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ARTICLE INFO ABSTRACT

Keywords: The primary cilium, an immotile protrusion of vertebrate cells, detects chemical and mechanical stimuli in the
AP-1 extracellular milieu and transduces them into the cell body, thereby contributing to cellular development and
VlfAdapti'," homeostasis. In the mammalian brain, serotonin receptor type 6 (Htr6) and other specific G protein-coupled
lstlrzlt?)rri’ir?ileaceptor type 6 receptors (GPCRs) localize preferentially to primary cilia and function in ciliary chemical detection; however,
G protein-coupled receptors the molecular mechanism by which a subset of GPCRs is transported to primary cilia has not been fully eluci-
dated. In the present study, we demonstrate that a region in the fourth intracellular domain of Htr6 (Htr6 i4) is
sufficient for ciliary localization. In yeast, the interaction of this region with the C-terminal region of y1-Adaptin,
a subunit of adaptor protein complex 1 (AP-1), was identified. The interaction between Htr6 and y1-Adaptin was
confirmed by immunoprecipitation analysis using HEK293T cells. The preference for ciliary localization of Htr6
and Htr6 i4 was significantly decreased by ablation of y1-Adaptin in hTERT RPE-1 cells, which was rescued by
exogenous expression of y1-Adaptin. Furthermore, Htr6 and Htr6 i4 showed reduced localization to primary cilia
in y1-Adaptin-depleted cultured hippocampal neurons compared with control neurons. These results indicate that

the ciliary localization of Htr6 is facilitated by AP-1-mediated membrane trafficking.

1. Introduction

Almost all vertebrate cells have a tiny immotile primary cilium that
singly protrudes like an antenna into the environment surrounding the
cell and transduces chemical and mechanical sensory stimuli to the cell
body. These cilia-mediated signaling processes contribute to cellular
development and homeostasis [1]. In most regions of the mammalian
brain, each neuron has a solitary primary cilium, although some
neuronal subtypes lack a primary cilium [2] and some possess 2-3 pri-
mary cilia [3]. Neuronal primary cilia are believed to be a sensory de-
vice; however, their functions remain largely unknown [4,5]. Specific G
protein-coupled receptors (GPCRs), including serotonin receptor type 6
(Htr6) and somatostatin receptor type 3 (Sstr3), localize preferentially
to primary cilia together with adenylyl cyclase 3 (AC3) and detect their
ligands at the ciliary membrane [6]. Intriguingly, it has recently been
shown that serotonin transmission occurs at synapses between seroto-
nergic axons and Htr6-expressing primary cilia of hippocampal CA1l

pyramidal neurons, thereby modulating chromatin accessibility in the
postsynaptic neurons [7].

Transport of transmembrane proteins into the ciliary membrane is
believed to be mediated by multiple pathways [8]. Several amino acid
motifs in GPCRs have been proposed to play a critical role in targeting
receptors to the ciliary membrane. These ciliary localization sequences
(CLSs) have been mapped in the fourth intracellular domain (i4) of
Smoothened (Smo), a GPCR that mediates hedgehog signaling in
vertebrate cilia [9], and in the third intracellular domain (i3) of Htr6,
Sstr3, melanin-concentrating hormone receptor type 1 (Mchrl) [10],
neuropeptide Y receptor type 2 [11], and Gprl61, an orphan receptor
that regulates hedgehog signaling [12]. Furthermore, Tubby-like pro-
tein 3 (Tulp3), a member of the tubby family proteins, participates in
ciliary delivery of multiple GPCRs [13]. Tulp3 physically interacts with
i3 of Mchrl and Gprl61, on the basis of the presence of the CLS within
their i3, at the periciliary plasma membrane before subsequent delivery
of these GPCRs into the ciliary compartment in an IFT-A complex-
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dependent manner [13,14]. Moreover, Rab-like 2 (Rabl2), an atypical
small GTPase, physically interacts with Htr6 and Gprl61 and promotes
their entry into primary cilia [15]. Intriguingly, Barbeito et al. identified
redundant CLSs in both i3 and i4 of Htr6 and Sstr3 using IMCD3 cells and
cultured neurons and demonstrated a complicated mechanism by which
CLSs in i3 and i4 of Htr6 contribute to its entry into primary cilia
through modulating interactions with Tulp3 and Rabl2 [16]. These
studies provide insights into the molecular machinery that underlies the
delivery of a subset of GPCRs into primary cilia, which occurs at the base
of primary cilia. However, it remains unclear how specific GPCRs are
destined to localize preferentially to primary cilia.

Among ciliary GPCRs, Htr6 has a high preference for ciliary locali-
zation; it localizes almost exclusively to primary cilia of neurons in
various mouse brain regions, including the hippocampus, cerebral cor-
tex, and striatum [17]. Moreover, Htr6 is involved in neurite extension
[18] and is associated with psychiatric diseases, such as schizophrenia
[19] and bipolar disorder [20].

In this study, we identified y1-Adaptin, a subunit of adaptor protein
complex 1 (AP-1), as an interacting partner of Htr6. Furthermore, we
examined the involvement of y1-Adaptin in the preferential localization
of Htr6 to primary cilia in hTERT RPE-1 (RPE1) cells, a human retinal
pigment epithelial cell line, and in cultured rat hippocampal neurons.

2. Materials and methods
2.1. Animals

Wistar rats were purchased from Japan SLC (Hamamatsu, Japan). All
experimental procedures were approved by the Animal Experiment
Committee of the University of Osaka. All animal experiments were
conducted under the Guidelines and Regulations on Animal Experi-
mentation at the University of Osaka.

2.2. Antibodies and reagents
All antibodies used in this study are listed in Table S1.
2.3. Plasmids

Mouse Htr6, Htr7, and y1-Adaptin cDNAs and human y1-Adaptin and
CD8a cDNAs were obtained by RT-PCR using total RNA from a C57BL/6
J mouse brain and from an adult human hippocampus (BioChain,
Newark, CA, USA), respectively, PrimeScript II reverse transcriptase
(Takara Bio, Kusatsu, Japan), and PrimeSTAR Max DNA polymerase
(Takara Bio). Full-length or partial cDNAs were inserted into pGBKT7
(Takara Bio), pcDNA3.1(+) (Thermo Fisher Scientific, Waltham, MA,
USA), pEF-BOS-EX [21], or IRES-tdTomato-NLS x 3 [22] with or without
an upstream or downstream sequence encoding Myc-tag or Flag-tag.
Htr6 deletion mutations were generated by inverse PCR using a KOD
Plus Mutagenesis Kit (TOYOBO, Osaka, Japan). The cDNA sequences
were verified by Sanger sequencing. The backbone vector and inserted
cDNA information of the plasmids used in this study is summarized in
Table S2.

2.4. Culture of cell lines and transfection

RPE1 cells (ATCC, CRL-4000, Manassas, VA, USA) were cultured in
DMEM/Ham’s F-12 medium (Nacalai Tesque, Kyoto, Japan) containing
10 % fetal bovine serum (FBS, Thermo Fisher Scientific), 2 mM Gluta-
MAX (Thermo Fisher Scientific), and 0.01 mg/mL hygromycin B (Merck,
Darmstadt, Germany). HEK293T cells (ATCC, CRL-3216) were cultured
in DMEM (Nacalai Tesque) containing 10 % FBS and 2 mM GlutaMAX.
For immunofluorescence staining, RPE1 cells were seeded on four-well
chamber slides at a density of 7.5 x 10* cells/well and cultured for
48 h. Then, cells were starved for 24 h in medium containing 0.5 % FBS
for ciliation before fixation. RPE1 cells were transfected with the
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indicated plasmids 24 h after seeding, using ViaFect Transfection Re-
agent (Promega, Madison, WI, USA) according to the manufacturer’s
instructions. For immunoblotting, RPE1 cells were cultured on 60-mm
dishes for 48 h, starved for 24 h, and then harvested. For immunopre-
cipitation analysis, HEK293T cells were seeded on 60-mm dishes at a
density of 7.5 x 10° cells/dish, transfected with the indicated plasmids
24 h after seeding, using Lipofectamine 2000 Transfection Reagent
(Thermo Fisher Scientific) according to the manufacturer’s instructions,
and harvested 24 h after transfection.

2.5. Yeast two-hybrid screening

Yeast two-hybrid screening was performed using Matchmaker Gold
Yeast Two-Hybrid System (Takara Bio) according to the manufacturer’s
instructions. To identify interacting partners of the C-terminus of Htr6, a
c¢DNA encoding the i4-(M+CT) fragment of Htr6 (aa 359-440, see
Fig. 2A) was cloned into the pGBKT7 vector as the bait. The Y2HGold
yeast strain transformed with the bait plasmid was mated with the Y187
yeast strain pre-transformed with a normalized universal mouse cDNA
library cloned into the prey vector, pGADT7-RecAB (Mate & Plate
Library-Universal Mouse, Takara Bio). The mated yeast were grown on
Dropout media supplemented with X-a-Gal and Aureobasidin A (Takara
Bio) to select for colonies with activated reporter genes owing to an
interaction between the Bait and Prey.

To confirm that the interaction between the Bait/i4-EC and Prey in
yeast is genuine, the Y2HGold yeast were co-transformed with plasmids
encoding Bait/i4-EC and Prey, and then grown on Dropout media sup-
plemented with X-a-Gal and Aureobasidin A. p53 and SV40 large T-
antigen (T-antigen) served as controls. p53, Bait, and i4-EC were cloned
into the pGBKT7 vector. T-antigen and Prey were cloned into the
PGADT7 and pGADT7-RecAB vectors, respectively.

2.6. Generation of y1-Adaptin-KO RPE]1 cell lines using CRISPR/Cas9

y1-Adaptin-KO RPE1 cell lines were generated as described previ-
ously [22]. Briefly, two single-guide RNA (sgRNA) sequences were
cloned into the pSpCas9(BB)-2A-Puro (PX459) V2.0 vector (Addgene
plasmid # 62988), a gift from Feng Zhang [23]. The sgRNA sequences
were as follows: #1: GGAGGACTACAGATGTGTGG and #2:
GGGTTAGCACTTTGTACCCT targeting exons 6 and 4 of the human y1-
Adaptin gene (AP1G1), respectively. RPE1 cells transfected with PX459
carrying each sgRNA sequence were selected in medium containing
puromycin (15 pg/mL) for 72 h. Cells were then cultured in puromycin-
free medium until cell colonies were formed. The DNA sequences of the
targeted genomic regions in isolated and expanded colonies were
analyzed. Two independent cell lines (#1 and #2 from sgRNA#1 and
sgRNA#2, respectively) harboring biallelic indel mutations were
selected for further experiments.

2.7. Culture of hippocampal neurons and electroporation

Hippocampal neurons were cultured as described previously [24].
Briefly, embryonic hippocampi were dissected from embryonic-day-18
Wistar rat pups. The tissues were digested with papain solution con-
taining 0.667 mg/mL papain (Worthington, Lakewood, NJ, USA), 1 mg/
mL bovine serum albumin (BSA, Merck), 0.012 mg/mL DNase I (Merck),
1.8 mg/mL D-(+)-glucose (Merck), and phosphate buffered saline (PBS),
and gently triturated with a fire-polished Pasteur pipette to produce a
single neuron suspension. Neurons were plated onto glass coverslips
coated with poly-p-lysine hydrobromide (Merck) located in 24-well
plates at a density of 50,000 cells/well. Neurons were maintained in
Neurobasal medium (Thermo Fisher Scientific) containing 2 % B-27
supplement (Thermo Fisher Scientific) and 2 mM GlutaMAX. Every 3
days half of the culture medium was replaced with fresh medium.

At 10 days in vitro (DIV10), hippocampal neurons were simulta-
neously transfected with the Dicer-Substrate Short Interfering RNA
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Fig. 1. Identification of the intracellular region of Htr6 that contributes to its ciliary localization in RPE1 cells.

(A) Left: Schematic diagrams of mouse Htr6 highlighting its third (Htr6 i3) and fourth (Htr6 i4) intracellular domains and of mouse Htr7 highlighting its third (Htr7
i3) and fourth (Htr7 i4) intracellular domains. Right: Schematic diagrams of human CD8« amino acids (aa) 1-206 fused with Htr6 i3, Htr6 i4, Htr7 i3, or Htr7 i4. The
Htr6, Htr7, and CD8x chimeras were tagged with Myc (blue rectangles) at their C-terminus. The gray line indicates the plasma membrane and above and below the
gray line indicate the extracellular and intracellular spaces, respectively.

(B) Htr6, Htr7, and CD8a chimeras tagged with Myc in (A) were expressed in RPE1 cells and their localization was analyzed by immunostaining using an anti-Myc
antibody. Primary cilia were stained with an anti-acetylated a-tubulin (AcTub) antibody. In merged images, nuclei stained with DAPI (blue) are shown.

(C) The intensity of Myc signals at cilia was measured and is shown in scatter plots. Differently colored dots denote three independent experiments (n = 35 x 3).
Horizontal lines and error bars represent means and SEM, respectively, of the three experiments.

(D-F) Htr6 i4 was divided into the three indicated parts. CD8a aa 1-206 (black rectangles) was fused with the indicated deletion mutants containing one or two parts
of Htr6 i4. CD8u chimeras were tagged with Myc (blue rectangles) at their C-terminus (D). Localization of these chimeras expressed in RPE1 cells was analyzed by
immunostaining (E), and the intensity of Myc signals at cilia was analyzed (n = 35 x 3) (F) as described in (C).

(G-D) N- and C-terminal residues of i4-(M+CT) were deleted to generate the indicated mutants. CD8«x aa 1-206 (black rectangles) was fused with these mutants. CD8«
chimeras were tagged with Myc (blue rectangles) at their C-terminus (G). Localization of these chimeras expressed in RPE1 cells was analyzed by immunostaining
(H), and the intensity of Myc signals at cilia was analyzed (n = 35 x 3) (I) as described in (C).

(J-L) N- and C-terminal residues of i4-E were deleted to generate the indicated mutants. CD8« aa 1-206 (black rectangles) was fused with these mutants. CD8«x
chimeras were tagged with Myc at their C-terminus (J). Localization of these chimeras expressed in RPE1 cells was analyzed by immunostaining (K), and the intensity
of Myc signals at cilia was analyzed (n = 35 x 3) (L) as described in (C).

Arrows indicate primary cilia and scale bars represent 5 pm in (B), (E), (H), and (K). a.u., arbitrary unit; ns, not significant in (C), (F), (I), and (L). (For interpretation

of the references to colour in this figure legend, the reader is referred to the web version of this article.)

(DsiRNA) against the rat y1-Adaptin gene (Aplgl, TriFECTa Kit, Inte-
grated DNA Technologies, Coralville, IA, USA) and the expression
plasmid encoding the indicated receptor or the CD8a chimera by elec-
troporation using a NEPA21 Electroporator (NEPAGENE, Ichikawa,
Japan) according to the manufacturer’s protocol. The DsiRNA and the
plasmid were dissolved in Opti-MEM (Thermo Fisher Scientific) at
concentrations of 50 nM and 0.5 pg/pL, respectively. Neurons were
harvested or fixed at DIV13 for immunoblotting or for immunofluores-
cence staining, respectively.

2.8. Immunoblotting and immunoprecipitation

Harvested cells were incubated in lysis buffer containing 20 mM Tris-
HCI (pH 7.5, Nippon Gene, Tokyo, Japan), 1 mM dithiothreitol (Nacalai
Tesque), 1 mM ethylenediaminetetraacetic acid (pH 8.0, Nacalai Tes-
que), 100 mM NaCl, 1 % Nonidet P-40 substitute (Fujifilm Wako Pure
Chemical Co., Osaka, Japan), and a protease inhibitor cocktail (Roche,
Mannheim, Germany) on ice for 1 h, and then centrifuged at 17,700 xg
for 15 min. The supernatants were denatured in sodium dodecyl sulfate
(SDS) sample buffer at 100 °C for 5 min, separated by SDS-
polyacrylamide gel electrophoresis (SDS-PAGE), and transferred to
polyvinylidene fluoride membranes (Immobilon-P, Merck). After
blocking with PBS containing 1 % skim milk (Morinaga, Tokyo, Japan),
membranes were incubated with primary antibodies diluted in PBS
containing 1 % skim milk at 4 °C overnight. After washing with PBS
containing 0.1 % polyoxyethylene sorbitan monolaurate (Tween 20,
Nacalai Tesque), membranes were incubated with secondary antibodies
at room temperature (RT) for 1 h. Bands were visualized by chem-
iluminescence using an ECL Western Blotting Detection Reagent (Cytiva,
Tokyo, Japan) and X-ray films (Fujifilm, Tokyo, Japan). The superna-
tants for immunoblotting using a rabbit anti-Flag antibody were not
denatured to reduce aggregation of GPCRs in the samples [25].

For immunoprecipitation, harvested cells transfected with the indi-
cated cDNA constructs were incubated in the lysis buffer and centri-
fuged. The supernatants were incubated with mouse anti-Flag antibody-
bound Dynabeads Protein G (Thermo Fisher Scientific) at 4 °C for 2 h.
The beads were then washed five times with the lysis buffer. The im-
munoprecipitates were denatured (only samples for anti-Myc antibody
blotting), separated by SDS-PAGE, and then subjected to immunoblot-
ting using a rabbit anti-Myc antibody or a rabbit anti-Flag antibody.

2.9. Immunofluorescence staining
Immunofluorescence staining was performed as described previously

[26] with some modifications. Briefly, RPE1 cells and primary hippo-
campal neurons were fixed with 4 % paraformaldehyde in phosphate

buffer (Nacalai Tesque) at RT for 10 min. Neurons were post-fixed with
methanol at —20 °C for 15 min. After permeabilization and blocking
with blocking buffer containing 10 mM PBS, 0.2 % Triton X-100
(Merck), 10 mg/mL BSA, 2 % goat serum (Thermo Fisher Scientific), and
0.02 % sodium azide (Merck) for RPE1 cells or 10 mM PBS, 0.1 % Triton
X-100, 10 mg/mL BSA, 5 % goat serum, and 0.02 % sodium azide for
neurons, cells were incubated with primary antibodies at 4 °C overnight,
and subsequently with secondary antibodies at RT for 1 h. Antibodies
were diluted in the blocking buffer without Triton X-100. Stained sam-
ples were mounted using Vectashield mounting medium with or without
DAPI (Vector Laboratories, Burlingame, CA, USA).

2.10. Microscopy

Immunostained cells were observed using a confocal laser micro-
scope (Nikon C2, Nikon, Tokyo, Japan). Z-stack images were captured
and analyzed using ImageJ software (NIH, Bethesda, MD, USA). Signal
intensity at the cilium was quantified in a region of interest (ROI) con-
structed by drawing a line along the signal of acetylated a-tubulin
(AcTub) or adenylyl cyclase 3 (AC3), subtracted by the signal intensity
at a duplicated background ROI set to a nearby region in the cell body,
and normalized to the cilium length.

2.11. Statistical analysis

Data were analyzed by one-way ANOVA with Dunnett’s multiple
comparison test using GraphPad Prism software (La Jolla, CA, USA). For
comparison in Fig. 7B,D and Fig. S5B-C, data were analyzed by Stu-
dent’s t-test. P < 0.05 was considered significant.

3. Results

3.1. Identification of the intracellular region contributing to the Htr6é
ciliary localization in RPE1 cells

Htr7 shares homology with Htr6; however, Htr7 localizes to cilia to a
much lesser extent than Htr6 in IMCD3 cells [10,16]. Therefore, in this
study, we used Htr7 as a negative control GPCR for localization to pri-
mary cilia.

To determine the intracellular region contributing to the ciliary
localization of Htr6, RPE1 cells were transfected with expression plas-
mids encoding the following proteins: Htr6, Htr7, the single trans-
membrane protein CD8«, and chimeric proteins in which the i3 or i4
domains of Htr6 and Htr7 were fused with the extracellular and trans-
membrane regions of CD8a (Fig. 1A). All these proteins were tagged
with Myc at their C-terminus to enable detection of their location by
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Fig. 2. yl-Adaptin interacts with Htr6 in yeast.

(A) Top: the mouse Htr6 protein and the location of its fragments, Htr6 i4, Htr6 i4-(M+CT) used as the bait in the yeast two-hybrid screening, and Htr6 i4-EC. Bottom:
Schematic representation of the domain organization of the mouse y1-Adaptin protein. Like other large subunits of AP complexes, y1-Adaptin consists of “trunk”,
“hinge”, and “ear” domains. The location of the y1-Adaptin prey region (aa 733-825) identified to interact with the bait, Htr6 i4-(M+CT), by the screening is also

shown.

(B) Diagrams of y1-Adaptin and AP-1. AP-1 is formed from y-Adaptin (y1 or y2), p1-Adaptin, p1, and o1 subunits. The “core” domain of AP-1 consists of subunits p1

and o1 and the “trunk” domains of y-Adaptin and f1-Adaptin.

(C) Yeast co-transformed with a combination of Bait and Prey and of i4-EC and Prey as well as of p53 (DNA-BD control) and SV40 large T-antigen (T-antigen, AD
control) formed blue colonies not only on the DDO/X medium (Double dropout: SD/—Leu/—Trp supplemented with X-a-Gal) but also on the QDO/X/A medium
(Quadruple dropout: SD/—Ade/—His/—Leu/—Trp supplemented with X-a-Gal and Aureobasidin A). Yeast co-transformed with a combination of p53 and Prey, of Bait
and T-antigen, and of i4-EC and T-antigen formed white colonies on the DDO/X medium and no colonies on the QDO/X/A medium.

immunofluorescence analysis using an antibody against Myc (Fig. 1B).
Primary cilia were marked by an antibody against acetylated a-tubulin
(AcTub). Quantification of Myc signal intensity at cilia revealed that
Htr6, CD8a-Htr6 i3, and CD8a-Htr6 i4 displayed more preferential
localization to primary cilia than CD8« (Fig. 1C). However, Htr7 and its
two chimeric proteins revealed a similar extent of ciliary localization as
CD8a. Intriguingly, CD8a-Htr6 i3 localized to cilia less than Htr6 and
CD8a-Htr6 i4, indicating that the i4 domain of Htr6 is sufficient for
ciliary localization of the receptor, while its i3 domain contributes to the
localization to a lesser extent than its i4 domain in RPE1 cells. This result
prompted us to identify the minimum region sufficient for ciliary
localization within the i4 domain of Htr6. RPE1 cells were transfected
with different CD8a-fused and Myc-tagged fragments of the Htr6 i4
domain to examine their preference for ciliary localization (Fig. 1D).
Among these chimeras, CD8a-i4-(M+CT) showed robust localization to
cilia, although its ciliary localization was less potent than that of CD8a-
Htr6 i4 (Fig. 1E-F). When RPE1 cells were transfected with CD8a-fused
fragments of the i4-(M+CT) region (Fig. 1G), CD8a-i4-B localized to cilia
much less intensely than CD8a-i4-(M+CT), while the ciliary localization

of all other chimeras was comparable with that of CD8a-i4-(M+CT)
(Fig. 1H-I). This finding indicates that amino acids (aa) 369-378 are
required for ciliary localization of the i4 domain. Additionally, within
i4-E, which is the smallest among these cilia-localized fragments, several
fragments were constructed (Fig. 1J), and the localization of their CD8a-
fused chimeras was analyzed. CD8a-i4-EC localized to cilia to a similar
extent as CD8a-i4-E, while the ciliary localization of all the other chi-
meras was less intense than CD8a-i4-E (Fig. 1K-L). These results indicate
that i4-EC is the minimal region sulfficient for the ciliary localization of
Htr6 i4.

3.2. y1-Adaptin interacts with Htr6 in yeast

We speculated that the ciliary localization of Htr6 is facilitated by
key molecules that interact with i4-EC or the region spanning i4-EC and
neighboring residues within Htr6 i4. Therefore, we aimed to identify the
interacting partners of i4-(M+CT). To this end, yeast two-hybrid
screening of a mouse cDNA library was conducted using i4-(M+CT) as
bait. Among several prey clones obtained from the screening, we focused
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Fig. 3. Htr6 interacts with y1-Adaptin in mammalian cells.

(A) Htr6 containing its i4 domain (red rectangle), Htr6 deletion mutants A(M+CT), lacking the i4-(M+CT) bait region, and AEC, lacking the i4-EC region, and Htr7
were tagged with a Flag tag (purple rectangle) at their N-terminus and used in immunoprecipitation analysis. Dashed lines indicate deleted regions.

(B) For immunoprecipitation, yl-Adaptin tagged with Myc at its C-terminus was co-expressed with each of the proteins in (A) in HEK293T cells. Cell lysates were
immunoprecipitated (IP) by a mouse anti-Flag antibody. The resultant immunoprepicitates were analyzed by immunoblotting (IB) using an anti-Myc antibody and a
rabbit anti-Flag antibody. Ten percent of the lysate used for immunoprecipitation was analyzed as an input control. The bands denoted by red asterisks correspond to
monomer proteins, while the bands with higher molecular weights are likely to represent polymerized proteins because GPCRs tend to aggregate during cell lysis
[25]. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

on the C-terminal 733-825 aa region of y1-Adaptin, a subunit of AP-1
[27,28] (Fig. 2A-B). This prey region is within the “ear” domain of y1-
Adaptin (Fig. 2A). Growth of co-transformed yeast colonies on Dropout
media confirmed that the interaction between the bait and the y1-
Adaptin prey region in yeast was genuine (Fig. 2C). Furthermore, this
assay demonstrated in yeast an interaction between i4-EC, the minimal
region sufficient for ciliary localization of Htr6 i4 (Fig. 1J-L, Fig. 2A),
and the y1-Adaptin prey region (Fig. 2C).

3.3. Htr6 interacts with y1-Adaptin in mammalian cells

Next, we investigated by immunoprecipitation whether Htr6 and y1-
Adaptin interact with each other in mammalian cells. C-terminally Myc-

tagged yl-Adaptin was exogenously co-expressed with N-terminally
Flag-tagged Htr6, its deletion mutants, or Htr7 in HEK293T cells
(Fig. 3A-B). Anti-Flag immunoprecipitates were subjected to immuno-
blotting using an antibody against Myc or Flag (Fig. 3B). y1-Adaptin co-
immunoprecipitated with Htr6, but not with its deletion mutant lacking
i4-(M+CT) or i4-EC, nor with Htr7, indicating that Htr6 specifically
interacts with y1-Adaptin through the i4-EC region in its i4 domain in
mammalian cells.

3.4. y1-Adaptin facilitates Htr6 ciliary localization in RPEI cells

To examine the involvement of y1-Adaptin in the ciliary localization
of Htr6, the gene encoding y1-Adaptin was ablated in RPE1 cells using
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Fig. 4. yl-Adaptin facilitates ciliary localization of Htr6 in RPE1 cells.

(A) Establishment of y1-Adaptin-knockout (KO) RPE1 cells using CRISPR/Cas9. Immunoblotting using an anti-y1-Adaptin antibody confirmed the absence of the y1-
Adaptin protein in y1-Adaptin-KO cell lines #1 and #2. GAPDH served as a loading control.

(B) Htr6, Htr7, and the indicated CD8a chimeras tagged with Myc were expressed in control (Ctrl) RPE1 and y1-Adaptin-KO cells. Their localization was analyzed by
immunostaining using an anti-Myc antibody. Primary cilia were stained with an anti-AcTub antibody. In merged images, nuclei stained with DAPI (blue) are shown.
Arrows indicate primary cilia and scale bars represent 5 pm.

(C) The intensity of Myc signals at cilia was measured and is shown in scatter plots (n = 50 x 3). Symbols are used as described in Fig. 1C. a.u., arbitrary unit; ns,
not significant.
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(A) Localization of the endogenous Gprl61 protein was analyzed by immunostaining using an anti-Gpr161 antibody in control (Ctrl) RPE1 and yI-Adaptin-KO cell
lines. Primary cilia were stained with an anti-AcTub antibody. In merged images, nuclei stained with DAPI (blue) are shown. Arrowheads indicate primary cilia and

scale bars represent 5 pm.

(B) The intensity of Gpr161 signals at cilia was measured and is shown in scatter plots (n = 50 x 3). Symbols are used as described in Fig. 1C. a.u., arbitrary unit; ns,
not significant. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

CRISPR/Cas9. Two independent y1-Adaptin-knockout (KO) cell lines (#1
and #2) were established using two different sgRNAs targeting exon 6
and exon 4, respectively, of the y1-Adaptin gene. Lack of the y1-Adaptin
protein in the y1-Adaptin-KO cell lines was confirmed by immunoblot-
ting using an antibody against y1-Adaptin (Fig. 4A). These KO cell lines
displayed less ciliation and formed shorter cilia compared with the
control cells (Fig. SIA-C). When C-terminally Myc-tagged Htr6 and
CD8a-Htr6 i4 were exogenously expressed, their localization to primary
cilia was dramatically reduced in KO cell lines compared with that in
control cells (Fig. 4B-C). Myc-tagged CD8u-Htr6 i3 also displayed
weaker ciliary localization in KO cells than in control cells (Fig. 4B-C).
In contrast, ciliary localization of Myc-tagged Htr7, CD8a-Htr7 i3, and i4
was comparable between control cells and KO cells (Fig. 4B-C). These
results indicate that yl-Adaptin facilitates ciliary localization of Htr6,
but not of Htr7, and that this facilitation is mostly ascribed to the effect
of yl-Adaptin on the i4 domain of Htr6. The compromised ciliary
localization of Myc-tagged Htr6 and CD8a-Htr6 i4 in the KO cells was
rescued by exogenous co-expression of human y1-Adaptin (Fig. S2A-D),
confirming the specific effect of y1-Adaptin on their ciliary localization
and excluding the off-target effects of CRISPR/Cas9.

Ciliary localization of Htr6 and CD8a-Htr6 i4 was downregulated but
not completely lost in y1-Adaptin-KO cells (Fig. 4C). This remaining
ciliary localization in the KO cells might result from the participation of
AP-1 containing another y-Adaptin, y2-Adaptin [29], on the basis of
moderate similarity of the amino acid sequence between the “ear”
domain of y1-Adaptin containing the prey region and the same domain
of y2-Adaptin (Fig. S3A-B). However, this idea seems unlikely because
immunofluorescence staining revealed an absence of the 61A subunit of
AP-1 in y1-Adaptin-KO cells (Fig. S4), indicating complete lack of AP-1
formation by ablation of y1-Adaptin and unavailability of y2-Adaptin
for AP-1 formation in RPE1 cells.

To assess whether the ciliary localization of transmembrane proteins
is generally facilitated by yl-Adaptin, the localization of Gprl61, a
ciliary orphan GPCR expressed endogenously in RPE1 cells [12], was
examined in y1-Adaptin-KO cells and control cells. Immunofluorescence
staining revealed that the ciliary localization of Gprl61 was not
compromised by ablation of y1-Adaptin in RPE1 cells (Fig. 5A-B).

3.5. y1-Adaptin facilitates Htr6 ciliary localization in cultured
hippocampal neurons

Next, to evaluate the involvement of yl-Adaptin in the ciliary
localization of Htr6 in neurons, primary neurons from rat embryonic
hippocampi were transfected simultaneously with DsiRNA against rat
y1-Adaptin and an expression plasmid encoding Myc-tagged Htr6, CD8a-
Htr6 i3 or i4, or Htr7 by electroporation at DIV10. Immunoblotting
confirmed a profound reduction in the yl-Adaptin protein level in
neurons transfected with DsiRNA against y1-Adaptin (Fig. 6A). Delivery
of both control and yI-Adaptin-targeted DsiRNAs resulted in production
of a protein immunoreactive to the anti-yl-Adaptin antibody with a
lower molecular weight (indicated by arrowhead) than that of y1-
Adaptin (Fig. 6A). It appears that this extra protein was generated by the
electroporation procedure, however we could not clarify the nature of
this protein and the mechanism for its production. Similar to y1-Adaptin-
KO RPE]1 cells, y1-Adaptin-deficient neurons displayed less ciliation and
formed shorter cilia compared with the control neurons (Fig. SSA-C).
Silencing y1-Adaptin expression led to reduced ciliary localization of
Htr6 and CD8a-Htr6 i4, but it did not affect CD8«a-Htr6 i3 or Htr7
localization, in neurons fixed at DIV13 (Fig. 6B-C), indicating that the
ciliary localization of Htr6 is facilitated by y1-Adaptin also in neurons
via its effect on the i4 domain of Htr6.

We then analyzed the localization of endogenous Gprl61 and Sstr3
proteins, whose ciliary localization in primary neurons was previously
shown [13,30], in cultured hippocampal neurons transfected with
control or y1-Adaptin-targeted DsiRNA at DIV10. Ciliary localization of
Gpr161 and Sstr3, unlike that of Htr6, was unaltered by silencing of y1-
Adaptin in neurons fixed at DIV13 (Fig. 7A-D).

4. Discussion

Our analysis of CD8a-Htr6 i3/i4 localization revealed that Htr6 i3
has a weaker preference for ciliary localization than Htr6 i4 in RPE1
cells. However, Barbeito et al. demonstrated that Htr6 i3 participates in
Htr6 ciliary localization to a comparable extent as Htr6 i4 in IMCD3
cells, a murine renal collecting duct cell line [16]. This discrepancy may
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Fig. 6. yl-Adaptin facilitates ciliary localization of Htr6 in cultured hippocampal neurons.

(A) Cultured hippocampal neurons were transfected with control DsiRNA (Dsi-Ctrl) or DsiRNA against y1-Adaptin (Dsi-y1-Adaptin) by electroporation at DIV10.
Immunoblotting using an anti-y1-Adaptin antibody confirmed the reduction in the y1-Adaptin protein level in neurons at DIV13 after treatment with Dsi-y1-Adaptin.
The arrowhead indicates a band with a lower molecular weight than that of y1-Adaptin (see Results section). GAPDH served as a loading control.

(B) Hippocampal neurons were transfected with Myc-tagged CD8x, Htr6, CD8«-Htr6 i3, CD8a-Htr6 i4, or Htr7 simultaneously with Dsi-Ctrl or Dsi-y1-Adaptin by
electroporation at DIV10. Neurons were fixed at DIV13, and localization of Myc-tagged proteins was analyzed by immunostaining using an anti-Myc antibody.
Primary cilia were stained with an anti-adenylyl cyclase 3 (AC3) antibody. In merged images, MAP2 staining (blue) is shown. Arrows indicate primary cilia and scale
bars represent 5 pm.

(C) The intensity of Myc signals at cilia was measured and is shown in scatter plots (n = 50 x 3). Symbols are used as described in Fig. 1C. a.u., arbitrary unit; ns,

not significant.

be ascribed to the following factors. First, different cell lines were used
for the experiments. Second, different tags were fused to the proteins of
interest; Barbeito et al. fused enhanced GFP or YFP, 239-aa fluorescent
tags, to the C-terminus of the proteins [16], which have a higher pos-
sibility of influencing the native localization of untagged proteins than
the 10-aa Myc-tag used in the present study. Third, different analysis

methods were used; the frequency of cilia localization was mainly
examined by Barbeito et al. [16], whereas the intensity of cilia locali-
zation was investigated in the present study. Our results demonstrated
aa 369-402 of Htr6 to be the minimal region sufficient for ciliary
localization of Htr6 i4. This is consistent with the finding that aa
400-402 of Htr6 are the three critical residues for the cilia targeting
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Fig. 7. Ciliary localization of Gpr161 and Sstr3 is unaltered by silencing of y1-Adaptin in cultured hippocampal neurons.

(A-D) Cultured hippocampal neurons were transfected with control DsiRNA (Dsi-Ctrl) or DsiRNA against y1-Adaptin (Dsi-y1-Adaptin) by electroporation at DIV10.
After fixation at DIV13, the neurons were immunostained for Gpr161 (A) or Sstr3 (C) and for AC3, a neuronal cilia marker. In merged images, MAP2 staining (blue) is
shown. Arrowheads indicate primary cilia and scale bars represent 5 pm. The intensity of Gpr161 (B) and Sstr3 (D) signals at cilia was measured and is shown in

scatter plots (n = 30 x 3). Symbols are used as described in Fi
legend, the reader is referred to the web version of this article.)

property of Htr6 i4 [16].

In eukaryotic cells, adaptor protein (AP) complexes play a vital role
in the transport of cargo transmembrane proteins from one membrane
domain to another [27,31]. AP complexes attach to the donor membrane
and assemble cargo proteins into vesicular carriers by budding, which
are conveyed to the acceptor membrane [27,31]. Each of the five AP
complexes, AP-1-5, comprises two large subunits, one medium subunit,
and one small subunit. The medium subunit, the small subunit, and the
N-terminal “trunk” domains of the two large subunits form the “core”
domain of the AP complexes [27]. The C-terminal “ear” domain and the
intermediate “hinge” domain of the large subunits interact with cyto-
solic regulatory proteins and, in the case of AP-1, AP-2, and AP-3, the
vesicle coat protein clathrin, respectively [27]. The two large subunits of
AP-1 are pl-Adaptin and y-Adaptin, which has two isoforms: y1-Adaptin
or y2-Adaptin [29]. The interaction of AP-1 with the cytosolic domains
of cargo transmembrane proteins is mediated either by the medium
subunit p1 or by the combination of the “trunk” domain of y-Adaptin and
the small subunit 61 [27] (Fig. 2B).

While AP-1 plays arole in the transport of cargo proteins between the
trans-Golgi network (TGN) and endosomes via clathrin-coated vesicles,
it also participates in polarized sorting of cargo proteins to the epithelial
basolateral domain and the neuronal somato-dendritic domain
[27,32,33]. For example, in hippocampal neurons, the AP-1 complex is
involved in somato-dendritic localization of transmembrane glutamate
receptors, where the specific amino acid motif in the cytosolic domain of
the cargo receptors is recognized by the pl1A subunit of AP-1 [34]. While
additional AP-1-dependent transport pathways and cargo proteins are

10
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being discovered [32], the present study identified an unexpected role of
AP-1 in Htr6 transport to the ciliary membrane, which is a type of
polarized sorting. In this study, the “ear” domain of y1-Adaptin, which
interacts with cytosolic regulatory proteins [27], was found to interact
with a 34-aa motif in the i4 domain of Htr6. It is unclear whether this
non-canonical interaction of the y1-Adaptin “ear” domain with the cargo
protein Htré6 is associated with transport to primary cilia. In this context,
it is noteworthy that endocytosis of the transmembrane cargo protein
HM1.24 is mediated by interaction of its cytosolic domain with the “ear”
domain of a-Adaptin, a large subunit of the AP-2 complex [35], indi-
cating that the “ear” domains of the large subunits in AP complexes
interact with cargo proteins as well as with regulatory proteins.
Ablation of yI-Adaptin in RPE1 cells and silencing of yI-Adaptin in
cultured hippocampal neurons impaired the preferential localization of
Htr6 and CD8a-fused Htr6 i4 to primary cilia. A previous study by
Kaplan et al. revealed that the AP-1 complex, in cooperation with a small
GTPase Rab8, participates in cilia formation and in transmembrane
protein transport into cilia in Caenorhabditis elegans sensory neurons
[36]. They also examined the involvement of AP-1 in cilia assembly and
in transmembrane protein traffic to cilia in mammalian cells using RPE1
cells; treatment of RPE1 cells with siRNA against y1-Adaptin resulted in
profound reduction in the 61A subunit of AP-1, indicating impaired
formation of AP-1 [36]. These AP-1-depleted RPE1 cells displayed
normal ciliation, but they formed longer cilia than control cells [36].
However, we identified reduced ciliation as well as formation of shorter
cilia in y1-Adaptin-KO RPE1 cells, compared with control cells (Fig. S1).
This inconsistency may result from residual yl-Adaptin after gene
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Fig. 8. A model of preferential Htr6 localization to primary cilia in neurons via
an AP-1-dependent pathway.

Htr6 in the TGN is recognized by AP-1 and transferred to an endosome via a
clathrin-coated vesicle. Htr6 in the endosome is then loaded again into a
clathrin-coated vesicle by AP-1. After the Htr6-containing vesicle releases AP-1
and clathrin, the vesicle associates with a regulatory factor, such as Rab8.
Finally, the vesicle reaches the base of a primary cilium, where the vesicle
membrane is fused to the plasma membrane, leading to the localization of Htr6
at the ciliary membrane. Additionally, transmembrane proteins can be trans-
ported from the TGN to the plasma membrane via an AP-l-independent
pathway, wherein ciliary proteins, such as Smo and Gprl61, are trafficked to
the ciliary membrane. PM, plasma membrane; BB, basal body; CM, ciliary
membrane; AX, axoneme; TGN, trans-Golgi network.

silencing. Based on the indispensability of y1-Adaptin for AP-1 forma-
tion in RPE1 cells noted above [36] and indicated by our current finding
(Fig. S4), it is likely that impairment of enriched ciliary localization of
Htr6 and CD8a-Htr6 i4 in y1-Adaptin-KO RPEL1 cells found in the present
study is ascribed not to a loss of interaction of the AP-1 complex with
Htr6 via the yl-Adaptin “ear” domain, but to lack of AP-1 formation.
Kaplan et al. demonstrated that AP-1-depleted RPE1 cells and AP-1-
depleted MDCK cells had normal ciliary localization of Smo and of
CNGAZ2, a CNG channel, respectively [36]. In our study, the endogenous
Gprl6l protein, a ciliary orphan GPCR that regulates hedgehog
signaling in a manner opposite to that of Smo [12], displayed compa-
rable ciliary localization in yI-Adaptin-KO RPE1 cells and control cells
(Fig. 5). In addition, ciliary localization of Gpr161 and Sstr3 was unal-
tered by silencing of yI-Adaptin in cultured hippocampal neurons
(Fig. 7). Furthermore, pairwise comparisons of amino acid sequences
between Htr6 and all GPCRs known to localize to neuronal cilia [6], as
well as a BLAST search, could not find any GPCRs with a motif similar to
Htr6 i4-EC, suggesting that Htr6 is a unique GPCR whose ciliary local-
ization is facilitated by y1-Adaptin-containing AP-1 in mammalian cells.
Taken together, transport of transmembrane proteins into primary cilia
is unlikely to be generally dependent on AP-1, whereas a subset of
transmembrane proteins, which includes Htr6 in mammalian cells and
the ciliary proteins in nematode sensory neurons [36], may rely on a
conserved role of AP-1 for ciliary transport.
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Based on our present findings and previous studies [32,36], we
propose a model for the preferential localization of Htr6 to primary cilia
in neurons (Fig. 8). First, Htr6 situated in the TGN is recognized by AP-1
and conveyed to the endosome via a clathrin-coated vesicle. Second,
Htr6 at the endosome is loaded again into a clathrin-coated vesicle by
AP-1. Third, the Htr6-containing vesicle releases AP-1 and clathrin and
is then associated with a regulatory factor, such as Rab8, which mediates
transport to cilia in vertebrates and C. elegans [36,37]. After reaching the
base of primary cilia, the vesicle membrane fuses with the plasma
membrane to place Htr6 at the ciliary membrane. However, trans-
membrane proteins can also be delivered from the TGN to the plasma
membrane via an AP-1-independent pathway, wherein ciliary proteins,
such as Smo and Gprl61, are transported to the ciliary membrane.

Of note, Golgi-localized, y-adaptin ear domain homology, ADP
ribosylation factor (Arf)-binding proteins (GGAs), a family of mono-
meric clathrin adaptor proteins, have the C-terminal GAE domain ho-
mologous to the y-Adaptin “ear” domain, which interacts with
regulatory proteins [38-40]. GGAs also have the N-terminal VHS
domain recognizing cargoes as well as the intermediate GAT and hinge
domains interacting with Arf GTPases and clathrin, respectively [40].
While GGAs cooperate with the tetrameric AP-1 complex in TGN-
endosome transport [40,41], they can also organize the formation of
clathrin-coated vesicles in AP-1-depleted cells [42]. Therefore, if the
GGA GAE domain, like the y1-Adaptin “ear” domain, interacts with Htr6
i4, GGAs might play a role in clathrin-mediated transport of Htr6 and
CD8a-Htr6 i4 from the TGN to the endosome independently of AP-1 in
y1-Adaptin-KO cells, underlying reduced but remaining ciliary enrich-
ment of Htr6 and CD8a-Htr6 i4 despite ablation of yI1-Adaptin and
consequent disruption of AP-1 formation (Fig. 4, Fig. S4).

AP-1 is associated with multiple human developmental disorders
[32,43]. Given our present results, it is possible that these AP-1-
associated developmental disorders may be caused, at least in part, by
impaired ciliary localization of Htr6 in the developing brain of affected
children.

In conclusion, our findings demonstrate that Htr6 is detected by AP-1
through an interaction between the “ear” domain of yl-Adaptin, a
component of AP-1, and the i4 domain of Htr6, and indicate that AP-1
facilitates ciliary localization of Htr6 in RPE1 cells and in cultured
neurons. Further studies are needed to clarify the entire molecular
mechanism of Htr6 ciliary transport, especially after the AP-1-mediated
phase.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.cellsig.2025.112008.
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