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Summary

Highly conserved intraflagellar transport (IFT) protein complexes direct both the assembly of
primary cilia and the trafficking of signaling molecules. IFT complexes initially accumulate at the
base of the cilium, and periodically enter the cilium suggesting a yet identified mechanism that
triggers ciliary entry of IFT complexes. Using AP-MS purification of interactors of the
centrosomal and ciliopathy protein, CEP19, we identify CEP350, FOP and the RABL2 GTPase as
proteins organizing the first known mechanism directing ciliary entry of IFT complexes. We
discover that CEP19 is recruited to the ciliary base by the centriolar CEP350/FOP complex, and
then specifically captures GTP-bound RABL2B, which is activated via its intrinsic nucleotide
exchange. Activated RABL2B then captures and releases its single effector, the intraflagellar
transport B holocomplex, from the large pool of pre-docked IFT-B complexes and thus initiates
ciliary entry of IFT.

eTOC Blurb

Intraflagellar transport protein (IFT) complexes accumulate at the ciliary base and periodically
enter the cilium via an unknown mechanism. Kanie et al. show that CEP19 recruits the RABL2B
GTPase complex to the ciliary base where it mediates release of IFT-B from pre-docked
complexes to initiate IFT ciliary entry.
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Introduction

Cilia and flagella are evolutionarily conserved organelles with important motile and sensory
functions. The primary, or immotile, cilium is found on almost all cell types in the human
body, and senses extracellular signals including hormones and morphogens (Ishikawa and
Marshall, 2011). Defects in the formation or function of cilia cause a variety of disorders,
called ciliopathies, which result in clinical phenotypes including retinal degeneration and
obesity (reviewed in (Waters and Beales, 2011)). Structurally, cilia consist of nine
microtubule doublets that form the axoneme, surrounded by a ciliary membrane. Since cilia
lack protein synthesis machinery, their generation (ciliogenesis) largely relies on the delivery
of ciliary proteins from the cytoplasm into the cilium (Pedersen and Rosenbaum, 2008). This
active protein transport process is called intraflagellar transport (IFT). IFT is mediated by
two large, highly-conserved protein complexes, IFT-A and IFT-B, and motor proteins.
Ciliary cargo proteins are transported from the base to the tip by anterograde trains, powered
by kinesin 1. Cargos are then transported from the tip to the base by retrograde trains,
directed by cytoplasmic dynein 11 (Pedersen and Rosenbaum, 2008; Taschner and Lorentzen,
2016). Defects in IFT-B typically cause severe ciliation defects, often leading to the absence
of the cilium in various organisms including humans and Chlamydomonas (reviewed in
(Pedersen and Rosenbaum, 2008), see Section 9) and embryonic lethality in mice (Bangs
and Anderson, 2016), emphasizing the evolutionarily conserved role and essentiality of IFT-
B in ciliogenesis.

Despite its initial purification from isolated Ch/amydomonas flagella, immunofluorescence
indicates the predominant localization of IFT components and motor proteins is at the ciliary
base (Cole et al., 1998; Pazour et al., 1999), or more precisely at the transition fiber/distal
appendage at the apical end of the centriole (Deane et al., 2001). IFT trains periodically
enter into the cilium from this large pool of IFT particles located at the base (Dentler, 2005),
and it has been long hypothesized that regulatory components accumulate at the ciliary base
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to initiate anterograde IFT (Pedersen and Rosenbaum, 2008; Rosenbaum and Witman,
2002). To date, no critical regulator for the initiation of IFT has been identified.

Here, by tandem affinity purification and mass spectrometry of CEP19, we discover two
interlinked protein complexes that trigger the entry of IFT into the cilium: the FOP-CEP350
and the CEP19 complex with the highly conserved RABL2B GTPase. CEP19 was first
discovered by centrosomal proteomics as a novel protein (called C3orf34) localized
specifically to the distal end of the mother centriole (Jakobsen et al., 2011). Recently, human
morbid obesity patients were identified carrying a homozygous nonsense mutation (R82X)
in CEP19. Mice deficient in CEP19 also exhibited hyperphagia and obesity (Shalata et al.,
2013). In addition to obesity, human patients displayed a decreased sperm count resulting in
male infertility, as well as intellectual disability (Shalata et al., 2013), similar to patients
with Bardet-Biedl Syndrome, a ciliopathy syndrome marked by obesity, sterility,
polydactyly, intellectual disability, and retinal degeneration (Forsythe and Beales, 2013).

We discover that CEP19 specifically binds to and is tethered at the base of cilia by the
centriolar proteins CEP350 and FOP. We further find that CEP19 makes a stoichiometric
complex with the highly conserved RABL2B GTPase, and serves to recruit RABL2B to the
centriole. RABL2 binds GTP via its high, guanine-nucleotide exchange factor (GEF)
independent nucleotide exchange activity. GTP-bound RABL2 then binds to the IFT-B
holocomplex via the IFT74/81 heterodimer to capture and trigger the entry of IFT-B into
cilia, prior to classical motor-driven intraflagellar transport. The CEP19-RABL2B-IFT
pathway thus provides a new molecular mechanism directing ciliary trafficking and
important for the formation of the cilium.

Identification of RABL2-CEP19-FOP-CEP350 complexes

A recent report demonstrated that the monogenic obesity gene product CEP19 localizes to
the base of cilia and its deficiency results in obesity and sperm motility defects, phenotypes
characteristic of ciliary defects (Shalata et al., 2013). To better understand the function of
CEP19, we constructed a LAP-CEP19 fusion stably expressed in retinal pigmented
epithelial (RPE) cells, and used tandem affinity purification and mass spectrometry (Torres
et al., 2009) to identify new CEP19 interacting partners. Visualizing these interacting
proteins by silver staining SDS-polyacrylamide gels revealed a number of efficient,
potentially stoichiometrically-interacting proteins (Fig. 1A). Mass spectrometry identified a
number of specific, high efficiency interactions including the proteins RABL2B, FGFR10P
(FOP), and CEP350 (Fig. 1B). Interestingly, each of these four proteins are coordinately and
strongly conserved in ciliated organisms, but not in non-ciliated organisms, suggesting the
essential role of this complex in cilium formation or function (Fig S1A).

Rab-like protein 2 (RABL2) is a small GTPase not belonging to any subfamily within the
small GTPase superfamily (Diekmann et al., 2011), but is thought to be an ancestral GTPase
that exists in the last eukaryotic common ancestor (Elias et al., 2016). Although Rab-like
proteins (RABL2-6) have little sequence similarity, two out of five RABL proteins, RABL4/
IFT27 and RABLS5/IFT22, are highly conserved components of the IFT-B complex. Humans
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have two highly similar paralogs, RABL2A and RABL2B, which diverged after the split
between humans and orangutans (Martin et al., 2002), with only three amino acid disparities
(Wong et al., 1999). No functional differences have been reported. Recently, RABL2 was
identified as an essential gene for sperm function. Mot mutant mice carrying a RABL2
D73G mutation exhibit sperm matility defects resulting in male infertility (Lo et al., 2012).
The same group found that the Mot mutant mice, as well as Rab/2 knockout mice, become
obese (Vi Lo et al., 2016). The CEP350-FOP complex was first described as machinery that
anchors microtubules to the centrosome (Yan et al., 2006), and recent papers have
demonstrated that FOP has an important role in ciliogenesis (Lee and Stearns, 2013).

Validation of CEP350, FOP, CEP19, and RABL2B interactions indicates two distinct
biochemical complexes

We confirmed direct biochemical interactions and determined the order of these interactions
by using biochemical pull-downs with purified GST fusions of RABL2B, CEP19, and FOP
(see Fig. S1B) mixed with /in vitrotranslated MY C-tagged proteins of each potential partner.
As shown before (Yan et al., 2006), FOP directly bound CEP350 C-terminal fragments,
confirming this interaction (Fig. S1C, S1D, and S1E). CEP350 fragments did not bind
CEP19, nor RABL2B. FOP efficiently bound GST-CEP19 (Fig. 1C), but not RABL2B (Fig.
1D). GST-CEP19 bound to full-length RABL2B and also to a fragment containing the
GTPase domain (Fig. 1C); none of these proteins bound the GST control (Fig. 1E and S1D).
Thus, the CEP19 interacting proteins associate in a direct and surprisingly linear manner
from CEP350 and FOP binding to CEP19 and from CEP19 to RABL2B (Fig. 1F).
Biochemical purification of the CEP19 complex demonstrates that a stable CEP19-RABL2B
subcomplex can form (Fig. 1C) and a previous study (Yan et al., 2006), confirmed here (Fig.
S1D), emphasize the FOP-CEP350 complex, suggesting the two subcomplexes exist, and
that these complexes can interact somewhat efficiently in cells.

Localization of CEP19 and RABL2B to a compartment linked to the inner pericentriolar

material

We next sought to understand where the individual components of the CEP19-RABL2 and
CEP350-FOP subcomplexes localize and function. Using antibodies to endogenous CEP350
and FOP, we observed localization of each protein to both mother and daughter centrioles
(Fig. 2A). Endogenous CEP19 localized only to the mother centriole as previously described
(Jakobsen et al., 2011) (Shalata et al., 2013). Both a GFP-RABL2B fusion (Fig. 2A) and
endogenous RABL2B (Fig. S2A) localized to the mother centriole and cytoplasm. Our
RABL2B antibody exhibited high background staining, and since GFP-RABL2B
equivalently localized to the mother centriole, it was used for the subsequent localization
studies. In RPE cells, ciliation is exquisitely dependent on serum withdrawal. Examination
of localization of these four proteins in RPE cells revealed that CEP19 and RABL2B are
recruited to the centriole upon serum withdrawal, with RABL2B showing the most dramatic,
switch-like serum dependence (Fig. 2A).

To better understand the localization of the CEP19 pathway components, we employed
structured illumination microscopy (SIM). To first pinpoint CEP350 and FOP localization,
we analyzed SIM images of endogenous CEP350 and FOP compared to GFP-tagged

Dev Cell. Author manuscript; available in PMC 2018 July 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kanie et al. Page 5

CEP164, a marker of the distal appendage, and CEP170 or ninein, markers of the subdistal
appendage and proximal end of the mother centriole (Sonnen et al., 2012). GFP-CEP164
colocalized with other previously identified distal appendage components (Tanos et al.,
2013) (Fig. S2B), confirming that addition of a GFP-tag does not disrupt proper GFP-
CEP164 localization to the distal appendage. We found CEP350 and FOP localized to an
axial position on the mother centriole similar to the subdistal appendage marker CEP170,
but displaced inwardly (Fig. 2B and 2C). In contrast, CEP19 and RABL2B each localized
slightly apical to the subdistal appendage, but below the distal appendage (Fig. 2D and 2E).
To confirm this localization, we analyzed the radial diameters of the 9-fold symmetric ring-
like structure of CEP19. Consistent with a previous report (Sonnen et al., 2012), the
diameter of the ring of inner pericentriolar material (inner PCM) protein CEP350 was
significantly smaller than that of distal appendage protein, CEP164 (Table 1). The diameters
of FOP, CEP19, and RABL2B rings were also significantly smaller than the CEP164 ring,
similar to the diameter of the CEP350 ring (Table 1), suggesting that CEP19/RABL2B
localizes most likely to the inner PCM (Fig. 2F, right). However, we could not exclude the
possibility that CEP19/RABL2B could reside within a compartment in the most proximal
portion of the distal appendage (Fig. 2F, left). Further study may help refine these two
localizations.

To next determine the order of recruitment of these four components, we constructed
sgRNA/Cas9-directed knockouts of CEP350, FOP, and CEP19, and a directed double
knockout of RABL2A and RABL2B. Knockouts were confirmed by immunofluorescence or
immunoblot (Fig. S3B and S3C). Using these lines, we observed that CEP350 and FOP were
co-dependent in their recruitment to the mother and daughter centrioles and co-required to
recruit both CEP19 and RABL2B to the mother centriole, although CEP350 knockouts
showed a small amount of residual FOP and CEP19 localization (Fig. 2G and S2C-F).
CEP19 was required for RABL2B recruitment, but had no effect on CEP350 or FOP
localization (Fig. 2G). We confirmed that the absence of RABL2B at the base of cilia is not
attributable to destabilization of the protein (Fig. S2G). RABL2A/B knockout had no effect
on localization of the other components (Fig. 2G). Thus, the order of recruitment for
proteins (CEP350/FOP-CEP19-RABL2B) closely paralleled the order of protein-protein
interactions with CEP19 and RABL2B being targeted to the ciliary base via the CEP350-
FOP complex (Fig. 1F and 2H).

CEP350, FOP, CEP19 and RABL2B are important for efficient and rapid ciliation

Mother centriole-specific localization of CEP19 and RABL2B and conservation of
CEP350/FOP/CEP19/RABL2B components suggest that this pathway may be important for
cilium formation, so we first tested CEP350, FOP, CEP19 and double mutant RABL2A/B
RPE knockout cells for defects in ciliation. Following serum withdrawal (for 24 hours in this
experiment), we assayed ciliation and observed that FOP knockout almost completely
ablated ciliation, similar to knockout of CEP164, a critical distal appendage protein (Fig. 3A
and S3A). CEP19 (Fig. 3A and S3A) and RABL2B (Fig. 3B) knockouts each showed a
small percentage of residual ciliation and 33% of CEP350 knockout cells were ciliated (Fig.
3B). Using kinetic analysis of ciliation we observed that each of the knockout lines, with the
exception of CEP350, displayed a notable delay in initiating ciliation and a substantial
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reduction in the overall efficiency of ciliation (Fig. 3C). The mild phenotype of CEP350
knockout cells appears to be linked to the residual localization of FOP at the centrioles (Fig.
2G). The length of cilia in CEP19/RABL2 knockout cells are shorter than control cells at an
early time point (24 hours), but comparable to control cells at a later time point (96 hours)
with a significant increase in the number of cells with a long cilium (>5 um) (Fig. S3D).
Importantly, the mild but significant ciliation defect (40% ciliated cells at 48 hours serum
starvation) in CEP19 knockout cells is not in perfect agreement with the previous study,
which reported no observed ciliation defect at 48 hours post serum starvation in mouse
embryonic fibroblasts (MEFs) deficient in CEP19 (Shalata et al., 2013). This difference
might simply arise from differences between RPE cells and MEFs. Kinetic analysis of
ciliation in CEP19 knockout MEFs may better assess the requirement of Rabl2 for ciliation
in MEFs.

To establish the importance of CEP19 in ciliation, we rescued the CEP19 knockout defect by
expression of untagged, wild type CEP19 (Fig. 3D). The R82X disease allele failed to
rescue, confirming that the R82X allele is likely a null mutation and supporting a likely
defect in ciliation in the original patient (Shalata et al., 2013). Expression of FOP (Fig. 3E)
or RABL2B (discussed later and shown in Fig. 4B) each rescued ciliation in their respective
knockout cells. RABL2A and RABL2B rescue the ciliation defect of RABL2A/B double
knockout cells equivalently, suggesting that the two diverged genes are functionally
redundant. We focused on RABL2B for further analysis because the expression level of
RABLZ2B is dominant in various human tissues (Kramer et al., 2010).

A critical mechanistic switch for ciliation is the activation of the TTBK2 kinase, which plays
an essential role in displacing the inhibitory CP110 protein from the mother centriole (Goetz
et al., 2012). Examining our knockout cell lines, we found that CEP350 is required for
recruitment of TTBK2 (Fig. 3F, upper panel) and displacement of CP110 (Fig. 3H), similar
to the known role of CEP164 (Cajanek and Nigg, 2014) (Fig. 3G). FOP is partially
important for recruiting TTBK2 (Fig. 3F) and displacing CP110 (Fig. 3G), presumably
because of its importance in the proper localization of CEP350 to the centriole (Fig. 2H).
Thus, TTBK2 recruitment and CP110 displacement leading to ciliation is downstream of
CEP350 and works in parallel with CEP164, which directly binds and recruits TTBK2
(Cajanek and Nigg, 2014).

In contrast, we found that CEP19 and RABL2B are not important for regulating CP110
displacement or TTBK2 recruitment (Figs. 3F, 3G and 3H), even though both proteins are
important for efficient ciliation. This phenotype is reminiscent of Kif3a~/~ and /1887~ cells
in which CP110 removal is intact but ciliation is severely affected due to deficiency of
IFT(Goetz et al., 2012).

RABL2 uses a high turnover GTPase cycle to facilitate a GTP-specific activity critical for
localization to the centriole and for ciliation

Given the importance of RABL2B in cilium formation and its highly conserved G1-G5
GTPase domains (Elias et al., 2016), we hypothesized that RABL2B engages in a conserved
GTPase cycle critical for cilium assembly. To understand the RABL2B GTPase cycle, we
first constructed classical alleles disrupting the GTPase and exchange activities. Mutation of
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a highly conserved serine (S35N in RABL2B) required for magnesium binding in the P-loop
reduces the affinity for guanine nucleotide, especially GTP. This mutation thus locks
RABLZ2B in a GDP-bound or nucleotide-free state. Mutation of the highly conserved
catalytic glutamine (Q80L in RABL2B) disrupts GTP hydrolysis, thus creating a GTP-
locked state that strongly binds to effectors (Lee et al., 2009).

We first tested if the localization of RABL2B was affected by its guanine nucleotide state.
First, wild type (WT) RABL2B efficiently localized to the base of the cilium upon serum
withdrawal (~70%; Fig. 2A). RABL2B S35N completely failed to localize to the base of the
cilium (Fig. 4A), indicating that GTP loading is required for recruitment of RABL2B to the
centriole. Importantly, RABL2B Q80L localized at the ciliary base and accumulated within
the cilium and at the tip in specific puncta, similar to that observed for IFT particles. As this
trafficking pattern was never observed in the WT protein, we suggest that this is a result of
the failure of the GTP-locked allele to turnover GTP and release from IFT. Broadly, the
localization of WT RABLZ2B is consistent with a model wherein RABL2B undergoes GTP
exchange to be recruited to the ciliary base and then GTP hydrolysis to release effectors at
the ciliary base. Upon GTP hydrolysis, RABL2B would exit the ciliary base to be ready for
the next GTP cycle.

The expression of GDP-locked RABL2A/B failed to rescue the ciliation defect of cells
deficient of both RABL2A/B (Fig. 4B), supporting that GTP binding of RABL2B is
indispensable for its role in cilium formation. In contrast, WT or GTP-locked RABL2A/B
equally rescued the ciliation defect of RABL2 knockout, suggesting that GTP hydrolysis of
RABLZ2 is not critical for ciliogenesis, at least when RABL?2 is overexpressed (we observe
~15-fold excess relative to endogenous RABL2, Fig 4B). The efficient ciliation in the cells
expressing GTP-locked RABL2B do not come from a defect in ciliary disassembly (Fig.
S4A). We did observe the accumulation of BBSome component BBS4 and the ciliary GPCR
GPR161 in cells expressing GTP-locked RABL2B, but not in the wild type or GDP-locked
RABL2B expressing cells (Fig. S4B and S4C), suggesting that failure to release effector
proteins at ciliary base could affect ciliary trafficking of components important for signaling.
The mechanism that causes this change is currently unknown.

How does RABL2B become activated at the ciliary base? Canonical small GTPases bind to
guanine nucleotide strongly with nM to pM dissociation constants, and require a GEF to
lower the affinity for guanine nucleotide and activate effector binding to the GTPase (Bos et
al., 2007). Because CEP19 directly binds RABL2B (Fig. 1C), we considered whether
CEP19 might act as a GEF for RABL2B or serve another role upstream of RABL2B in
addition to the recruitment of RABL2B. In agreement with this idea, overexpression of the
GTP-locked form (Q80L) of RABL2B efficiently bypassed the ciliation defect of CEP19
and FOP knockout cells (Fig. 4C and S4D), while wild type RABL2B had weaker bypass
activity and the GDP-locked form failed to rescue. Furthermore, the GTP-locked form of
RABLZ2B localized to the ciliary base in CEP19 knockout and wild type cells, whereas wild
type RABL2B failed to localize in CEP19 knockout cells (Fig. 4D). These observations
support that CEP19 is involved in both the recruitment and GTP activation of RABL2B.
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We next tested whether CEP19 could directly stimulate the nucleotide exchange of RABL2B
in vitro. Here we used an exchange assay monitoring the loss of binding of a pre-loaded
fluorescent MANT-GDP nucleotide upon the addition of excess non-hydrolyzable GTP,
GppNHp. For this assay, we used Chlamydomonas reinhardtii Rabl2 (CrRabl2) because we
found the interaction between RABL2 and CEP19 is conserved in Chlamydomonas (Fig.
4G), and CRabl2 loaded MANT-GDP somewhat more efficiently than human RABL2B
(Fig. S4E). Notably, purified CrRabl2 exhibited high intrinsic GDP/GTP exchange
(Kops=0.0028 S~1, Fig. 4E), with little or no enhancement of nucleotide exchange by adding
stoichiometric amounts of CEP19 (K,ps=0.0034 S~1, Fig. 4E). This exchange rate is
considerably higher than that of a traditional GEF-dependent GTPase like CDC42 (Fig. S4F,
red), and is more consistent with rapid GEF-independent exchange, seen for example in the
IIGP1 GTPase (Uthaiah et al., 2003) (Fig. S4G). We therefore suggest that RABL?2 is an
example of the class of GEF-independent GTPases (see discussion). Typically, GEF-
independent GTPases rapidly exchange guanine nucleotide without a GEF because of their
low UM affinity for GDP or GTP (Gasper et al., 2009). Fulfilling an additional criterion that
RABL?2 is GEF-independent, we found that its affinity for MANT-GDP or MANT-GTPyS
(a GTP mimetic) was 1.3-1.4 uM (Fig. 4F), similarly to reported equilibrium dissociation
constant of 11IGP1 (0.9-1.0 yM for MANT-GDP) (Uthaiah et al., 2003).

To further understand the role of CEP19’s interaction with RABL2, we reconstituted the
interaction of purified GST-CEP19 with /n vitro translated RABL2 in the presence of GTP
or GDP with both human and Chlamydomonas proteins (Fig. 4G and S4H). GTP addition
strongly enhanced RABL2 binding to CEP19 (5-fold), whereas GDP addition partially
blocked RABL2 interaction with CEP19 (Fig. 4G and S4H). Neither the GTP-locked nor
GDP-locked mutants of RABL2 measurably bound to CEP19 both /n vitro (Fig. 4G and
S4H) and /n vivo (Fig. S41). As we show in the next section, GTP-locked RABL2B
efficiently bound its key effector, so CEP19 also does not appear to bind RABL2 as a
traditional effector. Specifically, we suggest that CEP19 may interact with the nucleotide
binding surfaces of RABL2 such that the GDP- or GTP-locked mutations disrupt binding to
CEP19. In sum, we propose that RABL2 binds to GTP via its intrinsic nucleotide exchange
activity and the activated GTP-bound RABL2 is preferentially recruited to the ciliary base
by CEP19 (Fig. 4H, also see discussion). We next sought to identify RABL2B’s key effector.

Purification of the GTP-locked form of RABL2B identifies IFT-B as a key effector

To better understand the role of RABL2B in controlling ciliation, we performed tandem
affinity purifications of LAPN-RABL2B WT, Q80L, and S35N. Purified RABL2B variants
were resolved by SDS-PAGE and silver staining revealed a distinctive pattern of protein
bands specific to the Q80L allele (Fig. 5A). Mass spectrometry revealed that all 17 known
components of the IFT-B complex were the top and almost exclusive hits in the purification
with overall very high efficiency of copurification (Fig. 5B and Table S1). We ran a LAPC-
IFT88 purification side-by-side with the RABL2B Q80L purification to emphasize
similarities. Both RABL2A and RABL2B equally bound to IFT-B (Fig. S5A). SIM revealed
that IFT88 almost perfectly colocalized with RABL2B at the ciliary base (Fig. 5E) with a
diameter similar to that of inner PCM proteins (Fig. S61 and Table 1). Thus, we propose that
upon activation, RABL2B-GTP captures the IFT-B holocomplex at the ciliary base.
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RABL2B binds to IFT-B1 via IFT74/81

Previous structural and biochemical work on the highly homologous Chlamydomonas |IFT-B
complex revealed two subcomplexes, denoted IFT-B1 (core) and IFT-B2 (peripheral)
(Taschner et al., 2016). IFT52 is a critical bridge between the IFT-B1 to the IFT-B2
subcomplexes (Taschner et al., 2016), and also links two IFT-B1 subcomplexes
(IFT81/74/22/27/25 and IFT88/70/52/46) (Taschner et al., 2014). An IFT52 variant bearing
K127E and R195E mutations disrupts interaction of the IFT-B1 and IFT-B2 sub-complexes
(Taschner et al., 2016), whereas a C-terminal fragment of IFT52 dissociates the
IFT81/74/22/27/25/46/56 sub-complex from the IFT-B holocomplex (Taschner et al., 2014).
We stably expressed each IFT52 variant in RPE cells to dissociate the IFT-B complex, and
found that RABL2B Q80L binds to the IFT-B1 complex and even more selectively to the
IFT81/74/22/27/25/46/56 subcomplex (Fig. 5C).

To define the specific interaction partner of RABL2B, we deleted components of the IFT-B1
subcomplex by sgRNA/Cas9 and tested which were required for IFT-B to bind RABL2B
Q80L. The IFT-B complex in cells lacking IFT74 or IFT81, but not other components, failed
to bind to RABL2B, suggesting that the IFT74/81 heterodimer is the interaction partner of
RABLZ2B (Fig. 5D). Additional mapping revealed that RABL2B binds to the C-terminal
portions of both IFT74 and IFT81, distinct from the N-terminal tubulin cargo binding
domains of IFT74/81 (Fig. S5B).

CEP19-RABL2B complex does not affect stability, complex formation, or pre-recruitment of
IFT-B, but FOP is critical for IFT-B pre-recruitment to centrioles

To gain insight into the biological significance of RABL2B’s interaction with IFT-B, we first
sought to define where this interaction occurs. SIM revealed that GTP-locked, but not WT,
RABL2B co-localized with ciliary IFT-B particles (Fig. S6A and S6B), suggesting that
RABL2B WT interacts with IFT-B only at the ciliary base. What does RABL2B do at the
ciliary base? We first tested the hypothesis that the CEP19-RABL2B complex affects the
stability, complex formation, or initial recruitment of IFT-B to the centriole. We tested each
of these potential activities, and did not see any obvious difference between control and
CEP19 or RABL2 knockout cells (Fig. 6A and S6C—H). Additionally, neither the precise
localization (Fig. 6B) nor the ultrastructure of the IFT88 ring (Fig. S61) were affected by
loss of CEP19 or RABL2.

In contrast to CEP19/RABL2 knockout cells, CEP350 and FOP knockout cells failed to
recruit IFT-B to the base of cilia (Fig. 6A and S6F-H). This loss of recruitment is similar to
the loss of centriolar IFT-B in CEP164 knockout cells previously reported (Schmidt et al.,
2012) and confirmed here (Fig. 6A and S6F). The loss of centriolar IFT-B in CEP350 or
FOP knockout cells might partially come from the loss of TTBK2 (Fig. 3F), a key initiator
of ciliation, which is also required to recruit IFT-B to the ciliary base (Goetz et al., 2012).
We propose that IFT-B is first recruited to the inner PCM in a pre-recruitment step
downstream of CEP350-FOP and upstream of CEP19-RABL2B. Future studies will focus
on a more complete definition of the centriolar pre-recruitment anchor.
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Stable knockout of CEP19 or RABL2 decreases the number of IFT-B trains undergoing
anterograde and retrograde movement, with no effect on IFT velocities or processivity

Next, we tested the role of CEP19 and RABL2B in the post-recruitment step for IFT-B,
namely the entry of IFT-B into the cilium. We developed an assay using SIM to count the
number of ciliary IFT-B particles in the cilium (Fig. 6C). The ability of CEP19/RABL2
knockout cells to ciliate (Fig. 3C), albeit less efficiently than that of wildtype cells, allowed
us to analyze IFT in cilia in those knockout cells. We immediately observed a clear deficit in
the number of IFT-B particles in cilia adjacent to the axoneme (Fig. 6C, quantitation in 6D),
suggesting that RABL2B promotes the entry of IFT-B particles into the cilium. Given that
the number of the particles inside cilia is correlated with cilia length (Dentler, 2005), we
excluded the possibility that this reduction in the number of IFT-B particles inside the cilium
is due to differences in the length of the cilia we analyzed to count particles in control and
knockout cells (Fig. S6J). A perturbation in the number of IFT-B particles in cilia might
result from a failure of initial entry or an alteration in the rate of traffic or residence time. To
address the effect of CEP19 and RABL2B on IFT, we filmed IFT in CEP19 and RABL2
knockout cells to observe the frequency and rate of anterograde and retrograde trafficking
events. We observed a ~4-5-fold reduction in the number of IFT-B anterograde trafficking
events in both knockout cells (Fig. 6E, 6F, and Movie S1), consistent with fewer IFT-B
particles entering the cilium. As expected, we observed a similar reduction in the number of
retrograde events at steady state, consistent with retrograde trafficking events being directly
linked to anterograde trafficking events. In contrast, analysis of kymographs showed no
alteration of the velocities of anterograde or retrograde trafficking, nor any changes in the
duration or processivity of trafficking events (Fig. 6G), supporting that changes in the
number of IFT-B particles in cilia are not based on transport or residence time, but instead
on ciliary entry. Importantly, although the ciliary entry of IFT was significantly reduced in
CEP19 and RABL2 knockout cells, 20-30% of IFT-B particles were still able to enter the
cilium. Further studies are needed to explain whether IFT-B can enter the cilium without
CEP19-RABL2B less efficiently, or if additional factors allow the slow assembly of cilia in
CEP19 or RABL2 knockout cells. In sum, our data suggest that the CEP19-RABL2 GTPase
complex initiates IFT-B entry into the cilium.

Rabl2 knockout mice present a characteristic ciliopathy phenotype

The importance of RABL2 in the formation of primary cilia implied that mice deficient in
RablZ2 might show phenotypes characteristic of ciliopathies, notably male infertility, obesity,
polydactyly, and retinal degeneration. Indeed, the previously reported Rab/2 mutant mice
exhibited sperm motility defects and obesity (Lo et al., 2012; Yi Lo et al., 2016). We thought
these mice could have additional phenotypes caused by primary cilia dysfunction, including
polydactyly and retinal degeneration. To test this hypothesis, we obtained and analyzed the
knockout mice. Strikingly, we observed pre-axial polydactyly in 6 out of 9 Rab/Z”/~ mice,
but neither in 13 Rab/2"'~ nor 10 Rabl2"!* littermates (Fig. 7A). In addition, all three 16-
week-old RablZ'~ mice analyzed showed retinal degeneration, characterized by loss of the
outer nuclear layer that contains the cell body of photoreceptor cells (Fig. 7B). Wild type
and heterozygous mice were normal. These results strongly suggest that the Rab/2~
phenotype is likely caused by a global dysfunction of cilia, reminiscent of Bardet-Biedl|
syndrome, and that RABL2 functions not only in motile cilia, but also in primary cilia.
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Discussion

We discovered that the CEP19-RABL2B complex functions as a critical regulator that
initiates intraflagellar transport at the ciliary base. Here we present a model and potential
steps towards ciliary entry of IFT-B (Fig. 7C). Upon serum withdrawal, IFT complexes are
recruited to the ciliary base by an undefined centriolar anchor, which is potentially
downstream of CEP164 and FOP. Concurrently, the CEP350-FOP complex promotes
recruitment of both the CEP19-RABL2B complex and TTBK2 to the mother centriole.
RABLZ2B binds GTP via its intrinsic nucleotide exchange activity, and the activated
RABLZ2B is recruited to the ciliary base by CEP19. RABL2B then binds to IFT-B via the
IFT74/81 heterodimer to initiate ciliary entry of IFT-B. Having now defined critical factors
that initiate ciliary entry of IFT-B, we can now begin to consider other steps in the process of
ciliary entry, the upstream regulation that initiates intraflagellar transport.

The role of RABL2B in ciliary entry of IFT-B

Although our data demonstrate that RABL2B initiates IFT-B entry into the cilium at the
ciliary base, the steps subsequent to RABL2B binding IFT-B remain unknown. Following
recruitment, IFT entry is believed to be initiated by assembly of IFT trains, cargo loading,
and the association with motor proteins (Pedersen and Rosenbaum, 2008), although
molecular mechanisms of each process are currently unknown. We explore here the
possibility that RABL2B might be involved in any of these processes.

We consider first the assembly of IFT trains. Several lines of evidence, including electron
tomographic analysis (Pigino et al., 2009) and immunogold scanning electron microscopy
(Sloboda and Howard, 2007), suggested that each IFT train consists of multiple IFT
particles. IFT particles from isolated Chlamydomonas flagella consist of both the IFT-A and
IFT-B complexes (Cole et al., 1998). Together, these data suggest that each train contains
multiple IFT-A and IFT-B complexes. Given that IFT trains travel along the axoneme with
only occasional merges and few pauses (Dentler, 2005), the assembly of large IFT trains
would presumably occur at the cilium base. A recent study revealed that the N-terminal
region of IFT74 was required for the association of IFT-A and IFT-B (Brown et al., 2015).
Mutant algae lacking this region displayed significantly reduced frequencies of both
anterograde and retrograde IFT trains. IFT-B components accumulated at the tips of cilia,
whereas IFT-A was unable to enter into the cilium, suggesting the loss of connection
between IFT-A and IFT-B in the mutant algae (Brown et al., 2015).

Of interest here, RABL2 bound to the IFT-B complex via IFT74/81 (Fig. 5D). Further, in
RABL2 knockout cells, the frequency of anterograde and retrograde IFT trains was
significantly reduced (Fig. 6F), suggesting that RABL2 might promote the assembly of IFT
trains via binding to IFT74. Although we did not observe accumulation of IFT-B
components at the tips of cilia, this hypothesis needs to be tested in further studies. It is also
possible that RABL2B is required for connecting a pair of IFT-A/IFT-B complexes to
another pair to form larger IFT trains. Our data did not exclude the possibility that the
reduced number of IFT trains in RABL2 knockout cells (Fig. 6C-E) is due to the failure of
detecting smaller trains, which have lower fluorescent signal. This hypothesis warrants
further study.
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We next consider cargo loading. Cargo proteins are known to accumulate at the ciliary base
(Pazour et al., 1999), where they are loaded onto IFT trains before entering the cilium.
Tubulin is one of the rare ciliary proteins in which direct partnership with IFT has been
shown /n vitro. IFT74/81 bind tubulin via their N-terminal regions (Bhogaraju et al., 2013).
Since RABL2B binds IFT-B via IFT74/81, RABL2B could promote the loading of tubulin
or other cargos onto IFT74/81 and only IFT-B loaded with tubulin would enter the cilium.
Although the “cargo loading to IFT initiation” model is quite intriguing, this model has
some conflicts with previous observations. First, cargo transport increases dramatically in
growing cilia (Craft et al., 2015; Wren et al., 2013), whereas the frequency of IFT is
independent of the length of cilia (Dentler, 2005). Second, algae carrying either IFT81 or
IFT74 mutants lacking their tubulin-binding domains have greatly reduced tubulin transport
rates, but the frequency of anterograde IFT is not significantly affected (Kubo et al., 2016).
Nonetheless the dynamic nature of the process necessitates careful kinetic analysis and these
hypotheses will require additional detailed tests. Finally, we consider the association of the
IFT complex with its motor protein, kinesin Il. It would be intriguing to test whether
RABL2 promotes the loading of IFT-B on its motor; however, the interaction between IFT
and this motor is still controversial (reviewed in (Taschner and Lorentzen, 2016). Ideally, the
interaction between IFT complexes and kinesin 1l would be confirmed /n vitro, but super
resolution microscopy may distinguish the IFT-bound kinesin and free kinesin, thus allowing
us to test this hypothesis.

The GTPase cycle of RABL2B

Our results suggest that RABL2B is likely a GEF-independent small GTPase. Although
most small GTPases require a GEF for nucleotide exchange, several GTPases undergo
nucleotide exchange without a GEF (reviewed in (Gasper et al., 2009)). Typically, this class
of GTPases belongs to G proteins activated by nucleotide-dependent dimerization (GADS)
(Gasper et al., 2009). In addition to their low affinity for GDP/GTP, GADs also have high
GTP hydrolyzing activity, enabling them to inactivate themselves in a GAP-independent
manner. This self-GTP hydrolysis is achieved by dimerization, where one protomer
complements and/or stabilizes the active site of the other protomer (Gasper et al., 2009). Our
preliminary data showed that untagged human RABL2B forms a tetramer /7 vitro (data not
shown), implying that it might also have high GTP hydrolyzing activity. In agreement with
this, RABL2B appears to undergo rapid hydrolysis after it activates IFT-B at the base of the
cilium (Fig. 4A and 6A). Interestingly, another Rab-like small GTPase, RABL4/IFT27, also
has low affinity for guanine nucleotide (GDP: Kd=37 pM; GTP: Kd=19 pM), but exhibits
very low GTP hydrolyzing activity (Bhogaraju et al., 2011). The difference between
RABL2B and RABLA4/IFT27 is supported by the biochemical data, in which both RABL4/
IFT27 WT and GTP-locked can efficiently bind to the IFT-B complex (Liew et al., 2014),
whereas only the GTP-locked form of RABL2B, not WT, can bind to IFT-B (Fig. 5A and
5B). Another interesting aspect of RABL2B is its relationship with CEP19. Our current
model is that CEP19 binds to GTP-bound RABL2B more strongly, thus promoting
accumulation of the active form of RABL2B at the ciliary base (Fig. 4H). CEP19 may
instead inhibit the intrinsic GTP hydrolyzing activity of RABL2B in order to stabilize its
binding to GTP. Supporting this hypothesis is the fact that GTP-bound, not GTP-locked,
RABL2B binds to CEP19 (i.e. the catalytic glutamine of RABL2B might participate in the
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binding surface between CEP19 and RABL2B). Further studies are needed to more clearly
understand the GTPase cycle of RABL2B and how it may be regulated.

RABL2B and CEP19 are candidate causative genes for Bardet-Biedl Syndrome

We show here that Rab/2~/~ mice develop retinal degeneration and polydactyly, in addition
to the previously described sperm motility defects (Lo et al., 2012) and obesity (Yi Lo et al.,
2016). To date, RABL2B mutations have not been found in human ciliopathy patients,
possibly because of the existence of functionally similar paralogs in humans, RABL2A and
RABL2B (Fig. 4B). Consistent with the link between RABL2B and CEP19 we described
here, patients carrying CEP19 R82X also display obesity and male infertility (Shalata et al.,
2013). These phenotypes are reminiscent of Bardet-Biedl syndrome (BBS). Importantly, this
phenotype is evidently very different from strong IFT-B deficiencies, which typically cause
early embryonic lethality. This difference can be explained by the difference of ciliation
phenotype between RABL2/CEP19 knockout cells and IFT-B deficiency. Cilia are
essentially absent in IFT-B knockout mice (reviewed in (Goetz and Anderson, 2010)), which
is also true for protozoans (reviewed in (Pedersen and Rosenbaum, 2008), see Section 9),
mouse embryonic fibroblasts (Ocbina and Anderson, 2008), and human RPE-hTERT cells
(Katoh et al., 2017). In contrast, a substantial proportion of CEP19/RABL2 knockout can
still form cilia (Fig. 3C), probably because IFT can still enter the cilium in CEP19/RABL2
knockout cells to some extent (Fig. 6F). Therefore, we did not find it surprising that the
mouse phenotype more closely resembles an IFT88 hypomorph, which were born at
Mendelian ratio, and exhibit polydactyly (Moyer et al., 1994) and retinal degeneration
(Pazour et al., 2002). In IFT88 hypomorph mice (or Orpk mice), ciliation is partially but
significantly affected in many tissues (Banizs et al., 2005; Cano et al., 2004; Pazour et al.,
2000). Another possible explanation for the viability of Rab/2”/~ mice is that RABL2 is
dispensable for ciliation in the neural tube, as is the case of some ciliated organisms that
have most of IFT components but lack RABL2 (e.g. C. elegansand D. melanogaster, see Fig
S1A).

The pathophysiology of the phenotype of Rab/2~~ mice is also largely unknown. The

phenotype might simply come from the partial inhibition of ciliation, or it might come from
defects in the trafficking of ciliary signaling components. Exactly how IFT-B is involved in
the trafficking of signaling components is still unclear, and must be tested in future studies.

STAR Methods

Contact for Reagent and Resource Sharing

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Peter Jackson (pjackson@stanford.edu).

Experimental Model and Subject Details

Mice—Rabl2*/~ mice in a C57BL/6 background were generated by in vitro fertilization
using the sperm carrying the Rabl2tm1.1(KOMP)Wtsi (MG1:5548568) allele, which was
obtained from International Mouse Phenotyping Consortium (http://
www.mousephenotype.org/). The construct resulted in the deletion of exons 3-8 of mouse

Dev Cell. Author manuscript; available in PMC 2018 July 10.


http://www.mousephenotype.org/
http://www.mousephenotype.org/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kanie et al.

Page 14

Rabl2. Additional phenotypes of these mice are available at http://
www.mousephenotype.org/data/genes/MGI:1915958#section-associations All mice were
maintained under specific pathogen-free conditions at the Stanford animal care facility. All
experiments were approved by Administrative Panel on Laboratory Animal Care at Stanford
University.

The primers used for genotyping PCR are F: 5 '-TGGGCTTGGTAATGGTGATT-3 /, WT-
R:5 -CTGTGAGGAGCCAGTGTGAA-3 ', KO-R: 5 ’-
GTACCCCAGGCTTCACTGAG-3 .

Cell line—RPE-hTERT cells and 293T cells were grown in DMEM/F-12 (12400024,
Thermo Fisher Scientific) supplemented with 10% FBS (100-106, Gemini), 1xGlutaMax
(35050-079, Thermo Fisher Scientific), 100 U/mL Penicillin-Streptomycin (15140163,
Thermo Fisher Scientific) at 37°C in 5% CO2.

Method Details

Tandem affinity purification—5 mL packed cell volume of RPE-hTERT cells
expressing LAP-tagged proteins were re-suspended with 20 mL of LAP-resuspension buffer
(300 mM KCI, 50 mM HEPES-KOH [pH 7.4], 1 mM EGTA, 1 mM MgCl,, 10% glycerol,
0.5 mM DTT, and protease inhibitors [PI88266, Thermo Scientific]), lysed by gradually
adding 600 pL 10% NP-40 to a final concentration of 0.3%, then incubated on ice for 10
min. The lysate was first centrifuged at 14,000 rpm (27,000 g) at 4°C for 10 min, and the
resulting supernatant was centrifuged at 43,000 rpm (100,000 g) for 1 hr at 4°C to further
clarify the lysate. High speed supernatant was mixed with 500 pL of GFP-coupled beads
(Torres et al., 2009) and rotated for 1 hr at 4°C to capture GFP-tagged proteins, and washed
five times with 1 mL LAP200N buffer (200 mM KCI, 50 mM HEPES-KOH [pH 7.4], 1 mM
EGTA, 1 mM MgCly, 10% glycerol, 0.5 mM DTT, protease inhibitors, and 0.05% NP40).
After re-suspending the beads with 1 mL LAP200N buffer lacking DTT and protease
inhibitors, the GFP-tag was cleaved by adding 5 g of TEV protease and rotating tubes at
4°C overnight. All subsequent steps until the cutting of bands from protein gels were
performed in a laminar flow hood. TEV-eluted supernatant was added to 100 pL of S-protein
agarose (69704-3, EMD Millipore) to capture S-tagged protein. After washing three times
with LAP200N buffer lacking DTT and twice with LAP100 buffer (100 mM KCI, 50 mM
HEPES-KOH [pH 7.4], 1 mM EGTA, 1 mM MgCls,, and 10% glycerol), purified protein
complexes were eluted with 50 puL of 2X LDS buffer and boiled at 95°C for 3 min. Samples
were then run on Bolt® Bis-Tris Plus Gels (NW04120BOX, Thermo Fisher Scientific) in
Bolt® MES SDS Running Buffer (B000202, Thermo Fisher Scientific). Gels were fixed in
100 mL of fixing solution (50% methanol, 10% acetic acid in Optima™ LC/MS grade water
[W6-1, Thermo Fisher Scientific]) at room temperature, and stained with Colloidal Blue
Staining Kit (LC6025, Thermo Fisher Scientific). After the buffer was replaced with
Optima™ water, the bands were cut into eight pieces, followed by washing twice with 500
pL of 50% acetonitrile in Optima' water. The gel slices were then reduced and alkylated
followed by destaining and in-gel digestion using 125 ng Trypsin/LysC (V5072, Promega)
as previously described (Shevchenko et al., 2006) with the addition of Protease Max
(V2071, Promega) to increase digestion efficiency. Tryptic peptides were extracted from the
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gel bands and dried in a speed vac. Prior to LC-MS, each sample was reconstituted in 0.1%
formic acid, 2% acetonitrile, and water. NanoAcquity (Waters) LC instrument was set at a
flow rate of either 300 nL/min or 450 nL/min where mobile phase A was 0.2% formic acid
in water and mobile phase B was 0.2% formic acid in acetonitrile. The analytical column
was in-house pulled and packed using C18 Reprosil Pur 2.4 uM (Dr. Maisch) where the 1.D.
was 100 uM and the column length was 20-25 cm. Peptide pools were directly injected onto
the analytical column in which linear gradients (4-40% B) were of either 80 or 120 min
eluting peptides into the mass spectrometer. Either the Orbitrap Elite or Orbitrap Fusion
mass spectrometers were used, where a top 15 or “fastest” MS/MS data acquisition was
used, respectively. MS/MS was acquired using CID with a collisional energy of 32-35. In a
typical analysis, RAW files were processed using Byonic (Protein Metrics) using 12 ppm
mass accuracy limits for precursors and 0.4 Da mass accuracy limits for MS/MS spectra.
MS/MS data was compared to an NCBI Genbank FASTA database containing all human
proteomic isoforms with the exception of the tandem affinity bait construct sequence and
common contaminant proteins. Spectral counts were assumed to have undergone fully
specific proteolysis and allowing up to two missed cleavages per peptide. All data was
filtered and presented at a 1% false discovery rate (Elias and Gygi, 2007). Post processing
using in-house MatLab and Excel scripts was used to further process the data for gene
ontological analyses.

Plasmids—pG-LAP6/puro vector ()CDNAS5/TO/FRT/EGFP-TEV cleavage site-S tag-
PreScission cleavage site/DEST) was created by inserting a PreScission Protease cleavage
site into the pG-LAP1 vector (Torres et al., 2009), and replacing the selection cassette from
hygromycin to puromycin resistance.

pWPXLd/LAP-N/puro/DEST vector was created by inserting EGFP-TEV cleavage site-S
tag-PreScission cleavage site/DEST/puromycin resistance casette of pG-LAP6/puro vector
into pWPXLd vector, a gift from Prof. Didier Trono (Addgene plasmid #12258). pWPXLd/
LAP-C/puro/DEST vector was generated by inserting DEST/TEV cleavage site-S tag-
PreScission cleavage site-EGFP/puromycin resistance cassette into pWPXLd vector.
pWPXLd/FLAG-N/blast/DEST vector was created by inserting FLAG/DEST/blastcidin
resistance cassette into pWPXLd vector.

pWPXLd/FLAG-C/blast/DEST vector was created by inserting DEST/FLAG/blastcidin
resistance cassette into pWPXLd vector. pMCB306, a lenti-viral vector containing loxP-
mU6-sgRNAs-puro resistance-EGFP-loxP cassette, and P293 Cas9-BFP were gifts from
Prof. Michael Bassik (Stanford University). pCMV-VSV-G and pCMV-dR8.2 dvpr were
gifts from Prof. Bob Weinberg (Addgene plasmid #8454 and #8455) (Stewart et al., 2003).
pOG44 (V600520) was obtained from Thermo Fisher Scientific.

pCS2-N-terminal 6xMYC/DEST (used for in vitro translation) and pGEX6p/DEST (used
for recombinant protein expression in bacteria) was described previously (Wright et al.,
2011).

The Gateway entry vector for Homo sapiens CEP19 was a gift from Prof. Marc Vidal.
Gateway entry vectors for H. sapiens RABL2A (HsCD00073874), RABL2B

Dev Cell. Author manuscript; available in PMC 2018 July 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kanie et al.

Page 16

(HsCD00044423), FGFR10OP (HsCD00045089), CEP350 (HsCD00399246), CDC42
(HsCD00000265) were obtained from Harvard Plasmid. STOP codons were added or
removed by using BP recombination if necessary. A Gateway entry vector for H. sapiens
IFT88 was obtained from Prof. Saikat Mukhopadhyay.

Gateway entry vectors for H. sapiens IFT52, IFT74, IFT80, IFT81, and M. musculus I1GP1
were created by BP recombination using pPCMV-SPORT6-1FT52 (HsCD00339273, Harvard
Plasmid), pDNR-LIB-IFT74 (HsCD00340259, Harvard Plasmid), pPCMV-SPORT6-IFT74
(HsCD00339316), pCR4-TOPO-IFT80 (HsCD00341166, Harvard plasmid), pPENTR223-
IFT81 (HsCD00287837, Harvard Plasmid), the C-terminal fragment of IFT81, and pCMV-
SPORT6-11IGP1 (MMM1013-202761355, Dharmacon) as templates. The C-terminal
fragment of IFT81 was PCR-amplified using cDNA from RPE-hTERT cells as a template,
and cloned into pCR-bluntlI-TOPO vector using Zero Blunt® TOPO® PCR Cloning Kit
(K280020, Thermo Fisher Scientific).

Gateway entry vectors for Chlamydomonas reinhardtii Rabl2 and Cepl19 were created by BP
recombination between pDONR221 and synthesized double stranded DNA (gBlocks Gene
Fragment, IDT).

Gateway entry vectors carrying point mutations of RABL2A, RABL2B, C. reinhardtii Rabl2
and IFT52 were created using site-directed mutagenesis. Gateway entry vectors carrying
truncation mutants of CEP19 (1-82 a.a.), RABL2B (15-186 a.a.), CEP350 (1-1078 a.a.,
1079-2169 a.a., 2170-2836 a.a., 2837-3116 a.a., 2170-2469 a.a., 2470-2836 a.a., 2470-2636
a.a., and 2637-2836 a.a.), IFT52 (1-326 a.a. and 350-432 a.a.), IFT81 (1-258 a.a., 122-676
a.a., 259-456 a.a., and 457-676 a.a.), and IFT74 (1-351 a.a., 91-600 a.a., 352-600 a.a.) were
created by using BP recombination between pDONR221 and PCR-amplified inserts.

N-terminally LAP (EGFP-TEV cleavage site-S tag-PreScission cleavage site)-tagged
RABL2A (wild-type and mutants), RABL2B (wild-type and mutants), CEP164, IFT81
(wild-type and mutants), and IFT74 (wild-type and mutants) were generated by LR
recombination between entry vectors described above and pWPXLd/LAP-N/puro/DEST.

Flp-In system compatible N-terminally LAP-tagged CEP19 was generated by LR
recombination between CEP19 entry vector and pG-LAP6/puro.

C-terminally LAP (TEV cleavage site-S tag-PreScission cleavage site-EGFP)-tagged IFT88
and IFT80 were generated by LR recombination between the IFT88 and IFT80 entry vector
described above and pWPXLd/LAP-C/puro/DEST.

N-terminally FLAG-tagged RABL2B (wild-type and mutants) and IFT52 mutants were
generated by LR recombination between entry vectors described above and pWPXLd/
FLAG-N/blast/DEST.

Untagged empty, FOP, CEP19 (wild-type and mutants), RABL2A (wild-type and mutants),
and RABL2B (wild-type and mutants) were generated by LR recombination between entry
vectors containing a STOP codon and the pWPXLd/FLAG-C/blast/DEST vector.
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N-terminally MY C-tagged CEP350 fragments, FOP, RABL2B (wild-type and mutants), and
C. reinhardtii Rabl2 (wild-type and mutants) were generated by LR recombination between
entry vectors described above and pCS2-N-terminal 6xMY C/DEST.

N-terminally GST tagged FOP, CEP19, RABL2B, CDC42, KRAS2B, IIGP1, C. reinhardtii
Rabl2, and C. reinhardtii CEP19 were generated by LR recombination between entry vectors
described above and pGEX6p/DEST.

Lentiviral vectors containing sgRNAs were generated by ligating oligonucleotides encoding
SgRNAs into the pMCB306 vector digested with BstXI and Blpl restriction enzymes.

Cell line generation—Cells were transfected with 3 pul (293T cells) or 6 ul (RPE cells) of
Fugene 6 (E2692, Promega) and 1 pg of DNA.

RPE-FRT9 expressing LAP-CEP19 was generated by transfecting 150 ng of the preceding
vectors with 850 ng of pOG44, followed by selection with 10 pg/ml puromycin. Flp-In
system compatible RPE cells (RPE-FRT9) were previously described (Sang et al., 2011). All
other stable cell lines were generated using lentivirus. Lentivirus carrying genes of interest
were produced by co-transfecting 293T cells with 150 ng of pPCMV-VSV-G, 350 ng of
pCMV-dR8.2 dvpr, and 500 ng of pWPXLd or pMCB306 plasmids previously described.
Media was replaced 24 hr after transfection to omit transfection reagent, and virus was
harvested at 48 hr post-transfection. Virus was then filtered with a 0.45 um PVDF filter
(SLHVO013SL, Millipore) and mixed with 4-fold volume of fresh media containing 12.5
pg/ml polybrene (TR-1003-G, Millipore). Following infection for 48—72 hr, cells were
selected with either 10 pg/ml puromycin or 10 pg/ml blastcidin.

CRISPR knockout—RPE cells expressing BFP-Cas9 were generated by infection with
lentivirus carrying p293 Cas9-BFP, followed by sorting BFP-positive cells using FACSaria
(BD).

RPE-BFP-Cas9 cells were infected with lentivirus carrying sgRNAs in the pMCB306 vector
to generate knockout cells. After selection with 10 pg/ml puromycin, cells were subjected to
immunoblotting, immunofluorescence, or genomic PCR combined with TIDE analysis
(Brinkman et al., 2014) to determine knockout efficiency. Cells were then infected with
adenovirus carrying Cre-recombinase (1045, Vector BioLabs) at a multiplicity of infection
of 50 to remove the sgRNA-puromycin resistance-EGFP cassette. 10 days after adenovirus
infection, GFP-negative single cells were sorted using FACS Aria.

To exclude the possibility that the observed phenotypes of the knockout cells are due to off
target effects, rescue experiments were performed by infecting knockout cells with lentivirus
carrying untagged wild type genes of interest. Pools of knockout cells were created by
mixing four single cell knockout clones of control (pMCB306 carrying sgGFP), FOP or
CEP19, and two single cell knockout clones of CEP350 or RABL2.

The targeting sequences of guide RNAs are; CEP164: 5'-
CTGCCTGGAGAGTGGAAAC-3’, CEP19: 5'-AGAACAAGTATCCCTGAGG-3’,
RABL2A/B: 5'-AACCGAGTGAGTTGGAC-3’, FOP: 5’-
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AGCAGCTGTGTTTTTAGCA-3’, CEP350: 5'-CAGGTGGTTCAATCACAAC-3’, IFT81:
5 -GTAATTTACCCAGTGCTC-3’, IFT74: 5'-ATCGCCCTGTAACACAA-3’, IFT22: 5'-
AAAGCCAAGATCCTCTTCG-3', IFT25: 5 -AAGTGATTTTAGCTACAT-3', IFT27:5'-
AATGTCTTATGTCTCGT-3', and IFT56: 5'-AAGAGGATACTAATTTG-3".

Recombinant protein purification—pGEX6p vectors described above were
transformed into Rosetta™ 2(DE3) pLysS bacteria cells (71403, EMD Millipore) and grown
at 37°C until A600 reached 0.6-0.8. Protein expression was induced with 0.1 mM IPTG
overnight at 18°C. Cells were harvested and re-suspended in bacterial lysis buffer (25 mM
HEPES-NaOH [pH 7.4], 500 mM NaCl, 1 mM DTT, 5 mM MgCly, and 1% Triton X-100)
with protease inhibitors (11873580001, Roche Applied Science), followed by sonication.
The lysate was then clarified by centrifuging at 15,000 rpm (30,996 g). In order to purify
GST-tagged proteins, the soluble fraction was mixed with Glutathione Sepharose 4B beads
(17075605, GE healthcare) at 4°C for 2 hr, followed by washing three times with bacterial
lysis buffer and twice with GST elution buffer (100 mM HEPES-NaOH [pH 8.0], 150 mM
NaCl, 5 mM MgCl,, and 40 mM reduced glutathione) without reduced glutathione. The
GST-tagged proteins were then eluted in GST elution buffer at room temperature for 15 min,
dialyzed in storage buffer (25 mM HEPES-NaOH [pH 7.4], 50 mM NaCl, 1 mM DTT, 5
mM MgCl,, and 10% glycerol), concentrated with Amicon Ultra Centrifugal Filter Units
(UFC801024, EMD Millipore), and stored at —80°C. To generate untagged proteins, proteins
were washed twice with PreScission cleavage buffer (25 mM HEPES-NaOH [pH 7.4], 150
mM NaCl, 1 mM DTT, 5 mM MgCl,, and 0.1% Triton X-100) instead of GST elution
buffer. The GST-tag was cleaved overnight at 4°C in PreScission cleavage buffer with the
addition of 2 pg of PreScission per 100 pg of recombinant protein, and the untagged proteins
were dialyzed in storage buffer, concentrated, and stored at —80°C.

GST pull-down with in vitro translated protein—/n vitrotranslated (IVT) proteins
were generated with pCS2-N-terminal 6xMY C vectors previously described using TnT®
SP6 High-Yield Wheat Germ Extract (L3260, Promega) and by following manufacturer’s
recommendations. For each pull-down reaction, 2.5 ug of GST or GST-tagged protein was
added along with 1-10 puL IVT protein and 5 pL of washed Glutathione Sepharose 4B beads
in 300 uL binding buffer (25 mM HEPES-NaOH [pH 7.4], 500 mM NaCl, 5 mM MgCl,,
and 0.1% Triton X-100) and mixed for 1 hr at 4°C. The beads were washed five times with
the same buffer and eluted with LDS sample buffer. The eluates were then resolved by SDS-
PAGE and analyzed by immunoblotting with anti-GST (G7781, Sigma-Aldrich) and anti-C-
MYC (CBL430, EMD Millipore) antibodies. For pull-down assays using nucleotide-loaded
IVT RABL2B, IVT RABL2B proteins were first generated as described above, then
incubated at room temperature in the presence of 5 mM MgCl, and 1 mM GTP or GDP. The
pull-down assays were performed as described with the loaded IVT proteins, with the
exception that the binding buffer contained 1 mM GTP or GDP.

MANT-GDP loading assay—Recombinant proteins were first buffer exchanged into low
magnesium buffer (20 mM HEPES-NaOH [pH 7.5], and 0.5 mM MgCls) using a NAP-5
column (1708531, GE Healthcare). The proteins (typically 30-100 uM) were then incubated
with 20-fold molar excess of N-methylanthraniloyl (MANT)-GDP (69244, SIGMA) in
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loading buffer (50 mM NaCl, 20 mM HEPES-NaOH [pH 7.5], 0.5 mM MgCl,, 5 mM
EDTA, and 1 mM DTT) in a total volume of 200 ul at 20°C for 90 min. The reaction was
stopped by adding MgCl5 to a final concentration of 10 mM, then incubated at 20°C for 30
min.

The free MANT nucleotide was removed using a NAP-5 column equilibrated with GEF
reaction buffer (40 mM HEPES-NaOH [pH 7.5], 50 mM NaCl, 2 mM DTT, and 10 mM
MgCl,). MANT-bound proteins were loaded into a 384-well microplate (784076, Greiner),
and the fluorescence was measured on a TECAN Infinite M1000 Microplate reader with an
excitation wavelength of 360 + 10 nm and emission wavelength of 440 + 20 nm. The
loading efficiency was calculated by using a standard curve of free MANT-GDP, and by
estimating the signal goes up two-fold when it binds to the protein.

Guanine nucleotide exchange assay—Recombinant proteins were first loaded with
MANT-GDP as described above then loaded into a 384-well microplate. The guanine
nucleotide exchange reaction was initiated by adding 100-fold molar excess of non-
hydrolyzable GTP analog, GppNHp (ab146659, Abcam), in the presence or the absence of
HsDbs (GEO1-A, Cytoskeleton) or CEP19. The decrease in fluorescence was monitored at
room temperature every 15 seconds for at least 30 min on a TECAN Infinite M1000
Microplate reader. Occasionally, a spike in the fluorescent signal caused by reading error
was observed, and was manually removed from the data. K values were obtained by
fitting the data to a single exponential function by using GraphPad Prism 7 software.

Measurement of equilibrium dissociation constant—Recombinant
Chlamydomonas reinhardltif Rabl2 was titrated against 200 nM MANT-GDP or 200 nM
slowly hydrolysable MANT-GTP+yS (ab146758, Abcam) in 50 pl of GEF reaction buffer in a
96-well microplate (3686, Corning). After incubating for 1 hr at room temperature,
fluorescence was measured on a TECAN Infinite M1000 Microplate reader. Equilibrium
dissociation constant (Kd) was obtained by fitting a quadratic function to the data with the
use of GraphPad Prism 7 software.

Antibody generation—To raise rabbit polyclonal antibodies against RABL2B and
CEP19, bacterially purified untagged RABL2B (1-229 a.a.) and CEP19 (1-163 a.a.) were
injected into rabbits (1 mg for first injection and 500 pg for boosts). The RABL2B antibody
was affinity purified from the third serum bleed with the same antigen used for injection via
standard protocols.

Immunofluorescence—rFor wide-field microscopy, cells were grown on 12 mm round
coverslips and fixed with 4% paraformaldehyde (433689M, AlfaAesar) in phosphate
buffered saline (PBS) for 10 min at room temperature. Cells stained with CEP89 or SCLT1
antibodies were fixed in 100% methanol for 5 min at —20°C. After blocking with 5% normal
donkey serum (017-000-121, Jackson ImmunoResearch) in immunofluorescence (IF) buffer
(3% BSA and 0.1% NP-40 in PBS) for 30 min at room temperature, cells were incubated
with primary antibody in IF buffer for at least 2 hr at room temperature, followed by rinsing
with IF buffer five times. The samples were then incubated with fluorescent-labeled
secondary antibody in IF buffer for 1 hr at room temperature, followed by rinsing with IF
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buffer five times. After nuclear staining with 4’,6-diamidino-2-phenylindole (DAPI) in PBS,
coverslips were mounted with Fluoromount-G (0100-01, SouthernBiotech) onto glass slides.
Images were acquired on an Everest deconvolution workstation (Intelligent Imaging
Innovations) equipped with a Zeiss Axiolmager Z1 microscope and a CoolSnapHQ cooled
CCD camera (Roper Scientific). A 40x NA1.3 Plan-Apochromat objective lens
(420762-9800, Zeiss) was used for ciliation assays, and a 63x NA1.4 Plan-Apochromat
objective lens (420780-9900, Zeiss) was used for other analysis. At least 6 images from
different fields per sample were captured for typical analysis.

For ciliation assays, cells were plated into a 6-well plate at a density of 2 x 10° cells/well
and grown for 72 hr. Cells were serum starved for 24 hr unless otherwise indicated, and
fixed in 4% paraformaldehyde (433689M, AlfaAesar). After the blocking step, cells were
stained with anti-Arl13B, anti-CEP170, and anti-acetylated tubulin (Ac-Tub) antibodies,
washed, then stained with anti-rabbit Alexa488, goat anti-mouse 1gG1-Alexa568, and goat
anti-mouse 1gG2b Alexa647. The structures extending from the centrosome and positive for
both acetylated tubulin and Arl13B were counted as primary cilia. Typically, at least 200
cells were analyzed per experiment.

For structured illumination microscopy, cells were grown on 18 mm square coverslips
(474030-9000-000, Zeiss), fixed, and stained as described above. Coverslips were mounted
with SlowFade Gold Antifade Reagent (S36936, Life Technologies). Images were acquired
on a DeltaVision OMX V4 system equipped with a 100x/1.40 NA UPLANSAPO100XO
objective lens (Olympus), and 488 nm (100 mW), 561 nm (100 mW), and 642 nm (300
mW) coherent sapphire solid state lasers, and Evolve 512 EMCCD cameras (Photometrics).
Image stacks of 2 pm z-steps were taken in 0.125 pm increments. Images were then
computationally reconstructed and subjected to image registration by using SoftWorx 6.5.1
software.

Primary antibodies used for immunofluorescence were anti-CEP350 (NB100-59811,
NOVUS), anti-FOP (H00011116-M01, NOVUS), anti-RABL2B (affinity purified, in house),
anti-CEP19 (26036-1-AP, Proteintech), anti-CEP19 (3rd bleed, in house), anti-CEP170
(41-3200, Thermo Fisher Scientific), anti-CEP164 (HPA037605, SIGMA), anti-SCLT1
(14875-1-AP, Proteintech), anti-FBF1 (HPA023677, SIGMA), anti-CEP89 (24002-1-AP,
Proteintech), anti-acetylated tubulin (T7451, SIGMA), anti-GFP (A10262, Thermo Fisher
Scientific), anti-IFT88 (13967-1-AP, Proteintech), anti-IFT81 (11744-1-AP, Proteintech),
anti-1IFT57 (11083-1-AP, Proteintech), anti-ARL13B (17711-1-AP, Proteintech), anti-BBS4
(12766-1-AP, Proteintech), and anti-GPR161 (Mukhopadhyay et al., 2013).

Secondary antibodies used for immunofluorescence were donkey anti-rabbit Alexa488
(711-545-152, Jackson ImmunoResearch), donkey anti-mouse 1gG DyLight488
(715-485-150, Jackson ImmunoResearch), donkey anti-chicken 1gY DyLight488
(703-485-155, Jackson ImmunoResearch), donkey anti-rabbit 1IgG Alexa568 (A10042,
Thermo Fisher Scientific), goat anti-mouse 1gG1-Alexa568 (A-21124, Thermo Fisher
Scientific), goat anti-mouse 1gG2b Alexa647 (A-21242, Thermo Fisher Scientific), donkey
anti-rabbit 1gG Alexa647 (711-605-152, Jackson ImmunoResearch), and donkey anti-mouse
IgG Alexa647 (715-605-151, Jackson ImmunoResearch).
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GFP co-immunoprecipitation—Cells were plated at a density of 1.5 x 106 cells per 15
cm dish or 0.5 x 108 cells per 10 cm dish, grown for 96 hr, serum starved for 24 hr. Cells
were then lysed with NP-40 lysis buffer (50 mM Tris-HCI [pH7.5], 150 mM NaCl, and 0.3%
NP-40, 10 ug/ml LPC (leupeptin, pepstatin A, and chymostatin), and 1% phosphatase
inhibitor cocktail 2 (P5726, SIGMA) followed by clarification of the lysate by centrifugation
at 15,000 rpm (21,000 g) for 10 min. The soluble fraction was incubated with GFP-coupled
beads (Torres et al., 2009) (10 I bed volume per 3 mg of lysate) for 1.5 hr at 4°C, followed
by washing five times with IP wash buffer (50 mM Tris-HCI [pH 7.5], 150 mM NacCl, and
0.1% NP-40). Samples were eluted with 2 x LDS buffer containing 2.5% 2-mercaptoethanol
(M3148, SIGMA).

Immunoblot—For immunablotting, cells were lysed in NP-40 lysis buffer followed by
clarification of the lysate by centrifugation at 15,000 rpm (21,000 g) for 10 min. Samples
were then mixed with 2 x LDS buffer containing 2.5% 2-mercaptoethanol and incubated at
95°C for 5 min. Proteins were separated in NUPAGE™ Novex " 4-12% Bis-Tris protein gels
(WG1402BOX, Thermo Fisher Scientific) in NUPAGE™ MOPS SDS running buffer (50
mM MOPS, 50 mM Tris Base, 0.1% SDS, 1 mM EDTA, pH 7.7), then transferred onto
Immobilon™-FL PVDF Transfer Membranes (IPFL00010, EMD Millipore) in Towbin
Buffer (25 mM Tris, 192 mM glycine, pH 8.3). Membranes were incubated in LI-COR
Odyssey Blocking Buffer (NC9232238, LI-COR) for 30 min at room temperature, then
probed overnight at 4°C with the appropriate antibody diluted in blocking buffer. Next,
membranes were washed 3 X 5 min in TBST buffer (20 mM Tris, 150 mM NacCl, 0.1%
Tween 20, pH 7.5) at room temperature, incubated with the appropriate IRDye® antibodies
(L1-COR) diluted in blocking buffer for 30 min at room temperature, then washed 3 x 5 min
in TBST buffer. Membranes were scanned on an Odyssey CLx Imaging System (LI-COR)
and proteins were detected at wavelengths 680 and 800 nm.

Primary antibodies used for immunoblot were anti-GFP (A11122, Invitrogen), anti-IFT81
(11744-1-AP, Proteintech), anti-IFT57 (11083-1-AP, Proteintech), anti-IFT25 (15732-1-AP,
Proteintech), anti-IFT88 (13967-1-AP, Proteintech), anti-TTC30A (25352-1-AP,
Proteintech), anti-IFT74 (NB300-822, NOVUS), anti-IFT22 (NBP1-84098, NOVUS), anti-
CLUAP1 (17470-1-AP, Proteintech), anti-IFT27 (NBP1-87170, NOVUS), anti-TTC26
(25083-1-AP, Proteintech), anti-IFT140 (17460-1-AP, Proteintech), anti-CEP164 (22227-1-
AP, Proteintech), anti-FOP (11343-1-AP, Proteintech), anti-RABL2B (affinity purified, in
house), anti-FLAG (F7425, SIGMA), and anti-Secondary antibodies used for immunoblot
were IRDye® 800CW donkey anti-mouse (926-32212, LI-COR), IRDye® 800CW donkey
anti-rabbit (926-32213, LI-COR), IRDye® 680CW donkey anti-mouse (926-68072, LI-
COR), and IRDye® 680CW donkey anti-rabbit (926-32223).

Live cell imaging—We initially used GFP tagged IFT88 for the live cell imaging,
however, the expression of GFP-IFT88 completely inhibited the formation of the cilium in
both CEP19 and RABL2 knockout cells. We screened for other IFT-B components, and
found that only GFP-IFT80 worked in CEP19/RABL2 KO cells among seven IFT-B
components tested (IFT20, 56, 70A, 38, 54, 57, and 80). We thus used GFP-IFT80 for this
study.

Dev Cell. Author manuscript; available in PMC 2018 July 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kanie et al.

Page 22

RPE-BFP-Cas9, CEP19 knockout, and RABL2 knockout cells expressing C-terminally GFP
tagged IFT80 were plated in an 8-well Lab-Tekll Chambered Coverglass (155409, Thermo
Fisher Scientific) at the density of 2 x 104 cells per well, grown for 72 hr, and serum starved
for 48 hr. Live cell imaging was carried out on a DeltaVision OMX V4 system equipped
with a 60x/1.49 NA APONG60XOTIRF objective lens (Olympus), 488 nm (100 mW), 561
nm (100 mW), and 642 nm (300 mW) coherent sapphire solid state lasers, Evolve 512
EMCCD cameras (Photometrics), and TIRF system. Cells were imaged every 250 ms (4 fps)
for 30 sec. Kymographs were created by using ImageJ with the KymoResliceWide plugin.

Histology—The right eye was enucleated from 16 week old Rab/2”/~ mice (n=3, two
females and one male), Rab/2'~ mice (n=3, two females and one male), and control
Rabl2!* littermates (n=2, one female and one male), and fixed in buffered formalin for three
days. Eyes were then processed, embedded in paraffin blocks, and sectioned on a microtome
(5 um thick sections) by standard techniques. Hematoxylin and eosin sections were
examined for evidence of photoreceptor degeneration. To quantify the extent of
photoreceptor degeneration, 200x magnification images were obtained from the peripheral
and posterior retinas from up to eight histologic sections of the central pupil-optic nerve
axis. The averages of 27-48 linear measurements of the depths of the inner and outer nuclear
layers were recorded for the peripheral and posterior retinas. The ratios of the inner and
outer nuclear layer depths were compared with ANOVAs with posthoc Bonferroni pairwise
comparisons (SYSTAT v13).

Phylogenetic analysis—To create Fig. S1A, Fig. 3 of (van Dam et al., 2013) were
extended with data for FOP, FOPNL, RABL2, CEP19, and CEP350 along with orthology
data from pantherdb, orthoMCL (PTHR15431 and OG5_133356, PTHR15431 and
OG5_131172, PTHR24073:SF731 and OG5_132618, PTHR31539 and OG5_136689,
PTHR13958 and OG5 134701, respectively). Since the rice and thale cress sequences
aligned better with FOPNL (PTHR15431), orthology for these two genes reported in
OG5_133356 was manually removed. Data from (Elias et al., 2016) for RABLZ2, in addition
to the first 51 results of an NCBI BLAST search of the Nematostella vectensis sequences for
FOP, CEP19, and CEP350 using default parameters, were used to identify additional
orthologs to include in the table.

Quantification and Statistical Analysis

Measurement of the diameter of centriolar rings—The diameter of the rings formed
by centrosomal proteins (Table 1 and Fig. S61) was measured with images acquired by
structured illumination microscopy. To measure the diameter of the ring, the distance
between intensity maxima was measured from four different angles using top-view image
and averaged to reduce the variability caused by tilting of the centriole.

Quantification of fluorescent intensity—The fluorescent intensity of centrosomal
proteins was measured with 16-bit TIFF images acquired at 63x magnification by using
Image J software. The minimum and maximum brightness of each analyzed channel was
normalized without cutting off excessive signal. A rolling ball background subtraction with a
rolling ball radius of twice the width (25 pixels) of the centriole (12.5 pixels) was then
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implemented to reduce background intensity. To obtain the fluorescent intensity of the
protein of interest (POI), a circle was placed surrounding the centriole (indicated by
CEP170), and the integrated density of both CEP170 and the POI were measured. In order to
reduce leaky signal from adjacent Z dimensions and the cytoplasm, the average intensity of
three adjacent circles of the same size were subtracted from the CEP170 and POI integrated
densities; any negative values were manually corrected to 0. The signal ratio of the POI over
CEP170 were then normalized relative to the average signal ratio of control cells. Outliers
were excluded using the ROUT method with a false discovery rate of 1% using GraphPad
Prism 7 software.

For the fluorescent intensity of ciliary proteins shown in Fig. S4B and S4C, the signal of
acetylated tubulin instead of CEP170 was used for a reference. Typically, 50-100 of cilia/
centrosome were analyzed for each cell line. The result was confirmed in at least three
independent experiments or three single cell clones.

Statistical analysis—Data were analyzed by unpaired two-tailed Student’s t test unless
otherwise indicated. Asterisks denote *: 0.01 < p < 0.05, **: p <0.01, ***: p <0.001, n.s.:
not significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
FOP-CEP350 recruits CEP19-RABL2 to the ciliary base to initiate ciliation

CEP19 captures GTP-bound RABL2, which is activated by intrinsic
nucleotide exchange

RABL2B binds IFT-B as a GTP-specific effector to trigger the entry of IFT

Rabl2 knockout mice exhibit phenotype characteristic of ciliopathies
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Figure 1. Identification of the centriolar FOP and CEP350 proteins, and of the conserved
RABL2B small GTPase as an interactor of CEP19

A-B. (A) Cell lysates from RPE cells expressing N-terminally LAP (EGFP-TEV cleavage
site-S tag-PreScission cleavage site)-tagged CEP19 were purified with GFP antibodies and
S-protein beads. Proteins were resolved by SDS-PAGE and visualized by silver staining. (B)
Spectral counts, unique peptide counts, and coverage indicated in the table.

C-E. GST pull-down assays with indicated purified GST-tagged proteins and IVT MYC-
tagged proteins. Eluates analyzed by immunoblotting with indicated antibodies.

Asterisk: Non-specific binding to GST tag.
F. Established order of binding of CEP350, FOP, CEP19, and RABL2B via /n vitro binding

experiments.

See also Figure S1.
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Figure 2. The localization of RABL2B and CEP19 to the inner pericentriolar material is
regulated by FOP and CEP350

A. RPE cells or RPE cells expressing GFP-RABL2B were serum starved 24 hr and
immunostained with indicated antibodies. The graph (right) shows the normalized
fluorescent intensity of the indicated proteins that colocalize with the centrosome in either
confluent or 24 hr serum starved (S.S. 24 hr) cells. Scale bar: 10 um.

B-E. RPE cells expressing GFP-CEP164 (B-D) or GFP-RABL2B (E) were serum starved
24 hr and immunostained with indicated antibodies. Images acquired via structured
illumination microscopy. GFP-CEP164: a marker of the distal appendage. CEP170 and
Ninein: markers of sub-distal appendage and proximal end of the mother centriole. Scale
bar: 1 pm.

F. Alternate hypotheses for RABL2B localization. Top: RABL2B localizes to the proximal
region of the distal appendage. Bottom: RABL2B localizes to inner pericentriolar material.
G. RPE-BFP-Cas9 cells with specified gene knockouts were serum starved 24 hr and
immunostained with indicated antibodies. Exogenous GFP-RABL2B was expressed in
knockout cells and immunostained with a-GFP. Scale bar: 1um. See Fig. S2C-F for
quantification data.
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H. The order of recruitment and physical binding for the CEP350-FOP-CEP19-RABL2B
pathway.
See also Figure S2.
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Figure 3. The CEP350/FOP/CEP19/RABL2B complex is important for ciliation
A. Single cell clones (n = 5-6) of RPE-BFP-Cas9 cells with the specified gene knockouts

were serum starved 24 hr and subjected to the ciliation assay described in Methods. Data
averaged from the indicated number of single cell clones. Error bars represent £ SD. See
Fig. S3A for individual clone data.

B. Single cell clones of RPE-BFP-Cas9 cells with the specified gene knockouts were
subjected to the ciliation assay. Data averaged from three independent experiments of each
clone. Error bars represent + SD.

C. Pools of RPE-BFP-Cas9 single cell clones with the specified gene knockouts were serum
starved for the indicated times, and subjected to the ciliation assay. Data averaged from two
independent experiments. Error bars represent + SD.

D. RPE-BFP-Cas9 CEP19 KO cells stably expressing empty vector, untagged CEP19 WT,
or CEP19 R82X were serum starved 24 hr and subjected to the ciliation assay. Top: Ciliation
guantification of each cell line. Data averaged from three independent experiments. Scale
bar: 10 um. Error bars represent + SD. Bottom: Confirmation of CEP19 expression by
immunofluorescence.

E. RPE-BFP-Cas9 FOP KO cells stably expressing empty vector or untagged FOP WT were
serum starved 24 hr and subjected to the ciliation assay. Top: Ciliation quantification of each
cell line. Data averaged from three independent experiments. Error bars represent = SD.
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Bottom: Confirmation of the expression of FOP by immunoblot. Relative expression levels
of exogenous compared to endogenous FOP in control RPE cells is indicated.

F. RPE-BFP-Cas9 cells with the specified gene knockouts were serum starved 24 hr and
immunostained with a-TTBK2 antibody. Scale bar: 1 um.

G-H. RPE-BFP-Cas9 cells with the specified gene knockouts were serum starved 24 hr and
immunostained with a-CP110 antibody. Data averaged from three single cell clones (G) or
three independent experiments (H). Error bars represent + SD.

See also Figure S3.
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Figure 4. RABL2B is a small GTPase with high intrinsic nucleotide exchange rate
A. RPE cells expressing GFP-RABL2B WT, S35N (GDP-locked/empty), or Q80L (GTP-

locked) were serum starved 24 hr and immunostained with indicated antibodies. Arrow: GFP
signal at cilium base. Arrowhead: GFP signal within cilium. Red arrowhead: GFP signal at
the cilium tip. Scale bar: 10 um.

B-C. RABL2 or CEP19 KO RPE cells stably expressing empty vector or untagged
RABL2A/B WT or mutants were serum starved 24 hr and subjected to the ciliation assay.
Top: Ciliation quantification of each cell line. Data averaged from three independent
experiments. Error bars represent + SD. Bottom: Confirmation of RABL2 expression by
immunoblot. The relative expression levels of exogenous compared to endogenous RABL?2
from control RPE cells is indicated.

D. RPE-BFP-Cas9 or RPE CEP19 knockout cells expressing either GFP-RABL2B WT or
Q80L (GTP-locked) were serum starved 24 hr and immunostained with indicated antibodies.
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Arrow: GFP signal at cilium base. Arrowhead: GFP signal within cilium. Red arrowhead:
GFP signal at the cilium tip. Scale bar: 10 um.

E. Purified CrRabl2 was first loaded with MANT-GDP. Nucleotide exchange was initiated
by adding buffer (blue), GppNHp (red), or GppNHp and CEP19 (green). Data averaged from
four technical replicates. Experiment was performed six times, and one representative is
shown.

F. The Kd of CrRabl2 was determined by measuring the fluorescence increase induced by
the titration of C/Rabl2 in 200 nM MANT-GDP (left) or MANT-GTP-yS (right). Data
averaged from four technical replicates.

G. GST pull-down assay with GST-CrCEP19 and IVT MYC-tagged CrRabl2 loaded with
GDP/GTP, or with CrRabl2 GDP/GTP-locked mutants. Eluates analyzed by immunoblotting
with indicated antibodies.

H. RABL2B intrinsically exchanges GDP for GTP. RABL2B-GTP binds to CEP19 at a site
distinct from RABL2B’s switch region, which binds to effectors.

See also Figure S4.
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Figure 5. Identification of the IFT-B complex as an effector of RABL2B
A-B. (A) Cell lysates from RPE cells expressing N-terminally LAP-tagged RABL2B WT or

mutants were subjected to tandem affinity purifications as described in Fig. 1A. Cells
expressing C-terminally LAP-tagged IFT88 serve as a comparison for comparing the
migration of individual IFT-B subunits. (B) Spectral counts indicated in the table.

C. Dissociation of the IFT-B complex via expression of the dominant-negative IFT52

EIRIEE =

Page 35

allowed identification of the subcomplex that interacts with RABL2B. Left: RPE cells stably
expressing N-terminally GFP-tagged RABL2B Q80L (GTP locked form) or C-terminally
GFP-tagged IFT88 and indicated N-terminally FLAG-tagged IFT52 mutants were serum

starved 24 hr and immunoprecipitated with a.-GFP antibody. Eluates analyzed by

immunoblotting with indicated antibodies. Right: A cartoon depicting the dissociation of
IFT-B by IFT52 mutant expression. IFT52 K127E/R195E dissociates IFT-B into the IFT-B1
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and IFT-B2 sub-complexes. The C-terminal fragment (350-432 a.a.) of IFT-52 dissociates
the IFT81/74/22/27/25/46/56 sub-complex from the IFT-B holocomplex. The N-terminal
fragment (1-326 a.a.) of IFT52 fails to dissociate IFT-B.

D. The individual components of the IFT81/74/22/25/27/56 sub-complex were deleted to
determine the direct interactor of RABL2. Left: RPE cells with the specified sgRNAs were
infected with lentivirus carrying GFP-RABL2B Q80L (GTP-locked). Cells were serum
starved 24 hr and immunoprecipitated with a.-GFP antibody. Eluates analyzed by
immunoblotting with indicated antibodies. Asterisk: Non-specific band masking endogenous
IFT74. Right: A cartoon depicting the interaction of RABL2B and IFT-B.

E. RPE cells expressing GFP-CEP164 or GFP-RABL2B were serum starved 24 hr and
immunostained with the indicated antibodies. Images acquired via structured illumination
microscopy. Scale bar: 1 pm.

See also Figure S5 and Table S1.
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Figure 6. RABL2B triggers the entry of IFT-B into the cilium
A. RPE-BFP-Cas9 and the specified knockout cells were serum starved 24 hr and

immunostained with indicated antibodies. Scale bar: 1 ym. See Fig. S6F-H for
quantification data.

B. RPE-BFP-Cas9, CEP19 KO, and RABL2 KO cells expressing GFP-CEP164 were serum
starved 24 hr and immunostained with indicated antibodies. Images acquired via structured
illumination microscopy. Scale bar: 1 pm.

C-D. (C) RPE-BFP-Cas9, CEP19 KO, and RABL2 KO cells were serum starved 48 hr and
immunostained with indicated antibodies. Images acquired via structured illumination
microscopy. (D) Quantification of IFT-B particles described in (C). Error bars represent £
SD. Scale bar: 1 pm.
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E. RPE-BFP-Cas9, CEP19 KO, and RABL2 KO cells expressing C-terminally GFP-tagged
IFT80 were serum starved 48 hr and live-cell imaged via TIRF microscopy. Top:
Kymographs created from live-cell microscopy movie S1. Bottom: The movement of IFT-B
trains interpreted from the kymographs. See Movie S1.

F-G. Quantification of the frequency (F) and velocity (G) of IFT-B trains. Sample size
represents the number of cilia (F) or particles (G) analyzed.

See also Figure S6 and Movie S1.
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Figure 7. Histological analysis of key tissues supports a BBS-like phenotype for Rabl2 knockouts
A. Left: A representative image of the right hind limb from Rabl2~/~ mice with polydactyly.

Right: Quantification of the proportion of mice with polydactyly.

B. Left: Histological analysis of the retina from 16-week-old mice. G, ganglion cell layer;
IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL,
outer nuclear layer; P, photoreceptor cell layer. Scale bar: 20 um. Right: Quantification of
ONL/INL ratio of peripheral retina. Error bars represent + SD.

C. A model for the mechanism by which RABL2B triggers the entry of IFT-B into the
cilium.
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The diameters of the CEP350, FOP, CEP19, and RABLZ2B rings at the mother centriole

Table 1

Protein Diameter (nm) | No. Analyzed Centrioles | Localization

GFP-CEP164 449.0 £ 35.0 13 Distal Appendage

CEP164 433.3+£26.7 16 Distal Appendage

CEP350 (Mother centriole) 387.0+21.9 11 Inner Pericentriolar Material
FOP (Mother centriole) 380.0 £ 19.0 11 This Paper

CEP19 372.6+16.4 15 This Paper

GFP-RABL2B 376.5+31.3 10 This Paper

The diameters of the CEP350, FOP, CEP19, and RABL2B rings were significantly different from that of the CEP164 ring (p < 0.001).

The diameters of the FOP, CEP19, and RABL2B rings were similar to that of the CEP350 ring (p = 0.4539, One-Way ANOVA).
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