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Cilia are important eukaryotic cellular compartments 
required for diverse biological functions. Recent studies 
have revealed that protein targeting into the proper 
ciliary subcompartments is essential for ciliary function. In 
Drosophila chordotonal cilium, where mechano-electric 
transduction occurs, two transient receptor potential (TRP) 
superfamily ion channels, TRPV and TRPN, are restricted 
to the proximal and distal subcompartments, respectively. 
To understand the mechanisms underlying the sub-ciliary 
segregation of the two TRPs, we analyzed their localization 
under various conditions. In developing chordotonal 
cilia, TRPN was directly targeted to the ciliary tip from the 
beginning of its appearance and was retained in the distal 
subcompartment throughout development, whereas the 
ciliary localization of TRPV was considerably delayed. Lack 
of intraflagella transport-related proteins affected TRPV 
from the initial stage of its pre-ciliary trafficking, whereas 
it affected TRPN from the ciliary entry stage. The ectopic 
expression of the two TRP channels in both ciliated and non-
ciliated cells revealed their intrinsic properties related to their 
localization. Taken together, our results suggest that sub-
ciliary segregation of the two TRP channels relies on their 
distinct intrinsic properties, and begins at the initial stage of 
their pre-ciliary trafficking.
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INTRODUCTION

The cilium, a hair-like eukaryotic cell organelle, is a distinct 

cellular compartment in terms of function, structure, and pro-

tein composition (Lee and Chung, 2015; Sung and Leroux, 

2013). Ciliary dysfunction results in pleiotropic effects on di-

verse eukaryotic cells, ranging from sensory neurons to germ 

cells (Waters and Beales, 2011). Increasing evidence suggests 

that the cilia are sub-compartmentalized, and proper sub-cil-

iary localization of proteins is essential for their function (Lee 

and Chung, 2015).

	 Ciliary protein localization is mediated by the collaboration 

of two fundamentally different mechanisms: vesicular traf-

ficking and vesicle-free trafficking, termed intraflagella trans-

port (IFT) (Lee and Chung, 2015; Sung and Leroux, 2013). 

The first stage of ciliary trafficking, pre-ciliary trafficking, relies 

on the canonical vesicular trafficking pathway, which is ini-

tiated by sorting in the trans-Golgi network. Coat assembly 

mediated by coat proteins produces cilium-destined vesicles; 

these vesicles are targeted to the periciliary membrane (PCM) 

near the ciliary base region. At least three different trafficking 

routes have been proposed that can be used by vesicles to 

reach the PCM: direct targeting to the PCM, recycling endo-

some-mediated targeting to the PCM, and lateral diffusion to 

the PCM after targeting the nearby apical membrane (Sung 

and Leroux, 2013). After reaching the PCM, cilium-destined 

proteins must be re-sorted and loaded onto the IFT trains at 
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the PCM. The BBSome, which is a stable complex of proteins 

associated with a ciliopathy called the Bardet–Biedl syndrome 

(BBS), is believed to be the authentic sorting machinery for 

ciliary targeting (Jin et al., 2010). In addition to the three 

pathways mentioned above, another pathway independent 

of the BBSome has also been reported. In this pathway, 

UNC119, which is a GTP-specific interacting protein of the 

small GTPase ARL3, binds to a subset of myristoylated pro-

teins and plays a central role in their ciliary targeting (Wright 

et al., 2011).

	 After passing the transition zone (TZ), which is the se-

lective gate located at the base of the cilium, most cargo 

proteins rely on IFT particles for their intra-ciliary trafficking. 

IFT particles are motor-associated multi-protein complexes 

that can be categorized into two sub-complexes, IFT-A and 

IFT-B (Taschner and Lorentzen, 2016). The associated motor 

proteins, kinesin-II and cytoplasmic dynein 2, transport the 

cargo-laden IFT particles from the ciliary base to the tip and 

in the opposite direction, respectively. Although there is sig-

nificant information regarding the mechanism underlying the 

intra-ciliary trafficking in general (Morthorst et al., 2018), the 

mechanism by which the IFT segregates some proteins into 

distinct ciliary subcompartments remains unclear.

	 Drosophila chordotonal neurons, which act as stretch 

receptors, are an effective model to study the mechanism 

underlying sub-ciliary protein segregation. The dendrites of 

chordotonal neurons can be divided into two structurally dis-

tinct segments, i.e., inner and outer segments, in which the 

latter is a ciliary compartment. The chordotonal cilium can be 

further divided into the following distinct subcompartments: 

the TZ, the proximal subcompartment, the ciliary dilation 

(CD), and the distal subcompartment (Lee and Chung, 

2015). CD, which is a bulging region in the middle of the cil-

ium, separates the compartment into the proximal and distal 

subcompartments (Lee and Chung, 2015). Two TRP chan-

nels, TRPV and TRPN, are essential for the mechano-electric 

transduction and amplification in chordotonal neurons (Gong 

et al., 2004; Gopfert et al., 2006; Kim et al., 2003; Lehnert 

et al., 2013; Walker et al., 2000; Yan et al., 2012). TRPV 

comprises two different subunits encoded by inactive (iav) 

and nanchung (nan), whereas no mechanoreceptor poten-

tial C (nompC) encodes TRPN (Gong et al., 2004; Kim et al., 

2003; Walker et al., 2000). Interestingly, they are localized in 

distinct subcompartments of chordotonal cilia; TRPV is in the 

proximal subcompartment, whereas TRPN is in the distal sub-

compartment (Lee et al., 2010). Although the loss of several 

IFT-related proteins affects their localization, the mechanism 

by which the two TRPs are segregated in the same cellular 

compartment requires elucidation. Here, we analyzed the 

localizations of two TRPs under various conditions and found 

that their segregation was mediated by two distinct pathways 

from the beginning of their route to the cilium.

MATERIALS AND METHODS

Fly stocks
Flies were cultured on standard media at 25°C. The follow-

ing mutant alleles for IFT-related proteins were used: btv5p1 

(Eberl et al., 2000), rempA1 (Lee et al., 2008), and dTulp1 

(Park et al., 2013). The UAS-nan (Kim et al., 2003) and the 

GFP-tagged IAV (IAV::eGFP) (Gong et al., 2004) lines used 

in the study have been described earlier. The pan-neuronal 

elav-GAL4 (P{GawB}elavC155; BL#458) and the salivary gland 

GAL4 (AB1-GAL4; BL#1824) lines were obtained from the 

Bloomington Drosophila Stock Center and were used to in-

duce TRP channel expression in olfactory neurons and salivary 

gland cells, respectively. A nompA-GAL4 driver (this study) 

was used to induce TRP channel expression in scolopale cells. 

The following DNA constructs were generated to produce 

transgenic fly lines. For the UAS-iav::eGFP line, the 5′ region 

of the GFP-tagged IAV genomic construct (iav::eGFP) was 

replaced with a 478-bp cDNA fragment of iav (from the 5′ 

end to the SacII site of the second exon) to generate a cDNA/

genomic fusion construct and was cloned into the pUAST 

vector. To generate the nompA-GAL4 line, a 1.5-kbp BamHI/

PstI restriction fragment of the nompA upstream region was 

cloned into the pPTGAL vector (Sharma et al., 2002). The 

UAS-nompC::tdTomato construct was generated by inserting 

a tdTomato ORF near the end of exon 18 and was cloned 

into a modified pUAST vector containing the attB integration 

site. The UAS-iav::eGFP and nompA-GAL4 transgenic lines 

were generated via P-element-mediated germline transfor-

mation. The UAS-nompC::tdTomato transgenic line was gen-

erated using the PhiC31 integrase system using VK00001 as 

the landing site (Venken et al., 2006).

	 Flies with the following genotypes were generated and 

used in this study: w1118; P{iav::eGFP} (Fig. 1), w1118; btv5p1; 

P{iav::eGFP} (Fig. 2A), w1118; rempA1; P{iav::eGFP} (Fig. 

2B), w1118; dTulp1; P{iav::eGFP} (Fig. 2C), P{GawB}elavC155; 

P{UAS-iav::eGFP} P{UAS-nompC::tdTomato}/SM6B (Fig. 3A), 

P{GawB}elavC155; P{UAS-iav::eGFP} P{UAS-nan}/P{UAS-nomp-

C::tdTomato} (Fig. 3B), P{GawB}elavC155; P{UAS-iav::eGFP} 

P{UAS-nan} dTulp1/P{UAS-nompC::tdTomato} dTulp1 (Fig. 

3C), P{GawB}AB1; P{UAS-iav::eGFP} (Fig. 4A), P{GawB}

AB1; P{UAS-iav::eGFP} P{UAS-nan}/SM6b (Fig. 4B), P{GawB}

AB1; P{UAS-nompC::tdTomato} (Figs. 4C and 4D), P{nom-

pA-PTGAL}; P{UAS-iav::eGFP} (Fig. 4E), P{nompA-PTGAL}; 

P{UAS-iav::eGFP} P{UAS-nan}/SM6b (Fig. 4F), and P{nom-

pA-PTGAL}; P{UAS-nompC::tdTomato} (Fig. 4G).

Antibodies
The following antibodies were used in this study: guinea pig 

anti-NOMPC (TRPN) antiserum (this study, 1:1,000-1:3,000 

dilution), chicken anti-GFP polyclonal antibody (#PA1-

9533, 1:500 dilution; Invitrogen, USA), rabbit anti-NOMPA 

antiserum (1:1,500 dilution; Chung et al., 2001), rabbit an-

ti-horseradish peroxidase (HRP) (#P7899, 1:1,000 dilution; 

Sigma-Aldrich, USA), and mAb 22C10 (1:100 dilution; DSHB, 

USA). All secondary antibodies were purchased from Thermo 

Fisher Scientific (USA) and used at the dilutions indicated: 

Alexa-488-conjugated goat anti-chicken IgY (#A11039, 

1:500), Alexa-546-conjugated goat anti-guinea pig IgG 

(#A11074, 1:500), Alexa-633-conjugated goat anti-mouse 

IgG (#A21050, 1:500), and Alexa-633-conjugated goat 

anti-rabbit IgG (#A21071, 1:500). Alexa-633-conjugated 

phalloidin (#A22284; Thermo Fisher Scientific) was used to 

visualize the scolopale rods. Hoechst 33258 (#861405; Sig-

ma-Aldrich) was used to stain DNA.
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Immunostaining and confocal microscopy
For whole-mount embryo staining, flies were allowed to lay 

eggs on apple juice-agar plates for 24 h at room tempera-

ture. Embryos were collected, de-chorionated, fixed, and 

stained according to the standard method (Patel, 1994). The 

anti-GFP chicken IgY was used to enhance the IAV::eGFP 

signals. Neurons were visualized using an anti-HRP antibody 

or mAb 22C10. TRPN was detected using an anti-NOMPC 

guinea pig antiserum. After staining with these antibodies 

followed by incubation with the appropriate secondary an-

tibodies, embryos were mounted using mountain solution 

(80% glycerol). For whole-mount antennal staining, pupal 

antennae were prepared and stained as described previously 

(Lee et al., 2010). For staining of salivary glands, wondering 

stage larvae were collected and dissected to obtain salivary 

glands. The tissues were fixed in 4% paraformaldehyde in 

phosphate-buffered saline with Triton (PBST) (10 mM NaPO4 

[pH 7.2], 150 mM NaCl, 0.3% Triton X-100) for 10 min, 

Kwon et al., Figure 1

Fig. 1. Localization of TRP channels in the developing chordotonal neurons. Embryonic chordotonal neurons were labeled with an anti-

NOMPC antibody (red) and IAV::eGFP (green) to reveal the localization of TRPN and TRPV, respectively. The mAb 22C10 (blue) was used 

to label the neuronal membrane, except for the ciliary compartment. (A) Embryonic stage 14. TRPN is enriched at the distal tip (arrows). 

The TRPN-enriched region is far distal to the inner dendritic segment (closed arrowheads), which suggests that it is near the ciliary tip. 

In contrast, TRPV signals are mostly detected in the cell body (asterisks). (B) Embryonic stage 15. TRPN-enriched signals are much more 

elongated (arrows). TRPV is also detectable in the cilia, but only in the proximal region (open arrowheads), although a significant amount 

of signal can be observed in the cell body (asterisks). (C and D) In the later embryonic stages, both TRPs are mainly detected in the cilia. 

Their sub-ciliary localization does not overlap throughout development, retaining TRPN in the distal (arrows) and TRPV (open arrowheads) 

in the proximal regions. Scale bars = 5 µm.
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and then washed three times in PBST for 10 min each. After 

blocking for 1 h in blocking solution (2% normal goat serum, 

2% BSA in PBS), the tissues were incubated with primary 

antibodies overnight at 4°C. After three 10-min washes with 

PBST, the tissues were incubated with the appropriate sec-

ondary antibodies for 1 to 2 h at room temperature. Next, af-

ter another three 10-min washes with PBST, the tissues were 

mounted in 80% glycerol. All images were obtained using a 

laser scanning confocal microscope (LSM510; Carl Zeiss, Ger-

many).

RESULTS

The two TRP channels use distinct routes for their ciliary 
localization from the initial stage of trafficking
To analyze TRP channel trafficking, we examined their local-

ization in the lateral chordotonal organs (lch5) of developing 

embryos. During embryogenesis, the chordotonal organs 

start differentiating at stage 13 and are fully differentiated by 

the end of stage 17 (Hartenstein, 1988). Confocal imaging of 

endogenous TRPN and a functional GFP-tagged TRPV driv-

en by the endogenous promoter showed that the channels 

could first be detected in stage 14 embryos (Fig. 1). At this 

stage, TRPV was mainly detected in the cell body, although 

some faint signals of apically transported TRPV were detected 

in the inner dendritic segment (Fig. 1A). In the later stage em-

bryos (stage 15-16), however, the apically transported TRPV 

was now mainly localized in the proximal cilium, although 

the cell body signal remained prominent (Fig. 1B). The ciliary 

localization of TRPV became more evident as the embryo de-

veloped and was almost exclusively restricted in the proximal 

region at the final stage of embryonic development (Figs. 1C 

and 1D).

	 Unlike TRPV, TRPN was enriched in the distal region of de-

veloping cilia from the beginning of its appearance, (Fig. 1A). 

Co-staining with anti-HRP antibody, which labels the entire 

neuronal boundary including the ciliary outer dendritic seg-

ment, revealed that the TRPN-enriched region corresponded 

to the ciliary tip (Supplementary Fig. S1A). This result was 

further confirmed by co-labeling with No mechanorecep-

tor potential A (NOMPA), which is a dendrite cap protein 

(Supplementary Fig. S1B). In chordotonal organs, NOMPA is 

known to be expressed by the scolopale cell that ensheathes 

sensory neurons and is transported to the apical tip, followed 

by secretion into the extracellular space to form the dendrite 

cap, which covers the distal end of the sensory cilia (Chung 

et al., 2001; Lee et al., 2010). In the developing chordotonal 

organ, the TRPN-enriched region overlapped with the end of 

Kwon et al., Figure 2

Fig. 2. Differential effects of IFT-related proteins on the ciliary localizations of TRPs. TRPN (red) and TRPV (green) were labeled as 

described in Fig. 1. Neurons were counter-stained (blue) with anti-HRP or mAb 22C10. (A) TRP localization in btv embryo. At stage 15, 

both channels were not detected in the cilia (brackets). Arrows indicate the basal body region. Several vesicle-like dots of both channels 

were observed in the cell body and inner dendritic segments (magenta arrows). At stage 17, few signals are detected in the cilia (brackets), 

although extra-ciliary signals are markedly stronger. In the cilia, TRPN is enriched in the distal tip (magenta arrows) as well as near the 

base (cyan arrows). The extra-ciliary TRPN signal is evidently stronger in the inner dendritic segments (arrowheads), compared with that 

in the cell bodies (asterisks), whereas the opposite is true in the case of TRPV. (B) TRP localization in rempA embryo. Both channels never 

reach the cilia (brackets). TRPN is accumulated just below the cilia (arrows) with weak signals in the cell body region (asterisks), whereas 

TRPV is almost undetectable. (C) TRP localization in dTulp embryo. TRPN is enriched in the cilium from its base (arrows) up to its distal end 

(brackets), whereas no ciliary signal of TRPV is observed. Scale bars = 5 µm. (D) Summary of roles of IFT-related proteins on TRP channel 

localization. In each trafficking step, the two TRPs require different sets of proteins. PS, proximal segment; CD, ciliary dilation; DS, distal 

segment.
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the scolopale cell where NOMPA was accumulated, revealing 

that TRPN was localized at the distal end of the cilium (Sup-

plementary Fig. S1B).

	 Taken together, our results suggest that TRPN possess-

es the intrinsic property to be targeted to the ciliary distal 

subcompartment as soon as it is produced, whereas TRPV 

may need prerequisites for its ciliary entry and trafficking. In 

the ciliary compartment, TRPV localization never proceeds 

beyond the proximal subcompartment, whereas TRPN is 

retained mostly in the distal subcompartment throughout 

development.

Two TRPs require IFT proteins at different stages of their 
targeting to the ciliary compartment
Previous studies have reported that several IFT-related pro-

teins are required for the proper localization of both TRPs in 

the antennal auditory organ, termed Johnston’s organ (JO) 

(Lee et al., 2008; 2010; Park et al., 2013). However, it was 

difficult to analyze their precise roles because JO is a com-

plicated organ comprising hundreds of chordotonal sensilla, 

each of which possesses two or three sensory neurons. Thus, 

we examined the lch5 of developing embryos, which con-

tains only five sensilla each with a single neuron, to compre-

hensively analyze the defects caused by IFT-related protein 

dysfunction. We first analyzed embryos lacking Beethoven 

(BTV), which is a subunit of cytoplasmic dynein that acts as 

a retrograde motor for IFT (Eberl et al., 2000). In all stages 

of mutant embryos, both TRPs were mainly detected outside 

the cilia, suggesting that pre-ciliary trafficking or ciliary entry 

might require BTV (Fig. 2A). Interestingly, the accumulation 

of TRPN, but not TRPV, was evident near both sides of the 

ciliary base region in late embryos, suggesting that TRPN re-

quired BTV mainly for ciliary entry rather than pre-ciliary apical 

trafficking, whereas the opposite is true for TRPV (Fig. 2A). 

Kwon et al., Figure 3

Fig. 3. Ectopic expression of TRP channels in the ciliated cells. Olfactory neurons of antennal trichoid sensilla. NOMPC::tdTomato 

(magenta) and IAV::eGFP (green) were ectopically expressed using a pan-neuronal GAL4 driver. NOMPC::tdTomato is enriched in the 

cilia (brackets) from their base to their distal end. However, without NAN, IAV::eGFP is retained in the cell body (dotted brackets) (A). Co-

expression of NAN drives IAV::eGFP to the cilia, mostly to the basal region (arrows) (B). In dTulp mutant (C), TRPV (green) is not detected 

in the ciliary region (brackets), rather it is enriched in the cell body region (dotted brackets). TRPN (magenta) is enriched in the proximal 

ciliary region (arrows) but not in the distal region. Scale bars = 5 µm.
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Although apical trafficking or ciliary entry of both TRPs was 

defective, faint signals could be detected in the cilia. Upon 

entering the ciliary compartment, TRPN was preferentially 

targeted to the distal tip, whereas TRPV was unevenly dis-

tributed throughout the cilium (Fig. 2A). This finding further 

supported the intrinsic property of TRPN, which drives itself 

to the distal end of the cilium. In contrast, retaining TRPV in 

the proper sub-ciliary region might require BTV or a normal 

ciliary structure.

	 We next analyzed a Drosophila IFT-A component, IFT140, 

which is encoded by reduced mechanoreceptor potential A 

(rempA). Consistent with the results of a previous report in 

JO (Lee et al., 2008), TRPV was almost undetectable even in 

the cell body of the mutant embryonic chordotonal neurons 

(Fig. 2B). Interestingly, the faint cell body signal of TRPV 

weakened at the late stage, suggesting that IFT140 might be 

necessary to assemble the transport-competent TRPV at the 

initial sorting stage, and failure of this process might affect 

its stability (Fig. 2B). Unlike TRPV, strong TRPN signals were 

detected outside the cilium, especially in the inner dendritic 

segment of rempA (Fig. 2B). Interestingly, the accumulation 

of TRPN in the distal region of the inner dendritic segment 

was evident in late-stage mutant embryos, suggesting that 

the pre-ciliary apical trafficking of TRPN was considerably 

unaffected by the loss of IFT-A function (Fig. 2B). However, 

no sign of TRPN was observed in the cilia, suggesting that its 

ciliary entry required IFT-A or normal ciliary structure (Fig. 2B).

	 The mammalian Tubby family proteins, Tubby (TUB) and 

Tubby-like protein 3 (TULP3), are implicated in the ciliary 

trafficking of many membrane proteins, including several 

GPCRs, fibrocystin, and polycystin 2 (PC2) (Morthorst et al., 

2018). A similar role for a Drosophila Tubby protein, dTULP, 

Kwon et al., Figure 4

Fig. 4. Ectopic expression of TRP channels in the non-ciliated cells. NOMPC::tdTomato (magenta) and IAV::eGFP (green) were ectopically 

expressed using appropriate GAL4 drivers. (A-D) Salivary gland cells. Hoechst 33258 (blue) was used to visualize the nucleus. IAV::eGFP, 

either alone (A) or with NAN (B), is localized in the membranes, whereas NOMPC::tdTomato is de-localized (C and D). NOMPC::tdTomato 

is undetectable under usual induction condition (25°C) (C). By increasing GAL4 activity (29°C), de-localized NOMPC::tdTomato signals 

can be seen (D). (E-G) Scolopale cells of JO. Phalloidin (magenta) was used to stain actin-packed scolopale rods in the distal part of 

the cell (E). IAV::eGFP alone is mainly located in the basolateral membrane (arrows) surrounding the cell body (brackets) (E). When co-

expressed with NAN, IAV::eGFP is preferentially detected in the apical membrane (dotted brackets) (F). NOMPC::tdTomato is mainly 

detected in the apical membrane (G). Scale bars = 50 µm (A-D), 10 µm (E-G). 
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has also been reported. When dTULP is defective in JO, ciliary 

localization of TRPV is completely abolished, whereas TRPN is 

abnormally enriched in the proximal subcompartment (Park 

et al., 2013). In the dTulp mutant embryos, we found similar 

defects (Fig. 2C). Interestingly, some vesicle-like speckles of 

TRPV were detected in the cell body of later embryonic chor-

dotonal neurons, suggesting that dTULP was required for its 

apical trafficking (Fig. 2C). The altered localization of TRPN 

caused by the loss of dTULP in the lch5 was also comparable 

to that in the JO. The TRPN-localized ciliary region was elon-

gated from the distal tip down to the ciliary base, suggesting 

that dTULP was required to establish the integrity of the 

proximal subcompartment or for the sub-ciliary trafficking of 

TRPN (Fig. 2C).

	 In summary, the results showed that the pre-ciliary traffick-

ing of TRPV, but not of TRPN, was consistently affected by all 

three IFT-related proteins, suggesting that TRPV required IFT 

proteins from the initial stage of its trafficking, whereas the 

pre-ciliary trafficking of TRPN relied on an IFT-independent 

pathway. These results also showed that IFT proteins partic-

ipated in the localization of TRPN only after the pre-ciliary 

trafficking stage (Fig. 2D).

Ectopic expression of TRP channels in ciliated cells reveals 
their intrinsic properties for the sub-ciliary localization
If both TRPs possess distinct intrinsic properties in terms of 

sub-ciliary localization, their ectopic expression in other types 

of ciliated cells should also demonstrate a segregated localiza-

tion pattern. To test this hypothesis, we ectopically expressed 

the fluorescently tagged TRP channels in the olfactory neu-

rons, which have a much simpler sub-ciliary structure with no 

CD, and then analyzed their localization. When a GFP-tagged 

subunit of TRPV (IAV::eGFP) alone was induced in the olfac-

tory neurons via a pan-neuronal elav-GAL4 driver, most GFP 

signals were observed in the membrane surrounding the cell 

body (Fig. 3A). However, co-expression of NAN facilitated 

the re-localization of IAV::GFP mainly to the proximal base of 

the cilia (Fig. 3B), reminiscing the subunit inter-dependency 

of TRPV in JO (Gong et al., 2004; Supplementary Figs. S2A 

and S2B). Meanwhile, most ectopically expressed TRPN 

(NOMPC::tdTomato) were found in the cilia, indicating that 

TRPN harbored an intrinsic signal for ciliary targeting (Figs. 3A 

and 3B). Interestingly, the sub-ciliary distribution of NOMP-

C::tdTomato was also reminiscent of that in chordotonal cilia; 

NOMPC::tdTomato partially co-localized with IAV::GFP in the 

proximal region but was evenly localized up to the distal cilia 

(Figs. 3A and 3B). However, NOMPC::tdTomato failed to be 

targeted to the distal cilia when dTULP was deficient, sug-

gesting dTULP was an authentic key player for the sub-ciliary 

trafficking of TRPN (Fig. 3C).

	 In summary, these results imply that both TRPs exhibit in-

trinsic preferences for their sub-ciliary localization, regardless 

of the sub-ciliary structure. As the fluorescently tagged TRP 

channels used in this study demonstrated the same pattern 

of sub-ciliary segregation in JO as the endogenous proteins 

(Supplementary Fig. S2C), their localization properties in the 

olfactory neurons were not attributed to the artificial effect of 

the fluorescent tags. Our results also suggested that dTULP, 

rather than sub-ciliary compartmentalization per se, was im-

portant for the sub-ciliary segregation of the two TRP chan-

nels, especially for the targeting of TRPN into the distal cilia.

Ectopic expression of TRP channels in non-ciliated cells re-
veals their intrinsic properties for the pre-ciliary trafficking
If TRPN and TRPV rely on distinct pre-ciliary trafficking path-

ways, their distributions should also be different in non-cil-

iated cells. To test this hypothesis, we ectopically expressed 

TRPN and TRPV in salivary gland cells. Unlike the case in ciliat-

ed cells, the localization profile of IAV::eGFP was not affected 

by NAN. With or without NAN, IAV::GFP signals labeled the 

outlines of the cell and its nucleus, suggesting that it was tar-

geted to most types of cellular membranes (Figs. 4A and 4B). 

In contrast, the ectopically expressed NOMPC::tdTomato was 

completely delocalized (Figs. 4C and 4D). This suggested that 

the sorting mechanism that targeted TRPN to the membrane 

was cell type-specific.

	 As salivary gland cells are non-polarized cells, it is unclear 

whether both channels possess intrinsic properties for apical 

trafficking in non-ciliated cells. To explore this further, we 

expressed both channels in polarized cells, the scolopale cells. 

When expressed alone, IAV::eGFP preferentially targeted 

the basolateral membrane (Fig. 4E). However, co-expres-

sion with NAN significantly relocated IAV::eGFP into the 

apical membrane (Fig. 4F), suggesting that IAV alone had 

an intrinsic membrane-targeting property but required NAN 

for apical trafficking in polarized cells. In the case of TRPN, 

unlike in non-polarized cells, it was not only targeted to the 

membrane but was also efficiently localized to the apical 

membrane, showing its intrinsic apical trafficking property in 

polarized cells (Fig. 4G).

	 Taken together, the ectopic expression studies in non-ciliat-

ed cells implied that IAV alone had an intrinsic membrane-tar-

geting property that was mediated by the general membrane 

trafficking pathway; however, presence of NAN is vital for 

targeting the apical membrane in polarized cells. In contrast, 

membrane targeting of TRPN is polarized cell-specific, and an 

apical trafficking machinery is required for membrane target-

ing of TRPN.

DISCUSSION

Here, we analyzed the ciliary localization of two Drosophila 

TRPs and found that they utilized distinct pathways from the 

initial stage of their trafficking. In developing chordotonal 

neurons, ciliary targeting of TRPV was delayed compared 

with that of TRPN. The delay could be due to the delayed es-

tablishment of subcompartmental integrity, especially in the 

proximal subcompartment. Alternatively, the trafficking route 

of TRPV may involve multiple steps, such as the recycling 

endosome-mediated route, which requires re-sorting at the 

recycling endosome for targeting to the PCM. It cannot be 

ruled out that the expression of factor(s), such as IFT proteins, 

necessary for the ciliary targeting of TRPV may be delayed.

	 By using developing embryos, the roles of some IFT-related 

proteins in TRP localization have been clarified. From the ini-

tial protein assembly to the final sub-ciliary localization stages, 

distinct sets of these proteins were involved in TRP localiza-

tion (Fig. 2D). Particularly, defects caused by a lack of BTV 
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were more clearly observed than the results previously report-

ed in the JO (Lee et al., 2010). In the ciliary compartment, 

TRPN was bipartitely localized to the distal end and the basal 

end near the TZ (Fig. 2A). This result suggests that BTV may 

be involved in the retrograde movement of TRPN in the ciliary 

distal subcompartment, but not in the proximal subcompart-

ment. Consistent with this finding, a recent time-lapse live-

cell imaging study has shown that the velocity of retrograde 

movement of the IFT in the chordotonal neurons of the JO 

differs between the proximal and distal subcompartments, 

suggesting that distinct retrograde movement mechanisms 

are involved in the two subcompartments (Lee et al., 2018).

	 Another important finding is that all IFT proteins examined 

in this study consistently affected pre-ciliary apical trafficking 

of TRPV but not that of TRPN. These results suggest that the 

pre-ciliary trafficking pathway of TRPV may rely on the IFT-de-

pendent pathway, such as the direct targeting pathway. In 

the direct targeting pathway to the PCM, a small GTPase, 

Arf4, regulates the budding of coated vesicles that harbor 

cilium-destined membrane proteins (Mazelova et al., 2009). 

During the route to the PCM, IFT proteins may also ride on 

the vesicle (Follit et al., 2006). Cargo proteins in this route 

usually contain a cytoplasmic ciliary targeting signal, called 

the VxPx motif, which interacts with regulatory proteins, such 

as Arf4 (Mazelova et al., 2009). However, we failed to detect 

the VxPx motif in either IAV or NAN subunit of TRPV. Thus, 

the involvement of other pathways such as the recycling 

endosome-mediated route discussed above cannot be ruled 

out.

	 Finally, the ectopic expression studies revealed the distinct 

intrinsic properties of the two TRPs regarding their localiza-

tion. IAV alone had an intrinsic membrane-targeting proper-

ty; however, NAN was required for trafficking to the apical 

membrane. In contrast, membrane targeting of TRPN was 

polarized cell-specific, and membrane-destined TRPN showed 

intrinsic preference for apical trafficking. Interestingly, the 

apical trafficking of TRPN was much more evident than that 

of TRPV (IAV + NAN) in polarized cells (compare Figs. 4F 

and 4G), suggesting that the apical trafficking of TRPV was 

inefficient in non-ciliated cells. This result further supported 

the idea that the pre-ciliary trafficking of TRPV, but not TRPN, 

requires IFT proteins. Additionally, the finding that preferen-

tial localization of ectopically expressed TRPN into the distal 

cilia, which is compromised by lack of dTULP, provided an 

important clue for understanding the mechanism of TRPN 

targeting to the distal cilia. As the olfactory cilia do not pos-

sess a CD that separates the ciliary compartment into distinct 

subcompartments, targeting of TRPN into the distal cilia relies 

on specific trafficking factor(s) such as dTULP, rather than 

sequestration or tethering by a specific structure. Although, 

our present study provides novel evidence to broaden our 

understanding of sub-ciliary localization of two TRP channels, 

further studies using mutant flies lacking other IFT or traffick-

ing-related proteins will enable us to better understand their 

trafficking and sub-ciliary segregation.

Note: Supplementary information is available on the Mole-

cules and Cells website (www.molcells.org).
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