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Neurobiology of Disease

The Transition Zone Protein AHI1 Regulates Neuronal
Ciliary Trafficking of MCHR1 and Its Downstream Signaling
Pathway

Yi-Chun Hsiao,'* ““Jestis Muioz-Estrada,' Karina Tuz,' and ““Russell J. Ferland!?
"Department of Neuroscience and Experimental Therapeutics, Albany Medical College, Albany, New York 12208, and *Department of Neurology,
Albany Medical College, Albany, New York 12208

The Abelson-helper integration site 1 (AHII) gene encodes for a ciliary transition zone localizing protein that when mutated
causes the human ciliopathy, Joubert syndrome. We prepared and examined neuronal cultures derived from male and female
embryonic Ahil™'" and AhiI”~ mice (littermates) and found that the distribution of ciliary melanin-concentrating hormone
receptor-1 (MchR1) was significantly reduced in Ahil”"™ neurons; however, the total and surface expression of MchR1 on
Ahil™™ neurons was similar to controls (Ahil™'"). This indicates that a pathway for MchR1 trafficking to the surface plasma
membrane is intact, but the process of targeting MchR1 into cilia is impaired in Ahil-deficient mouse neurons, indicating a
role for Ahil in localizing MchR1 to the cilium. Mouse Ahil”"~ neurons that fail to accumulate MchR1 in the ciliary mem-
brane have significant decreases in two downstream MchR1 signaling pathways [cCAMP and extracellular signal-regulated ki-
nase (Erk)] on MCH stimulation. These results suggest that the ciliary localization of MchR1 is necessary and critical for
MchR1 signaling, with Ahil participating in regulating MchR1 localization to cilia, and further supporting cilia as critical sig-

naling centers in neurons.
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ignificance Statement

-

Our work here demonstrates that neuronal primary cilia are powerful and focused signaling centers for the G-protein-coupled
receptor (GPCR), melanin-concentrating hormone receptor-1 (MCHR1), with a role for the ciliary transition zone protein,
Abelson-helper integration site 1 (AHII), in mediating ciliary trafficking of MCHR1. Moreover, our manuscript further
expands the repertoire of cilia functions on neurons, a cell type that has not received significant attention in the cilia field.
Lastly, our work demonstrates the significant influence of ciliary GPCR signaling in the overall signaling of neurons.
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Introduction

Primary cilia are microtubule-based, polarized cell structures
that protrude from the apical surface of the plasma membrane
into the extracellular space. These organelles are considered criti-
cal signaling centers important for vertebrate development
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(Goetz and Anderson, 2010; Pal and Mukhopadhyay, 2015). One
of the unique features of primary cilia is the selective molecular
composition of their membrane, which is enriched in signaling
receptors and molecules, such as several G-protein-coupled
receptors (GPCRs) and adenylyl cyclase, respectively (Mykytyn
and Askwith, 2017; Nachury and Mick, 2019). When defects in
cilia formation or function occur, abnormal embryonic develop-
ment and cellular dysfunction result because of impaired signal
transduction at primary cilia (Pazour and Rosenbaum, 2002;
Huangfu et al,, 2003; Huangfu and Anderson, 2005; Pal and
Mukhopadhyay, 2015). This indicates that the correct localiza-
tion of receptors at the ciliary membrane, and not just at the
plasma membrane, is critical for initiating proper signaling, but
this remains unclear particularly for terminally differentiated
neurons.

Mutations in the Abelson-helper integration site 1 (AHII)
gene cause an inherited neurodevelopmental disorder called
Joubert syndrome (JBTS; Dixon-Salazar et al., 2004; Ferland et
al., 2004), which is defined by aplasia/hypoplasia of the cerebellar
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vermis and an abnormal configuration of the superior cerebellar
peduncles, and is characterized by cognitive impairment, apnea/
hyperpnea, abnormal eye movements and hypotonia. Ahil is a
cytoplasmic and transition zone localizing protein required for
the function of primary cilia (Doering et al., 2008; Eley et al.,
2008; Hsiao et al., 2009; Lee et al., 2014), supporting JBTS as a
ciliopathy (Hildebrandt et al., 2011). In addition, inactivation of
Ahil hampers primary cilia function because of defective ciliary
trafficking through an effect of Ahil in regulating Rab8a localiza-
tion (Hsiao et al., 2009; Westfall et al., 2010). Thus, these studies
indicate that Ahil at the ciliary transition zone may be an impor-
tant regulator in trafficking receptors to the primary cilium
(Hsiao et al., 2012; Mufoz-Estrada and Ferland, 2019).

The melanin-concentrating hormone receptor-1 (MchR1) is a
GPCR (Chambers et al., 1999), and one of the GPCRs enriched
at neuronal cilia (Berbari et al., 2008a,b; Tuz et al., 2013). In
humans, rare MCHRI missense mutations have been identified
in individuals with obesity whereas loss of function MCHRI
mutations have been associated with underweight individuals
(Gibson et al., 2004; Goldstein et al., 2010). Complementary find-
ings in murine models implicate MchR1 in feeding behavior and
metabolism as well as in anxiety and depression (Shimazaki et
al., 2006; Macneil, 2013). Studies that used cell lines exogenously
expressing MchR1, showed that stimulation of MchR1 by adding
melanin-concentrating hormone (MCH) can inhibit forskolin
(FSK)-induced cAMP production and increase intracellular cal-
cium concentrations (Chambers et al., 1999; Saito et al., 1999;
Hawes et al., 2000), in addition to activating the extracellular sig-
nal-regulated kinase (Erk) pathway (Pissios et al., 2003; Eberle et
al., 2004). Therefore, we were interested in determining the
extent of ciliary MchR1 localization and its stimulation in Ahil
knock-out neurons with defective primary cilia function.

Here, we show that targeted deletion of Ahil in mice reduces
the localization of ciliary markers at the neuronal primary cilium
in different brain regions, including a dramatic reduction in cili-
ary MchR1 localization in Ahil™~ neurons. Given that the total
cell surface expression of MchR1 was normal in Ahil™'~ neurons,
the decreased ciliary MchR1 distribution in Ahil™~ neurons sug-
gest defective MchR1 cilia trafficking that is regulated by the
transition zone protein, Ahil. Strikingly, Ahil”~ neurons with
normal MchR1 plasma membrane localization, but lacking
MchR1 localization on primary cilia, have reduced signaling on
MCH stimulation as indicated by an inhibition of FSK-induced
cAMP production and decreased Erk pathway activation. This
study suggests a critical role for neuronal primary cilia as a requi-
site site for MchR1 localization and ligand binding to activate
downstream signaling pathways, and further supports the
requirement of a functional ciliary transition zone for proper sig-
nal transduction.

Materials and Methods

Primary neuronal cultures

Ahil™"* and Ahil”~ hypothalamic, hippocampal and cerebral cortical
neuron cultures were prepared from embryonic day (E)18.5 mouse
embryos harvested from anesthetized timed-pregnant female Ahil™/~
mice that were crossed with male Ahil ™'~ mice. All mice used for breed-
ing were backcrossed at least 10 generations onto a Balb/CJ genetic back-
ground (this strain has been deposited in The Jackson Laboratory/
MMRRC repository, stock #033663/65561-JAX, designated C.Cg-
Ahi1"™ ™/ Mmjax). All experimental protocols were performed under
approval of the Institutional Animal Care and Use Committee of Albany
Medical College and complied with the National Institutes of Health
Guide for the Care and Use of Laboratory Animals. Brains were dissected
in ice-cold dissecting solution (Dulbecco’s PBS containing 20% glucose
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and penicillin/streptomycin). Hypothalami, hippocampi, or cerebral cor-
tices from each mouse embryo were isolated and rinsed three times with
sterile, ice-cold dissecting solution. Tissues were then treated with 0.05%
trypsin/EDTA for 10 min at 37°C and were incubated with 1 mg/ml tryp-
sin inhibitor (Sigma) in Dulbecco’s PBS for 5min at room temperature
(RT). Tissues were dissociated by gentle trituration in Neurobasal medium
(Invitrogen) supplemented with 0.5% glucose, 0.4 mm L-glutamine,
0.04 mg/ml gentamicin, and 2% B27 supplement (Invitrogen). Cells were
counted with a hemocytometer and seeded on poly-D-lysine (Sigma)
coated glass coverslips at a density of 2 x 10> cells/cm?. Neuronal culture
media was replaced every 3 d. Neuronal cultures were grown at 37°C in a
humidified 5% CO, incubator.

Immunolabeling and imaging

Cells were fixed with 4% paraformaldehyde/4% sucrose in Banker’s PBS
(Goslin and Banker, 1989), with methanol at —20°C (10 min), or with
4% paraformaldehyde/4% sucrose in Banker’s PBS (18 min) followed by
incubation with 100% iced-cold methanol at —20°C (5 min). For tissue
immunolabeling, mice were perfused with 4% paraformaldehyde/PBS
and postfixed for at least 3 d before being transferred to a 30% sucrose
cryopreservation solution. Fixed brains were embedded in OCT and sec-
tioned in the sagittal plane at a thickness of 20 pm.

Fixed cells or tissue sections were permeabilized in 0.04-0.1% Triton
X-100/PBS (PBSTx) for 15min at RT followed by incubation in 10%
normal donkey serum in PBSTx or 1% bovine serum albumin (BSA) in
PBS for 1 h at RT before primary antibody incubation. Cells or tissue
sections were then incubated with primary antibodies diluted in 1% nor-
mal donkey serum/PBSTx at 4°C overnight. The following antibodies were
used for immunolabeling: rabbit polyclonal anti-Ahil (1:1000; Doering et al.,
2008), mouse monoclonal anti-acetylated a-tubulin (1:1000; Sigma), rabbit
polyclonal anti-adenylyl cyclase IIT (AC3; 1:1000; Santa Cruz Biotechnology),
goat polyclonal anti-AC3 (1:200; Santa Cruz Biotechnology), mouse mono-
clonal anti-Arl13b (1:1000; UC Davis/NIH NeuroMab Facility), rabbit
monoclonal anti-Arl13b (1:2000; a gift from Caspary at Emory University),
mouse monoclonal anti-y-tubulin (1:2000; Sigma), goat polyclonal anti-
MchR1 (1:200; Santa Cruz Biotechnology), or mouse monoclonal anti-
NeuN (1:2000; Millipore). After extensive washing with PBS, tissue sections
and cells were incubated with fluorescently conjugated secondary antibodies
[Alexa Fluor 488 or 546 or Cy5 (Life Technologies) or Dylight 488, 546, or
649 (Jackson ImmunoResearch), all at 1:500-1:2000 dilutions] for 1 h at RT,
followed by Hoechst 33258 DNA labeling (1 ug/ml). After labeling, cells and
tissue sections were mounted on slides with Fluoromount-G antifade solu-
tion (Southern Biotechnology).

Immunofluorescent images were either acquired with a Zeiss
Axiolmager-Z1 microscope (Zeiss EX Plan-NeoFluar 40x/0.75, 00/0.17
lens or a Zeiss Plan-Apochromat 63x/1.4 oil DIC, 00/0.17 lens) through
a Zeiss AxioCam MRm monochrome camera using AxioVision Rel 4.6
(Zeiss) software or a Zeiss confocal microscope LSM800 with Airyscan
(63x/1.4NA oil objective) processed with Zen black 2.1 or Zen blue lite
2.3 (Zeiss). The immersion medium for the 63x lens was Zeiss
Immersol 518F oil. All images comparing Ahil™* and Ahil™™ cells or
tissues were acquired with the same exposure times. Contrast and
brightness of images were adjusted through linear level adjustments, as
needed, to optimize the intensity ranges of the images using Adobe
Photoshop CS2 (version 9.0.2; Adobe Systems).

Quantitative immunofluorescence was performed using Image], with
fluorescent images acquired with identical microscope settings. To deter-
mine MchR1 intensity in the primary cilium of Ahil™* and Ahil”~
neurons, individual cilia were defined with Arl13b immunolabeling and
integrated intensity was measured in the MchR1 channel, with back-
ground correction performed by subtracting the integrated density of an
adjacent area of identical dimensions to the region of interest (ROI).
Note that integrated density (IntDen) in the ROI represents the product
of area and mean gray value, IntDen = [area in pm* (sum of the gray val-
ues of all pixels < number of pixels)].

Western blot analysis
Cells and brain tissue lysates were prepared for western blot analysis as
described previously (Hsiao et al, 2009). For membrane protein
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solubilization, tissues or cells were homogenized in normal radioimmunopre-
cipitation assay (RIPA) buffer with 2% SDS followed by sonication.
Cleared lysates were collected after 16,000 x g centrifugation at 4°C for
5 min. Membranes prepared for western blot analysis were probed with
primary antibodies diluted in 5% skim milk/Tris-buffered saline/0.01%
Triton X-100 at 4°C overnight. The following antibodies were used for
western blot analysis: rabbit polyclonal anti-Ahil (1:1000; Doering et
al,, 2008), mouse monoclonal anti-Gapdh (1:5000; Abcam), goat poly-
clonal anti-MchR1 (1:200; Santa Cruz Biotechnology), mouse monoclo-
nal anti-Arl13b (1:1000; UC Davis/NIH NeuroMab Facility), or chicken
polyclonal anti-BIII tubulin (1:2000; Millipore). Primary antibodies were
detected with either the SuperSignal West Femto Maximum Sensitivity
Substrate Chemiluminescence kit (ThermoFisher) with horseradish peroxi-
dase (HRP)-conjugated secondary antibodies (Invitrogen; 32230 and
32260) or with fluorescently labeled secondary antibodies (Alexa Fluor 488,
Alexa Fluor 546, or Cy5). Signals were detected with a G:Box iChemi XT
imaging system using GeneSnap software and analyzed with GeneTool
analysis software (SynGene). In order to quantify and compare the signal
intensities between each sample, all detected signals were unsaturated and
in the linear range of detection.

Surface protein isolation

Surface proteins on cells were isolated with the Pierce Cell Surface
Protein Isolation kit (ThermoFisher) according to the manufacturer’s
instructions. In brief, neuronal cultures were grown in vitro for 9-14d
[day in vitro (DIV)9-DIV14] in 12-well culture plates and then rinsed
with PBS supplemented with Ca>" and Mg>* followed by incubation
with 1 ml of 0.5 mg/ml EZ-link sulfo-NH-SS-Biotin in PBS for 15 min at
4°C. The reaction was stopped by adding 50 pl of quench solution fol-
lowed by three rinses with 1 ml of 1 mg/ml BSA. Cell lysates were col-
lected in 100 pl of RIPA lysis buffer containing protease inhibitors [20 ul
of the lysate (20% of the total lysate) was kept as a sample for assessing
total protein levels]. The remaining lysate (80 l, 80% of the total lysate)
was incubated with 200 ul of NeutrAvidin agarose resin (50% slurry)
and shaken on a Nutator for 2 h at 4°C to pull-down biotin-labeled pro-
teins. Resins were washed three times with RIPA buffer containing pro-
tease inhibitors, and were incubated with 1x SDS-PAGE sample buffer
containing 0.05 m dithiothreitol for 1 h at RT to release biotin-labeled
proteins. Levels of MchR1 and Gapdh were evaluated from total lysates
and from surface protein fractions using western blot analysis. Gapdh
was used as an indicator for any contamination of cytoplasmic proteins
in the surface protein fractions.

cAMP assay

Ahil™" and Ahil™~ neuronal cells, cultured in 96-well plates for 9-14d,
were used for the determination of cCAMP concentrations ([cAMP]) using
the LANCE cAMP 384 kit (PerkinElmer) following the manufacturer’s
instructions. Briefly, attached neuronal cells were rinsed with HBSS (Life
Technologies) three times and then incubated with Alexa Fluor 647-con-
jugated anti-cAMP antibodies diluted in stimulation buffer (5 mm HEPES,
5 mMm IBMX, and 0.1% BSA in HBSS) in the presence of 1 um FSK
(Sigma) or 1 um FSK and 100 nm MCH (Bachem Americas). Each treat-
ment was run in triplicate for each embryo. After 15 min of MCH stimula-
tion at 37°C, the detection mix containing biotin-labeled cAMP and
Europium-conjugated anti-cAMP antibodies was added to each sample
and incubated for 240 min at RT. Signals (time-resolved fluorescence reso-
nance energy transfer) were detected at 665nm with an excitation of
340nm using a Victor3 1420 multilabel plate reader (PerkinElmer).
Measured values were then calibrated to known [cAMP] for further statis-
tical analyses.

Erk signaling experiments

Cells were grown on poly-D-lysine coated 12-well cultured plates and af-
ter 10d in culture, cells were stimulated with 100 nm MCH (Bachem
Americas) for 3 min. Cells were then washed with ice-cold PBS and har-
vested with RIPA buffer supplemented with protease and phosphatase
inhibitors. Cell lysates were then incubated for 20min on a nutating
mixer and centrifuged at 16,000 x g for 20 min at 4°C. The supernatant
was transferred to a clean tube and mixed with loading buffer, resolved
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by 10% TGX stain-free polyacrylamide gels (Bio-Rad) and transferred to
PVDF membranes (Millipore). Membranes were incubated in blocking
buffer consisting of either 5% (w/v) nonfat dry milk or 5% BSA in Tris-
buffered saline with 0.1% Tween (TBST) for 1 h at RT followed by over-
night incubation of primary antibodies, diluted in blocking buffer, at 4°C.
Primary antibodies were as follows: mouse monoclonal anti-a-tubulin
(1:5000; Abcam), rabbit monoclonal anti-Erk1/2 (1:1000; Cell Signaling),
or mouse monoclonal anti-pErk1/2 (1:1000; Santa Cruz Biotechnology).
After extensive washing with TBST, membranes were incubated for 1 h at
RT with the corresponding HRP secondary antibodies (1:10,000 dilution;
Invitrogen) in TBST. Chemiluminescent detection was performed using
the SuperSignal kit (Thermo) and quantified using a ChemiDoc MP imag-
ing system with Image Lab software (Bio-Rad).

Statistics

Data were assessed as to whether they were normally distributed. For
experiments with a small sample size (n=3 or 4), normality was tested
using the Shapiro-Wilk test. Depending on the distribution, data were an-
alyzed by unpaired two-tailed ¢ tests or Dunnett’s multiple comparison
tests, or using the Mann-Whitney test (for data not having a normal dis-
tribution). The tests used are indicated in the corresponding figure legend.
Prism 7 (v7.0c) was used for all statistical analyses. Statistical significance
was set to p < 0.05. Significance is marked with asterisks in figures.

Results

Ahil is localized to the ciliary transition zone in neurons

Our previous work has shown that Ahil is highly expressed in
the ventral telencephalon, ventral diencephalon (hypothalamus),
midbrain, and hindbrain. However, Ahil immunohistochemis-
try in other brain regions, such as the cortex, hippocampus, and
cerebellum, revealed either low or no detectable Ahil protein lev-
els in these areas (Doering et al., 2008), despite the presence of
detectable levels of Ahil mRNA (Ferland et al., 2004; Doering et
al,, 2008). This suggested the possibility that Ahil was localized
in very discrete subcellular regions in cortical, hippocampal, and
cerebellar neurons (neurons with low Ahil expression). To assess
this, we performed immunolabeling on cultured neurons to pro-
vide higher sensitivity and resolution of the subcellular distribu-
tion of Ahil. Neuronal cells from cerebral cortex, hippocampus,
and cerebellum were isolated from wild-type mouse embryos at
day 18.5 gestation and were cultured in vitro for at least one
week. Ahil immunolabeling in these cultured neuronal popula-
tions was much less than that observed in cultured hypothalamic
neurons (cells with high Ahil expression; Doering et al., 2008).
However, distinct punctate Ahil immunolabeling was observed
in most neurons (Fig. 1A,B). Since the localization of Ahil at the
base of primary cilia has been demonstrated previously in non-
CNS cells (Eley et al., 2008; Hsiao et al., 2009; Lee et al., 2014), it
prompted us to determine whether this neuronal punctate Ahil
labeling was at the ciliary base. Use of the ciliary markers, AC3
and ADP ribosylation factor like GTPase 13b (Arl13b), con-
firmed Ahil localization at the base of AC3-positive and Arl13b-
positive primary cilia in cultured neurons (Fig. 1A,B), with this
Ahil immunolabeling being absent in Ahil”~ knock-out neu-
rons demonstrating our Ahil antibody specificity (Fig. 1B, lower
panel). Co-immunolabeling of Ahil with y-tubulin (a centro-
some marker) in neurons confirmed Ahil localization in close
proximity with the centrosome, a domain recognized as the cili-
ary transition zone (Lee et al,, 2014) in neuronal primary cilia
(Fig. 1C). The low expression of Ahil protein in the cerebral cor-
tex, hippocampus, and cerebellum (Doering et al., 2008) was fur-
ther confirmed by co-immunoprecipitation of Ahil (Fig. 1D,
right, IP lanes), and not by whole lysate western blotting (Fig.
1D, left, input lanes), indicating a low expression level for Ahil
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Ahi1 localizes at the transition zone of neuronal primary cilia. Subcellular distribution of Ahi1 was evaluated in primary hippocampal neuron cultures by immunofiuorescence. A,
mouse embryos were co-labeled for AhiT (green) and the ciliary marker, AC3 (red). B, ARTY and AbiT- hippocampal cells were co-labeled with Ahil

(green) and the ciliary marker, ADP ribosylation factor like GTPase 13B (Arl13b, red). In A, B, neurons were identified by the neuron-specific nuclear protein, NeuN (magenta), and DNA was
visualized with Hoechst 33258 (blue). White arrowheads (4) and white arrows (B) point to Ahi1 localization at the base of the cilium at the transition zone. Scale bars: 5 pum (A) and 10 pm
(B). Note in B the lack of Ahi1 immunoreactivity at the base of ilia in AT neurons. €, Co-immunolabeling of AhiT (green) and the centrosome marker y-tubulin (red labels 1 and 2, which
are the centrioles). DNA was visualized with Hoechst 33258 (blue). White arrows indicate Ahi1 localization in close proximity with the two centrioles, a domain recognized as the ciliary transi-
tion zone. Scale bar: 10 pm. In A-C, insets show magnified images of the boxed region. D, Co-immunoprecipitation of Ahi1 from hippocampal culture lysates (a neuronal population with low
Ahi1 expression) from Ahi1™'" and AhiT”~ mice. Ahi1 was not able to be detected in the input control but was detected in immunoprecipitated samples, demonstrating reduced and discrete
ciliary expression in hippocampal neurons (note the absence of Ahi1 signal in the AT lane). Gapdh was used as a loading control.

protein in these particular neuronal populations. Overall, these
results indicate that Ahil protein expression is very low in some
regions of the brain, but with highly localized levels of Ahil
occurring at the ciliary transition zone. These results are in stark
comparison to the high expression levels of Ahil observed
throughout the cell body (and ciliary base) in ventral forebrain
and hindbrain regions (Doering et al., 2008).

Loss of Ahil results in defective primary cilia in neurons
Given that Ahil is expressed in neurons, including neurons with
very low levels of Ahil protein expression, and that it is localized
at the ciliary transition zone, we sought to determine whether
Ahil loss could affect primary cilia in brain. We observed a
reduction of Arl13b-positive primary cilia immunolabeling in
brain sections from the cerebral cortex, hippocampus, and cere-
bellum in AhiI”~ mice as compared with littermate controls
(Fig. 2A). Western blot analysis showed no significant differences
in Arl13b protein levels in Ahil™~ mouse brain compared with
wild-type animals (Fig. 2B,C), indicating defective trafficking of
ciliary Arl13b in the absence of Ahil. In support of this finding,
previous studies in several cell lines have demonstrated that Ahil
promotes ciliary trafficking of Arl13b (Lee et al., 2014; Mufioz-
Estrada and Ferland, 2019).

Because of difficulties in quantifying these small organelles in
brain sections, we counted cilia in neuronal cultures from Ahil™"*
and Ahil”" mice in three brain regions: hypothalamus (region of
highest Ahil expression), hippocampus, and cerebral cortex.
Significant differences in primary cilia were noted in these three
brain regions with Ahil™~ neurons having fewer AC3-positive
cilia as well (Fig. 3A,B). Interestingly, Ahil~'~ hypothalamic and
hippocampal neurons had significantly longer cilia as compared
with Ahil™’* neurons (Fig. 3A,C,D). Similar observations have
also been found in mouse embryonic fibroblasts (MEFs) from
Ahil™~ embryos (Mufioz-Estrada and Ferland, 2019). Overall,
these results suggest that loss of Ahil results in a decreased
recruitment of ciliary markers as well as defects in primary cilia
length in neurons. Also, although the hippocampus and cere-
bral cortex have very low expression of Ahil protein, the dele-
tion of Ahil still has a significant effect in reducing the number
of AC3-positive cilia observed on these neurons (similar to
Arl13b-positive cilia).

Ciliary localization of the GPCR, MchR1, is reduced in
Ahil™"" neurons

Although AC3-positive and Arl13b-positive cilia were decreased
in Ahil”"~ neurons, immunoreactivity of these cilia markers
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could still be found on Ahil-null neurons. We
therefore sought to determine whether these pri-
mary cilia on Ahil”~ neurons have normal ciliary
function through assessing the localization and
function of the GPCR, MchR1 (AC3 and Arl13b
are not GPCRs). Given that MchRI is localized at
primary cilia (Berbari et al., 2008b), we examined
whether the ciliary distribution of MchR1 is altered
in Ahil”"~ neurons by performing MchR1 immu-
nolabeling on both cultured hypothalamic and
hippocampal neurons (both brain regions with
high MchR1 expression and activity; Saito et al.,
1999; Berbari et al., 2008b; Domire and Mykytyn,
2009; Chee et al., 2013; Engle et al., 2018). Primary
cilia, identified by Arl13b immunoreactivity, were
present on ~90% and ~80% of wild-type cultured
hypothalamic and hippocampal neurons, respec-
tively (Fig. 4A-D). Of these wild-type neurons,
~70% of the hypothalamic and ~55% of the hip-
pocampal neurons had MchR1 localized to the pri-
mary cilium (Fig. 4A-D). However, a significant
loss of ciliary localization of MchR1 was observed
in Ahil”~ neurons with ~20% of hypothalamic
knock-out neurons and ~10% of hippocampal
knockout neurons having ciliary MchR1 localiza-
tion (Fig. 4A-D). These data suggest that deletion
of Ahil in neurons, not only reduces the localiza-
tion of Arl13b and AC3 at cilia, but also signifi-
cantly disrupts the localization of MchRI to the
primary cilium. Lastly, we have shown that disrup-
tion of Ahil at the ciliary transition zone in fibro-
blasts causes defects in ciliary protein composition,
despite increases in cilia length (Mufoz-Estrada
and Ferland, 2019). Similarly, we observed signifi-
cant decreases in MchR1 immunolabeling in
primary cilia from Ahil”~ neurons although
increased cilia lengths were observed (Figs. 3C,D,
4E). This further illustrates that there is significant
loss of MchR1 localization at primary cilia in
Ahil”~ neurons, although elongated cilia are
observed with loss of Ahil, supporting the poten-
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tial for decreased ciliary MchR1 signaling in
Ahil™" neurons.
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to the plasma cell membrane are not affected in
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Loss of MchR1 localization at primary cilia in
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sections from A7/ and AhiT"" mice. Arows indicate some Arl13b-positive cilia in brain sections.
Reductions in Arl13b ciliary labeling were noted in cerebral cortex, hippocampus, and cerebellum of AT~
mice. Scale bar: 20 m. Roman numerals denote the cerebral cortical layer shown. DG, dentate gyrus; H, hilus;
ML, molecular layer; P, Purkinje cell layer; GL, granular layer. B, Western blot analysis of brain tissue lysates
from Ahi1™'™* and AhiT™"~ mice probed with Arl13b and actin antibodies. €, Quantification of Arl13b levels nor-
malized to AhiT'™ values using actin as a loading control, n = 3/genotype. Arl13b levels were analyzed in
high Ahi1 expressing brain regions (brainstem and diencephalon) and low Ahi1 expressing brain regions (telen-
cephalon). Error bars represent SEM. Significance was determined by unpaired two-tailed t tests; ns, not
significant.

protein expression or impaired global protein traf-

ficking. We first evaluated the total protein levels

of MchR1 from neuronal cultures and mouse brain tissues by
western blot analyses. No significant differences were found in
total levels of MchR1 in Ahil”"~ hippocampal or hypothalamic
neurons as compared with Ahil™" neurons (Fig. 5A-C). We
also examined areas of the brain with either low Ahil expression
(cortex, hippocampus, thalamus, and cerebellum) or high Ahil
expression (ventral forebrain, midbrain, and brainstem) and
found that there were no differences in MchR1 expression
between Ahil™~ or wild-type lysates (Fig. 5D-F). These results, in
combination with no observed Arl13b protein reductions in
Ahil™" neurons (Fig. 2C), suggest that reduction of MchR1 at pri-
mary cilia in Ahil™" neurons is not caused by decreased protein

expression. In support, we previously reported that depletion of
Ahil in MEFs does not alter protein expression of the ciliary pro-
teins, Arl13b and IFT88, but did alter their localization to cilia
instead. Furthermore, ectopic overexpression of the neuronal
GPCR serotonin 6 receptor (Htr6) tagged with GFP showed a sig-
nificant reduction in the fluorescent signal in Ahil™'~ MEFs com-
pared with wild-type controls (Munoz-Estrada and Ferland,
2019).

Although several receptor proteins have been identified at the
primary cilium, mechanisms of transporting these receptors to
the ciliary membrane are still unclear. A body of evidence indi-
cates that ciliary receptors are transported to the cell surface first
and then are targeted to the ciliary membrane by either diffusion
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or intraflagellar transport (IFT; Jin et al, 2010; Nachury et al.,
2010). Therefore, defective protein trafficking to the cell surface
could also result in a reduction of ciliary MchR1 in Ahil™"~
neurons. To test this possibility, surface proteins on neuronal
cultures were isolated through biotinylation assays and eval-
uated by western blot analysis. These experiments showed
that surface MchR1 expression in Ahil™'~ neurons was simi-
lar to control cultures (Fig. 5G,H). We also evaluated
whether any accumulation of MchR1 occurred that could
have resulted in a reduction of ciliary MchR1 in Ahil ™"~ neu-
rons, since defective GPCR trafficking could cause receptor
accumulation in the endoplasmic reticulum (ER) or the
Golgi (Fan et al., 2005; Dong et al., 2007). However, we did
not observe any abnormal MchR1 distribution or accumula-
tion in Ahil”’~ neurons (Fig. 4A,C). Taken together, the
pathways for trafficking MchR1 to the cell surface from the
ER or Golgi are not affected in Ahil~’~ neurons indicating
that a loss of ciliary MchR1 in Ahil-deficient cells is not a
result of incorrect surface protein targeting. Given a normal
expression and surface targeting of MchR1 in Ahil™/~

neurons, and a lack of MchR1 localization at Ahil™~ neuro-
nal primary cilia, this indicates a role of Ahil in MchR1 tar-
geting to the primary cilium.

Ahil deletion inhibits MchR1-mediated FSK-induced cAMP
production and downregulates Erk pathway activation on
MCH administration

Loss of ciliary MchR1 in Ahil”"~ neurons could be the result of
disrupted trafficking in or to primary cilia, since total and surface
levels of MchR1 were normal in Ahil™~ neurons. Therefore, we
first determined whether ciliary MchR1 in Ahil™~ neurons can
respond to MCH stimulation. The use of Ahil™"~ neurons to test
ciliary function for MchR1 signaling is ideal (as compared with
other genetic models such as MchR1 knock-outs), since Ahil”'~
neurons have normal levels of endogenous MchR1 expression
and normal levels of MchR1 surface localization (at the cell
membrane; Fig. 5) but are simply lacking ciliary MchR1 (Fig. 4).
Wild-type hypothalamic neurons treated with 1 um FSK had sig-
nificant increases in the production of cAMP, whereas cAMP
production was significantly inhibited in these cells when
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exposed to both FSK and MCH (Fig. 6A). These data confirm
the effect of MCH on the inhibition of FSK-induced cAMP pro-
duction is also present in primary neuronal cells. Next, the same
assays were also performed on Ahil”~ hypothalamic neurons
that lack ciliary MchR1. Interestingly, Ahil”'~ neurons showed
no significant reduction in cAMP production when treated with
FSK and MCH as compared with the FSK alone treatment (Fig.
6A). These effects were not because of an inability to produce
cAMP, since Ahil”~ neurons could be induced by FSK to similar
levels as compared with wild-type cells (Fig. 6A). Therefore, these
data indicate that the loss of MCH-induced decreases in cAMP
production in Ahil™'~ neurons is because of the loss of MchR1s
at primary cilia.

To assess an additional downstream MchR1-mediated
pathway in neurons lacking Mchrl ciliary localization, we
examined the activation of the Erk pathway on MCH stimu-
lation in neurons. Following addition of MCH (100 nm) or
vehicle to Ahil™'" and Ahil”’~ hippocampal neuronal cul-
tures for 3 min, lysates were probed with antibodies to
pErk1/2, Erk1/2 and tubulin. As expected, the activation of
the Erk pathway was observed in wild-type neurons exposed
to MCH as determined by an increase in pErk/Erk levels (Fig.
6B,C). However, no significant increase in Erk activation (no
change in pErk/Erk levels) were observed in Ahil™’~ neurons
treated with MCH (Fig. 6B,C). Overall, given that Ahil”'~ neu-
rons have normal MchRI localization at the neuronal

membrane, but not at the ciliary membrane, and the failure to
observe changes in two downstream MchR1-mediated signal-
ing pathways, this demonstrates the importance of MchR1 at
the primary cilium for proper neuronal signal transduction.
Previous studies have reported that Ahil exhibits little to no
turnover at the ciliary transition zone, suggesting that Ahil, in
conjunction with other proteins in the ciliary domain, defines a
stable gating structure at the base of cilia (Takao et al,, 2017).
Therefore, wild-type hippocampal neurons, treated with MCH,
were evaluated by immunolabeling for changes in Ahil subcellu-
lar distribution. Hippocampal neurons were tested here, instead
of hypothalamic cultures which have high Ahil expression,
because the diffuse cytoplasmic labeling of Ahil in hypothalamic
neurons makes it difficult to examine the subcellular distribution
of Ahil. Ahil was localized at the base of cilia in cells with pri-
mary cilia during MCH treatment (Fig. 6D). Moreover, that
Ahil localization does not change with MCH stimulation of
MchR1 in neurons, also demonstrates that MCH ligand binding
to MchR1 does not remove Ahil from the ciliary transition zone.
Therefore, deletion of Ahil, removing Ahil from the ciliary tran-
sition zone, thereby allows for decreased trafficking of MchR1 to
cilia. and a consequent decrease in ciliary MchR1 signaling.
Consistent with previous findings, our results also indicate that
Ahil, at the transition zone, is a stable component that facilitates
ciliary transport of transmembrane proteins. Overall, these
results further support the concept that primary cilia serve as
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focused regions on the neuron/cell for rapid and potent signal
amplification. Lastly, our results demonstrate the importance of
Ahil in mediating the proper localization of MchR1 at primary
cilia.

Discussion

Previously, we have shown that the transition zone localizing
protein, Ahil, participates in ciliary function based on the fol-
lowing findings: (1) defective rhodopsin trafficking through the
connecting cilium of Ahil”~ mouse photoreceptors (Westfall et
al.,, 2010); (2) loss of Rab8a at the basal body in Ahil shRNAi
knock-down kidney cell lines (Hsiao et al., 2009); (3) reduction
of ARL13B ciliary localization in human fibroblasts carrying
JBTS-causing mutations in AHII, and in AhilI”"~ mouse fibro-
blasts (Tuz et al., 2013; Mufoz-Estrada and Ferland, 2019); and

(4) decreased sonic hedgehog signaling in Ahil”~ mouse fibro-
blasts (Munoz-Estrada and Ferland, 2019). Here, we found
that defective Arl13b ciliary trafficking is not limited to Ahil-
deficient cell lines but can also be observed in Ahil”~ mouse
brain tissue. Notably, Arl13b is currently considered the most
upstream master regulator for factors targeted to cilia (Nozaki et
al., 2017; Nachury and Mick, 2019). Consistent with this and our
former and current findings, Ahil”~ primary neuronal cultures
showed decreased ciliary localization of MchR1, without noticea-
ble alterations of the receptor on the cell body surface. Moreover,
Ahil™" ciliated neurons with less or no MchR1 localization also
display abnormally elongated axonemes. Abnormalities in ciliary
length in the absence of transition zone proteins have been asso-
ciated with ciliary signaling defects important for development
of the CNS (Dowdle et al., 2011; Garcia-Gonzalo et al., 2011;
Muioz-Estrada and Ferland, 2019). Abnormally elongated cilia
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Ahi1 is present at the ciliary base. Scale bar: 5 um.

in the absence of Ahil has been associated with an increased
concentration of ciliary IFT88 (Mufoz-Estrada and Ferland,
2019). IFT88 belongs to the IFT-B protein complex, which serves
as a tubulin module that transports tubulin within cilia
(Bhogaraju et al,, 2013). We also report that Ahil”~ neurons
present a reduction in their ability to respond to MCH in inhibi-
ting cAMP production and activating Erk signaling. Since the
MCH/MCchRI system regulates feeding behavior and processes
such as anxiety and depression (Antal-Zimanyi and Khawaja,
2009), our findings implicate a novel involvement of Ahil in
neuromodulatory functions mediated by primary cilia.
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Two main pathways have been described for sorting and tar-
geting receptors to the primary cilium, the vesicular trafficking
and lateral membrane transport pathway (Nachury et al., 2010).
In the former, membrane proteins reach the base of the cilium
through vesicles from the Golgi apparatus or recycling endo-
somes (Hoffmeister et al.,, 2011; Monis et al., 2017). The latter
involves first the delivery of receptors to the plasma membrane
and then these are targeted to ciliary membranes by crossing the
transition zone (Garcia-Gonzalo and Reiter, 2012). Of note, in
the vesicular trafficking pathway, cells capable of forming cilia
under non-ciliating conditions confined receptors at the ER, but
after cilia induction, receptors were not trafficked to the plasma
membrane (Geng et al., 2006). Here, we show that Ahil at the
transition zone promotes ciliary trafficking of MchR1 without
affecting cell trafficking of the receptor to the plasma membrane.
In addition, MchR1 subcellular distribution does not indicate
accumulation of this GPCR in the Golgi/ER or intracellular
vesicles in neurons lacking Ahil. Therefore, our findings strongly
suggest a role of Ahil in mediating lateral membrane transport
of MchRI. This scenario has been also proposed for another con-
ventional GPCR localized to cilia, the D1-type dopamine recep-
tor (DIR; Leaf and Von Zastrow, 2015). The dynamic importing
of receptors to cilia includes not only a functional transition
zone, but also involves numerous other proteins, such as small
GTPases and members of the IFT complex A and B families
(Omori et al., 2008; Mukhopadhyay et al., 2010; Leaf and Von
Zastrow, 2015; Madugula and Lu, 2016). Thus, the reduction in
ciliary MchR1 observed in Ahil™'~ neurons may include intricate
molecular mechanisms involving Rab8, Arl13b and IFT-B pro-
teins, and alterations in the molecular composition of the transi-
tion zone (Hsiao et al., 2009; Tuz et al., 2013; Munoz-Estrada
and Ferland, 2019).

In addition to MchR1, other GPCRs are concentrated in neu-
ronal cilia, including the somatostatin receptor 3 (Sstr3) and
Htr6, with these GPCRs all having a common ciliary targeting
sequence (CTS) in their third intracellular loop. This suggests
similar mechanisms of ciliary trafficking for these GPCRs
(Berbari et al., 2008b). Previous observations indicated that Ahil
also facilitates Htr6 and Sstr3 ciliary trafficking (Takao et al,
2017; Munoz-Estrada and Ferland, 2019). This links Ahil in traf-
ficking of several rhodopsin-like GPCRs to the ciliary membrane
and highlights the importance of the transition zone in different
physiological and pathologic processes, including JBTS. In fact,
mutations in AHII have also been associated with neuropsychi-
atric disorders, such as schizophrenia (Amann-Zalcenstein et al.,
2006; Alvarez Retuerto et al., 2008; Porcelli et al., 2015). In addi-
tion to the relevance of AHII in the context of primary cilia,
additional studies are necessary to better understand the contri-
bution of extraciliary AHI1 in physiology and disease (Doering
et al., 2008; Hua and Ferland, 2018a,b).

Neuronal GPCR signaling pathways have been mainly studied
by using heterologous expression in non-neuronal cells. A previ-
ous study in kidney collecting duct-derived cells (IMCD3) over-
expressing Flag-D1Rs showed that the D1R-mediated cAMP
response on agonist addition does not require the primary cilium
(Marley et al,, 2013). Here, studying neurons from Ahil™'~ mice,
which (1) endogenously express MchR1; (2) present a reduction
in MchR1-positive cilia; and (3) express and localize similar lev-
els of MchRIs at the plasma membrane, we found abnormalities
in cAMP and Erk signaling pathways elicited by MCH. In con-
trast to the previous observations made for the DIR in cells that
do not endogenously express this receptor (Marley et al., 2013),
our results indicate that cilia are required for efficiently activating
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MchR1 intracellular pathways in neurons. Further studies are
required to dichotomize extraciliary and ciliary membrane
involvement of DI1R signaling using a D1R native cell type to
rule out potential similarities with MchR1 signaling.

In humans, MCHRI missense mutations that failed to
respond to MCH ligand have been associated with underweight
individuals (Goldstein et al., 2010). In addition, Ahil”~ mice
have been reported to be smaller and thinner than their wild-
type littermates (Bourgeois and Ferland, 2019). Given this phe-
notype of Ahil™~ mice and an enriched expression of Ahil in
the hypothalamus, this implicates a possible role for Ahil in
energy homeostasis. Studies on Ahil expression in rats suggest a
possible function for Ahil in regulating feeding behavior (Han et
al,, 2009; Niu et al,, 2011). Ahil expression is increased in fasting
rats; whereas Ahil levels are downregulated once rats are re-
fed (Han et al., 2009). Here, we showed that Ahil™'~ mice
have reduced MchR1 expression at primary cilia. Mice with
both Ahil and MchR1 deficiency display the similar pheno-
type of lower body weight, implicating that Ahil and MchR1
work in a similar pathway for regulation of energy homeosta-
sis. MCH and its receptor MchR1 are key regulators of feed-
ing and energy balance (Naufahu et al, 2013). MCH is
expressed increasingly in food-deprived animals (Qu et al,,
1996). Moreover, MCH-deficient mice present reduced body
weight, are lean and have higher energy consumption than
control mice. Conversely, overexpression of MCH in trans-
genic mice leads to obesity. Similarly, MchR1 antagonist
administration reduced the body weight in mice (Shimada et
al., 1998; Ludwig et al., 2001; Borowsky et al., 2002; Marsh et
al., 2002). These observations and the present results support
a role of an Ahil/MchR1 pathway, likely orchestrated in pri-
mary cilia, being involved in energy homeostasis that when
inhibited, results in a lean phenotype.

Association of cilia with energy homeostasis control has been
observed in several ciliopathy animal models (Mykytyn et al.,
2004; Davenport et al., 2007; Seo et al., 2009; Mukhopadhyay et
al., 2010). Bbs null mice recapitulate the obesity phenotype
observed in human BBS (Mykytyn et al., 2004), although MchR1
fails to localize to cilia in neurons of Bbs2™’~ and Bbs4 '~ mice
(Berbari et al., 2008b), MchR1 surface levels could be increased
in these neurons explaining the obese phenotype. Alternatively,
this phenotype could be because of an increase in adipogenesis
as inhibition of Bbs10 and Bbs12 results in a reduction in cilio-
genesis and activation of adipogenic pathways (Marion et al,
2011). Therefore, the BBS obesity phenotype may have a central
nervous system origin and a peripheral origin. Interestingly,
two extremely opposite phenotypes in body weight regula-
tion are observed among mice with defective cilia, implicat-
ing that two (or more) independent pathways are involved in
energy homeostasis regulation at cilia. Although neurons in
the hypothalamus are master regulators for controlling feed-
ing behavior and body metabolism, cells in peripheral tissues
(pancreatic islets and adipocytes) are also crucial in the net-
work for controlling energy homeostasis (Schwartz et al,,
2000; Gao and Horvath, 2007). The phenotype of body
weight displayed in mice with ciliary defects could be a result
of impaired signaling combined from both central and pe-
ripheral tissues. Taken together, cilia are required for effec-
tive signal transduction, and proper trafficking of receptors
to cilia is also essential for signaling. This study provides an
insight into the regulatory mechanism for ciliary GPCR traf-
ficking, which could be useful for future therapeutic applica-
tion on cilium-associated disorders, such as obesity.
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