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SUMMARY

The sorting of signaling receptors into and out of
cilia relies on the BBSome, a complex of Bardet-
Biedl syndrome (BBS) proteins, and on the intrafla-
gellar transport (IFT) machinery. GTP loading onto
the Arf-like GTPase ARL6/BBS3 drives assembly
of a membrane-apposed BBSome coat that pro-
motes cargo entry into cilia, yet how and where
ARLSG is activated remains elusive. Here, we show
that the Rab-like GTPase IFT27/RABL4, a known
component of IFT complex B, promotes the exit of
BBSome and associated cargoes from cilia. Unbi-
ased proteomics and biochemical reconstitution as-
says show that, upon disengagement from the rest
of IFT-B, IFT27 directly interacts with the nucleo-
tide-free form of ARL6. Furthermore, IFT27 prevents
aggregation of nucleotide-free ARL6 in solution.
Thus, we propose that IFT27 separates from IFT-B
inside cilia to promote ARL6 activation, BBSome
coat assembly, and subsequent ciliary exit, mirror-
ing the process by which BBSome mediates cargo
entry into cilia.

INTRODUCTION

Primary cilia are microtubule-based organelles that convert
extracellular signals into intracellular responses through the
dynamic exchange of signaling molecules with the rest of
the cell. While significant progress has been made toward un-
derstanding the mechanisms of entry into cilia, little is known
about how signaling molecules exit cilia besides a possible
requirement for the BBSome (Nachury et al., 2010; Sung and
Leroux, 2013). The BBSome is an octameric complex of eight
conserved Bardet-Biedl syndrome (BBS) proteins [BBS1/2/4/
5/7/8/9/18] (Nachury et al., 2007; Loktev et al., 2008; Schei-
decker et al., 2014), which are among 19 gene products defec-
tive in BBS, a pleiotropic disorder characterized by obesity,
polydactyly, retinal dystrophy, and cystic kidneys (Fliegauf
et al., 2007). We previously showed that guanosine triphosphate
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(GTP) loading onto the small Arf-like GTPase ARL6/BBS3 trig-
gers the assembly of a planar BBSome/ARL6 coat on the sur-
face of membranes (Jin et al., 2010). The BBSome coat sorts
membrane proteins into cilia through the direct recognition of
ciliary targeting sequences by the BBSome (Jin et al., 2010;
Seo et al., 2011). In addition, the BBSome/ARL6 coat also me-
diates the export of signaling proteins such as the Hedgehog
signaling receptors Patched 1 and Smoothened (Zhang et al.,
2011, 2012). In cilia, BBSome coats comove with intraflagellar
transport (IFT) trains, composed chiefly of IFT complexes A
and B (Piperno and Mead, 1997; Cole et al., 1998; Ou et al.,
2005a; Lechtreck et al., 2009). IFT trains transport axonemal
precursors from base to tip (anterograde transport) and recycle
proteins from tip to base (retrograde transport) (Rosenbaum and
Witman, 2002; Wren et al., 2013). Despite recent progress in un-
derstanding the cellular function of the BBSome, exactly where
polymerization of the BBSome coat is initiated and terminated
and how these events are coordinated with IFT train dynamics
remain unknown. In particular, no guanine nucleotide exchange
factor (GEF) or GTPase-activating protein (GAP) has been iden-
tified for ARL6.

Small GTPases that localize to cilia represent a class of
molecules that have the potential to regulate ciliary trafficking.
In particular, the Rab-like GTPase IFT27/RABL4, which forms
an obligatory complex with IFT25, associates with IFT-B inside
cilia (Qin et al., 2007; Wang et al., 2009; Bhogaraju et al., 2011).
Similar to BBSome mutants, but unlike null mutants for other
IFT-B subunits in which ciliogenesis is grossly affected,
Ift25~'~ cells possess normal cilia that accumulate Patched 1
and Smoothened in their cilia and are thus defective in Hedge-
hog signaling (Keady et al., 2012; Zhang et al., 2011, 2012).
The recent identification of a pathogenic mutation in IFT27 in
a BBS family suggests that IFT27/BBS19 might regulate
BBSome function (Aldahmesh et al., 2014). Here we show
that, upon disengagement from the rest of IFT-B, IFT27 directly
interacts with and stabilizes the nucleotide-free form of ARL6.
We further demonstrate that loss of IFT27 reduces the ciliary
exit rates of BBSome, and causes ciliary accumulation of
ARL6, BBSome, and GPR161, a G protein coupled receptor
(GPCR) that participates in Hedgehog signaling. Thus, through
its control of nucleotide-empty ARLSG, IFT27 links the BBSome
to the IFT machinery to drive ciliary export of signaling
molecules.
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Figure 1. Identification of ARL6 as an Interactor of IFT27

(A—C) Murine IMCD3 cells stably expressing human IFT27, IFT27[K68A] (“GTP-locked”), or IFT27[T19N] (“GDP-locked”) tagged at the C terminus with a LAP tag
(S-tag followed by a HRV3C cleavage site and GFP) were stained for IFT88 (red), acetylated tubulin (white), and DNA (blue). IFT27" variants were visualized
through the intrinsic fluorescence of GFP.

(A) Inset shows the individual fluorescence channels vertically offset from one another by three pixels. A yellow arrowhead points to the base of a cilium in the GFP
channel of IFT27[T19N]“* cells. Scale bar, 5 um (main panels), 1 pm (insets).

(B and C) Magnified views of cilia from IFT27F cells (B) or IFT27[T19N]"*F cells (C). Scale bar, 1 um. In (C) endogenous mouse IFT27 was knocked down leaving
human IFT27[T19N]**" as the major IFT27 protein in those cells. See Figure S1C for control siRNA experiment.

(D) Lysates were subjected to anti-GFP antibody capture and HRV3C (control, IFT27AP) or TEV ("PIFT88) cleavage elution before SDS-PAGE and silver staining
(top) or immunoblotting (bottom). Asterisks indicate proteases used for cleavage elution. In parallel, the eluates were analyzed by mass spectrometry and the
spectral counts for each IFT-B subunit are shown in the table on the right. Spectral counts from ““PIFT88 are the aggregate of three separate mass spectrometry
experiments. Immunoblotting for IFT-B subunits (IFT88 and IFT57) and for ARL6 was conducted to confirm the mass spectrometry results. Immunoblotting for the

S-tag that remains on IFT27"4P
See also Figure S1.

RESULTS

Nucleotide-Dependent Association of IFT27 with IFT-B

We first sought to understand how the nucleotide state of IFT27
might affect ciliary trafficking. We generated stable mouse inner
medullar collecting duct (IMCD)3 kidney cell lines stably ex-
pressing human IFT27 fused to a localization and tandem affin-
ity purification (LAP) tag consisting of an S-tag followed by a
cleavage site for the HRV3C protease and GFP (Cheeseman
and Desai, 2005). To “lock” IFT27 in either the GTP-bound
(active) form or guanosine diphosphate (GDP)-bound (inactive)
form, we introduced point mutations into IFT27 that are pre-
dicted to either preclude GTP hydrolysis by preventing interac-
tion with a GAP [K68A], or disrupt GTP binding while allowing
limited GDP binding [T19N] (Bhogaraju et al., 2011) (Figure S1A
available online). Remarkably, while IFT27-LAP and IFT27
[K68A]-LAP localized to cilia (Figure 1A) and colocalized with
the IFT-B subunit IFT88 inside cilia (Figure 1B), IFT27[T19N]-
LAP failed to localize to cilia, suggesting that GTP binding pro-
motes ciliary entry of IFT27. Since IFT27[T19N]-LAP levels are

after HRV3C cleavage shows the amounts of all IFT27 variants recovered in the LAP eluates.

only reduced 2-fold in lysates (and 5-fold in LAP eluates)
compared to IFT27-LAP (Figures S1B and S1D), the absence
of IFT27[T19N] from cilia cannot be solely accounted for by
reduced protein levels. Surprisingly, knockdown of endogenous
IFT27 in the stable cell line expressing IFT27[T19N]-LAP
allowed IFT27[T19N]-LAP to enter cilia and colocalize with
endogenous IFT88 (Figures 1C and S1C), suggesting that
IFT27[T19N] is outcompeted by endogenous IFT27 for incorpo-
ration into IFT-B.

To identify effectors and regulators of IFT27, we performed
GFP-immunoprecipitation and HRV3C cleavage with all IFT27-
LAP cell lines. Consistent with the localization pattern of IFT27
[K68A] and IFT27, all IFT-B subunits, including the suspected
subunit CLUAP1/DYF-3/qilin (Ou et al., 2005b), copurified with
IFT27[K68A] and with IFT27 (Figure 1D). Recovery of the IFT-B
complex in association with IFT27 was confirmed by immuno-
blotting for the subunits IFT88 and IFT57, and LAP purifications
of IFT88 yielded the same complement of IFT-B subunits.
Meanwhile, the obligatory partner IFT25 was the only IFT-B
subunit recovered in purifications of IFT27[T19N]-LAP. Since
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Figure 2. IFT27 Directly
Nucleotide-Empty ARL6
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Chlamydomonas reinhardtii IFT25/IFT27 complex exists in a
free form with only a minor fraction associated with IFT-B
(Wang et al., 2009), we conclude that GTP-bound IFT27 interacts
strongly with the rest of IFT-B, while IFT27-GDP interacts
very weakly with IFT-B and is readily outcompeted by IFT27-
GTP.

IFT27, but Not IFT-B, Interacts with ARL6

Most unexpectedly, mass spectrometry robustly identified ARL6
in purifications of all IFT27 variants, a result we confirmed by
immunoblotting (Figures 1D and S1E). In contrast to other IFT-
B subunits, prior studies in the green alga Chlamydomonas rein-
hardtii have indicated that most of the IFT25/IFT27 complex ex-
ists in a free form with only a minor fraction associated with IFT-B
(Wang et al., 2009). The existence of distinct cellular pools of

incorporation of IFT27 into IFT-B was

not required for interaction with ARLS.
Furthermore, while every IFT subunit was identified in LAP-
IFT88 purifications by at least three times as many spectral
counts as in the IFT27-LAP purification, not a single peptide for
ARL6 was identified in the LAP-IFT88 eluates (Figure 1D). Simi-
larly, even when twice as much of the LAP-IFT88 eluate was
loaded compared to the IFT27-LAP eluate, no ARL6 was de-
tected in LAP-IFT88 eluates by immunoblotting (Figure 2A).
Together, these results indicate that ARL6 does not recognize
IFT27 within the IFT-B complex. Instead, ARL6 must interact
with a form of IFT25/IFT27 that is either free or in a complex
distinct from IFT-B.

IFT27 Recognizes the Nucleotide-free Form of ARL6
Since ARL6 and IFT27 are both GTPases, we asked whether
their mutual interaction was dependent on their respective
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nucleotide states. We first tested interactions by cotransfection/
coimmunoprecipitation with all combinations of “GTP-locked”
or “GDP-locked” variants of ARL6 and IFT27. While altering
the nucleotide state of IFT27 had little effect on the interaction,
the “GDP-locked” variant of ARL6 (T31R) interacted more
strongly with IFT27 than the wild-type or “GTP-locked” forms
of ARL6 (Figures 2B and S2A). It should be noted that the
so-called “GDP-locked” P loop mutation significantly lowers
the affinity of small GTPases for GDP and even more dramati-
cally for GTP. Thus, the T31R mutant of ARL6 is expected to
mimic the nucleotide-empty and the GDP-bound forms of ARL6.
To specifically test if nucleotide-empty ARL6 interacts with
IFT27, we separately expressed the two proteins in human em-
bryonic kidney (HEK) cells. IFT27 was captured onto beads
and used as bait for ARL6. The assays were conducted in the
absence or presence of EDTA, which renders small GTPases
nucleotide-empty by chelating the Mg?* ion needed for nucleo-
tide binding (Tucker et al., 1986). Remarkably, IFT27 only inter-
acted with ARL6 in the presence of EDTA (Figure 2C). While small
GTPases typically bind nucleotides with picomolar affinities,
IFT27 only binds nucleotides with micromolar affinity (Bhogaraju
et al., 2011), and a substantial proportion of IFT27 will be nucle-
otide-empty under our experimental conditions. Thus, together
with the coimmunoprecipitation results, we interpret the EDTA
dependency of the IFT27-ARL6 interaction as indicative that
nucleotide removal on ARL6 promotes interaction with IFT27.

IFT27 Directly and Specifically Binds Nucleotide-free
ARL6

There are four different types of small GTPase regulators and
binders that have been defined (Cherfils and Zeghouf, 2013; Vet-
ter and Wittinghofer, 2001). GDP dissociation inhibitors (GDIs)
chaperone prenylated GTPases away from membranes when
GDP-bound, GEFs catalyze the exchange of GDP for GTP to
carry out activation, effectors read the GTP state to convey
downstream effects, and GAPs increase the rate of GTP hydro-
lysis to terminate signals.

In the nucleotide exchange reaction, the GEF is tightly bound
to the nucleotide-free GTPase in the transition state and associ-
ates very weakly with the substrate (GDP-bound GTPase) and
the product (GTP-bound GTPase) (Goody and Hofmann-Goody,
2002). While the transition state complex can be stabilized
in vitro by removal of guanine nucleotides, high GTP concentra-
tions in the cytoplasm lead to the rapid release of the GTP-bound
GTPase from the GEF-GTPase complex. In the GEF hypothesis,
IFT27 and ARLSG interact most strongly when ARLG is nucleotide-
free. In the GDI hypothesis, IFT27 and ARL6 interact most
strongly when ARL6 is GDP-bound. Finally, GAPs recognize
GTP-bound GTPases and the transition state of the GAP-cata-
lyzed hydrolysis reaction has a water molecule positioned for
nucleophilic attack on the B-y-phosphate bond, a state that
can be mimicked by GDP-AIF,".

To gain insights into the type of ARL6 regulator encoded by
IFT27, we assessed how the nucleotide state of ARL6 affects
binding to IFT27 using purified components. ARLS, its close rela-
tive SAR1A, and IFT27-GST together with IFT25 were expressed
in bacteria (Figure 2D, left panel). IFT25/IFT27-GST was mixed
with recombinant ARL6 or SAR1A, loaded with various nucleo-
tides, and complexes were recovered on glutathione beads.

Developmental Cell
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Similar to IFT27 and ARL6 expressed in mammalian cells, re-
combinant IFT27 interacted with ARL6 only in the presence of
EDTA, but not in the presence of GDP or GTP (Figure 2D, middle
panel). Meanwhile, no interaction between IFT27 and SAR1A
was observed in the presence of EDTA. Although nucleotide-
free GTPases are prone to aggregation and possibly nonspecific
interactions, nucleotide-empty ARL6 did not interact with GST
(Figure 2D, middle panel) or any of five unrelated proteins (Fig-
ure S2B). Furthermore, ARL6 comigrated with IFT25/IFT27 on
size exclusion chromatography in the presence of EDTA (Fig-
ure 2E), indicating formation of a stable complex between
IFT25/IFT27 and nucleotide-free ARLSG. Finally, to test the possi-
bility that IFT27 might act as a GAP for ARL6, we preformed
ARL6-GDP-AIF,~, which failed to interact with IFT27 (Figure 2D,
right panel). Because IFT27 does not detectably associate with
ARL6-GTP, ARL6-GDP-AIF,~, or ARL6-GDP, but strongly binds
nucleotide-empty ARL6, our results strongly disfavor the
effector, GAP and GDI hypotheses and leave the GEF function
as the most likely hypothesis.

IFT27 Chaperones the Nucleotide-free Form of ARL6
against Aggregation

Despite repeated attempts to directly test the ARL6GEF activity
of IFT27 in vitro, the greatest increase in GDP release rate
brought about by addition of IFT27 was only 2-fold over control
(Figure 3A,; see Figure S3A for a summary of all conditions tested
so far). This suggests that additional factors (e.g., proteins,
membranes, posttranslational modifications, etc.) besides
IFT27 are required to reconstitute the full ARL6GEF activity.
While the identity of these factors is presently unknown, we at-
tempted to obtain further circumstantial evidence that IFT27 is
part of an ARL6GEF. Similar to the behavior of other nucleo-
tide-free GTPases (Cherfils and Zeghouf, 2013), ARL6 tends to
aggregate upon EDTA addition, which can be monitored by light
diffraction at 350 nm. Remarkably, ARL6 aggregation was
greatly reduced when ARL6 was coincubated with stoichio-
metric amounts of the IFT25/IFT27 complex before addition of
EDTA (Figures 3B and 3C). In this turbidity assay, the degree
of precipitation rescue was dependent on the concentration of
IFT25/IFT27 added (Figure 3B), whereas GST alone or IFT25
alone did not result in stabilization of nucleotide-free ARL6 (Fig-
ures 3B, 3C, and S3B). Since the conformation of IFT25 is not
affected by IFT27 binding (Figure S3C), it is most likely IFT27 it-
self that recognizes and stabilizes the nucleotide-free form of
ARLG. Alternatively, a complex interface from IFT25 and IFT27
may recognize ARL6. Since GEFs stabilize the nucleotide-empty
GTPases against aggregation, these data are consistent with
IFT27 being part of the ARL6GEF (Figure 3D).

Loss of IFT27 Causes Hyperaccumulation of ARL6 and
BBSome in Cilia

Given our prior model that ARL6 activation drives BBSome coat
formation and entry into cilia (Jin et al., 2010), loss of the
cytoplasmic ARL6GEF is predicted to reduce BBSome coat for-
mation and ciliary entry of ARL6 and the BBSome. Unexpect-
edly, while ciliary BBSome levels in IMCD3 cells are normally
below the detection limit of our immunological reagents, IFT27
knockdown led to the distinct detection of BBSome in cilia (Fig-
ure 4A). Similarly /ft27~/~ mouse embryonic fibroblasts (MEFs)
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D) Model for IFT27 stabilization of nucleotide-empty ARL6.
See also Figure S3.

accumulated ARL6 (Figure 4B) and BBSome (Figure 4C) inside
cilia, while no BBSome or ARL6 signal could be detected in
cilia of wild-type MEFs. The hyperaccumulation of ARL6 and
BBSome in cilia could be rescued by transient expression of
IFT27 wild-type (WT), [K68A], or [T19N] (Figures 4D, 4E, and
S4A). Since IFT27[T19N] exhibits reduced affinity for IFT-B (Fig-
ure 1D), it appears that strong binding of IFT27 to IFT-B is not
required to properly regulate ARL6 ciliary levels. Meanwhile,
knockout of ARL6 did not affect ciliary localization of IFT27 (Fig-
ure S4B), thus suggesting that IFT27 controls ARL6 and not vice
versa. Immunoblotting of lysate from IFT27-depleted IMCD3
cells or Ift27~/~ MEFs revealed no change in overall ARL6 or
BBSome levels (Figures 4F, 4G, and S4C), indicating that the
ciliary hyperaccumulation phenotypes did not result from global
increases in ARL6 or BBSome levels. In agreement with our im-
munoblots, quantitation of BBSome signal from live IMCD3 cells
stably expressing BBS1 fused to three tandem repeats of the su-
perbright fluorescent protein NeonGreen (Shaner et al., 2013)
(NG®-BBSH1, Figure S4D) revealed similar amounts of BBSome
in the cytoplasm of control siRNA- and IFT27 siRNA-treated cells
(Figure 4H). Concordant with our fixed cell imaging, the amounts

B-D) EDTA-induced ARLS6 precipitation at 37°C was followed by light diffraction at 350 nm.

B) Rescue of ARL6 precipitation by stoichiometric concentrations of IFT25/IFT27-GST.

C) Effect of different IFT25/IFT27 variants on the rescue of EDTA-induced ARL6 precipitation. Judging by endpoint absorbance values, IFT25/GST-IFT27
N-terminal GST tag) was ~6 times more efficient than IFT25/IFT27-GST (C-terminal GST tag) in rescuing EDTA-induced Arl6 precipitation. Addition of IFT25
even at 10-fold molar excess over ARL6) does not rescue precipitation of nucleotide empty ARL6.

of NG3-BBS1 in cilia of live IFT27-depleted cells were about
three times greater than those in control cells (Figure 4H). To
test whether IFT27 depletion indirectly results in BBSome hyper-
accumulation through alterations in ciliary IFT dynamics, we
measured the velocity and frequency of IFT trains and found
no significant difference for either parameter between IFT27-
depleted and control cells (Figure 4l). These results strongly sug-
gest that IFT27 negatively regulates ciliary localization of ARL6
and the BBSome, but that ARL6 does not influence IFT27 local-
ization. These results are also congruent with our biochemical
data showing that the nucleotide state of IFT27 does not influ-
ence the interaction with ARLS6.

IFT27 Promotes Ciliary Exit of the BBSome

Unregulated exchanges of molecules between cilium and cyto-
plasm are prevented by a diffusion barrier for both soluble and
membrane proteins at the ciliary base, requiring specialized
cellular machineries to facilitate transport into and out of the
cilium (Nachury et al., 2010; Sung and Leroux, 2013). In this
context, the hyperaccumulation of ARL6 and BBSome in
IFT27-deficient cilia could result from either increased ciliary
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Figure 4. Loss of IFT27 Causes Hyperaccumulation of ARL6 and BBSome in Cilia

(A) IMCD3 cells were treated with control siRNA or IFT27 siRNA and immunostained for the BBSome subunit BBS5.

(Band C) WT and Ift27~/~ MEFs were immunostained for ARL6 (B) or BBS5 (C). At least 100 cilia per experiment were counted, and the percentages of ARL6- and
BBS5-positive cilia were plotted. Error bars represent SDs between three independent experiments. The asterisks denote that a significant difference was found
by unpaired t test between WT and /ft27~/~ MEFs for ARL6 accumulation (p = 0.0176) and BBS5 accumulation (p = 0.00143).

(D and E) IFT27"*" (D) and IFT27[T19N]“*F (E) were transfected into /ft27 '~ MEFs to rescue the ciliary accumulation of ARL6 and BBSome. (See also Figure S4A
for rescue by transfection of IFT27[K68A]“*".) Scale bars, 5 um (cell panels), 1 pm (cilia panels).

(F and G) Whole cell lysates from control siRNA- and IFT27 siRNA-treated IMCD3 cells (F) or WT and Ift27 '~ MEFs (G) were immunoblotted for IFT27, ARLS,
BBSome, and Actin. The arrow indicates the correct band, while the asterisk denotes nonspecific band.

(H) Ciliary and cytoplasmic NG3-BBS1 fluorescent intensities were measured in control siRNA- and IFT27 siRNA-treated IMCD3-[NG3-BBS1] cells. Data were
collected from 17 to 18 cells for each condition in five independent experiments. Error bars represent +SD. Not significant (N.S.): p > 0.05; *p < 0.05.

(I) Bar graphs representing the velocity (left) and frequency (right) of NG3-IFT88 fluorescent foci movement in cilia from control siRNA- and IFT27 siRNA-treated
IMCD3-[NG3-IFT88] cells. More than 200 tracks of IFT88 foci were analyzed for each treatment. N.S.: p > 0.05. Error bars represent +SD.

See also Figure S4.
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Figure 5. IFT27 Is Required for Rapid Exit of BBSome from Cilia

(A) FLAP assay. NG®-BBS1 was photobleached in the cytoplasm by intense illuminations with a 488 nm laser. The bleached areas of the cell are distant from the
cilium to ensure that ciliary NG3-BBS1 is not bleached by the illuminations. The subsequent loss of NG3-BBS1 fluorescence from cilia was monitored by live
imaging.

(B) Time series montage representing the dynamic loss of ciliary NG3-BBS1 fluorescence in FLAP assay. Ciliary tip and base are marked. Scale bar, 5 um.

(C) Decay of ciliary NG3-BBST fluorescence signal in FLAP assays for control siRNA- and IFT27 siRNA-treated cells. The fluorescence decay was measured for
individual cilia, and plotted as a smoothed line for siControl (left, blue lines) and silFT27 (right, red lines) treated cells. Photobleaching was negligible (<2%, data
not shown). Each experiment was individually fit to a single exponential, and a simulation describing the average of these fits is shown as a bold line. Data were
collected from five independent experiments (number of cilia analyzed n = 17 for siControl and n = 18 for silFT27).

(D and E) The exit of BBSome from cilia is slower in the absence of IFT27.

(D) Replotting of the simulations describing the average fits from (B) for siControl (blue solid line) and silFT27 (red dotted line) treated cells.

(E) Average half-lives (t;,,) for ciliary exit of NG3-BBSome. For siControl, t;,, = 136 s + 20 s, and for silFT27, t;,, = 349 s + 20 s. The asterisk indicates a highly
significant difference in exit rates (unpaired t test, p < 5 x 10~%). Error bars represent +SD.

entry of ARL6 and BBSome, or impaired ciliary exit of ARL6 and  leveraging the newly developed IMCD3-[NG3-BBS1] cell line

BBSome. While the latter hypothesis is consistent with the model
that IFT27 acts as an ARL6GEF inside cilia, the former hypothe-
sis would instead suggest that IFT27 prevents nucleotide ex-
change on ARLS6 in the cytoplasm, possibly by competing for
nucleotide-empty ARL6 with the cytoplasmic ARL6GEF.

To distinguish between these two possibilities, we directly
assessed the ciliary entry and exit rates of the BBSome by

and photobleaching methods. The brightness of NG3-BBS1
enabled the robust imaging of ciliary BBSome dynamics in live
mammalian cells. To measure ciliary exit of BBSome, we per-
formed a fluorescence loss after photobleaching (FLAP) assay
(Figure 5A). Unlike the repeated photobleaching in conventional
Fluorescence Loss In Photobleaching assays, in FLAP the cyto-
plasm is photobleached only during a 30 s time interval between
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Figure 6. IFT27 Does Not Affect the Entry of BBSome into Cilia

(A) FRAP assay. Ciliary NG3-BBS1 was photobleached by intense illumination with a 488 nm laser. The subsequent ciliary NG3-BBS1 fluorescence recovery from
cytoplasmic pools was monitored by live imaging.

(B) Time series montage representing the dynamic recovery of ciliary NG3-BBS1 fluorescence in FRAP assay. Ciliary tip and base are marked. Scale bar, 5 pm.
(C and D) Recovery of NG3-BBS1 ciliary fluorescence in FRAP assays for control siRNA- and IFT27 siRNA-treated cells.

(C) The fluorescent intensity was measured for each individual cilia, and plotted as a smoothed line for siControl (left, blue lines) and silFT27 (right, red lines)
treated cells. The averaged fluorescence values at each time points are shown in the plot (blue dots for siControl and red dots for silFT27). Photobleaching was
measured and corrected (see Experimental Procedures).

(D) Single exponential fit to the averaged fluorescence recovery for siControl (blue dashed line) or silFT27 (red dashed line).
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the first and second time point of the movie (Figure 5B and Movie
S1). Typically, 80% of the cytoplasmic NG3-BBS1 fluorescence
was depleted in FLAP assays. Given that the volume of a cilium
(<0.5 femtoliter) represents less than 0.05% of the total volume
of the cell (Nachury, 2014), the contribution of reentry of fluores-
cent BBSome that exited cilia is negligible. Therefore, the fluo-
rescent signal decay in cilia is a direct measure of the exit rate
of BBSome (Figures 5B and 5C). In IFT27 siRNA-treated cells,
the half-life of ciliary BBSome is t;,» = 349 s, which is significantly
longer than in the control cells where t;,» = 136 s (Figures 5D and
5E). Thus, in IFT27 siRNA-treated cells, a given amount of
BBSome would take at least twice as much time to exit from cilia,
as compared to control siRNA-treated cells. These data strongly
suggest that IFT27 promotes the export of BBSome out of cilia
and place the likely site of IFT27 activity within cilia.

IFT27 Does Not Affect Ciliary Entry of the BBSome
Defective ciliary export need not be the sole factor contributing
to the aberrant ciliary accumulation of BBSome in IFT27-defi-
cient cells. To determine if the ciliary entry rate of BBSome
was also affected in IFT27-deficient cells, we performed fluores-
cence recovery after photobleaching (FRAP) analysis of ciliary
NG3-BBS1 (Figure 6A). After photobleaching ciliary NG3-BBS1,
the subsequent signal recovery rate in cilia was monitored to
obtain the ciliary entry rate of BBSome (Figure 6B and Movie
S2). The averaged curves of fluorescence recovery in control
and IFT27-deficient cilia appeared nearly identical (Figures 6C
and 6D).

The BBSome has been previously reported to colocalize and
comove with IFT trains within cilia in Chlamydomonas (Lechtreck
et al., 2009), and the BBSome is transported within nematode
cilia at IFT rates (Ou et al., 2005a). Similarly, we saw overlapping
ciliary tracks of RFP-IFT88 and NG3-BBS1, indicative of
BBSome comovement with IFT (Figures 6E and S5A). The anter-
ograde and retrograde velocities of IFT88 foci are approximately
0.5 um/s (Ye et al., 2013), indicating that the minimum time
required for a newly entered BBSome/IFT train to travel along
the length of a 5 um cilia and return to the base would be 20 s,
without taking into account the time required for IFT complex re-
modeling at the ciliary tip. To minimize the contribution of ciliary
exit of BBSome on the signal recovery in our FRAP assays, we
plotted the initial recovery of BBSome fluorescence for the first
30 s (Figure 6F), and the entry rate of BBSome (Figure 6G) was
calculated based on the linear fit of the initial recovery. Consis-
tent with our initial observation, knockdown of IFT27 does not
significantly affect the rate of BBSome entry into cilia.

While the abundance of BBSome was nearly three times
greater in the cilia of IFT27-depleted cells compared to control

cells (Figure 4H), the amount of ciliary IFT-B (assessed by
IFT88 staining) appeared unchanged (Figures 1C and S1C).
To determine if the BBSome that hyperaccumulates in IFT27-
deficient cilia was still associated with IFT trains, we imaged
IFT88 and NGB3-BBS1 by structured illumination microscopy
(SIM). The axial resolution of less than 100 nm provided by
SIM allowed us to precisely distinguish between IFT-associ-
ated BBSome foci and IFT-free BBSome foci. In control cilia,
IFT88 and NG3-BBS1 foci colocalized and were found in a se-
ries of puncta along the cilium length, whereas in IFT27-defi-
cient cilia, the majority of BBSome puncta did not overlap
with IFT88 staining (Figures 6H and S5B). In conclusion, these
data indicate that the ciliary accumulation of ARL6 and
BBSome in IFT27-deficient cells results from defective ciliary
export rather than increased ciliary entry. Together with our
biochemical data demonstrating that IFT27 recognizes and
stabilizes the nucleotide-free form of ARL6, the live-imaging
data support a model where IFT27 regulates ARL6 within cilia
to drive the export of BBSome and associated cargoes from
cilia (Figure 7A).

Ciliary Removal of the G Protein-Coupled Receptor
GPR161 Requires IFT27 and ARL6

Since the BBSome participates in the trafficking of several
GPCRs (Berbari et al., 2008; Domire et al., 2011; Jin et al.,
2010) and Hedgehog intermediates (Zhang et al., 2011, 2012),
we imaged the behavior of the putative BBSome cargo and
Hedgehog signaling intermediate GPR161 as a final test of our
model. GPR161 undergoes regulated exit from cilia upon activa-
tion of the Hedgehog pathway by either natural ligand or the
Smoothened agonist SAG (Mukhopadhyay et al., 2013). How-
ever, in Arl6~'~ IMCD3 cells generated by genome engineering
(Figure 7B), addition of SAG failed to reduce the ciliary levels
of GPR161 (Figure 7C). Even in the absence of SAG, the levels
of GPR161 inside cilia were elevated in Arl6~'~ cells when
compared to WT cells, consistent with a low level constitutive
activation of the Hh pathway in our culture system. These results
indicate that GPR161 relies on the ARL6/BBSome coat for regu-
lated exit from cilia. Meanwhile, Ift27 '~ cells displayed constitu-
tively levels of ciliary GPR161 higher than WT and Arl6 /'~ cells,
further supporting our model that IFT27 promotes ciliary exit of
ARL6, BBSome, and associated cargo. The greater penetrance
of the GPR161 ciliary accumulation phenotype in 27/~ cells
suggests that the BBSome may function in both ciliary entry
and exit of GPR161: without ARL6, both entry and exit are
reduced (but exit more than entry), while IFT27 only regulates
ARLS6 within cilia and hence only affects the exit of GPR161 out
of cilia.

(E) Simultaneous imaging of tagRFP.T-IFT88 (left) and NG3-BBS1 (right) movements in cilia of IMCD3 cells. The fluorescent foci tracks for IFT88 (red) and

NG3-BBS1 (green) are indicated in the bottom panels. Scale bar, 2 pm.

(F and G) Initial velocities for BBSome entry into cilia of Control siRNA and IFT27 siRNA- treated cells.

(F) Time points from the first 30 s of the siControl and silFT27 experiments in (C) were averaged and plotted.

(G) The slopes from the curves in (F), corresponding to the initial velocities of BBSome entry into cilia, were plotted in a bar graph. There was no significant
difference for the velocities of BBSome entry (unpaired t test, p = 0.79). For (F) and (G), error bars represent +SD.

(H) Ciliated IMCD3 cells expressing NG3-BBS1 were immunostained for IFT88 and imaged by SIM on an OMX Blaze (API). Colocalization between IFT88 (red) and
NG3-BBS1 (green) is displayed on a line profile (bottom). While each foci of BBS1 precisely colocalizes with an IFT88 spot in cilia of Control siRNA-treated cells,
the majority of BBS1 foci are free of IFT88 (arrowheads) in cilia of IFT27 siRNA-treated cells (bottom right). Scale bar, 1 um.

See also Figure S5.
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Figure 7. IFT27 and ARL6 Are Required for Ciliary Exit of GPR161

(A) A model for the turnaround point. GTP hydrolysis on ARL6 leads to disassembly of BBSome coats at the tip. IFT-B particles release IFT25/IFT27 by an
unknown mechanism upon IFT train disassembly at the tip. Free IFT27 then participates in GDP to GTP exchange on ARL6 and assembly of a BBSome coat laden
with cargoes and attached to a retrograde IFT train ensues.

(B) Genome engineering of IMCD3 WT, Arl6 /=, or Ift27~/~ cells. Knockout of the respective gene products are demonstrated by immunoblotting for ARL6 and
IFT27. As a loading control, lysates were immunoblotted for Actin. The arrow indicates the ARL6 band, while the asterisk denotes a nonspecific band.

(C) IMCD3 WT, Arl6 /', or Ift27 '~ cells treated with SAG or vehicle or untreated were stained for GPR161 (green), acetylated tubulin (red), and DNA (blue). Scale
bar, 4 pm. Background-subtracted integrated ciliary fluorescence intensities were measured from 42 to 76 cilia in five to six microscopic fields for each condition
and plotted in the bar chart (bottom). *p < 0.05, N.S.: p > 0.05, Error bars represent +SEM.

274 Developmental Cell 31, 265-278, November 10, 2014 ©2014 Elsevier Inc.



Developmental Cell
IFT27 Controls BBSome Exit from Cilia through ARL6

DISCUSSION

The Functional Importance of the IFT27-ARL6
Interaction

The BBSome has been shown to undergo intraflagellar move-
ment at the same rates as IFT particles in nematodes, Chlamydo-
monas, and human cells (Ou et al., 2005a; Nachury et al., 2007;
Lechtreck et al., 2009), thus suggesting an interaction between
IFT complexes and BBSome (Wei et al., 2012).The IFT27-ARL6
interaction adds a direct biochemical link between the BBSome
and IFT subunits that dynamically dissociate from IFT-B.
Furthermore, the finding that IFT27 specifically interacts with
and stabilizes the nucleotide-free form of ARL6 suggests a reg-
ulatory role for IFT27 on ARL6. Based on our biochemical and
cell biological results, the most parsimonious model views
IFT27 as part of a GEF for ARL6, which triggers the formation
of BBSome coats inside cilia and the trafficking of BBSome
and associated cargoes out of cilia. Despite repeated attempts,
we have thus far failed to detect robust ARL6GEF activity
in IFT25/IFT27 preparations (Figure 3A; see Figure S3A for a
summary of all conditions tested so far). We consider three pos-
sibilities: first, additional protein factors may be required to
reconstitute the full ARL6GEF activity in vitro (although we did
not find any factor associated with IFT27[T19N] besides ARL6
and IFT25); second, detection of ARL6GEF activity may necessi-
tate specific experimental conditions such as membrane sur-
faces; third, the ARL6GEF activity may be autoinhibited within
the IFT25/IFT27 complex. This last hypothesis is reminiscent of
the potent autoinhibition found in cytohesin family ARFGEFs (Di-
Nitto et al., 2007). Given that the nucleotide-empty chaperone
assays suggest that it is IFT27 and not IFT25 that recognizes
ARLS, it is conceivable that IFT25 inhibits the ARL6GEF activity
of IFT27. Finally, we note that these three hypotheses are not
mutually exclusive. In the cytohesin family, autoinhibition of
ARFGEF activity is relieved upon binding to membranes (Do-
naldson and Jackson, 2011).

Another type of GTPase regulator is exemplified by MSS4/
DSS4. While MSS4/DSS4 was initially defined as a GEF for
exocytic Rabs, the GEF activity of MSS4/DSS4 toward those
Rabs was later found to be rather slow and MSS4/DSS4
was instead proposed to represent a chaperone for nucleo-
tide-empty exocytic Rabs (Nuoffer et al., 1997). Yet, rigorous
enzymological analyses demonstrate that MSS4/DSS4 does
accelerate nucleotide exchange on exocytic Rabs to an extent
similar to other RabGEFs (Itzen et al., 2006), and in vivo studies
have provided further support for the Rab3GEF activity of
MSS4/DSS4 (Coppola et al., 2002). Thus MSS4/DSS4 “nucle-
otide-empty chaperones” likely constitute a subclass of GEFs
rather than a distinct biochemical activity. Finally, the idea
that IFT27 functions to chaperone ARL6 against aggregation
in the cell suggests that ARL6 will become unstable in the
absence of IFT27, a prediction not supported by our experi-
mental data (Figure 4G).

Where and How Does IFT27 Initiate Ciliary Export of
ARL6 and the BBSome?

If IFT27 activates ARL6 within the cilium, where and how does
this interaction take place? Since IFT trains are remodeled at
the distal tip (lomini et al., 2001; Pedersen et al., 2005, 2006;

Wei et al., 2012), we propose that this remodeling transiently re-
leases IFT25/IFT27 from IFT-B, allowing IFT27 and ARL6 to
interact at the distal tip of cilia. In our model (Figure 7A), remod-
eling of a BBSome/IFT train is initiated by hydrolysis of GTP on
ARL6. The BBSome/ARL6-GDP coat is rapidly disassembled
to release BBSome and ARL6-GDP from the ciliary membrane
at the tip. Once a BBSome coat and its associated IFT train
are disassembled, IFT-B free IFT27 (together with other factors)
locally catalyzes the interconversion of ARL6-GDP into ARL6-
GTP. Mirroring our proposed model for BBSome coat formation
at the base of cilia (Jin et al., 2010), ARL6-GTP recruits the
BBSome to membranes at the tip where membranous cargoes
are captured. Since excess BBSome is not associated with IFT
trains in the absence of IFT27 (Figures 6H and S5B), it is likely
that BBSome coat assembly at the tip is a prerequisite for
BBSome association with IFT trains and that the tip-assembled
BBSome/IFT train is destined for retrograde transport and cargo
removal from cilia.

In contrast to the observed association of the BBSome with
only a subset of IFT trains in Chlamydomonas (Lechtreck et al.,
2009), our superresolution imaging of fixed samples and live im-
aging of IFT and BBSome comovement strongly suggests that all
IFT trains are associated with BBSome in IMCDS3 cells. While
species dissimilarity may account for this difference, it is also
conceivable that the use of a much brighter fluorescent protein
fusion with BBS1 enabled us to detect very low levels of
BBSome associated with IFT trains.

How Does IFT27 Cycle On and Off the Intraflagellar
Transport-B Complex?

Given millimolar GTP concentrations in the cell (Woodland and
Pestell, 1972) and micromolar affinity of IFT25/IFT27 for guanine
nucleotides (Bhogaraju et al., 2011), IFT27 is likely bound to
nucleotides within the cell suggesting that the in vivo activity of
IFT27 might be regulated by its nucleotide state. Our data
suggest that hydrolysis of GTP on IFT27 reduces the affinity of
IFT25/IFT27 for the rest of the IFT-B complex, leading to
dynamic release of IFT25/IFT27-GDP from IFT-B at the tip
(Figure 1). IFT25/IFT27-GDP may then associate with another
complex at the tip to generate the ciliary ARL6GEF.

We note that in Trypanosoma brucei, IFT27[T19N] is unable
to enter cilia and bind IFT-B even after depletion of endoge-
nous IFT27 (Huet et al., 2014), thus suggesting species-spe-
cific differences in the affinity of IFT27-GDP for the rest of
the IFT-B complex.

Implications for the Molecular Basis of Bardet-BiedI
Syndrome

The recent discovery that IFT27 is mutated in a BBS family
[BBS19] has implicated it as a potential regulator of BBSome
function (Aldahmesh et al., 2014). Here, we have shown that
IFT27 controls ciliary exit of the BBSome through its interaction
with ARL6. Hence, in addition to a failure to transport signaling
receptors into cilia, the multitude of symptoms seen in BBS
patients is also likely a result of defective ciliary export and
aberrant ciliary accumulation of signaling receptors. These re-
sults are clinically relevant and future work promises to unravel
the molecular mechanisms linking BBSome dysfunction and
disease.
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EXPERIMENTAL PROCEDURES

Antibodies and Reagents

Antibodies against the following proteins were used: actin (Sigma, #A2066),
IFT88 (Proteintech), IFT57 (Proteintech), cMyc (9E10), GST (Life Technologies,
#A-5800), GFP (Nachury et al., 2007), acetylated tubulin (6-11B-1), ARL6 (Jin
et al., 2010), BBS5 (Proteintech), BBS4 (Nachury et al., 2007), and IFT27
(Keady et al., 2012). Chemicals were obtained from Sigma-Aldrich except
for GTPYS (Roche) and [PH]GDP/[*®*S]GTPyS (Perkin-Elmer).

Cell Culture and Transfections

Stable IMCD3 Flp-In cell lines were generated as described (Ye et al., 2013).
To generate pEF5-FRT-NG®-BBS1, the cDNA sequence of mNeonGreen
(NG) was assembled by gene synthesis and inserted in three tandem repeats
into pEF5-FRT-DEST vector before Gateway-mediated recombination of
mBBS1. Transient transfections used XtremeGENE9 (Roche). For IFT27
knockdown, IMCD3 cells were transfected with 30 nM of either IFT27 siRNA
(QIAGEN, #S102743860) or AllStars Negative Control siRNA (QIAGEN,
#S103650318) using Lipofectamine RNAIMAX (Life Technologies). Ciliation
was induced by shifting cells from 10% to 0.2% serum 24 hr after transfection,
and cells were fixed 48 to 72 hr posttransfection. /ft27/~ MEFs were from
Gregory Pazour (University of Massachusetts [U. Mass]). Arl6 '~ MEFs were
derived from E13.5 Arl6 knockout mice (Zhang et al., 2011) according to stan-
dard protocols. All cells were fixed and stained as described (Breslow et al.,
2013).

Localization and Tandem Affinity Purifications and Mass
Spectrometry

Purification of LAP-tagged protein complexes was performed as previously
described (Nachury, 2008) with modifications (see Supplemental Experimental
Procedures).

Recombinant Protein Expression and Purification

Recombinant proteins were expressed in E. coli Rosetta (DE3) pLysS. ARL6
and SAR1A were expressed from derivatives of pPGEX6P with HRV3C-cleav-
able GST tags. IFT25 and IFT27 were expressed from derivatives of
pRSFDuet1 with TEV-cleavable His and HRV3C-cleavable GST tags, respec-
tively. ARL6 and SAR1A were purified on Glutathione Sepharose 4B (GE
Healthcare) resin and eluted by HRV3C cleavage. IFT25/IFT27 was typically
purified with Glutathione Sepharose 4B followed by Ni-NTA (Thermo Scienti-
fic). After affinity purification, recombinant proteins were subjected to size-
exclusion chromatography. See Supplemental Experimental Procedures for
other proteins.

GST-Capture Assay

100 nug ARL6 or SAR1A (control) was mixed with 100 pg IFT25/IFT27-GST or
GST (control) in 250 to 290 ul HEPES buffered saline buffer (50 mM HEPES
[pH 7.4], 150 mM NaCl, and 1 mM MgCl,) containing either 1 mM GDP,
1 mM GTPYS, 20 uM EDTA, or 1 mM GDP/2 mM AICl3/20 mM NaF. Reactions
were incubated at 30°C for 1 hr before binding at 4°C for 90 min to 10 ul Gluta-
thione Sepharose 4B beads. Proteins were eluted in lauryl dodecy! sulfate
(LDS) sample buffer.

Nucleotide Exchange Assay

Binding of radiolabeled nucleotides to ARL6 was measured by filter assays
(Northup et al., 1982) with modifications (see Supplemental Experimental
Procedures).

Turbidity Assay

20 uM ARL6 was mixed on ice with 20 uM EDTA and 10 to 200 uM of IFT25/
IFT27 variants in a total reaction volume of 300 pl and then transferred into a
preheated quartz cuvette (Bio-Rad, #170-2504). EDTA-induced ARL6 precip-
itation at 37°C was followed at 350 nm with a Thermo Scientific Nanodrop
Spectrophotometer 2000c machine taking readings every 5 s for 20 min.

Live-Cell Imaging and Photokinetic Assays
Cells were seeded on 25 mm coverslips and transfected with siRNA as above.
Imaging was conducted in Phenol red-free imaging media and on a DeltaVision
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system (Applied Precision) equipped with a PlanApo 60 x/1.40 numerical aper-
ture (NA) Oil objective lens and a PlanApo 60 x/1.49 NA total internal reflection
microscopy (TIRF) Oil objective lens (Olympus), and images were captured
with a sSCMOS camera (Applied Precision).

For the FLAP assay, cytoplasmic NG>-BBS1 was photobleached with a
488 nm laser and cilia were observed by widefield imaging with a PlanApo
60x%/1.40 NA Oil lens (Olympus). In FLAP, the cytoplasm is photobleached in
multiple areas between the first and second time point of acquisition. The
time interval for the first two time points was 30 s. The time interval was then
doubled for the next two time points and continued to double every two time
points thereafter. Excluding the initial 30 s time interval for photobleaching,
the total time for the FLAP assay was 1,860 s. The signal intensities from cilia,
CytOPIasmphotobleachedv CytOplasmnonphotobleached- and background were
measured with Imaged (NIH).

For the FRAP assay, ciliary NG3-BBS1 was photobleached by the 488 nm
laser and cilia were observed by TIRF with a PlanApo 60x/1.49 NA TIRF Oil
lens (Olympus). Images were acquired every 5 s after photobleaching. The
signal intensities were measured as for FLAP. Analysis of photokinetic data
is detailed in Supplemental Experimental Procedures.

Structured lllumination Microscopy

siRNA-treated IMCD3-[NG3-BBS1] cells were fixed with 4% paraformalde-
hyde in PBS for 20 min at 4°C and immunostained for IFT88. 3D-SIM images
were acquired by a DeltaVision OMX imaging system equipped with three
EMCCD cameras (Andor Technology) and a UPlanSApo 100x/1.4 NA Oil
lens (Olympus). There were 12 to 20 Z sections that were acquired for
each cilium with a step size of 125 nm. Structured illuminated images for
NG3-BBS1 and IFT88 were reconstructed and shift-corrected with SoftWoRx
6.0 (DeltaVision).

Genome Editing of IMCD3 Cells

Arl6~'~ and Ift27~'~ IMCD3 cell lines were generated using the clustered regu-
larly interspaced short palindromic repeats (CRISPR)/Cas9-based genome
editing method previously described (Cong et al., 2013) and pX330 (Addgene
42230). The guide sequences used were AAGCCGCGATATGGGCTTGC for
Arl6 and GGAAATGGGTCCCGTCGCTG for Ift27. Targeting CRISPR plasmids
were transfected into IMCDS cells with Lipofectamine 2000, individual clones
isolated by limited dilution, and Arl6~'~ and Ift27~'~ clones identified by immu-
noblotting for ARL6 and IFT27.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,
five figures, and two movies and can be found with this article online at
http://dx.doi.org/10.1016/j.devcel.2014.09.004.
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