKAAFRRILLRPSRRIRSQE
(D8A-EGFP-5Ct9-Ala10 AAQGFRRILLRPSRRIRSQE
RHO-EGFP-(8 Full-length RHO; extra (8 after EGFP

RHO13"-EGFP
RHO1>*-EGFP

RHO13™-SCt1-EGFP SYRFKQGFRRILLRPSRRIRSQEPGSGPPEKT

Avi-RHO Full-length RHO
Avi-RHO13™-5ct1 SYRFKQGFRRILLRPSRRIRSQEPGSGPPEKT
Avi-RHO13™-5(t9 FKQGFRRILLRPSRRIRSQE

1.6 = 0.6 (20/2)
23.2 = 4.0 (242)
0.2 = 0.04 (20/2)
0.4 = 0.07 (22/2)
0.10 = 0.03 (23/2)
29 = 0.5 (2572)
3.1 %06 (1772)
21 +04(712)
4.8 * 1.4 (20/2)
80 £ 16 (3272)

20.5 = 9.4 (17/3)
97 = 1.5 (20/4)
271 £ 9.8 (17/2)
93.6 (10/4)
0.9 = 0.1 (22/6)
10.9 = 2.0 (17/2)
9.5+ 1.9 (2153)

“Percentage of fluorescence on the ciliary membrane, determined by multiple peak fitting of line profiles.
® 1, Number of measurements; experiments, number of discrete experiments for each group.

RPSRRI represented the most sensitive region for ciliary misloc-
alization (Fig. 3D); it had a greater impact on ciliary localization
than the FK motif. The QE motif at the end of the construct was
also important for ciliary localization, consistent with our obser-
vations in Figure 3C.

Ciliary versus periciliary membrane localization of SSTR3
and RHO in the pocket cilium of hTERT-RPEI1 cells

We next examined the C-terminal CLS of SSTR3 in the context
of a pocket cilium. As noted above, the periciliary plasma mem-
brane of the ciliary pocket is closely apposed to the ciliary mem-
brane of h\TERT-RPE1 cells (Molla-Herman et al., 2010; Fig. 4A),
so conventional confocal microscopy cannot resolve the two
membranes as separate structures. Hence, we again used SIM to
provide enhanced resolution. For these experiments, we labeled
the ciliary membrane with SSTR3-670.

As we planned to compare the longer wave length 670 fluoro-
phore with EGFP, we first sought to determine whether a valid
comparison could be made between the two fluorophores for the
purposes of this SIM experiment. We expressed SSTR3-EGFP
and SSTR3-670 in RPE1 cells, and, in support, we observed
colocalization of the two signals in the cilium (Fig. 4C),

indicating no significant deviation because of the different wave
lengths. We were also able to resolve the two sides of the ciliary
membrane in an optical section, highlighting the utility of SIM
for characterizing GPCR localization within cilia (contrast Fig.
4C, SIM, and wide-field images).

Wide-field microscopy of cilia that extend out of the pocket
and beyond the edge of the cell in the plane of imaging demon-
strates that RHO-EGFP-C8 is present in the ciliary plasma mem-
brane (Fig. 4B; quantification below). However, as shown above
(Fig. 1D), SIM imaging showed that RHO-EGFP-C8 labeling
could be detected in the periciliary membrane and sometimes
appeared to be exclusively localized there; additional examples
are shown in Figure 4, D and E.

We also observed that the periciliary RHO-EGFP-C8 and cili-
ary SSTR3-670 signals did not meet at the base of the cilium. We
imaged live cells expressing MKS1-mEm and SSTR3-670, and
observed localization of the transition zone marker proximal to
the end of the SSTR3-670 signal (Fig. 4F). To further test that the
transition zone separates the ciliary and periciliary GPCRs, we im-
munostained cells expressing RHO-EGFP-C8 and SSTR3-670 for
TCTN2, a component of the cilium transition zone (Garcia-
Gonzalo et al., 2011; Yang et al., 2015), and observed localization
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Figure 4.  GPCR localization in the pocket cilia of hTERT-RPET cells. A, Transmission electron microscopy of a central longitudinal section of the base of a cilium, illustrating
the cilium pocket. Right, The pocket membrane in green, and the cilium membrane in red. Yellow lines indicate the maximal diameters of the cilium (210 nm) and the pocket
(315 nm). B, Image of a cilium extending beyond the edge of the cell, and thus out of the pocket (large bracket). Presence of RHO-EGFP-(8 in this ciliary extension (left) indi-
cates localization to the ciliary membrane of a live hTERT-RPET cell. ARL13b-mCHERRY (right) was used as a cilium marker. Scale bar, 5 um. ¢, SIM (left) and wide-field
(right) images of the cilium of a live cell expressing SSTR3-EGFP and SSTR3-iRFP670 (written as SSTR3-670). SSTR3-EGFP and SSTR3-iRFP670 both label the cilium membrane,
indicating overlap of the green and far-red signals. The area of the SIM images corresponds to the yellow squares in the wide-field images (also in D). Note that SIM images
sample a thinner Z slice than that in the wide-field images, causing in this image (and some others), less of the cilium to be visible (because of the distal cilium being out of
the image plane). Scale bar, 5 um. D, SIM and wide-field images of the cilium of a live cell expressing SSTR3-iRFP670, as a ciliary membrane marker, and RHO-EGFP-(8. In
this cilium RHO-EGFP-C8 shows localization to the periciliary membrane (pocket). Scale bar, 5 um. E, Additional examples corresponding to images shown in € and D. Scale
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Figure 5. Quantification of fluorescent protein densities in hTERT-RPE1 pocket cilia. A, Image of a cell expressing RHO-EGFP-
(8, which in this case appears almost exclusively in the periciliary membrane, and SSTR3-670, which is in the ciliary membrane.
Scale bar, 0.5 um. B, Example of fluorescence line profiles from a cell expressing an EGFP-labeled protein that is present on
both the cilium membrane and pocket. Line profile is shown in gray, and Gaussian curve fits are shown in green. Peaks of the
Gaussian curves were identified as F1—4, and the % of the sum of F7—4 fluorescence that is from the ciliary membrane
(F2 + F3) is represented as the percentage of fluorescence in cilium membrane. ¢, Comparison of the percentage of fluores-
cence in ciliary membrane for SSTR3, RHO, and derived proteins, tagged with EGFP; n = 10-45. *p << 0.05, **p < 0.01,
**x%p < 0.0001, Kruskal-Wallis test with post hoc Dunn’s multiple comparisons test. Error bars indicate means = SEM.
SSTR3-Ct4-EGFP, RHO-EGFP-C8, and RHO™* show extreme ranges, with localization entirely to the ciliary membrane (100%)
in some cases, and localization entirely to the periciliary membrane (0%) in some other cases. For SSTR3-EGFP, 18 of 28 cells
had only ciliary fluorescence; the remaining 10 cells exhibited significant fluorescence from the ciliary pocket as well as from
the ciliary membrane (cilium fluorescence ranged from 56 to 90% in these cells). In comparison, for RHO-EGFP-(8, 3 of 17 cells
exhibited fluorescence that was exclusively from the ciliary membrane, 2 of 17 cells exhibited significant fluorescence from
both the ciliary membrane and the pocket (ciliary fluorescence was 21 and 28%), and the remaining 12 cells exhibited only
pocket fluorescence. D, CPIRs for RHO-EGFP-C8 (rare cases in which cilium could be observed extending beyond the edge of the
cell were used; n = 5), RHO">"-EGFP (n = 38), and RHO"*"-SCt1-EGFP (n = 39). For RHO""*-EGFP and RHO'*"*-SCt1-EGFP,
SIM data (€) showed mostly ciliary fluorescence, abrogating a need for measuring overhanging cilia. **p << 0.01, Kruskal—
Wallis test with post hoc Dunn’s multiple comparisons test.
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of TCTN2 in the gap between the peri-
ciliary and ciliary membranes (Fig. 4G).
Therefore, periciliary RHO-EGFP-C8
appears to be separated by the transition
zone from the ciliary membrane.

Ciliary versus periciliary membrane
localization of SSTR3 and RHO
C-terminal mutants and chimeras in
hTERT-RPE1 cells

Differences in ciliary versus periciliary
localization were clearest near the base
of the cilium, where the pocket widens
(Fig. 4A), and were evident from line
profiles of fluorescence at the base of the
cilium. Figure 5A shows an example of
RHO-EGFP-CS, illustrating a line pro-
file used for quantification of protein
densities on the pocket and cilium
membranes. To quantify the relative flu-
orescence from the ciliary and ciliary
pocket membranes, we fitted our line
profiles to Gaussian distribution curves
(Fig. 5B, green). The sum of the heights
of the inner two Gaussian curves (F2
and F3, representing the cilium fluores-
cence) was expressed as a percentage of
the sum of the heights of all four curves
(representing the pocket plus cilium
fluorescence). From SIM images of
RHO-EGFP-C8, the mean percentage
of cilium fluorescence was 21 = 9%,
indicating that the fluorescence on
the pocket is, on average, about four-
fold as bright as the ciliary fluores-
cence (Fig. 5C).

We used quantitative SIM analysis to
study the effect of reducing the C termi-
nus of SSTR3 on localization in hTERT-
RPE1 pocket cilia. We found that
SSTR3-Ct4-EGFP was frequently dete-
cted in the periciliary membrane and
thus exhibited a significantly lower per-
centage of fluorescence in the ciliary
membrane than SSTR3-EGFP (Figs. 5C,
6A,E), consistent with a role for the C-
terminal CLS in enabling movement
from the periciliary membrane to the
ciliary membrane.

We were interested in whether the
SSTR3 C terminal CLS could promote
RHO localization to the hTERT-RPE1
cilium membrane, as well as to the
IMCD3 cilium membrane (see above).
Hence, we sought to replace the C-ter-
minal 34 amino acids of RHO with the
32-amino-acid proximal portion of the

« SSTR3 C terminus plus EGFP (Fig. 24, Ctl; Fig. 2D,E, sche-

bar, 2 um. F, SIM images of a live cell indicates MKS1-mEmerald labeling the tran-
sition zone and SSTR3-670 labeling the ciliary membrane. Scale bar, 2 um. G, SIM
image from a fixed cell expressing RHO-EGFP-C8 and SSTR3-670. Cells were fixed in
methanol. The transition zone marker, TCTN2, was immunolabeled. Scale bar,
2 pum.

matics). However, first, we tested the effect of deleting the C-ter-
minal 34 amino acids of RHO-EGFP-C8 to generate RHO'*'*-
EGFP. Surprisingly, RHO'?'*-EGFP localized to the ciliary
membrane (Fig. 6B), without any additional C-terminal
sequence. Thus, we could not test for a ciliary localization effect
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of SCtl on RHO'*"*-EGFP. RHO'*'*-SCt1-EGFP localized in
the same manner as RHO'*'*-EGFP, showing that the addition
of SCt1 at least did not dislocalize the RHO'*'*-EGFP; it had
no net effect (Fig. 6D,E). Both proteins (without or with SCt1)
exhibited a significantly higher percentage of fluorescence in
the ciliary membrane than RHO-EGFP-C8 (Fig. 5C).

These results suggest that all or part of the RHO C terminus,
beyond residue 314, promotes localization to the periciliary
membrane, rather than the ciliary membrane, of hTERT-RPE1
cells. To test whether the terminal 8 residues of RHO (which are
repeated after the EGFP in RHO-EGFP-C8) were required for
this localization, we investigated the localization of RHO'>*’-
EGFP. We found that RHO' **-EGFP was primarily localized to
the ciliary pocket, similar to RHO-EGFP-C8 (Figs. 5C, 6C,E).
Therefore, the region of RHO that promotes localization to the
periciliary membrane, rather than the ciliary membrane, in
hTERT-RPE1 cells lies within residues 315-340.

Ciliary versus apical plasma membrane localization effect of
SSTR3 C terminus on RHO in hTERT-RPEI cells

The above analysis in hTERT-RPEL1 cells focused on the relative
localization between the periciliary pocket membrane and the
ciliary membrane, regardless of targeting from the apical plasma
membrane to the periciliary or ciliary membranes. To test
whether the C terminus of SSTR3 can promote RHO localization
to the ciliary plasma membrane relative to the apical plasma
membrane, we compared CPIRs of RHO-EGFP-C8, RHO' '
EGFP, and RHO'?*'*-SCt1-EGFP. To determine the CPIR of
RHO-EGFP-C8, we used examples from confocal microscopy in
which the cilium extended beyond the edge of the cell in the
plane of imaging (Fig. 4B), so that there could be no contribution
to the ciliary membrane signal from the periciliary membrane.
Figure 5D shows CPIR measurements from the three proteins.
Like the comparison between the periciliary and ciliary mem-
branes, they show that the truncation of RHO, to create
RHO''*-EGFP, results in increased localization in the RPE1 cil-
ium. In addition, however, the CPIR measurements show that
addition of the C terminus of SSTR3 to RHO'"*-EGFP to gen-
erate RHO'*'*-SCt1-EGFP resulted in enhanced ciliary localiza-
tion. Thus, the C terminus of SSTR3 promotes the ciliary
localization of truncated RHO from the apical plasma membrane
of hTERT-RPEL cells.

Localization of different CD8A-SSTR3Ct chimeras indicate
different membrane domains of the "\TERT-RPEI1 pocket
cilium
SIM images demonstrated that CD8A-EGFP localizes mainly to
the periciliary membrane rather than to the cilium (Fig. 7A,E).
The addition of a 32-amino-acid motif from the proximal C ter-
minus of SSTR3 (Fig. 2A, Ctl) promoted ciliary localization of
CD8A-EGFP (Fig. 7B,E), which we confirmed by measurements
of the proportion of cilium plus pocket fluorescence that was in
the ciliary membrane (Fig. 7D), further arguing that the SSTR3
CLS enables proteins to pass into the cilium from the periciliary
membrane.

Interestingly, a CD8A chimera in which the QE motif from
SSTR3 is absent (Fig. 3, Ct3) resulted in highly specific

«—

experiments.) Scale bars, 5 um. E, Additional merged examples of images shown in A-D.
Scale bars, 2 um. Yellow squares on wide-field images correspond to the regions shown in
the SIM panels.
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localization to the periciliary membrane, relative not just to the
ciliary plasma membrane but also relative to the rest of the
plasma membrane. SIM images indicate localization to the peri-
ciliary membrane rather than the cilium, and wide-field
images indicate that this CD8A chimera is minimally local-
ized to the plasma membrane, although it does appear to
accumulate in intracellular structures (Fig. 7C,D). This dis-
tribution is consistent with the periciliary membrane as a
distinct membrane domain.

To quantify this periciliary membrane localization, we deter-
mined the targeting effect of SCt3 on CD8A-EGEFP in terms of a
periciliary to plasma membrane fluorescence intensity ratio
(PCPIR). We used wide-field imaging to measure fluorescence
levels of both CD8A-EGFP and CD8A-EGFP-SCt3, emitting
from the periciliary membrane (SIM imaging showed negligible
contribution from the ciliary membrane in both cases.) and from
the adjacent plasma membrane. CD8A-EGFP exhibited a rela-
tively low PCPIR value of 0.20 = 0.03 (N = 5). By contrast,
CD8A-EGFP-SCt3 had a PCPIR value of 6.4 = 1.5 (N = 8), indi-
cating that the SCt3 tag results in an ~30-fold increase in enrich-
ment in the periciliary membrane versus the plasma membrane.
This enrichment of CD8A-EGFP-SCt3 argues that the periciliary
membrane is a distinct compartment for which SCt3 can provide
a localization motif. It is consistent with the notion that the peri-
ciliary membrane has a specific function (such as a docking site
en route to the cilium).

Requirement of TULP3 for the ciliary localization effect of
the SSTR3 C terminus

We sought to gain molecular insight into how the SSTR3 C-ter-
minal CLS localizes proteins to the cilium. Ciliary localization
of SSTR3 has been shown to require TULP3, which is pro-
posed to ferry numerous RHO family GPCRs into the cilium
(Mukhopadhyay et al., 2010, 2013; Badgandi et al., 2017), but
how SSTR3 interacts with TULP3 has not been determined.
Our findings suggest that the C-terminal CLS of SSTR3
might be important in TULP3 interaction.

To test this suggestion, we generated a knockout of
TULP3 in hTERT-RPE1 cells using a CRISPR sgRNA previ-
ously shown to be viable in that cell type (Han et al., 2019).
We obtained a pure population of cells with a two-base pair
deletion, which was expected to result in an early stop
because of a frameshift mutation. Western blot analysis con-
firmed loss of TULP3 protein in the knockout (Fig. 8A4). The
resulting TULP3-null hTERT-RPE1 cells were then trans-
fected to express chimeric proteins whose ciliary localization
are enhanced by the inclusion of the 32-amino-acid CLS
from the SSTR3 C terminus. The location of the cilium was
identified after fixation using acetylated a-tubulin labeling as
cilium GPCR markers were not expected to localize well in
cells lacking TULP3.

We studied the ciliary localization of the CD8A-EGFP-SCt1
chimera (Fig. 3C) and found that the ciliary localization was
reduced by ~85% in TULP3 null cells compared with WT cells
(Fig. 8C). Similarly, the Rho'>'*-SCt1-EGFP chimera (Figs. 5C,
6B) also exhibits a greatly reduced CPIR in TULP3-null cells
(Fig. 8B,C). Expression of an mKate2-TULP3 rescue construct
enhanced CPIR values of Rho'?'*-SCt1-EGFP in TULP3-null
cells, indicating that the reduced localization of the SCtl-con-
taining chimeras was specifically because of the loss of TULP3
(Fig. 8D). Therefore, the C-terminal CLS of SSTR3 requires
TULP3 to effect ciliary localization.
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Figure 7.  Ciliary localization of CD8A-EGFP chimeras, containing parts of the SSTR3 C terminus, using SIM and wide-field imaging of live hTERT-RPE cells. A, Localization of CD8A-EGFP to
the ciliary pocket. Wide-field images indicate substantial localization also to the plasma membrane. B, Addition of SCt1 to CD8A-EGFP results in ciliary localization. €, A truncated SSTR3 (LS
results in more specific localization to the periciliary membrane (pocket). Wide-field images indicate localization in some intracellular structures but much less associated with the rest of the ap-
ical plasma membrane (cf. A). SIM indicates that the localization in the proximity of the cilium is in the periciliary membrane (pocket). Scale bars, 5 um. D, Comparison of the percentage of flu-
orescence in the ciliary membrane for CD8A-EGFP, CD8A-EGFP-SCt1 and CD8A-EGFP-SCt3 from SIM experiments in live hTERT-RPE1 cells; n = 7-16. ****p < 0.00071. Error bars indicate means
= SEM. E, Additional examples of images shown in A-C. Scale bars, 2 m. Yellow squares correspond to the regions shown in the SIM panels.

Localization to the cilium (i.e., outer segment) of the mouse
rod photoreceptor in vivo

The C terminus of RHO has been found to be important in local-
ization to the photoreceptor OS. C-terminal mutations, in partic-
ular the RHO Q344ter mutation, result in RHO mislocalization

in mouse photoreceptors (Sung et al, 1994; Li et al, 1996;
Concepcion and Chen, 2010). The same phenotype was observed
in frog photoreceptors (Tam et al., 2000; Lodowski et al., 2013),
however, in that system, it was observed that deletion of the
entire C-terminal region of RHO resulted in normal
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TULP3 mediates the localization of the C-terminal SSTR3 CLS to the cilium in hTERT-RPE1 cells. A, Western
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RHO do not appear to contain a mislocali-
zation motif in mouse photoreceptors and
instead play a role in enrichment to the OS.

As we had found that SSTR3-EGFP also
localized to rod outer segments (Fig. 1E),
we tested whether the SSTR3 C-terminal
CLS could function in photoreceptor cells,
as we found in IMCD3 and hTERT-RPE1
cells. We addressed whether the C-terminal
CLS of SSTR3 could replace the function of
the RHO C-terminal CLS by expressing the
RHO''*-SCt1 chimera in photoreceptors.
We found that addition of the SSTR3 CLS
resulted in significant enrichment relative
to RHO'>'*-EGFP, although not as much
as full-length RHO-EGFP or RHO'**-
EGFP (Fig. 94,B).

As a complementary approach, we
tested chimeras of CD8a-EGFP to investi-
gate the role of CLSs in localization to the
outer segment. Consistent with our results
using RHO-SSTR3 chimeras, CD8a-EGFP-
SCtl and especially CD8a-EGFP-RHOCt
(containing the terminal 38 amino acids of
RHO) enhanced localization of CD8a-
EGFP to the outer segment (Fig. 9C,D).

Rescue

Discussion

SSTR3 localized specifically to the ciliary
membrane in IMCD3 and RPE1 cells, rep-
resenting nonpocket and pocket cilia,
respectively. By contrast, the ciliary local-
ization of RHO in these cells was variable
and, on average, weak, despite a high speci-
ficity for the photoreceptor cilium (OS),
where it was extremely concentrated. The
converse was not true: SSTR3 showed ro-

blot, labeled with antibodies against TULP3 (green) and GAPDH (red), indicating knockout of TULP3 in the predicted null
cells (KO). B, Representative spinning disk confocal microscope images of fixed hTERT-RPE1 cells expressing Avi-RHO'™™-
SCt1-EGFP and stained for acetylated ce-tubulin. Ciliary localization of Avi-RHO">"-SCt1-EGFP is reduced in the TULP3-null
line. Scale bar, 5 pum. ¢, Knockout of TULP3 resulted in significantly less ciliary localization for CD8A-EGFP-SCt1 and Avi-
RHO'3"-5Ct1-EGFP, as determined by CPIR measurements. Wild-type RHO'>"*-SCt1-EGFP, n = 28 (3 experiments); TULP3
knockout RHO'"-SCt1-EGFP, n 15 (4 experiments); wild-type CD8A-EGFP-SCt1, n = 28 (3 experiments); TULP3 knockout
(DBA-EGFP-SCt1, n = 11 (4 experiments); ****p < 0.0001, Kruskal-Wallis test with post hoc Dunn’s multiple comparisons
test; error bars are means + SEM. D, Cotransfection of Avi-RHO"*"-SCt1-EGFP and mKate2-TULP3 resulted in rescue of
the reduced CPIR observed in TULP3 knockout cells. TULP3 knockout, n = 11 (2 experiments); TULP3 knockout rescue, n =

bust localization to the photoreceptor OS,
indicating that the photoreceptor cilium
is less selective than the simpler primary
cilia. These findings also suggest that
CLSs exert cell-type specific effects. To
dissect these effects in more detail, we
characterized a C-terminal CLS in

15 (2 experiments). **p << 0.01, Mann—Whitney U test. Error bars are means = SEM.

localization of RHO, suggesting the presence of a mislocali-
zation motif further upstream in the C-terminal region
(Lodowski et al., 2013).

To define the C-terminal CLS of mouse RHO better, we
extended our studies, using subretinal electroporation of WT
mice with fluorescently tagged constructs, as in Figure 1E and
Movie 1. For quantification, we divided the average fluorescence
in the outer segment by the sum of the average fluorescence in
outer and inner segments to obtain the proportion of fluores-
cence in the outer segment. Compared with RHO-EGEFP,
RHO'?*-EGFP (lacking the last eight amino acids) showed a
reduction in the proportion of fluorescence in the outer segment.
Deletion of the entire C terminus of RHO (RHO'“'*-EGFP),
however, resulted in a much larger decrease in OS localization
(Fig. 9A,B). These results indicate that unlike the case in frogs
(and in hTERT-RPEL1 cells; Fig. 5C), amino acids 315-340 of

SSTR3, which promoted ciliary localiza-
tion of SSTR3 in IMCD3 and RPEL1 cells.
When added to CD8A or replacing the C
terminus of RHO, the resulting chimeric
protein localized to the cilia of these cells more specifically.
This SSTR3 C-terminal CLS was also effective in increasing
the photoreceptor OS localization of CD8A-EGFP or trun-
cated RHO (RHO'?'), although not to the same extent as
the RHO C terminus. Our results increase our understanding
of how GPCRs localize to cilia. They also demonstrate that
although ciliary localization can be achieved in heterologous
expression systems, the extent of localization differs accord-
ing to specific CLSs, as well as the nature of the particular
cilium.

Numerous studies have shown strong and specific localization
of SSTR3 to the IMCD3 cilium (Berbari et al., 2008a; Hu et al,,
2010; Ye et al.,, 2013). SSTR3 has also been localized to the RPE1
cilium (Mukhopadhyay et al., 2010; Tian et al., 2014; Madugula
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and Lu, 2016), although the present study
is the first to resolve that the localization
is specifically to the ciliary plasma mem-
brane and not the closely apposed pericili-
ary membrane. The generation of high-
quality SIM images of closely apposed bi-
ological structures is dependent on the
signal-to-noise ratio of those structures.
When signal-to-noise ratios are low, the
SIM reconstruction process results in arti-
facts that can make it difficult to properly
resolve and measure fluorescence inten-
sities in closely apposed structures.

The last eight amino acids of RHO are
heavily implicated in trafficking to photo-
receptor outer segments (Li et al., 1996;
Tam et al., 2000; Concepcion and Chen,
2010; Lodowski et al., 2013; Pearring et
al., 2013). At the same time, sequences
within RHO**?*® act as a secondary in-
hibitory sequence in frog photoreceptors
(Lodowski et al., 2013), driving RHO mis-
localization in the absence of the VxPx
motif. We found that in hTERT-RPE1
cells, RHO-EGFP-C8 and RHO'’*-
EGFP localized more to the ciliary
pocket, whereas RHO'*"*-EGFP local-
ized more to the ciliary membrane.
This result suggests that the VxPx motif
did not appear to strongly affect RHO
localization in hTERT-RPE1 cells. The
observation that the region from RHO>">"
** promoted mislocalization to the ciliary
pocket is in accord with the results of
Lodowski et al. (2013) and suggest an
interaction in that region of the C termi-
nus that inhibits ciliary localization in
hTERT-RPEI cells. Unlike the case in
frog photoreceptors and hTERT-RPE1
cells, however, RHO'?'*-EGFP showed
much less robust localization to the outer
segment than RHO'***-EGFP, indicating
that this region of RHO may act as either
an inhibitory or positive signal for ciliary
localization, depending on the cell type.

SSTR3 has been used as a model
GPCR to investigate ciliary trafficking
mechanisms, such as the role of the
BBSome in ciliary retrieval (Ye et al,
2018) and ciliary entry (Berbari et al.,
2008b; Jin et al., 2010), as well as the role
of B-arrestin (Green et al., 2016) and Rab
proteins (Tower-Gilchrist et al., 2011) in
ciliary trafficking, and robust ciliary local-
ization has been advantageous in studies
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Figure 9.  Comparison of GPCR localization in mouse photoreceptors. 4, Orthogonal view of a mouse photoreceptor elec-

troporated with EGFP-tagged RHO lacking the C-terminal 8 amino acids (RHO'>*%), RHO missing the entire C terminus
(RHO™"), and RHO with the C-terminal 34 amino acids replaced by SCt1 (RHO'"*-SCt1). Localization to the outer segment
layer was confirmed by colabelling with WGA-647 and by the observation of the inner segment and nucleus by faint EGFP
labeling (0S is indicated by white bracket). Scale bar, 5 um. B, Average percentage of fluorescence in the outer segment rel-
ative to the sum of the outer and inner segments was obtained from profiles of photoreceptors electroporated with various
GPCRs. SSTR3™-EGFP, n = 25 cells; RHO™-EGFP, n = 241 cells; RHO">-EGFP, n = 172 cells; RHO"*"-EGFP, n = 144 cells;
RHO™3™SCt1-EGFP, n = 57 cells. *p < 0.05, ***p < 0.001, ****p < 0.0001, Kruskal-Wallis test with post hoc Dunn’s mul-
tiple comparisons test. Error bars are means = SEM. C, Orthogonal views of a mouse photoreceptor electroporated with
(D8a-EGFP, (D8a-EGFP appended with 32 amino acids including the C-terminal CLS of SSTR3 (CD8a-EGFP-SCt1) and (D8a-
EGFP appended with 38 amino acids from the C terminus of RHO (CD8a-EGFP-RhoCt). Scale bar, 5 um. D, Average percentage
of fluorescence in the outer segment from profiles of photoreceptors electroporated with (D8a-EGFP chimeras. CD8A-EGFP, n
= 31 cells; CD8A-EGFP-SCt1, n = 121 cells; CD8A-EGFP-RHOCt, n = 69 cells. ***p < 0.001, ****p <C 0.0001, Kruskal-Wallis
test with post hoc Dunn’s multiple comparisons test. Error bars are means = SEM.

2018). Replacement of the C terminus of RHO with the

of intraciliary protein movement (Ye et al., 2013; Lee et al,
2018). With regard to ciliary localization, studies had focused on
the IC3 of SSTR3, which was found to contain an important CLS
(Berbari et al., 2008a; Barbeito et al., 2021). The third intracellu-
lar loop of SSTR3 was also used to generate a chimeric RHO-
i3SR3-EGFP protein to enhance ciliary enrichment of RHO in
vitro and thereby study intraciliary trafficking of RHO using
single-molecule tracking (Geneva et al., 2017; Lee et al,

SSTR3 CLS resulted in a higher CPIR (Fig. 2D-F) than that
observed for studies of RHO-i3SSTR3 (Geneva et al., 2017). In
some cases, therefore, replacing RHO with RHO'?'*-SCt (RHO
with the C terminus replaced by that of SSTR3) might be advanta-
geous for in vitro studies of RHO because of the greater fidelity of
localization to the ciliary plasma membrane.

During the course of our study, Barbeito et al. (2021) reported
the presence of a C-terminal CLS in SSTR3 and HTR®6, expressed
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in IMCD3 cells. This work, which was focused mainly on HTR®,
used some different approaches from ours to characterize the
CLS, resulting in some different conclusions as well as some in
common. A major difference is that this group concluded that
the C-terminal CLS and the CLS in the third intracellular loop of
SSTR3 were completely redundant. In our hands, the C-terminal
CLS was essential for robust WT ciliary localization in IMCD3
cells, as well as in RPE1 cells. This difference may be because of
our assessment, based on the extent of enrichment in individual
cilia; in contrast Barbeito et al. determined the fraction of cilia
exhibiting a detectable signal. Both studies used CD8A chimeras
to help define that the C-terminal CLS is essential, although our
analysis of CD8A chimeras refined the sufficient domain for cili-
ary localization to a 20-amino-acid sequence in the SSTR3 C ter-
minus. In a candidate approach, Barbeito et al., concluded that
the FK and LLRP amino acids are the most important compo-
nents of the SSTR3 C-terminal CLS. In contrast, we performed
an unbiased alanine scan, which indicated that the critical motif
was the RPSRRI sequence.

The periciliary membrane of pocket cilia appears to be
an active site of endocytosis (Molla-Herman et al., 2010) or
vesicular docking (Papermaster et al.,, 1985; Deretic and
Papermaster, 1991). Here, we found that an incomplete
CLS could result in enrichment, specifically in the pericili-
ary membrane of hTERT-RPE1 cells (and not throughout
the plasma membrane). The CD8A-EGFP-SCt3 protein
localized to the plasma membrane of IMCD3 cells, whereas
in hTERT-RPE1 cells, it was localized specifically to the
periciliary membrane, over both the ciliary membrane and
the rest of the apical plasma membrane (Fig. 7). This indi-
cates that the CD8A-EGFP-SCt3 protein was constrained
to the periciliary membrane by binding to an associated
structure, such as the described actin network (Molla-
Herman et al,, 2010), or that the periciliary membrane is
physically separated from the rest of the cell, with a barrier
between it and the rest of the plasma membrane, perhaps
similar to that at the entry to the ciliary plasma membrane.
Such a notion is consistent with observations of an accumu-
lation of activated TGF B near the base of the pocket cilium
of mouse embryonic fibroblasts (Molla-Herman et al., 2010;
Clement et al., 2013) and the observation that the flagellar
collar of Trypanosoma brucei, which is homologous to the
ciliary pocket, acts to restrict movement between the flagel-
lar pocket and plasma membrane (Gerrits et al., 2002;
Mussmann et al., 2003; Field and Carrington, 2009; Lacomble
et al., 2009).

Previous studies had indicated that SSTR3 requires TULP3
for ciliary localization (Mukhopadhyay et al., 2010), although it
has remained unclear how TULP3 mediates ciliary localization.
The third intracellular loop of GPR161 and MCHRI1 were suffi-
cient to promote ciliary entry of CD8A chimeras in a TULP3-de-
pendent fashion, but no such interaction was reported for SSTR3
(Badgandi et al., 2017). Our results indicate that the C terminus
of SSTR3 is required for TULP3-mediated ciliary localization.
Consistent with this observation, Barbeito et al. (2021) recently
reported that a proximity labeling assay indicated association of
TULP3 with the C terminus of SSTR3. The tubby protein family
includes TUB and TULP1-4. These proteins feature a C-terminal
domain that is highly conserved among them and interacts with
ciliary localization sequences (Badgandi et al., 2017), and an N-
terminal domain, which in the case of TULP3, TUBBY isoform
b, and TULP2, interacts with IFT-A (Mukhopadhyay et al.,
2010).
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To briefly summarize, we have identified and characterized a
novel CLS in SSTR3 and demonstrate that a given CLS may
result in different localization patterns in different types of cilia,
that is, cilia that emerge directly from the cell surface, cilia that
are recessed in the cell and thus surrounded basally by a peri-
ciliary membrane (or pocket), and the elaborate phototrans-
ductive cilia of photoreceptor cells. Our results also further
highlight the enigmatic nature of the RHO?'**** C-terminal
region, which promotes ciliary localization in mouse photo-
receptors but promotes delocalization to the periciliary
membrane in hTERT-RPE1 cells.
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