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Arl13b, an ARF/Arl-family GTPase, is highly enriched in the
cilium. Recent studies have established Arl13b as one of the
most crucial regulators for ciliary organization, trafficking, and
signaling. The ciliary localization of Arl13b is known to require
the RVEP motif. However, its cognate ciliary transport adaptor
has been elusive. Here, by imaging the ciliary localization of
truncation and point mutations, we defined the ciliary target-
ing sequence (CTS) of Arl13b as a C-terminal stretch of 17
amino acids containing the RVEP motif. We found Rab8-GDP,
but not Rab8-GTP, and TNPO1 simultaneously and directly
bind to the CTS of Arl13b in pull-down assays using cell lysates
or purified recombinant proteins. Furthermore, Rab8-GDP
substantially enhances the interaction between TNPO1 and
CTS. Additionally, we determined that the RVEP motif is an
essential element as its mutation abolishes the interaction of
the CTS with Rab8-GDP and TNPO1 in pull-down and
TurboID-based proximity ligation assays. Finally, the knock-
down of endogenous Rab8 or TNPO1 decreases the ciliary
localization of endogenous Arll13b. Therefore, our results
suggest Rab8 and TNPO1 might function together as a ciliary
transport adaptor for Arl13b by interacting with its RVEP-
containing CTS.

The primary cilium (hereafter referred to as cilium) is a
specialized microtubule-based plasma membrane (PM) pro-
trusion. It functions as a cell’s antenna to sense environmental
stimuli and initiate diverse intracellular responses (1, 2). The
sensory function of the cilium critically depends on the ciliary
localization of receptors and their signaling accessories. Ge-
netic disorders compromising such localization can cause
diverse human diseases collectively called ciliopathies (3-5).
How ciliary proteins are specifically targeted to the cilium is
one of the most fundamental questions in cilium biology.

The ciliary targeting of many proteins requires the ciliary
targeting sequence (CTS), a short array of amino acids
recognized by the ciliary transport adaptor (4, 6-9). However,
unlike membrane trafficking sorting signals, there seem to be
no significant consensus sequences among known CTSs.
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Compared to cargo adaptors involved in membrane trafficking,
we know much less about the ciliary transport adaptors—what
they are and how they transport CTS-containing cargos. One
of the most studied ciliary transport adaptors is Tulp3. It has
been proposed as the adaptor for multiple ciliary membrane
proteins, including various GPCRs, polycystin 1/2 complex,
and fibrocystin (10-15).

Importins, such as importin-p1 and transportinl (TNPO1),
were uncovered as Ran GTPase-regulated adaptors for the
ciliary targeting of Crumbs3, Kif17, and retinitis pigmentosa 2
(RP2) (16, 17). On the other hand, Rab8-GDP was demon-
strated to target fibrocystin to the cilium by binding to its CTS
(18). Based on these results, we further found that Rab8-GDP
and TNPO1 could function together as a ciliary transport
adaptor for fibrocystin, photoreceptor retinol dehydrogenase
(prRDH), rhodopsin, and RP2 (19). Rab8-GDP, but not Rab8-
GTP, and TNPOLI simultaneously interact with CTSs of these
ciliary membrane proteins to form a ternary complex. Our
model proposes that the ternary complex first transports the
cargo across the membrane diffusion barrier at the cilium base.
Once inside the cilium, Rab8 undergoes the guanine nucleo-
tide exchange from the GDP to GTP form by the guanine
nucleotide exchange factor of Rab8. As a result, the ternary
complex disassembles, releasing the free cargo at the ciliary
membrane (6, 19).

Arl13b is an ARF/Arl family small GTPase highly enriched
in the cilium (20). Mutation in the ARL13B gene can lead to
Joubert syndrome, a genetic disorder characterized by kidney
cysts, retinal degeneration, skeletal change, and brain mal-
functions (21). Studies suggest that Arl13b has multiple roles
in ciliary assembly, organization, trafficking, and sensory
functions. For example, depletion or knockout of Arl13b re-
sults in reduced ciliogenesis, shortened cilium length, and
impaired sonic hedgehog signaling (20, 22, 23). Furthermore,
Arl13b can recruit the lipid phosphatase INPP5E to the cilium
(24). At the ciliary membrane, INPP5E converts PI(4,5)P, to
PI4P (25, 26), an essential process for the release of cargo from
Tulp3 (10). Consequently, INPP5E is required for ciliary traf-
ficking and Hedgehog signaling (25, 26). Arl13b can also
function as a guanine nucleotide exchange factor to activate
Arl3, another ARF/Arl family small GTPase (27). The active or
GTP-loaded Arl3 can subsequently facilitate the ciliary
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transport of lipidated proteins by releasing them from trans-
porters such as PDE68 and Unc119a/b (28-30).

The ciliary localization of Arl13b is critical for its cellular
functions, but the molecular and cellular mechanism behind
its ciliary targeting remains obscure. Tulp3 is required for the
proper ciliary localization of Arl13b (31-33), possibly by
interacting with Arl13b’s N-terminal amphipathic helix (34).
In addition, the C-terminal RVEP motif has been known to
play an essential role in the ciliary localization of Arl13b (23,
35-38). However, the ciliary transport adaptor that recognizes
the RVEP motif of Arl13b is still unknown. In this study, we
defined the Arl13b CTS, which contains the previously un-
covered RVEP motif. Furthermore, our data suggest that Rab8-
GDP and TNPO1 simultaneously bind to the CTS in an RVEP
motif-dependent manner to function as a ciliary transport
adaptor for Arl13b.

Results
The CTS of Arl13b resides at its C-terminal half

Arl13b is an atypical ARF/Arl family GTPase (39-42). In
addition to the GTPase domain, it has an N-terminal lipid-
anchor region, a common feature shared among most ARF/
Arl family members, and an unusually long C-terminus.
Hence, the coding sequence of Arl13b comprises, from the N
to C-terminus, the lipid-anchor region, the GTPase domain, a
coiled-coil region (CC), an intrinsically disordered region
(IDR), the RVEP motif, and a proline-rich region (PRR)
(Fig. 14). We found that mutating RVEP to AAAA (RVEP-4A)
substantially reduced the ciliary localization of the full-length
Arl13b in ciliated RPE1 cells (Fig. 1A4), consistent with previ-
ous reports (23, 35-38). We quantified the ciliary localization
of the WT and RVEP-4A mutant using the cilium to the PM
intensity ratio (CPIR), an expression level-independent metric
to quantitatively measure the ciliary localization (19).
Figure 1B schematically illustrates calculating the CPIR of PM-
localized transmembrane protein using an image showing the
cilium, PM, and background (non-cell area). First, a line of
~1 um in width was drawn orthogonally across the cilium.
Next, the maximum intensity of the line intensity profile (/)
the mean intensity of the PM (/py;), and the mean intensity of
the background (/haciground) Were acquired. Then, the CPIR
of the transmembrane protein is calculated as CPIR = (I,,,,, —
IPM)/(IPM - [chkgmund)'

Surface labeling is usually employed to specifically highlight
the PM and cilium pools of a PM-localized transmembrane
protein (for example, CD8a-fusion chimeras, see below), but it
requires that the ciliary protein of interest has a detectable
extracellular domain. Since Arl13b and its mutants are pe-
ripheral membrane proteins without an extracellular domain,
their PM intensities could also be contributed by their intra-
cellular pools, such as the ER, endosomal, and cytosolic pools,
which our imaging could not resolve. Therefore, the CPIR of
Arl13b and its mutants reflects the relative cilium enrichment
to the cellular but not the PM pool. By quantification, we

2 J Biol. Chem. (2023) 299(5) 104604

observed that the CPIR of full-length Arl13b was reduced by
almost 20-fold upon RVEP-4A mutation, in contrast to the
WT (Fig. 1C), confirming that the RVEP motif is essential for
the ciliary targeting of Arl13b.

The CTS should be defined as a short sequence that is both
necessary and sufficient for ciliary targeting. Hence, from
previous reports and our data, we reasoned that the CTS of
Arl13b must localize to a C-terminal region containing the
RVEP motif. To precisely map the CTS, we constructed a se-
ries of C-terminally GFP-tagged mutants of Arl13b with
truncation or point mutation (Fig. 14). Western blotting of cell
lysates transiently transfected with these constructs confirmed
the expression of these mutants (Fig. S1A). We found that
except for Arl13b without the CC (ACC), Arl13b truncation
mutants such as AGTPase (the majority of which comprises
the C-terminal half), AIDR, and APRR displayed robust ciliary
localization (Fig. 1A). On the other hand, the N-terminal half
fragment or amino acids (AAs) 1-245 (AA1-245-GFP), which
contains the N-terminal lipid-anchor region, GTPase domain,
and CC, had a very weak ciliary localization. Its CPIR
decreased by almost 20-fold compared to the WT (Fig. 1, A
and C). Therefore, the CTS of Arl13b must reside in the
C-terminal half, comprising AAs 245-428.

A C-terminal 17 amino acid fragment with the RVEP motif
contains the CTS

However, we observed that the C-terminal half fragment,
AA245-428, did not localize to the cilium (Fig. 1A4). The
negative ciliary localization of AA245-428 is possibly due to its
lack of membrane anchorage since several previous studies
demonstrated the essential role of the N-terminal palmitoy-
lation (35, 43, 44). Using cysteine to serine mutation (C8S/
C9S) to abolish all potential palmitoylation sites within the N-
terminus of Arl13b (Figs. 14 and S1A), we confirmed the
previous result (Fig. 1A). To anchor AA245-428 to the PM, we
wanted to establish a small N-terminal palmitoylation region
of Arl13b and graft it to the fragment AA245-428. When the
N-terminal palmitoylation sequence from AAs one to 9
(hereafter referred to as PAL) (Figs. 1A and 2A) was fused to
the N-terminus of the GFP, the resulting fusion protein, PAL-
GFP, localized to the PM (Fig. 2B), Golgi, and lysosome
(Fig. 2C) but not the cilium (Fig. 2D). When C8S/C9S muta-
tions were introduced, PAL-C8S/C9S-GEFP lost its PM, Golgi,
and lysosome localization (Fig. 2, B and C). Therefore, PAL is
sufficient for membrane anchorage of a reporter to the PM,
possibly by palmitoylation.

We then fused PAL to the N-terminus of AA245-428 and
investigated the resulting fusion protein’s localization. Indeed,
we observed a robust ciliary localization for PAL-AA245-428-
GEFP (Fig. 2E), supporting that AA245-428 should contain the
CTS. We subsequently made further serial truncation of
AA245-428 and similarly tagged the resulting fragments with
PAL and GFP (Fig. 2E). When RPE1 cell lysates expressing
these fragments were subjected to Western blotting, all
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Figure 1. The CTS of Arl13b resides at its C-terminal half. All cells were RPE1 cells. A, domain organization and ciliary localization of Arl13b and its
mutants. A schematic diagram illustrating the domain organization of Arl13b and its mutants is shown on the left. On the right, cells transiently expressing
Arl13b and its mutants were immunostained for acetylated tubulin, a cilium marker. Scale bar, 10 um. The cilium is enlarged and boxed at the upper right
corner in these images. Scale bar, 1 um. In the middle column, the ciliary localization was qualitatively scored based on the fluorescence imaging shown on
the right as strongly positive (+), weakly positive (W), and negative (). B, a diagram schematically demonstrating the calculation of the CPIR of a ciliary
membrane protein. The image at the left shows part of a cell transiently expressing the ciliary transmembrane protein. Dotted lines mark the cell contour. Ipy,
and Jpackground are calculated from the ROIpy and ROlpackgrouna: Which are marked by dotted circles. A yellow line with a width of ~ 1 um is drawn across the
cilium to measure the line intensity profile. The plot at the right shows the corresponding line intensity profile with the peak intensity, /ax. C, @ bar graph
showing the CPIR values of WT and selected mutants of Arl13b from (A). Data were from n = 3 independent experiments, with each experiment having >30
cilium and GFP-positive cells analyzed. The error bar represents the mean + SD. p-values are from unpaired, two-tailed t-tests; *****p < 0.000005. CPIR, cilium
to the PM intensity ratio.

fragments, including AA245-428, migrated with the expected of the CTS of Arl13b (34), the negative or weak ciliary local-

molecular weights (Fig. S1B), suggesting the correct expression ization of PAL-GFP, AA1-245-GFP, PAL-AA245-325-GFP,
of these fragments. Although PAL has been reported to be part PAL-AA347-363-RVEP-4A-GFP, and Arl13b-RVEP-4A-GFP
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Figure 2. A C-terminal 17 amino acid fragment with the RVEP motif contains the CTS. All cells are RPE1 cells. A, domain organization of PAL-GFP and
PAL-C8S/C9S-GFP. B and C, PAL is a potential membrane anchorage sequence that targets GFP to the PM, Golgi, and lysosome. In (B), the same live RPE1 cell
transiently expressing PAL-GFP or PAL-C8S/C9S-GFP was first imaged under the wide-field mode, followed by the total internal reflection fluorescence (TIRF)
mode. Only the PM is visible under the TIRF mode. In (C), RPE1 cells transiently expressing PAL-GFP or PAL-C8S/C9S-GFP were immunostained for
endogenous GM130 (a Golgi marker) (top and middle rows). Alternatively, cells transiently co-expressing PAL-GFP and Lamp1-mCherry (a lysosome marker)
were directly imaged after fixation (bottom row). The box region is enlarged in the upper right corner to show the localization of PAL-GFP to the lysosome. D,
PAL does not target GFP to the cilium. RPE1 cells transiently expressing PAL-GFP were immunostained for endogenous acetylated tubulin and PCNT, a
centrosome marker. E, domain organization and ciliary localization of PAL-fused truncation fragments of AA245-428. A schematic diagram illustrating the
domain organization is shown on the left. These fragments are fused to the C-terminus of PAL and the N-terminus of GFP to make PAL-fragment-GFP. The
ciliary localization was qualitatively scored based on the fluorescence imaging shown on the right, similar to Figure 1A. The box region is enlarged in the
upper right corner to show the cilium. Scale bar, 10 um. Scale bar for boxed region in (C) and (E), 1 um.

(Figs. 1A and 2, D and E) indicated that PAL does not confer
specific ciliary localization. Therefore, Arl13b C-terminal
fragments should determine the ciliary localization. Further-
more, we found that the PAL and GFP-fused fragment (PAL-
fragment-GFP) without the RVEP motif (Fig. 2E), AA245-325,
did not localize to the cilium. On the other hand, those with
the motif, including AA245-368 and AA347-363 but not
AA347-363-RVEP-4A, displayed strong ciliary localization.
Note that the bright lump near the ciliary base in AA245-428,
AA245-368, and AA245-325 images (Fig. 2E) should be the
Golgi similar to PAL-GFP (Fig. 2C). Therefore, AA347-363, a
fragment comprising 17 AAs including the RVEP motif, must
contain the CTS of Arl13b.

4 | Biol. Chem. (2023) 299(5) 104604

The C-terminal 17 amino acid fragment targets CD8a to the
cilium

CD8a is a type I transmembrane protein with a short
C-terminal cytosolic tail. The C-terminally GFP-tagged CD8a
displayed a non-specific and weak ciliary localization (19). To
further characterize the ciliary targeting of AA347-363, we
constructed a series of chimeras comprising sequentially from
the N to C-terminus the following three parts—CD8a without
the cytosolic tail, an AA347-363 fragment with truncation or
point mutations, and the GFP tag (Fig. 34). Western blot of
cell lysates transiently transfected with these constructs
confirmed these mutants’ expression (Fig. S1B). We found
that, compared to CD8a, the CD8a chimera with AA347-363
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Figure 3. The C-terminal 17 amino acid fragment with the RVEP motif targets CD8a to the cilium. All cells are RPE1 cells. A, domain organization and
ciliary localization of CD8a-fused truncation fragments of AA347-363. A schematic diagram illustrating the domain organization is shown on the left. These
fragments are fused to the C-terminus of cytosolic tail-deleted CD8a and the N-terminus of GFP. The ciliary localization was qualitatively scored based on
the fluorescence imaging shown on the right, similar to Figure 1A. In the right panel image, surface staining of CD8a (surfaced-labeled) was employed to
reveal the ciliary localization of the chimeras. Scale bar, 10 um. The cilium is enlarged and boxed at the upper right corner in these images. Scale bar, T pm.
B, a bar graph showing the CPIR values of CD8a-chimeras. Data were from n = 3 independent experiments, with each experiment having >30 cilium and
GFP-positive cells analyzed. The error bar represents the mean + SD. p-values are from unpaired, two-tailed t-tests; ***p < 0.0005; ****p < 0.00005; *****p <

0.000005.

but not AA347-363-RVEP-4A displayed an ~80-fold increase
in the CPIR (Fig. 3, A and B). Hence, our data indicate that
AA347-363 is sufficient to target a transmembrane reporter to
the cilium. Next, we truncated AA347-363 from N- and
C-terminus to make CD8a and GFP-fused AA354-363,
AA354-361, and AA358-361 (Fig. 3A4). We found that
decreasing the length of AA347-363 reduced CPIRs of the
resulting fragments by more than threefold (Fig. 3B). Among
our truncations chimeras, AA354-361 was the smallest frag-
ment that had a significant ciliary localization (Fig. 3B). When
the KRN motif of AA347-363 was mutated to AAA (KRN-3A),
we observed the CPIR of the resulting chimera decreased by
more than 2-fold, though it was still almost 40-fold higher than
that of the RVEP-4A mutant. Since further truncation and
mutagenesis of AA347-363 substantially reduce its CPIR,
AA347-363 is essential for highly efficient and robust ciliary
targeting. Together with its sufficiency in ciliary targeting, we
define AA347-363 as the CTS of Arl13b, hereafter referred to
as 13bCTS.

Rab8 and TNPO1 simultaneously and synergistically interact
with Arl13b via 13bCTS

We next attempted to find the transport adaptor for
13bCTS. We previously discovered that Rab8 and TNPO1
interact with the CTSs of several ciliary membrane proteins
and function as their ciliary transport adaptor (19). We
investigated their interactions via pull-down assays to test if
Rab8 and TNPO1 act as the ciliary transport adaptor for
13bCTS. First, we transfected HEK293T cells with C-termi-
nally GFP-tagged Arl13b-WT, Arl13b-RVEP-4A, or RP2

SASBMB

(positive control) (19) (Fig. 4A4). Next, the resulting cell lysates
were individually incubated with bead-immobilized GST-
Rab8-T22N or GST-Rab8-Q67L (Fig. S1C). Q67L and T22N
(hereafter referred to as QL and TN respectively) are point
mutations that lock Rab8 in the GTP and GDP-bound form
respectively (45). Finally, we analyzed bead-retained proteins
by immunoblotting. We found that GST-Rab8-TN specifically
pulled down RP2 and Arl13b-WT but not Arl13b-RVEP-4A
(Fig. 4A). Interestingly, bead-immobilized GST-Rab8-TN
pulled down a substantial amount of endogenous TNPO1
under the expression of Arl13b-WT (Lane 4), but not Arl13b-
RVEP-4A (Lane 6). Our data demonstrate that Rab8-GDP and
TNPOL1 could interact with Arl13b in cultured cells.

To test if the interaction is direct and determine the inter-
acting region of Arl13b, we prepared N-terminally His-tagged
recombinant proteins, His-AA1-245-GFP and His-AA193-
428-GFP, corresponding to the N and C-terminal halves of
Arl13b (Figs. 4B and S1C). When bead-immobilized GST-
Rab8-TN or -QL was incubated with the two His-tagged
proteins, we found that His-AA193-428, but not His-AAl-
245, was specifically retained on GST-Rab8-TN beads,
demonstrating that Rab8-TN alone directly interacted with
His-AA193-428 (Fig. 4C). Similarly, when bead-immobilized
GST-TNPO1 (Fig. S1C) was incubated with the two His-
tagged proteins, we found that TNPO1 alone directly inter-
acted with His-AA193-428 but not His-AA1-245 (Lane one
and two of Fig. 4D). The interaction between GST-TNPO1
and His-AA193-428 was substantially enhanced in the pres-
ence of His-Rab8-TN but not His-Rab8-QL (Lane five and six
of Fig. 4D), suggesting a synergistic effect between Rab8-TN
and TNPO1l on the interaction with His-AA193-428.
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control), followed by immunoblotting similar to (A). F, TNPO1 interacts with 13bCTS in a Rab8-TN-dependent manner. Bead-immobilized GST-TNPO1 was
incubated with purified His-tagged Rab8-TN, Rab8-QL, 13bCTS, or control, followed by immunoblotting similar to (A). * indicates the specific band. Mo-
lecular weight markers are labeled to the right of all immunoblots.

Furthermore, we also observed that GST-TNPO1 pulled down
His-Rab8-TN only in the presence of His-AA193-428 but not
His-AA1-245 (Lane four and six of Fig. 4D), suggesting that
the interaction between TNPO1 and Rab8-TN might become
significant via their simultaneous binding to AA193-428. In
summary, our results support that Rab8-TN and TNPO1 can
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simultaneously and synergistically interact with Arl13b
C-terminus.

We tested if 13bCTS directly interacts with Rab8 and
TNPOL1 via pull-down assays using recombinant proteins. We
made a recombinant chimera—His-13bCTS-GFP, which has
His-tag, 13bCTS, and GFP from its N to C-terminus (Figs. 4B
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and S1C). Recombinant chimeras—His-MBP-GFP and His-
GFP—were used as negative controls (Fig. 4B). When
bead-immobilized GST-TNPO1 was incubated with His-
13bCTS-GFP or His-MBP-GFP, we found that TNPO1 alone
retained a significant amount of 13bCTS (Fig. 4E), indicating a
direct interaction. Furthermore, when bead-immobilized GST-
TNPO1 was incubated with His-13bCTS-GFP or His-GFP
together with His-Rab8-TN or His-Rab8-QL, we found that
GST-TNPO1 pulled down much more His-13bCTS-GFP in
the presence of His-Rab8-TN than His-Rab8-QL (Lane one
and two of Fig. 4F). Furthermore, bead-immobilized GST-
TNPOL1 retained a significant amount of His-Rab8-TN only in
the presence of His-13bCTS-GFP but not His-GFP (Lane two
and four of Fig. 4F); under the same condition, GST-TNPO1
did not directly pull down a significant amount of His-Rab8-
TN (Lane six of Fig. 4F), suggesting that TNPO1 might indi-
rectly associate Rab8-TN via 13bCTS. Hence, our data suggest
that Rab8-TN and TNPO1 could simultaneously and syner-
gistically interact with 13bCTS directly; the three proteins
might assemble into a ternary complex in which 13bCTS
connects Rab8 and TNPOL.

Rab8 and TNPO1 are in the proximity of mitochondrion-
localized 13bCTS

To study the interaction of 13bCTS with Rab8 and TNPO1
in the cellular environment, we employed the proximity
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biotinylation assay using mitochondrion-located and
TurboID-fused 13bCTS (46). TurboID-mediated biotinylation
enables the detection of transient and weak protein in-
teractions, and the relocalization of a bait protein (e.g,
13bCTS) to the mitochondrial outer membrane can signifi-
cantly reduce the background biotinylation due to the coloc-
alization at its native compartment (e.g., cilium) (47). To that
end, first, we made the expression construct, Mito-CTS-
TurboID-GFP, consisting of the mitochondrial outer mem-
brane targeting sequence of Tom20 at the N-terminus (48),
followed by a CTS fragment and the C-terminal TurboID-GFP
tag (Fig. 5A). The CTS fragment was one of the following—
13bCTS, 13bCTS-RVEP-4A, the CTS of fibrocystin (fCTS)
(19), and fCTS-KTRK-4A (19). Among them, fCTS served as a
positive control since it binds to Rab8 and TNPO1, while
fCTS-KTRK-4A was a negative control since the KTRK-4A
mutation abolished the ciliary localization of fCTS (19).
Next, we demonstrated that these chimeras correctly localized
to mitochondria when transiently expressed in RPE1 cells
(Fig. 5B). Then, we individually transfected these constructs to
HEK293T cells. After adding biotin, TurbolD-biotinylated
proteins were captured by streptavidin magnetic beads.
Finally, bead-retained proteins were analyzed by immuno-
blotting (Fig. 5C). We found that Rab8 and TNPO1 were
specifically biotinylated when 13bCTS or fCTS construct was
used in transfection, supporting the interaction of Rab8-TN
and TNPO1 with 13bCTS and fCTS on the mitochondrial

Mito-13bCTS-
TurbolD-GFP

MitoTracker Red
_

Mito-fCTS-

TurbolD-GFP MitoTracker Red

Figure 5. Rab8 and TNPO1 are in the proximity of mitochondrion-localized 13bCTS. A, a schematic diagram showing the domain organization of Mito-
CTS-TurbolD-GFP. The CTS can be that of Arl13b (13bCTS) or fibrocystin (fCTS) in WT or mutant form. B, Mito-CTS-TurbolD-GFP correctly localizes to the
mitochondrion. RPE1 cells were transiently transfected with Mito-13bCTS-TurbolD-GFP, Mito-fCTS-TurbolD-GFP, or their corresponding mutants. Cells were
subsequently stained with MitoTracker Red (a mitochondrion marker) and imaged live. Scale bar, 10 pm. C, Mitochondrion-anchored 13bCTS and fCTS but
not their mutants recruit endogenous Rab8 and TNPOT1 to their proximity. Cells transiently expressing indicated Mito-CTS-TurbolD-GFP were incubated with
50 pM biotin for 24 h. TurbolD biotinylated proteins were subsequently pulled down by streptavidin magnetic beads, and bead-retained proteins were
analyzed by immunoblotting. Molecular weight markers are labeled to the right of all immunoblots.
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outer membrane. In contrast, in cells expressing the corre-
sponding CTS mutant, 13bCTS-RVEP-4A or fCTS-KTRK-4A,
we did not detect the biotinylation of Rab8 and TNPOL.
Therefore, these results further support 13bCTS’ interaction
with Rab8-GDP and TNPOI, implying the formation of the
ternary complex in the cellular environment.

The ciliary targeting of endogenous Arl13b requires Rab8 and
TNPO1

To evaluate the role of Rab8 and TNPOI1 in the ciliary
localization of Arl13b, we employed the lentivirus-
transduced shRNA to knock down endogenous Rab8 and

TNPO1 shRNAs substantially reduced the endogenous level
of target proteins in Western blot (Fig. 6, A and B).
Importantly, the knockdown of Rab8 and TNPO1 did not
affect the cellular level of endogenous Arl13b (Fig. 6C). We
then co-stained the knockdown cells for the endogenous
Arl13b and acetylated tubulin, a marker for the cilium
(Fig. 6D). Quantification of Arl13b intensity at the cilium
revealed that knockdown of Rab8 or TNPOL1 significantly
decreased the ciliary pool of endogenous Arl13b. Therefore,
our knockdown data demonstrate that Rab8 and TNPOL1 are
essential for the ciliary targeting of Arl13b, supporting our
hypothesis that they could function as the ciliary transport

TNPO1l. Compared to the control shRNA, Rab8 and adaptor for Arl13b.
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Figure 6. Depletion of cellular Rab8 or TNPO1 decreases the ciliary localization of Arl13b. All cells were RPET cells. A and B, the knockdown of
endogenous Rab8 or TNPO1 by shRNAs. After lentivirus-mediated transduction of Rab8, TNPO1, or control shRNAs, cell lysates were subjected to
immunoblotting for endogenous Rab8, TNPO1, or a-tubulin (loading control). The bar graph on the right shows the a-tubulin-normalized band intensities of
Rab8 and TNPO1. n = 3 independent experiments. C, the knockdown of Rab8 or TNPO1 does not affect the cellular level of Arl13b. After lentivirus-mediated
transduction of Rab8, TNPO1, or control shRNAs, cell lysates were subjected to immunoblotting for endogenous Arl13b or a-tubulin (loading control). The
bar graph below shows the a-tubulin-normalized band intensities of Arl13b. n = 3 independent experiments. D and E, the knockdown of Rab8 or TNPO1
decreases the ciliary localization of Arl13b. After lentivirus-mediated transduction of Rab8, TNPO1, or control shRNAs, cells were immunostained for Arl13b
and acetylated tubulin (D). Arrows indicate cilia. Scale bar, 10 um. The boxed cilium is enlarged at the lower right corner. Scale bar, 1 pm. In (E), the
fluorescence intensity of Arl13b at the cilium, marked by acetylated tubulin, was quantified and normalized by that in control shRNA-treated cells. Results
are from n = 3 independent experiments with >30 cilia quantified. The ciliary intensity of Arl13b was normalized by the mean of the control panel.
Molecular weight markers are labeled to the right of all immunoblots. In (A-C, E), the error bar represents the mean + SD. p-values are from unpaired, two-
tailed t-tests; NS, not significant; *p < 0.05; **p < 0.005; ***p < 0.0005; ****p < 0.00005.
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Discussion

The ciliary localization of Arl13b requires its C-terminal
RVEP motif (23, 35-38). However, its cognate ciliary transport
adaptor has been elusive. Here, we revealed that the RVEP
motif constitutes an essential element of the CTS of Arl13b
(13bCTS), consisting of a C-terminal stretch of 17 AAs. We
found that 13bCTS is both necessary and sufficient for the
ciliary localization of Arl13b. Further mutation and truncation
of 13bCTS substantially reduce its ciliary localization. We
discovered that Rab8 and TNPO1 bind to 13bCTS via the
RVEP motif. Furthermore, we found that Rab8-GDP and
TNPOL1 can directly interact with 13bCTS simultaneously and
synergistically (Fig. 4, C—F), suggesting that similar to other
ciliary clients (19), Rab8-GDP, TNPOI, and 13bCTS might
assemble into a ternary complex (Fig. 7A). Our current
working model is that Rab8-GDP and TNPO1 simultaneously
interact with not only 13bCTS but also each other. We have
not detected a significant interaction between Rab8-GDP and
TNPOL in the absence of 13CTS (Fig. 4, D and F), consistent
with our previous studies (19). However, we propose that
engaging 13bCTS possibly changes the conformation Rab8-
GDP and TNPOI, resulting in their interaction. Hence, the
synergistic effect might be attributed to the 13bCTS-induced
interaction between TNPO1 and Rab8-GDP, which should
significantly enhance the stability of the ternary complex.
However, confirming our molecular model of the ternary
complex requires future work.

We also demonstrated that the ciliary localization of Arl13b
requires both Rab8 and TNPOI1. Together, our data suggest
that Rab8 and TNPO1 might function as the ciliary transport
adaptor of Arl13b. Therefore, in addition to fibrocystin, prRDH,
rhodopsin, and RP2 (19), our current discovery further expands
the list of ciliary clients of Rab8 and TNPOL. So, we expect
more ciliary clients of Rab8 and TNPO1 to be uncovered. Our
previous model can explain how Rab8-GDP and TNPO1
transport Arl13b to the cilium (6, 19) (Fig. 7B). First, palmi-
toylated Arl13b associates and diffuses along the PM. Then, at
the periciliary membrane, the PM-associated Arl13b simulta-
neously interacts with TNPO1 and Rab8-GDP to assemble the
ternary complex. Next, TNPOL facilitates the translocation of
the ternary complex through the membrane diffusion barrier
imposed by the transition zone at the ciliary base. After the
import translocation, a cilium-localized Rab8 guanine nucleo-
tide exchange factor (Rab8-GEF), such as Rabin8 (49) or RPGR
(50), changes the guanine nucleotide of Rab8 from GDP to
GTP. Consequently, the ternary complex disassembles, and
Arl13b is released to the ciliary membrane since Rab8-GTP no
longer interacts with 13bCTS (Fig. 4, A, C, D and F). Finally,
with the export translocation of TNPOI, the ciliary exit of
Arl13b is blocked by the ciliary membrane diffusion barrier
(transition zone), resulting in a dynamic and freely diffusible
pool of Arl13b on the ciliary membrane. Similarly, Rab8-GTP
also accumulates within the cilium. Our model shares similar-
ities with the nucleocytoplasmic trafficking pathway, in which
Ran-GTP disassembles the importin-cargo complex in the
nucleus after crossing the nuclear pores (51).

SASBMB

Rab8 and TNPOT1 transport Arl13b to the cilium

A
Palmitoyl
group
Arl13b
RVEP motif
Rab8-GDP
B
o
=
Q
S e
2 (5
® e
< Cili
N O ilium
) w
= L
< 9
% Transition zone
o
Import O Transition fibre
translocation
Export ® o
translocation Periciliary membrane
@
Extracellular space
Plasma membrane
Q : CG% Cytoplasm
TNPO1 Export
1 ranslocation
Q Arl13b ® @
RVEP motif Rab8-GDP TNPO1

Figure 7. Our working model on the molecular organization and traf-
ficking mechanism of the ternary complex. A, the Rab8-GDP, TNPO1, and
13bCTS ternary complex. Rab8-GDP and TNPO1 simultaneously interact
with 13bCTS within the C-terminal loop of Arl13b. Such interactions prob-
ably induce the conformation changes of Rab8-GDP and TNPO1, so they
also interact with each other. B, Rab8 and TNPO1 function as ciliary trans-
port adaptors and target Arl13b to the cilium. Refer to the text in the
Discussion for details.

Previous studies proposed Tulp3 as the ciliary transport
adaptor of Arl13b (31-33), although their direct interaction
has not been confirmed. Recently, Palicharla et al. (34) re-
ported that the N-terminal amphipathic helix, AA1-21, in-
teracts with Tulp3 and functions as a potential CTS of Arl13b.
They further showed that deleting the two N-terminal
amphipathic helical regions within AA1-21 abolished the
ciliary localization of Arl13b. However, the authors did not
rule out the possibility that the deletion could affect the
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palmitoylation, which is essential for the ciliary localization of
Arl13b (C8S/C9S in Fig. 1A) (43). Notably, the authors did not
demonstrate the sufficiency of AA1-21 in ciliary targeting by
testing if it can target a non-ciliary reporter to the cilium. Our
data suggest that AA1-21 might be neither necessary nor
sufficient for the ciliary localization of Arl13b. The negative
ciliary localization of AA1-245 and the full-length with RVEP-
4A mutation, both with an intact N-terminus including AA1-
21, demonstrates that AA1-21 is insufficient for ciliary
targeting (Fig. 1, A and C). On the other hand, the robust
ciliary localization of CD8a-13bCTS (Fig. 3, A and B) dem-
onstrates that AA1-21 is unnecessary for ciliary targeting other
than palmitoylation and membrane attachment. Therefore, we
think AA1-21 or the N-terminal amphipathic helix might not
function as the CTS, and 13bCTS might be the sole CTS of
Arl13b. Further investigation is required to define the Tulp3-
binding region in Arl13b. Since Arl13b has two potential
transport adaptors, Tupl3 and Rab8-TNPOI, whether they
function sequentially or simultaneously would be an inter-
esting question for the future work.

Experimental procedures
DNA plasmids
Please see Table S1 for all the plasmids used in this study.

Antibodies

Mouse mAbs against acetylated tubulin (Merck, #T6793,
1:1000 for immunofluorescence or IF), a-tubulin (Develop-
mental Studies Hybridoma Bank, clone 12G10, 1:1000 for
Western blot or WB), GFP (Santa Cruz, #s¢9996, 1:1000 for
WB), pericentrin (Abcam, #ab4448, 1:1000 for IF), TNPO1
(Abcam, #ab10303, 1:3000 for WB), Rab8 (BD biosciences,
#610844, 1:1000 for WB), and CD8a (Developmental Studies
Hybridoma Bank, clone OKTS8, 1:200 for IF). Rabbit polyclonal
antibodies against Arl13b (19) (1:1000 for IF and WB and
Proteintech, 17711-1-AP, 1:1000 for WB) and GFP (52). HRP-
conjugated goat anti-mouse and anti-rabbit IgG antibodies
were purchased from Bio-Rad. HRP-conjugated protein A was
purchased from Abcam. Alexa Fluor-conjugated goat anti-
mouse and anti-rabbit IgG antibodies (1:500 for IF) were
purchased from Invitrogen.

Cell culture and transfection

RPE1 (hTERT-RPE1) and HEK293T cells were from
American Type Culture Collection. HEK293FT cells were
from Thermo Fisher Scientific. RPE1 cells were cultured in
Dulbecco’s Modified Eagle’s Medium (DMEM) and Ham’s F12
mixture medium supplemented with 10% fetal bovine serum
(FBS). HEK293T cells were cultured in DMEM supplemented
with 10% FBS. HEK293FT were cultured in DMEM supple-
mented with 10% FBS and 50 pg/ml G418 (Thermo Fisher
Scientific). Transfection of plasmid DNA was performed using
polyethylenimine (Polysciences) or Lipofectamine 2000
(Thermo Fisher Scientific) according to the manufacturer’s
protocol. Ciliogenesis was induced by incubating cells under
serum starvation (without FBS) for 48 h. For the live cell
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imaging under the TIRF or wide-field microscope, cells were
grown on @ 35 mm glass-bottom Petri dish in the CO, in-
dependent medium (Thermo Fisher Scientific) supplemented
with 10% FBS and 4 mM glutamine.

Lentivirus-transduced knockdown of TNPO1 and Rab8

Endogenous TNPO1 and Rab8 were depleted by lentivirus-
mediated transduction of shRNA. Control shRNA, TNPO1
shRNA #2 and #4, and Rab8 shRNA#1 and #2 in pLKO.1
vector and packaging plasmids pLP1, pLP2, and pLP/VSVG
(Thermo Fisher Scientific) were transiently transfected to
HEK293FT cells using polyethylenimine. Lentiviruses were
harvested 36 and 60 h post-transfection, filtered using 0.45-pm
filter (Sartorius), and immediately used to infect RPE1 cells.
RPEL1 cells seeded in a six-well plate were infected twice every
24 h with filtered lentiviruses using 8 pg/ml hexadimethrine
bromide (Sigma-Aldrich #H9268). The cells were then split
into a 24-well plate for Western blot analysis of knockdown
efficiency or onto coverslips followed by serum starvation for
48 h to induce ciliogenesis before immunolabeling.

Purification of His- and GST-tagged fusion proteins

pET30ax DNA plasmids encoding His-GFP, His-13bCTS-
GFP, His-AA1-245-GFP, His-AA193-428-GFP, His-Rab-TN,
and His-Rab-QL were transformed into BL21 E. coli cells.
Transformed bacteria were induced by isopropyl B-D-1-
Thiogalactopyranoside, subsequently pelleted, and lysed by
sonication in the lysis buffer (50 mM Tris, pH 8.0, 100 mM
NaCl). Next, the lysate was cleared by centrifugation, and the
supernatant was incubated with pre-washed Ni-NTA agarose
beads (QIAGEN) in the presence of 10 mM imidazole in a cold
room overnight. After beads were washed with the lysis buffer
containing 25 mM imidazole, the bound protein was eluted
with the lysis buffer containing 250 mM imidazole. The eluted
protein was dialyzed and concentrated by ultrafiltration spin
column (GE Healthcare), quantified by Coomassie gel staining,
and stored at —20 °C until use.

pGEB and pGEX-4T1 DNA plasmids encoding GST-
TNPO1, GST-Rab-TN, and GST-Rab-QL were transformed
into BL21 E. coli cells, induced by isopropyl B-D-1-
Thiogalactopyranoside, subsequently pelleted and lysed by
sonication in the lysis buffer (50 mM Tris, pH 8.0, 100 mM
NaCl). Next, the lysate was cleared by centrifugation, and the
supernatant was incubated with pre-washed glutathione
Sepharose (GE Healthcare) in a cold room overnight. After
beads were washed by the lysis buffer, the bound protein was
quantified by Coomassie gel staining and stored at —20 °C until
use.

GST pull-down assay

HEK293T cells were used to express various tagged pro-
teins. After 24 to 36 h of transfection, as mentioned above,
cells were lysed in the lysis buffer containing 40 mM HEPES
pH 7.3100 mM NaCl and 1% Triton X-100 1 mM DTT. The
resulting lysates were incubated in a cold room for 30 min,
centrifuged at 17,000¢ for 30 min, and the supernatants were
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incubated with 10 to 40 ug of GST fusion protein on gluta-
thione Sepharose beads overnight. The beads were washed
with lysis buffer, and the bound proteins were eluted by boiling
in the SDS sample buffer and resolved in SDS-PAGE. The
separated proteins were transferred to a polyvinyl difluoride
membrane (Bio-Rad) and subsequently incubated with
primary and HRP-conjugated secondary antibodies. Images of
Western blots and corresponding molecular weight markers
were acquired under chemiluminescence and white light im-
aging mode, respectively, using a cooled charge-coupled device
of LAS-4000 (GE Healthcare Life Sciences).

TurbolD proximity biotinylation assay

HEK293T cells were used to express various Mito-CTS-
TurboIlD-GFP proteins. After 24 h of transfection, cells were
incubated with 50 uM biotin for 24 h. Next, cells were pelleted,
washed 3 x with ice-cold PBS, and resuspended in the lysis
buffer (20 mM Tris pH 7.3, 100 mM NaCl, 1% Triton X-100,
1% NP40, 0.1% SDS, 1 mM DTT). The cell and lysis buffer
mixture was subsequently incubated in the cold room for
30 min followed by centrifugation. The supernatant was
incubated with prewashed streptavidin magnetic beads
(Thermo Fisher Scientific) in the cold room overnight. The
magnetic beads were washed 3 x with the lysis buffer, 3 x with
the lysis buffer containing 500 mM NaCl, and 3 x with the lysis
buffer containing 4 mM Urea. The bound proteins were eluted
by boiling in the SDS sample buffer containing 3 mM biotin,
resolved by the SDS-PAGE, and subjected to Western blot
analysis as mentioned previously.

Wide-field fluorescence microscopy

RPEL1 cells were seeded on No. 1.5 @ 12 or 25-mm cover-
slips in a 24- or six-well plate, respectively. Cells were serum-
starved for 48 h to induce ciliogenesis, fixed with 4%
paraformaldehyde in PBS, and subsequently neutralized with
ammonium chloride. The cells were incubated with primary
antibodies diluted in the antibody dilution buffer, consisting of
PBS supplemented with 5% FBS and 2% bovine serum albumin
and 0.1% Saponin (Sigma-Aldrich). After washing, cells were
incubated with secondary antibodies diluted in the antibody
dilution buffer. The coverslips were mounted in Mowiol 4 to
88 (EMD Millipore) after extensive washes using PBS. For
surface labeling, cells grown on coverslips were incubated on
ice with CD8a monoclonal antibody, washed with ice-cold
PBS, fixed, and subjected to immunofluorescence labeling as
described previously. Cells were imaged under an inverted
wide-field Olympus IX83 microscope system equipped with a
Plan Apo oil objective lens (63x or 100x, NA 1.40), a motor-
ized stage, a focus drift correction device, motorized filter
cubes, a scientific complementary metal oxide semiconductor
camera (Neo; Andor Technology), and a 200-W metal halide
excitation light source (Lumen Pro 200; Prior Scientific).
Dichroic mirrors and filters in filter turrets were optimized for
GFP and Alexa Fluor 488, mCherry and Alexa Fluor 594, and
Alexa Fluor 647. The microscope system was controlled by
MetaMorph software (Molecular Devices).
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To image MitoTracker Red and stained Mito-CTS-
TurboIlD-GFP expressing cells, RPE1 cells were grown on @
35 mm glass-bottom Petri-dish and transfected with Mito-
CTS-TurboID-GFP constructs. Cells were treated with
25 nM MitoTracker Red (Thermo Fisher Scientific) for 20 min
at 37 °C. After several washes with PBS, live-cell imaging was
performed under the wide-field microscope.

TIRF microscopy

RPEL1 cells were grown on ® 35 mm glass-bottom Petri-dish
and transfected with PAL-GFP WT or C8S/C9S constructs.
Live cell imaging was acquired under the wide-field or TIRF
mode using a TIRF microscope comprising Zeiss Observer Z1
inverted microscope equipped with a 100x/NA 1.46 objective
lens (plan apochromat), a fully motorized stage, Zeiss Laser
TIRF three module, 30 mW solid-state laser (488 nm), Zeiss
Filter Set 52 HE (excitation filter: BP 488/20, dichroic mirror:
FT505, and emission filter 530/550), and an electron-
multiplying charge-coupled device (Evolve 512). The micro-
scope system was controlled under Zen software (Zeiss).

Quantification of the CPIR

The calculation of the CPIR was performed as described
previously (19). Briefly, the line intensity profile of the cilium
was determined by drawing a ~1 pm thick line orthogonally
across the cilium, and the maximum value (/,,,,,) was obtained.
The mean intensity of PM (Ipy) and the background value
(Ipackgrouna) Were similarly acquired by drawing a circular ROI
on the PM and background region, respectively. The CPIR of
the membrane protein is defined as (I,,,.x — Ipp)/Uppr — Lpack-
ground) and indicates its relative enrichment along the unit
length of cilium normalized to its PM expression level.

Image and statistical analysis

All image analysis was conducted using Image] (https://
imagej.nih.gov/ij/). Data analysis and graphs were plotted us-
ing OriginPro 9 (OriginLab). Images were randomly acquired.
The sample size n is indicated wherever applicable in figures or
corresponding legends. Data are presented as the mean + SD.
The two-tailed unpaired ¢-tests were conducted in Excel
(Microsoft). A p value < 0.05 was considered statistically
significant.

Data availability

All data are included in the manuscript.
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