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ABSTRACT The primary cilium is a nexus for cell signaling and relies on specific protein traf-
ficking for function. The tubby family protein TULP3 transports integral membrane proteins
into cilia through interactions with the intraflagellar transport complex-A (IFT-A) and phos-
phoinositides. It was previously shown that short motifs called ciliary localization sequences
(CLSs) are necessary and sufficient for TULP3-dependent ciliary trafficking of transmembrane
cargoes. However, the mechanisms by which TULP3 regulates ciliary compartmentalization of
nonintegral, membrane-associated proteins and whether such trafficking requires TULP3-
dependent CLSs is unknown. Here we show that TULP3 is required for ciliary transport of the
Joubert syndrome-linked palmitoylated GTPase ARL13B through a CLS. An N-terminal am-
phipathic helix, preceding the GTPase domain of ARL13B, couples with the TULP3 tubby
domain for ciliary trafficking, irrespective of palmitoylation. ARL13B transport requires TULP3
binding to IFT-A but not to phosphoinositides, indicating strong membrane-proximate inter-
actions, unlike transmembrane cargo transport requiring both properties of TULP3. TULP3-
mediated trafficking of ARL13B also regulates ciliary enrichment of farnesylated and myris-
toylated downstream effectors of ARL13B. The lipidated cargoes show distinctive depletion
kinetics from kidney epithelial cilia with relation to Tulp3 deletion-induced renal cystogene-
sis. Overall, these findings indicate an expanded role of the tubby domain in capturing analo-
gous helical secondary structural motifs from diverse cargoes.
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INTRODUCTION

The primary cilium is a microtubule-based dynamic cellular append-
age that is templated from the mother centriole of the centro-
some—the basal body (Anvarian et al., 2019). Cilia are present in

multiple cell types and organs and can transduce cellular response
to extracellular signals. These signals include hedgehog morpho-
gens that regulate multiple developmental and regenerative
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programs (Kopinke et al., 2021). Signaling outputs from cilia also
maintain renal tubular homeostasis preventing kidney cystogenesis
(Ma, 2021). The ciliary membrane has a distinct protein and lipid
composition despite being contiguous with the plasma membrane
(Nachury and Mick, 2019). Multiple integral membrane (Hilgendorf
etal., 2016) and lipidated proteins are preferentially associated with
the ciliary membrane. The lipidated proteins include palmitoylated
proteins such as ARL13B (Caspary et al., 2007; Duldulao et al.,
2009), farnesylated proteins such as INPP5E (Bielas et al., 2009), and
myristoylated proteins such as NPHP3 (Shiba et al., 2010). Decipher-
ing mechanisms underlying ciliary membrane compartmentalization
is necessary to understand the role of cilium-generated signaling in
normal development and disease.

ARL13B is an atypical GTPase that is highly enriched in the pri-
mary cilium. Mutations in ARL13B in humans are associated with
classic Joubert syndrome, a ciliopathy associated with cerebellar
vermis hypoplasia, hypotonia, intellectual disability, renal cysts, and
retinal impairment (Cantagrel et al., 2008; Thomas et al., 2015).
ARL13B acts as a guanine nucleotide exchange factor (GEF) for the
GTPase ARL3, converting inactive ARL3-GDP to active ARL3-GTP
(Gotthardt et al., 2015; Ivanova et al., 2017). ARL3-GTP promotes
ciliary release of multiple lipidated cargoes including farnesylated
and myristoylated proteins from their respective carrier proteins
PDE68 (Humbert et al., 2012) and UNC119B (Wright et al., 2011).
Given that ARL13B potentially regulates levels of multiple lipidated
proteins inside cilia, it seems logical that it affects ciliary signaling.
However, the role of trafficking of ARL13B into cilia is tissue specific.
The zebrafish arl13b (scorpion) allele has nephric duct dilatation
phenotypes, and analysis of phenotypic rescue using arl13b vari-
ants in this model suggests that ciliary localization is essential for in
vivo function of ARL13B (Sun et al., 2004; Duldulao et al., 2009).
However, a knock-in at the endogenous Arl13b locus that pre-
vented ciliary localization (Arl13bY3°¢4) did not affect neural tube
patterning (Gigante et al., 2020), unlike the null mutant (Arl13b/™)
(Caspary et al., 2007). A precise understanding of mechanisms traf-
ficking ARL13B to cilia would shed light on these tissue-specific
differences.

Ciliary trafficking mechanisms for ARL13B have remained contro-
versial. One motif that has stood out as being necessary for ciliary
localization is the RVxP motif in the C-terminus (Mariani et al., 2016).
The RVxP motif was initially identified as a motif involved in post-
Golgi trafficking of rhodopsin (Deretic et al., 2005). ARL13B is a cy-
tosolic protein that is palmitoylated (Cevik et al., 2010). In addition,
deletion of the RVxP motif or lack of the coiled-coil (CC) adjacent to
the GTPase domain of ARL13B forms cellular aggregates that could
indirectly affect ciliary targeting (Cevik et al., 2013; Nozaki et al.,
2017). Experiments in Caenorhabditis elegans have also demon-
strated dominant negative roles of arl-13 mutants (Cevik et al.,
2010, 2013), suggesting mutual interactions in compromising wild-
type (WT) protein function (Hori et al., 2008). Ciliary localization as-
says of ARL13B mutants have been performed in the WT (Hori et al.,
2008; Cevik et al., 2010, 2013; Nozaki et al., 2017) or null back-
ground (Duldulao et al., 2009; Larkins et al., 2011; Mariani et al.,
2016), complicating experimental interpretations. Notwithstanding
the unexplained nature of the RVxP motif with relation to ARL13B
ciliary trafficking, whether there could be other motifs regulating cili-
ary trafficking of ARL13B is unknown.

The tubby family protein, TULP3, functions in coordination with
the intraflagellar transport complex-A (IFT-A) to determine ciliary
trafficking of integral membrane proteins without affecting their ex-
traciliary pools or disrupting cilia (Mukhopadhyay et al., 2010;
Badgandi et al., 2017). The TULP3 cargoes studied previously in-
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clude GPCRs and channels (Badgandi et al., 2017). Short motifs
called CLSs are present in these transmembrane cargoes that are
necessary and sufficient to traffic to cilia in a TULP3-dependent
manner (Badgandi et al., 2017). We previously proposed three steps
during TULP3-mediated trafficking of transmembrane cargoes to
cilia that consist of 1) capturing of the transmembrane cargo CLSs
by TULP3's C-terminal tubby domain in a phosphoinositide
4,5-bisphosphate(PI(4,5)Py)-dependent manner, 2) trafficking into
the primary cilium via IFT-A core binding to the N-terminus of
TULP3, and 3) release of GPCR cargoes from TULP3 into the PI(4,5)
P,-deficient ciliary membrane. We recently showed that kidney tu-
bule-specific Tulp3 knockout (ko) in mice results in renal cystogen-
esis (Hwang et al., 2019; Legue and Liem, 2019). Interestingly, we
observed that ARL13B pools in cilia of Tulp3 conditional ko (cko)
collecting ducts (CDs) were depleted before cyst formation, indicat-
ing a role for TULP3 in ARL13B ciliary localization (Hwang et al.,
2019; Legue and Liem, 2019). However, how TULP3 regulates traf-
ficking of ARL13B to cilia and whether it has any TULP3-regulated
CLS remain to be established.

In line with a role of TULP3 in trafficking multiple cargoes to cilia,
TULP3 and the cargoes have been implicated in neural tube pat-
terning (Norman et al., 2009; Mukhopadhyay et al., 2013), renal and
liver cystogenesis (Devane et al., 2022; Jafari Khamirani et al., 2022),
adipogenesis (Hilgendorf et al., 2019; Wu et al., 2021), and spina
bifida (Patterson et al., 2009; Kuang et al., 2022; Wang et al., 2022).
In neural tube development (Mukhopadhyay et al., 2013) or adipo-
genesis (Hilgendorf et al., 2019; Wu et al., 2021), the relevant TULP3
cargoes are likely to be GPCRs, but for other tissues such as renal
cystogenesis, the TULP3 trafficked proteins are unclear and unlikely
to be GPCRs (Hwang et al., 2019). Here we show that TULP3 is re-
quired for transport of ARL13B to cilia and enrichment of ARL13B-
regulated farnesylated and myristoylated proteins in cilia. The lipi-
dated cargoes show distinctive patterns of depletion from kidney
epithelial cilia with relation to Tulp3 deletion—induced cystogenesis.
Unlike transmembrane cargoes that require both IFT-A- and phos-
phoinositide-binding properties of TULP3 for ciliary trafficking,
ARL13B transport requires TULP3 binding to IFT-A but not to phos-
phoinositides. An amphipathic helix in the N-terminus of ARL13B
couples to the TULP3 tubby domain in ciliary trafficking irrespective
of palmitoylation and is essential for ciliary localization of ARL13B
and ARL13B-dependent lipidated cargoes. These findings implicate
the TULP3 tubby domain in the capturing of diverse cargoes with
analogous helical secondary structural motifs in membrane
proximity.

RESULTS

TULP3 is required for ciliary trafficking of ARL13B

We recently reported that cilia in kidney tubular epithelia deleted for
Tulp3 lacked ARL13B (Hwang et al., 2019; Legue and Liem, 2019).
We further investigated the role of TULP3 in ciliary trafficking of
ARL13B in primary mouse embryonic fibroblasts (MEFs) obtained
from WT and Tulp3 ko mice (Legue and Liem, 2019). ARL13B was
primarily localized to cilia in WT, whereas ciliary localization was ab-
rogated in Tulp3 ko (Figure 1, A and B). As expected, GPR161, a
known GPCR cargo for TULP3 (Mukhopadhyay et al., 2013), was not
localized to cilia of Tulp3 ko MEFs (Figure 1B; Supplemental Figure
S1A). There was a small but significant reduction in ciliary length
without affecting percentage in Tulp3 ko MEFs (Figure 1, B and C).
We further generated Tulp3 ko 3T3-L1 preadipocyte and NIH 3T3
cells using CRISPR/Cas? technology (Supplemental Figure S2). We
observed that ARL13B ciliary localization was inhibited also in Tulp3
ko 3T3-L1 and NIH 3T3 cells (Figure 1, D and E; Supplemental
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Figure S1, B and C). While ciliation with respect to number was unaf-
fected (Figure 1E), a small but significant reduction in ciliary length
was observed (Figure 1F). Smoothened, a TULP3-independent
cargo (Mukhopadhyay et al., 2010), trafficked to Tulp3 ko 3T3-L1
cilia upon treatment with agonist SAG (Supplemental Figure S1, D
and E), ruling out generalized defects in ciliary localization.

TULP3 belongs to the tubby protein family consisting of four
other members, including Tubby (Mukhopadhyay and Jackson,
2011). Tulp3 is ubiquitously expressed, whereas Tubby is predomi-
nantly expressed in the brain/retina to a higher extent than TULP3
than Tulp3 (Mukhopadhyay and Jackson, 2011). Unlike in kidney tu-
bules (Hwang et al., 2019; Legue and Liem, 2019), we observed that
ciliary localization of ARL13B was unaffected in postnatal day 7 (P7)
Nestin-Cre; Tulp3”f brain neurons in the caudate putamen/striatum
and CA1 region of the hippocampus (Figure 1, G and H; Supple-
mental Figure S3, A and B) and cerebellum granule progenitors
(Figure TH) compared with control brains. Tulp3 transcripts were re-
duced in the Nestin-Cre; Tulp3"f brains (Figure 11). Thus, ARL13B is
unaffected in Tulp3 loss in the brain and also in the neural tube
(Ferent et al., 2019), likely from redundancy with Tubby.

TULP3 determines entry of ARL13B into cilia

Steady state levels of a protein in cilia can be regulated at multiple
steps, including trafficking to cilia, removal from the compartment,
and additional steps in cargo recycling (Mukhopadhyay et al., 2017).
We tested the dynamics of ciliary entry of stably expressed ARL13B
that was tagged at the N-terminus with GFP-SNAP (CFP-SNAPAR| 13B)
in control and Tulp3 ko inner medullary CD (IMCD3) cells (Supple-
mental Figure S2). After blocking intracellular pools of GFP-SNAP-
tagged ARL13B using an irreversible inactivator (BG-Block), we
tracked accumulation of newly trafficked SNAP-tagged proteins in
cilia at different time points by immunofluorescence using fluores-
cent SNAP substrate (TMR-Star). In control cells, we detected an
increase of up to ~50% of SNAP-labeled pools in cilia by 5 h, com-
parable to the dynamics of ciliary entry observed for another TULP3
cargo, GPR161 (Pal et al., 2016; Badgandi et al., 2017). An increas-
ing trend was apparent even earlier, at 3 h. Such an increase was
strongly reduced in Tulp3 ko cells, suggesting inhibition of ciliary
entry of ARL13B (Figure 1J; Supplemental Figure S3C).

TULP3 is required for enrichment of both farnesylated and
myristoylated proteins in cilia

As ARL13B ciliary trafficking was dependent on TULP3, we asked
whether TULP3 is also required for ciliary trafficking of ARL13B/
ARL3-dependent farnesylated and myristoylated cargoes (Figure
2A). To answer this question, we stably expressed GFP-Stag (LAP)-
tagged INPP5E, NPHP3 (1-203 amino acid [aa]), or cystin1 (CYS1)
(Figure 2, B and D) in control or Tulp3 ko IMCD3 cells (Supplemental
Figure S2). Compared to control, Tulp3 ko IMCD3 cells showed loss
of endogenous ARL13B and SFPINPP5E ciliary localization (Figure 2,
B and C). Importantly, ciliary trafficking of ARL13B and S"PINPPSE
was restored upon stably expressing W<TULP3 (Figure 2, B and C),
ruling out effects from nonspecific genomic changes. Total cellular
levels of endogenous ARL13B protein assessed by immunoblotting
were unaffected in Tulp3 ko (Figure 2C; Supplemental Figure S2).
The percentage of cilia positive for NPHP3%" or CYS16FP was re-
duced in the Tulp3 ko cells (Figure 2, D and E); moreover, when lo-
calized to cilia, the NPHP3%" and CYS1SFF pools were diminished
(Figure 2F). LKB1 is a farnesylated protein that is targeted to cilia by
the pseudokinase STRADJ (Mick et al., 2015). Together, they form a
heterotrimer complex with the scaffolding protein MO25 (Zegjiraj
et al., 2009). Ciliary localization of endogenous LKB1, as detected
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by immunostaining, was only modestly reduced in Tulp3 ko, with no
significant decrease in ciliary pools (Figure 2, G-l), suggesting LKB1
trafficking to be independent of TULP3. We also observed a de-
crease in ciliary length upon Tulp3 ko in IMCD3 cells that was par-
tially rescued by stably expressing MTULP3 (Figure 2J). Thus,
TULP3 promotes ciliary enrichment of farnesylated and myris-
toylated proteins that depend on ARL3 for release from their re-
spective carriers into the membrane.

The regulation of INPP5E ciliary localization in an ARL13B-de-
pendent manner also provided us the opportunity to test whether
either N- or C-tagged ARL13B is functional. We stably expressed N
term- or C term-GFP-Stag (LAP)-tagged ARL13B in immortalized
Arl13bh"" MEFs (Larkins et al., 2011). Arl13b"" embryos completely
lack endogenous ARL13B (Caspary et al., 2007) and do not have
FAINPPS5E in cilia upon stable overexpression (Supplemental Figure
S4, A and B). Both N- and C-tagged ARL13B trafficked to cilia in the
Arl13bh background (Supplemental Figure S4, A and B). Ciliary
levels of HAINPPSE were also significantly restored by either N- or
C-tagged ARL13B (Supplemental Figure S4, A and B). Ciliary lengths
upon expressing either N- or C-tagged ARL13B were also increased
and comparable to WT MEFs (Supplemental Figure S4C). Thus,
both N- and C-tagged ARL13B are functional.

TULP3 is required for ciliary localization of lipidated
proteins in murine kidneys

We next tested the role of TULP3 in ciliary trafficking of lipidated
proteins in vivo in the mouse kidney using CD-specific HoxB7-Cre
(HoxB7-Cre; Tulp3”) and nephron-specific Ksp-Cre (Ksp-Cre;
Tulp3”) (Shao et al., 2002; Yu et al., 2002). These mice develop pro-
gressive cystogenesis but survive until P30 (Hwang et al., 2019).
ARL13B and INPP5E localized to CD cilia, and localization was re-
duced in both Tulp3”' models by P5 (Figure 3, A, B, and E; Supple-
mental Figure S5) as reported previously (Hwang et al., 2019).
NPHP3 localizes to the proximal inversin zone in cilia (Bennett et al.,
2020), but localization in kidney CDs is unknown. LKB1 has been
reported to localize to kidney CD cilia (Viau et al., 2018). We found
that both NPHP3 and LKB1 were localized to CD cilia in control mice
(Figure 3, C-E). However, both Tulp3”f models had reduced ciliary
localization of NPHP3 by P24, whereas LKB1 was unaffected in kid-
ney CDs (Figure 3, C-E). Importantly, we observed a significant dif-
ference in the kinetics of loss of these proteins from the Tulp3 cko
kidney cilia (Figure 3E). ARL13B is almost completely lost by PO,
INPP5E by P5, and NPHP3 by P24. This is consistent with our cell
line data where ARL13B and INPP5E were most affected while
NPHP3 and CYS1 were comparatively less affected (Figure 2). The
percentage of ciliated cells in the CDs was unchanged in Tulp3 cko
mice (Figure 3F), as reported previously (Hwang et al., 2019).

TULP3 traffics ARL13B to cilia in a PI(4,5)P,-independent
but IFT-A-dependent manner

To dissect mechanisms of TULP3-mediated ciliary trafficking of
ARL13B, we next asked whether PI(4,5)P,- and IFT-A-binding prop-
erties of TULP3 are also required, as for GPCRs (Mukhopadhyay
et al., 2010; Badgandi et al., 2017). We stably expressed WT and
mutant forms of “PTULP3 that were deficient in IFT-A binding
(TULP3™t12) or PI(4,5)P, binding (K268A; R270A designated as
TULP3XR) or both (Tulp3¥mut12) with *AINPP5E in Tulp3 ko IMCD3
cells (Figure 4A) (Santagata et al., 2001; Mukhopadhyay et al., 2010).
APTULP3 WT rescued ciliary trafficking of ARL13B, "AINPP5E, and
GPR161 in multiple ko lines (Figure 4B; Supplemental Figure S4D).
We observed that expression of TULP3™t12 or TULP3K®mut12 did not
rescue ciliary trafficking of either ARL13B or PAINPP5E, indicating
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TULP3 determines ciliary trafficking of ARL13B. (A) MEFs were serum starved upon confluence for 24 h
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and acetylated tubulin (AcTUB, red) and counterstained for DNA (blue). (B) Cilia were counted from three to four fields/
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in the schematic after reaching confluence. After blocking using BG-Block, cells were washed and later fixed at the
indicated times. “Block,” immediately fixed after blocking. Control, untreated with BG-Block. Newly trafficked

4 | V.R.Palicharla et al.

Molecular Biology of the Cell



that IFT-A binding is required for their ciliary trafficking by TULP3
(Figure 4, B-E). Interestingly, expression of TULP3*R efficiently res-
cued ciliary trafficking of both ARL13B and "AINPP5E (Figure 4, B
and C), indicating that PI(4,5)P, binding is dispensable for ARL13B
trafficking by TULP3. However, compared with TULP3"T, the ciliary
intensities of both ARL13B and "AINPP5E were reduced upon
TULP3KR expression, indicating partial rescue (Figure 4, D and E). In
contrast, expression of TULP3X® did not rescue ciliary trafficking of
GPR161, similar to expression of TULP3™t12 or TULP3<®Muti2 (Figure
4, B and C), confirming that both PI(4,5)P, and IFT-A binding by
TULP3 are required for ciliary trafficking of GPR161. Expression of
TULP3XR also partially restored ciliary length in Tulp3 ko cells com-
pared with expression of either TULP3™12 or TULP3Rmut12 (Figure
4F). Recently, Han et al. (2019) showed that the PI(4,5)P,-binding
property of TULP3 is not required for ciliary trafficking of ARL13B
and GPR161. Our results with stably expressed TULP3 WT and mu-
tants, rather than transient transfection (Han et al., 2019), suggest
that TULP3 traffics GPR161 in a PI(4,5)P,-dependent manner and
ARL13B in a predominantly PI(4,5)P,-independent manner.

Proximity biotinylation assays determine ARL13B-TULP3
interactions

As TULP3 is required for ciliary trafficking of ARL13B, we tested
whether there is a physical association between the two proteins.
We showed earlier using proximity biotinylation or cross-linking ex
vivo (Badgandi et al., 2017) that the CLS fusions of integral mem-
brane proteins with CD8a. are in proximity to TULP3. We coex-
pressed ARL13B or integral membrane protein CLSs fused with a
promiscuous biotin ligase BirA* (BirA mutant R118G [Roux et al.,
2012]) and YPTULP3 in TRex-293 cells (LAP, EGFP-TEV-Stag-X;
Figure 5A). To remove background resulting from nonspecific bioti-
nylation of GFP, we performed tandem affinity purifications of "™
TULP3. We observed that TULP3 was biotinylated by ARL13B
tagged at the N-term with BirA* (B™"ARL13B) in comparison to a
control without any CLS (CD8 Linker®™"; Figure 5B) (Badgandi et al.,
2017). The biotinylation of TULP3 in the presence of ARL13B was at
levels similar to that in the presence of the fibrocystin CLS fused with
CD8a, one of the integral membrane protein cargoes of TULP3
(Badgandi et al., 2017). Similar proximity was also noted between
WAPTULP3 and ARL13B tagged at the C-term with BirA* (ARL13BB™"),
suggesting that both N-term- and C-term-tagged ARL13B is in
proximity to TULP3 (Figure 5C). An ARL13B®/%SBrA" mytant mutated
at the palmitoylation motif (C8/9S) also retained proximity to TULP3
(Figure 5C), suggesting that membrane association was not strictly
necessary for proximity. We tested which domain of TULP3 inter-
acted with ARL13B using “*PTULP3 N(1-183 aa) and C(184-442 aa)
halves. The C-terminal tubby domain, but not the N-terminal frag-
ment, was biotinylated by ARL13B (Figure 5B). Thus, ARL13B, like
GPCR cargoes, interacts with tubby domain.

The tubby domain of TULP3 binds to ARL13B

We next tested whether ARL13B binds to TULP3 using in vitro trans-
lated (IVT) M*ARL13B in pull-down assays with bacterially purified
GSTTULP3. We found that MY°ARL13B bound to STTULP3 (Figure 5D)
or STTubby (Supplemental Figure S6A). Excess maltose-binding

protein (MBP)-tagged TULP3 or Tubby, the founding member of the
tubby family proteins, but not MBP alone, could compete out
GSTTULP3 binding to WeARL13B (Figure 5D). Thus, conserved re-
gions in tubby family proteins might be involved in interaction with
ARL13B. Furthermore, using recombinant GST-tagged TULP3 N-
terminal (1-183 aa) and C-terminal (184-442 aa) halves, we con-
firmed that the C-terminal tubby domain of TULP3 interacts with VT
MycARL13B (Figure 5E). Thus, the C-terminus tubby domain of TULP3
binds to ARL13B.

An N-terminal amphipathic helix in ARL13B binds to TULP3
To dissect ciliary targeting of ARL13B by TULP3, we aimed at identi-
fying ARL13B regions involved in TULP3 binding. ARL13B has a pal-
mitoylation motif and GTPase domain followed by a CC domain in
its N-terminus along with a RVxP motif and a proline-rich (PR) region
in its C-terminus (Figure 6A). We tested various IVT truncations of
MycARL13B for their capacity to bind with SSTTULP3. We confirmed
that the N-terminus of ARL13B including the GTPase and CC do-
mains (D2, 1-244 aa) binds to TULP3 (Figure 6, A and B). The lack of
the CC in the D1 fragment (1-189 aa) or in the full-length protein
(ACC) did not prevent TULP3 binding (Figure 6, A and B; Supple-
mental Figure S6B). The C-terminus alone (D5, 245-428 aa) did not
bind to TULP3 (Figure 6, A and B). Thus, only the N-terminus of
ARL13B mediates TULP3 binding. As an ARF family protein (Ran-
dazzo et al., 1995; Donaldson and Jackson, 2011), ARL13B has a
lipid-sensitive clamp provided by an amphipathic helix at the N ter-
minus preceding the GTPase domain that includes the palmi-
toylation site (Figure 6C). We next tested whether the C-terminal
region fused with the short N-terminal amphipathic helix (D16,
Figure 6A) interacts with TULP3. We observed that this construct
bound to TULP3 as efficiently as the full-length or the N-terminus
(Figure 6B). Remarkably, the helix-deleted ARL13B (A19) was almost
fully abrogated in its binding to TULP3 or Tubby (Figure 6, C and D;
Supplemental Figure S6A). Deletion of four conserved aa preceding
the palmitoylation site (A1; Figure 6C) or of seven conserved aa fol-
lowing the palmitoylation site (A2; Figure 6C) in ARL13B modestly
reduced binding to TULP3 (Figure 6D). Finally, a double-deletion
mutant of these regions in the full-length protein (A1,2; Figure 6C)
further reduced binding to TULP3 (Figure 6D). A full-length 11A mu-
tant with alanine substitution of hydrophobic/charged residues
maintaining an intact palmitoylation motif (Ren et al., 2008; Weng
et al., 2017) (Figure 6C) abrogated TULP3 binding (Figure 6D). The
11A mutant of the N-terminus of ARL13B that included the GTPase
and CC domains (D2'"4) also had reduced binding to TULP3 com-
pared with D2 (Figure 6A; Supplemental Figure S6C). However, a
reversal to charged residues in the helix retained TULP3 binding
(Figure 6, C and D). Thus, charged residues of the ARL13B amphipa-
thic helix mediate TULP3 binding.

The amphipathic helix directs ARL13B ciliary trafficking

by TULP3

We next tested for a TULP3-dependent CLS in ARL13B. Previous
studies reported the RVxP motif (sequence R*VEPV3¢T) in mouse
ARL13B (identical to 358-361 R38VEPL3¢2 of human ARL13B) as a
potential CLS (Mariani et al., 2016). Endogenous levels of

SNAP-tagged proteins in cilia were tracked by immunofluorescence using TMR-Star and acetylated tubulin. Images in
Supplemental Figure S3C. Violin plots of ciliary intensities of TMR-Star from n > 30 cells/condition. Representative of
two experiments. Scale, 5 um; ****, p < 0.0001; ***, p < 0.001; **, p < 0.01; ns, not significant. Adjusted p values shown
in J. Arrows and arrowheads indicate cilia positive and negative for the indicated proteins, respectively. See also

Supplemental Figures S1 and S2.
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epithelial cilia. (A-D) Kidney sagittal sections at postnatal day 0, 5, or 24 were immunostained for ARL13B (A), INPP5E
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ARL13BY358A in MEFs with knock-in at the endogenous locus  (Supplemental Figure S7B). Similarly, in vitro binding between
(Arl13bV358AV3584) \were not seen in cilia (Supplemental Figure S7A),  SSTTULP3 and IVT human MARL13BY3%A was similar to that of WT
as reported before (Gigante et al., 2020). By cell-based proximity =~ MARL13B (Supplemental Figure S7C). Thus, the ARL13B RVxP
biotinylation assay, we noted that human ARL13BY3%A interacted =~ mutant failed to traffic to cilia despite efficient TULP3 binding and is
with TULP3 efficiently when compared with the WT ARL13B  nota TULP3-dependent CLS.
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respectively.

We next tested fragments of ARL13B in ciliary localization
based on the TULP3 binding (Figure 6, A and B). We stably ex-
pressed different ARL13B variants fused with C-terminal LAP in
Arl13bM" MEFs (Figure 7A). We chose the Ar13b' background as
self-association of ARL13B through its N-terminal domain has been
reported (Hori et al., 2008). We also coexpressed "INPP5E to
check for ARL13B function. We noticed ciliary trafficking of the
TULP3 binding ARL13B D2 fragment (Figure 7, A and B) but not of
the TULP3 nonbinding D5 fragment retaining the RVxP motif (Sup-

8 | V.R. Palicharla et al.

plemental Figure S7D). "AINPP5E-positive cilia were rescued upon
D2 expression (Figure 7, A and B). D2 ciliary levels and correspond-
ing ciliary lengths were partially rescued compared with expression
of the full-length protein (Figure 7, A-D). Lack of the CC region in
the D1 N-terminal fragment or full-length protein (Nozaki et al.,
2017) prevented trafficking to cilia despite TULP3 binding (Figure
7A; Supplemental Figure S7D), from likely indirect effects on
GTPase domain conformations or stability (see the Discussion)
(Nozaki et al., 2017). Thus, the TULP3 binding N-terminus of

Molecular Biology of the Cell
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FIGURE 5: Tubby domain of TULP3 interacts with ARL13B. (A) Flowchart showing steps in proximity biotinylation assay
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pull-down efficiency. Mean + SD values indicate biotin/S-tag ratios normalized to CD8 linker control. (C) T-REx 293 cells
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ARL13B (up to the CC domain) traffics to cilia and promotes lipi-
dated protein trafficking.

As the ARL13B D2 fragment was ciliary, it allowed us to study
TULP3 function in trafficking of the fragment without any influence
of the RVxP motif. The D2 mutant fragment, with alanine substi-
tution of charged and hydrophobic residues in the amphipathic he-
lix but predicted to retain the palmitoylation motif (Ren et al., 2008;
Weng et al., 2017), had reduced binding to TULP3 (Supplemental
Figure S6C). When tested for ciliary localization upon stable expres-
sion in Arl13bM"MEFs, D2 was not trafficked to cilia, and
HAINPPSE levels in cilia and ciliary lengths were not rescued (Figure
7, A-D). Thus, TULP3 binding is critical for trafficking of the D2
fragment.

Volume 34 March 1, 2023

As the palmitoylation motif is included in the helix, we next tested
the role of palmitoylation on ciliary localization of ARL13B. It is im-
portant to note that the palmitoylation-deficient ARL13BC8/%S B
mutant retained proximity to TULP3 (Figure 5C). The ARL13B®/%
mutant upon stable expression in Arl13bM""MEFs was trafficked to
cilia (Figure 7, A and B), although ARL13B¥% ciliary levels and cor-
responding ciliary lengths were only partially rescued compared with
expression of the full-length protein (Figure 7, C and D). "AINPP5E-
positive cilia were rescued (Figure 7, A-C). Thus, the full-length
ARL13B localized to cilia even in the absence of palmitoylation.

Finally, in contrast to the D2'"" mutant, the palmitoylation-defi-
cient D2 (D2°¥/%) still trafficked to cilia (Figure 7, A and B) and had
intermediate levels of ciliary pools (Figure 7C). FAINPP5E levels in

ARL13B cilia transport by TULP3 binding | 9
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See also Supplemental Figure S4.

cilia were rescued (Figure 7, A and B), but not ciliary length (Figure
7D). Thus, the amphipathic helix in ARL13B mediates trafficking of
the D2 fragment to cilia irrespective of palmitoylation.

DISCUSSION

Despite the discovery of ARL13B more than a decade ago (Sun
et al., 2004; Caspary et al., 2007) and the universality of its use as a
ciliary marker, the mechanisms that traffic ARL13B to cilia are not
well understood. We show that TULP3 determines trafficking of
ARL13B to cilia without affecting total cellular pools and enriches
ARL13B-dependent lipidated proteins in cilia. ARL13B trafficking to
cilia is regulated by TULP3's binding to the IFT-A core complex but
only partially by binding to phosphoinositides. We previously
showed that interactions between the CLS sequences in transmem-
brane proteins and tubby domain of TULP3 are critical in ciliary traf-
ficking (Badgandi et al., 2017). We now find that the TULP3 tubby

10 | V.R. Palicharla et al.

domain interacts with ARL13B. An N-terminus amphipathic helix
preceding the GTPase domain mediates ARL13B binding to TULP3
and ciliary trafficking. The identification of a TULP3-dependent CLS
in ARL13B suggests that short sequences in diverse cargoes likely
interact with the tubby domain during transport to cilia.

TULP3 enriches ARL13B-dependent lipidated proteins

in cilia

We demonstrate that ARL3-dependent farnesylated (INPP5E) and
myristoylated (NPHP3, CYS1) proteins are regulated by TULP3 for
ciliary localization. The farnesylated protein LKB1, which is ARL3 in-
dependent for trafficking to cilia, is not TULP3 regulated. INPPSE
loss in cilia of Tulp3 cko kidney CD epithelia accompanies cystogen-
esis and follows ARL13B depletion. NPHP3 and CYS1 are reduced
in ciliary intensity but retain weak levels in cilia in Tulp3 ko cells.
NPHP3 is also slow to be depleted from Tulp3 cko kidney CD

Molecular Biology of the Cell
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ARL13B to TULP3 and directs trafficking to cilia even in the absence of palmitoylation and the RVxP sorting motif. The
RVxP motif also provides an alternative mode of trafficking. TULP3 binding to short sequences in diverse cargoes is likely

mediated by the tubby domain. Scale, 5 pm.

*, p < 0.001 by Chi-square test. ****, p < 0.0001; ***, p < 0.001; **, p<0.01;

*, p < 0.05; ns, not significant (C-D). Adjusted p values are shown in C. Arrows and arrowheads indicate cilia positive and
negative for the indicated proteins, respectively. See also Supplemental Figure S5.
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epithelial cilia. The effectiveness for complete depletion of INPPSE
in cilia in Tulp3 cko might be related to direct binding between
ARL13B and INPP5E and the requirement of such binding for effec-
tive ciliary retention of INPPSE (Humbert et al., 2012; Qiu et al.,
2021, Cilleros-Rodriguez et al., 2022). NPHP3 is concentrated in the
proximal ciliary inversin compartment by binding to NEK8 and
ANKS6, which are required downstream of inversin for NPHP3 local-
ization (Bennett et al., 2020). Such binding might promote some
retention of NPHP3 even in the absence of TULP3.

The trafficking function of TULP3 in ARL13B trafficking is espe-
cially relevant in the context of our previous studies showing the
role of TULP3 in renal cystogenesis (Hwang et al., 2019; Legue and
Liem, 2019) and the recent identification of human patients with
hepatorenal fibrocystic disease with mutations in TULP3 (Devane
et al., 2022; Jafari Khamirani et al., 2022). Importantly, embryonic
cko of Arl13b (Li et al., 2016; Seixas et al., 2016) and of ARL13B-
regulated cargoes, Inpp5e (Hakim et al., 2016), Nphp3 (Bergmann
et al., 2008), and Cys1 (Hou et al., 2002) show mild cystic disease,
phenocopying TULP3 loss (Hwang et al., 2019). ARL13B-depen-
dent cargoes that are depleted from Tulp3 cko cilia before normal
onset of cystogenesis in the early postnatal period in embryonic
models could be potential ciliary regulators of cystogenesis and
could be followed up for genetic epistasis studies (Walker et al.,
2022). ARL13B and INPP5E trafficking to cilia is reduced before
cystogenesis in embryonic-onset models of Tulp3 cko, whereas
that of NPHP3 accompanies cystogenesis. Based on these results,
of the ARL13B-dependent cargoes, INPP5E would be an important
candidate regulator in the early-onset models of polycystic kidney
disease (PKD).

An amphipathic helix determines ciliary localization of
ARL13B

We showed before that CLSs from cilia-targeted GPCRs/fibrocystin
are required in the membrane-bound context for proximity and
cross-linking between cargoes and TULP3 (Badgandi et al., 2017).
Using proximity biotinylation assays and in vitro binding approaches
combined with mutational analyses, we now show TULP3 tubby do-
main—-ARL13B interactions mediated by an amphipathic helix in
ARL13B. The N-terminal amphipathic helix is a signature feature of
the ARF family proteins that adopts nucleotide-dependent confor-
mations (Randazzo et al., 1995; Antonny et al., 1997; Donaldson and
Jackson, 2011), but the helix had been previously omitted in struc-
tural studies of ARL13B (Gotthardt et al., 2015). Importantly, we
show that the TULP3 nonbinding C-terminal region of ARL13B when
fused with the N-terminal amphipathic helix (ARL13B D16 variant)
binds to TULP3, suggesting that the helix is sufficient in mediating
interactions. Thus, our results suggest that even for ARL13B, a short
sequence is instrumental in coupling with TULP3.

A full-length ARL13B™"4 mutant that has alanine substitution of
both hydrophobic and charged residues in the amphipathic helix
abrogated TULP3 binding, whereas substituting the hydrophobic
residues with positively charged residues retained binding. Thus,
the charged residues in the amphipathic helix were critical in TULP3
binding. The hydrophobic side of the helix is likely to be buried in
the ARL13B GTPase fold as in ArfPP (Amor et al., 1994; Menetrey
et al., 2000) or the membrane (Liu et al., 2010). The ARL13B D2 frag-
ment that includes the N-terminus until the CC domain and lacks
the RVxP motif trafficked to cilia, whereas the D2 fragment with an
uncharged helix (D2''4) did not traffic to cilia. However, an ARL13B
D2%¥/% palmitoylation motif mutant still trafficked to cilia. Thus,
TULP3 binding to the D2 fragment is critical in mediating trafficking
to cilia irrespective of palmitoylation status.
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Lack of the CC following the GTPase domain did not preclude
binding to TULP3 in vitro but affected ciliary targeting (Nozaki et al.,
2017). Such effects on ciliary targeting are likely from indirect effects
on GTPase domain conformations, as is evident from abrogated
ARL3-GEF activity (Gotthardt et al., 2015) and formation of cellular
aggregates (Nozaki et al., 2017). Lack of the CC in the D1 N-termi-
nal fragment or analogous fragments (Hori et al., 2008; Larkins
et al., 2011) similarly affects trafficking to cilia, despite TULP3 bind-
ing, from likely indirect effects.

Although the ARL13B palmitoylation mutant or D2 fragment
localized to cilia, a full enrichment of ARL13B in cilia required mul-
tiple components including TULP3 binding, palmitoylation, and
the RVxP motif. Mutating the RVxP motif in the context of full-
length ARL13B with the intact TULP3 binding amphipathic helix
prevents ciliary localization of ARL13B (Mariani et al., 2016; Gi-
gante et al., 2020), suggesting that this motif licenses delivery of
TULP3-IFT-A-bound ARL13B to cilia through an unknown mecha-
nism (Figure 7E).

A TULP3-dependent ARL13B CLS suggests common
features among diverse CLSs

The TULP3-regulated CLS sequences in transmembrane cargoes
are diverse (Badgandi et al., 2017) and thereby provide no logical
basis for a unifying mechanism for ciliary localization by TULP3. Our
experiments showing an amphipathic helix in ARL13B mediating
TULP3 binding suggest a short sequence in coupling with the tubby
domain. On the basis of the amphipathic helix as a TULP3-depen-
dent CLS for ARL13B, we suggest that there are two structural fea-
tures that might be common between these diverse CLSs. First,
TULP3-trafficked transmembrane proteins could generate second-
ary helical structures. Second, these sequences need to be proxi-
mate to the membrane that could facilitate their interactions with
the tubby domain. In fact, the CLS (VKARK) in GPR161 IC3 is ex-
pected to be part of an extended TM5 helix (Flock et al., 2015).
Similarly, the CLS sequence KTRKIKP of fibrocystin follows an ex-
tended TM domain (Follit et al., 2010). Like the amphipathic helix in
ARL13B, the residues in the CLSs of GPR161 and fibrocystin both
have charged residues that are necessary and sufficient for TULP3-
mediated interactions during ciliary trafficking (Badgandi et al.,
2017; Hwang et al., 2021).

In conclusion, our results suggest an expanded role of the TULP3
tubby domain in mediating transport of diverse membrane-associ-
ated and transmembrane cargoes to cilia by capturing CLSs. The
binding of the N-terminus of TULP3 to the IFT-A core (Mukhopad-
hyay et al., 2010) could facilitate these tubby domain—cargo interac-
tions. In fact, cryoelectron microscopy structures of insertion of the
TULP3 N-term o-helix into the IFT-A core subunits orients the tubby
domain toward the ciliary membrane (Hesketh et al., 2022; van den
Hoek et al., 2022; Jiang et al., 2023). Alternatively, the IFT-A sub-
units could contribute to cargo-specific interactions (Ye et al., 2018),
In fact, the core subunit IFT140 and the peripheral IFT-A subunit
WDR35 might provide interface with TULP3 cargoes such as ARL13B
(Fu et al., 2016; Picariello et al., 2019). Here, the major role of TULP3
could be to recruit IFT-A to the periciliary membrane for cargo bind-
ing. Considering the role of the tubby domain in ARL13B binding
and the TULP3-dependent ARL13B CLS that we show to be critical
in ciliary trafficking, a parsimonious model bringing these concepts
together would be that TULP3 and IFT-A cooperatively bind to the
CLSs of cargoes in membrane-proximate interactions. Nonetheless,
targeting TULP3-cargo interactions could provide therapeutics in
ciliary trafficking-regulated diseases such as PKD and peripheral
obesity.
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MATERIALS AND METHODS

Mouse strains

All mice were housed at the Animal Resource Center of the University
of Texas Southwestern (UTSW) Medical Center. All protocols were
approved by the UTSW Institutional Animal Care and Use Commit-
tee. Mice were housed in standard cages that contained three to five
mice per cage, with water and standard diet ad libitum and a 12 h
light/dark cycle. Animals were analyzed irrespective of sex. Nestin-
Cre mice (Stock No. 003771; MGI: 2176173) were obtained from
Jackson Laboratory (Bar Harbor, ME) (Tronche et al., 1999). HoxB7-
Cre (MGI: 2675121) and Ksp-Cre (MGI: 2665300) mice were obtained
from the O'Brien Kidney Research Core of UTSW. ES cells targeting
the second exon of Tulp3 from EUCOMM (HEPD 0508-5-BO1) were
used to generate the floxed mice that were obtained from MRC,
Harwell as described before (Hwang et al., 2019) (MGI: 5752546). For
genotyping of Tulp3”  mice, we used the following primers: 1) Tulp3-
5" Cas-WTF (5" CCATTT GTG AGG GTT GCT TT 3) and Tulp3-Crit-
WTR (5" GCT AAC ACA AGC CCA TGC TA 3’) to detect WT band
(256 base pairs) and floxed band (450 base pairs) and 2) Tulp3-F1-(5"
AAG GCG CAT AAC GAT ACC AC 3') and Tulp3-R1 (5" ACT GAT
GGC GAG CTC AGA CC 3’) to detect the deletion. We did not no-
tice any difference between WT or heterozygous animals for Tulp3
floxed alleles with or without Cre recombinase, and thus they were all
included as littermate controls as mentioned in the respective figure
legends. For genotyping Cre, the following primers were used to
detect the transgene band: Cre-F (5" AAT GCT GTC ACT TGG TCG
TGG C 3), Cre-R (5 GAA AAT GCT TCT GTC CGT TTG C 3').

Antibodies and reagents

Anti-Arl13b rabbit polyclonal was from Tamara Caspary (Emory Uni-
versity School of Medicine) (Caspary et al., 2007), and anti-Smo rab-
bit polyclonal was from Kathryn Anderson (Memorial Sloan Ketter-
ing Cancer Center, New York, NY) (Ocbina and Anderson, 2008).
Affinity-purified rabbit polyclonal antibody against TULP3 (Mukho-
padhyay et al., 2010) and Gpr161 has been described previously
(Pal et al., 2016). Commercial antibodies used were against Arl13b
(IF, N295B/66 NeuroMab; WB, Proteintech; 17711-1-AP), GFP (IF,
Abcam ab13970; WB, Abcam ab290), hFAB rhodamine anti-tubulin
(Bio-Rad; 12004166), acetylated o-tubulin (mAb 6-11B-1 T6793;
Sigma-Aldrich), S tag (EMD Millipore; MAC112), IRDye 680RD
Streptavidin (LI-COR; 926-68079) Myc (Abcam; ab9132), HA (rat
polyclonal), Flag (Abcam; ab1257), MBP (New England Biolabs),
GST (Sigma; G1160), AC3 (LifeSpan BioSciences; LS-C204505),
Agp2 (1:500 A7310 Sigma rabbit polyclonal; SC515770, Santa Cruz
Biotechnology mouse immunoglobulin G1 [IgG1]), Inpp5e (Protein-
tech; 17797-1-AP), Nphp3 (Proteintech; 22026-1-AP), and Lkb1 (Cell
Signaling Technologies; 13031T). Fluorescent secondary antibodies
for immunofluorescence were from the Jackson Immuno Research
Laboratories, and IRDye 680RD, IRDye 800CW secondary antibod-
ies for immunoblotting were from LI-COR Biosciences. Reagents
used in this study included biotin (Sigma; B4639) and are tabulated
in Supplemental Table S1 (Key Resource Table).

Plasmids

pG-LAP1  (oCDNAS/FRT/TO-EGFP-TEV-Stag-X) and pG-LAP5
(pEF0-X-Stag-PreScission-EGFP) were from Addgene (Torres et al.,
2009). pENTR223-ARL13B fusion construct was from DNASU
(HsCD00511796), pENTR221-INPP5E construct was from Life Tech-
nologies (IOH40212), NPHP3 (encoding 1-203 aa) was synthesized
commercially from Geneart (Life Technologies), and Gateway PLUS
shuttle clone for CYS1 was from GeneCopoeia (GC-Y0203-CF). N-
or C-terminal LAP-tagged retroviral constructs of full-length and
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truncations of TULP3, INPP5E, NPHP3, CYS1, and ARL13B were
generated by Gateway cloning into a gatewaytized LAP1 or LAP5
version of pBABE, respectively. Lentiviral constructs of Myc-TULP3
and HA-INPPSE were generated by gateway cloning into pQXIN-
Myc and pQXIN-HA destination vectors, respectively. Single- or
multiple-aa mutants of TULP3 and ARL13B were generated by Q5
site-directed mutagenesis (New England Biolabs). For biotinylation
experiments, DEST-pcDNA5-BirA-FLAG N- or C-term destination
vectors were from C. Gingras, The Lunenfeld-Tanenbaum Research
Institute at Mount Sinai Hospital, Toronto, Canada. Myc-tagged,
full-length and truncated ARL13B fragments were generated by in
vitro translation using the TNT Spé high-yield wheat germ protein
expression system (Promega; L3261) from pCS2-Myc-ARL13B vec-
tors generated by gateway cloning. GFP-SNAP-ARL13B was gener-
ated by cloning SNAP into a BstB1 site of the S-peptide in an N-
terminal LAP-tagged ARL13B retroviral construct (0BABE).

Cell culture and generation of stable cell lines

T-Rex-293 (Invitrogen), IMCD3 Flp-In (IMCD3; American Type Culture
Collection; gift of Peter Jackson), Phoenix A (PhA; Indiana University
National Gene Vector Biorepository), and 293FT cells were cultured in
DMEM high glucose (Sigma-Aldrich; supplemented with 10% cosmic
serum, 0.05 mg/ml penicillin, 0.05 mg/ml streptomycin, and 4.5 mM
glutamine). NIH 3T3 Flp-In (Thermo Fisher) cells were cultured in
DMEM high glucose media (D5796; Sigma) with 10% Bovine calf se-
rum (BCS; Sigma-Aldrich), 0.05 mg/ml penicillin, 0.05 mg/ml strepto-
mycin, and 4.5 mM glutamine. 3T3-L1 cells (gift of Peter Michaely,
UTSW) were cultured in DMEM high glucose (Sigma-Aldrich) media
with 10% fetal bovine serum, 0.05 mg/ml penicillin, 0.05 mg/ml strep-
tomycin, 4.5 mM glutamine, and 8 ng/ml biotin. Cell lines were tested
negative for Mycoplasma using the Mycoplasma PCR Detection Kit
(Genlantis). Transfection of plasmids was done with Polyfect (QIAGEN)
or polyethylenimine (PEl) max. Stable cell lines were generated by
retroviral infection or transfection. In many cases, stable lines were
flow sorted and further selected for GFP. Control and Tulp3 ko MEFs
were from embryonic day 13.5 embryos (Legue and Liem, 2019). Im-
mortalized WT and Arl13b mutant MEFs were gifts from Tamara
Caspary (Larkins et al., 2011; Gigante et al., 2020).

Generation of Tulp3 knockout cell lines

CRISPR/Cas9 ko lines for Tulp3 were generated in IMCD3 Flp-In,
NIH 3T3 Flp-In, and 3T3-L1 cells by using guide RNA targeting se-
quences caccgACGTCGCTGCGAGGCATCTG and caccgTGGCTT-
TAACCTTCGCAGCC targeting exon 3 in mouse Tulp3. We used a
pLenti-CRISPR puromycin construct for infecting the parental lines
using lentivirus (Shalem et al., 2014), selected for clones using puro-
mycin, and used limiting dilution to derive single ko clones. Clonal
lines were tested for ko by Sanger sequencing and immunoblotting
for TULP3. Initial sequencing in controls and ko lines was performed
on PCRs using primers flanking Exon 3 of Tulp3. We performed
TOPO cloning to determine the sequences of the allelic disruptions
that are shown in Supplemental Figure S2.

Reverse transcription and quantitative PCR

RNA was extracted from paraffin-embedded brain sections using
deparaffinization solution (Qiagen Cat. #19093) and RNA extraction
using the GenElute mammalian total RNA purification kit (RTN350;
Sigma). Reverse transcription-quantitative PCR (qRT-PCR) was per-
formed with Kicgstart One-Step Probe RT-gPCR ReadyMix (KCQS07;
Sigma). Inventoried TagMan probes for gRT-PCR from Applied Bio-
systems were used for Tulp3 and Gapdh. Reactions were run in the
CFX96 Real time System (Bio-Rad).
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Immunofluorescence of cultured cells and microscopy

Cells were cultured on coverslips until confluent and starved for the
indicated periods. Cells were fixed with 4% paraformaldehyde
(PFA). After blocking with 5% normal donkey serum, the cells were
incubated with primary antibody solutions for 1 h at room tempera-
ture, followed by treatment with secondary antibodies for 30 min
along with Hoechst 33342 (Invitrogen). The coverslips were mounted
using Fluoromount G (SouthernBiotech). Images were acquired on a
microscope (Axiolmager.Z1; ZEISS), a sCMOS camera (PCO Edge;
BioVision Technologies), and Plan Apochromat objectives (10x/0.45
NA; 20x/0.8 NA; 40x/1.3 NA oil; and 63x/1.4 NA oil) controlled us-
ing Micro-Manager software (University of California, San Francisco)
at room temperature. Between 8 and 20 z sections at 0.5-0.8-pym
intervals were acquired. For quantitative analysis of ciliary localiza-
tion, stacks of images were acquired from three to eight consecutive
fields with confluent cells by looking into the DAPI channel, and
percentages of protein-positive ciliated cells were determined.
Maximal projections from images of stacks were exported from Im-
ageJ/Fiji (National Institutes of Health) using a custom-written macro
(from M. Mettlen, UTSW Medical Center, Dallas, TX) using similar
parameters (image intensity and contrast) for image files from the
same experiment. SNAP experiments were performed as described
earlier (Keppler et al., 2003; Follit and Pazour, 2013). Briefly, cells on
coverslips were serum starved for 36 h to induce ciliation. BG-Block
(0.05 pM) (NEB; S9106) was added for 30 min, after which the cov-
erslips were washed in serum starvation media and fixed at different
time points. Cells were immunostained with the indicated antibod-
ies. Fluorescent SNAP substrate (0.3 uM) (TMR Star; NEB; S9105)
was added along with primary antibodies.

Tissue processing, immunostaining, and microscopy

Mice were perfused with phosphate-buffered saline (PBS), and the
brains and kidneys were dissected and fixed in 4% PFA overnight
at 4°C and processed for paraffin embedding and sectioning. For
paraffin sectioning, tissues were processed over a 12-h period
using a Thermo Fisher Excelsior Automated Tissue Processor
(A82300001; Thermo Fisher Scientific), which dehydrated the tis-
sues through six ethanol concentrations, from 50% to 100% etha-
nol, cleared through three changes of xylene, and infiltrated with
wax through three Paraplast Plus paraffin baths (39602004;
Leica). Samples were embedded in Paraplast Plus using paraffin-
filled stainless steel base molds and a Thermo-Shandon Histocen-
ter 2 Embedding Workstation (6400012D; Thermo Fisher Scien-
tific). The tissues were then cut into 5-um-thick sections,
deparafinned, and treated with microwave in Antigen Retrieval ci-
tra solution (HK086-9K; BioGenex, Fremont, CA) for 10 min. Sec-
tions were then blocked using blocking buffer (1% normal donkey
serum [Jackson ImmunoResearch, West Grove, PA] in PBS) for 1 h
at room temperature. Sections were incubated with primary anti-
bodies against the following antigens, overnight at room tempera-
ture or 4°C: acetylated tubulin (1:500; T6793; Sigma mouse IgG2b),
Arl13b (1:500; N295B/66; NeuroMab Facility), Aqp2 (1:500; A7310;
Sigma rabbit polyclonal; SC515770, Santa Cruz Biotechnology
mouse 1gG1), Inpp5Se (1:500; 17797-1-AP; Proteintech), Nphp3
(1:500; Proteintech; 22026-1-AP), or Lkb1 (1:500; Cell Signaling
Technologies; 13031T). After three PBS washes, the sections were
incubated in secondary antibodies (Alexa Fluor 488-, 555-, 594-,
and 647-conjugated secondary antibodies, or anti-mouse IgG iso-
type-specific secondary antibodies; 1:500; Life Technologies,
Carlsbad, CA, or Jackson ImmunoResearch). Cell nuclei were
stained with 4’,6-diamidino-2-phenylindole (DAPI; Sigma) or
Hoechst 33342 (Life Technologies). Slides were mounted with Flu-
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oromount-G (0100-01; Southern Biotech), and images were ac-
quired with a Zeiss Axiolmager.Z1 microscope, a Zeiss LSM780
confocal microscope, or a spinning-disk confocal microscope
(Nikon CSU-W1 SoRa).

Proximity biotinylation experiments

T-Rex-293 cells were cotransfected with 5-7.5 pg each of LapN-
TULP3 or LapN-TULP3 mutants/fragments and pDEST-pcDNAS-
BirA-FLAG N/C-term—expressing ARL13B or the CD8 linker-BirA or
FibrocystinCLS-BirA fusion controls. The media was supplemented
with 20 uM biotin for 8-12 h after transfection. Cells were harvested
using Tris-buffered saline with 2 mM EDTA and 2 mM EGTA 48 h
after transfection. Cells were lysed by resuspending and nutating
for 20 min in 50 mM Tris-HCl, pH 7.4, 200 mM KCI, 1 mM MgCl,,
1 mM EGTA, 10% glycerol, 1 mM dithiothreitol (DTT), 0.6% IGEPAL
CA-630, 1 mM 4-(2-aminoethyl)benzenesulfonyl fluoride hydrochlo-
ride (AEBSF), and 0.01 mg/ml each leupeptin, pepstatin, and chy-
mostatin. Lysates were centrifuged at 12,000 x g for 10 min, fol-
lowed by tandem IPs (Figure 5). In brief, the GFP immunoprecipitates
were first digested with TEV protease for 16 h at 4°C. The superna-
tants were subjected to secondary IP with S protein agarose. The
resulting secondary IPs were analyzed by Western blotting. Blots
were probed with antibodies against S tag (mouse monoclonal
MAC112) and Flag (goat polyclonal ab1257), followed by visualiza-
tion using IRDye-tagged secondary antibodies. IRdye-tagged strep-
tavidin was used for confirming biotinylation signal on the blots.

Immunoblotting

Cell pellets were lysed by resuspending and nutating for 20 min in
50 mM HEPES, pH 7.5, 150 mM NaCl, 1 mM EDTA, 0.1% Triton
X-100, 1 mM AEBSF, and 0.01 mg/ml each leupeptin, pepstatin,
and chymostatin. Lysates were centrifuged at 12,000 x g for 15 min,
boiled in SDS sample buffer for 10 min at 95°C, run in 4-20% Mini-
PROTEAN TGX Stain-Free Protein Gels (Bio-Rad; 4568093) at 100V,
and immunoblotted with antibodies against ARL13B (mouse mono-
clonal N295B/66) and TULP3 (rabbit affinity purified polyclonal)
(Mukhopadhyay et al., 2010), followed by visualization using IRDye-
tagged secondary antibodies and hFAB Rhodamine Anti-Tubulin
(Bio-Rad; 12004166). Images were taken in a Bio-Rad Chemidoc MP
imaging system. Densitometry was performed using default set-
tings of the Bio-Rad Image lab software.

Recombinant protein purification from bacteria

Single colonies of Rosetta cells transfected with the desired plasmid
were grown in 3 ml of Luria-Bertani (LB) broth containing ampicillin
and chloramphenicol for 8 h and then transferred to 25 ml and grown
overnight. Overnight culture was transferred to 1 | of LB broth and
grown until the OD reached 0.5-0.8. Cells were grown at 37°C and
200 rpm. Protein expression was induced overnight at 18°C, 200 rpom,
using 0.25 mM isopropyl B-b-1-thiogalactopyranoside (IPTG). Cells
were pelleted by spinning at 5000 x g for 10 min at 4°C. Cells were
lysed by resuspending and incubating in 25 ml of lysis buffer (50 mM
Tris, pH 7.4, 450 mM NaCl, 5 mM EDTA, 1 mM DTT, 0.5% Triton
X-100, and 10 pg/ml each leupeptin, pepstatin, and chymostatin and
0.1 mM AEBSF) for 30 min at 4°C in a rotator. Cells were sonicated
until the solution was nonviscous and spun at 20,000 x g for 20 min at
4°C to remove insoluble material. GST- and MBP-tagged proteins
were incubated with washed glutathione beads and amylose beads,
respectively, for 3 h at 4°C. Beads were washed three times with lysis
buffer and two times with low-salt buffer (50 mM Tris, pH 7.4, 150 mM
NaCl, and 1 mM DTT). GST-tagged protein was eluted with elution
buffer containing 10 mM reduced glutathione, pH 7.5, in low-salt
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buffer. MBP-tagged proteins were eluted using 10 mM maltose in
low-salt buffer. Proteins were dialyzed into storage buffer (20 mM
HEPES, pH 7.4, 100 mM NaCl, 1 mM DTT, and 5% glycerol).

In vitro binding experiments

GSTtagged proteins (20 pg) were incubated with a 30-pl packed
volume of glutathione sepharose beads in LAP150N (50 mM HEPES,
pH 7.4, 150 mM KCI, 1 mM EGTA, 1 mM MgCl,, 10% glycerol,
0.05% NP-40) buffer at 4°C for 2-4 h. Beads were washed with
LAP150N three times and then incubated with IVT Myc-ARL13B (2.5
to 5 pl of the IVT reaction) in LAP100N (50 mM HEPES, pH 7.4,
100 mM KCI, 1 mM EGTA, 1 mM MgCl,, 10% glycerol, 0.05% NP-
40) or LAP150N buffer at 4°C or room temperature, respectively, for
1 h. In Figure 5D, the indicated MBP proteins (50 pg) were added
along with IVT Myc-ARL13B. Flowthroughs were collected, and
beads were washed, eluted by boiling in SDS sample buffer, and
immunoblotted.

Quantification of ciliary localization of cargoes and
statistical analyses

For measuring cilia positive for a particular protein, we first identi-
fied cilia using acetylated tubulin staining as a ciliary marker. In ex-
periments where LAP-tagged constructs were used to rescue ciliary
localization of proteins, we counted cilia only from GFP-expressing
cells. Next, we carefully counted cilia for the presence of staining
corresponding to the protein of interest. All Z-planes containing
acetylated tubulin staining were analyzed for staining. We did not
use any threshold intensity while counting, and all cilia including
those showing low-intensity staining were regarded as positives. For
measuring ciliary pixel intensities, image stacks were acquired with z
sections at 0.8-um intervals. An image interval with maximal inten-
sity was chosen, and cilia were demarcated with a region of interest
using fluorescence signal for acetylated a-tubulin. The mean pixel
intensities for the corresponding protein were exported from Im-
ageJ/Fiji. Statistical analyses were performed using Student’s t test
for comparing two groups or Tukey’s post hoc multiple comparison
tests between all possible pairs using GraphPad Prism. Nonpara-
metric Mann-Whitney U tests were performed for comparing ciliary
lengths between two groups using GraphPad Prism.
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