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SUMMARY

The life cycle of a primary cilium begins in quies-
cence and ends prior to mitosis. In quiescent cells,
the primary cilium insulates itself from contiguous
dynamic membrane processes on the cell surface
to function as a stable signaling apparatus. Here,
we demonstrate that basal restriction of ciliary struc-
ture dynamics is established by the cilia-enriched
phosphoinositide 5-phosphatase, Inpp5e. Growth
induction displaces ciliary Inpp5e and accumulates
phosphatidylinositol 4,5-bisphosphate in distal cilia.
This change triggers otherwise-forbidden actin poly-
merization in primary cilia, which excises cilia tips
in a process we call cilia decapitation. While cilia
disassembly is traditionally thought to occur solely
through resorption, we show that an acute loss of
IFT-B through cilia decapitation precedes resorption.
Finally, we propose that cilia decapitation induces
mitogenic signaling and constitutes a molecular link
between the cilia life cycle and cell-division cycle.
This newly defined ciliary mechanismmay find signif-
icance in cell proliferation control during normal
development and cancer.

INTRODUCTION

Primary cilia function as specialized sensory antennae for cells to

detect signals critical to cell proliferation and differentiation

(Christensen et al., 2012; Ezratty et al., 2011; Lancaster et al.,

2011; Nauli et al., 2003; Phua et al., 2015; Rohatgi et al., 2007;

Singla and Reiter, 2006). Activity of cilia-dependent Gli transcrip-

tion factors controls expression of cell-cycle regulators (Hui and

Angers, 2011; Regl et al., 2004; Yoon et al., 2002), and mis-acti-

vation of ciliary signaling leads to cancers, including basal cell

carcinoma and medulloblastoma (Han et al., 2009; Wong et al.,
264 Cell 168, 264–279, January 12, 2017 ª 2017 Elsevier Inc.
2009). Hence, there is growing interest in understanding how pri-

mary cilia affect cell-cycle decisions (Basten and Giles, 2013;

Kim et al., 2011; Plotnikova et al., 2008, 2009; Yeh et al.,

2013). Indeed, the cilia life cycle is tightly coupled with the cell

cycle; cilia assemble in non-dividing cells of G0/G1 phases and

disassemble with cell-cycle entry (Plotnikova et al., 2009). Yet,

current literature does not explain how the ciliary structure is

insulated from contiguous dynamic membrane processes

occurring on the cell surface, such as endo/exocytosis and

membrane ruffling, to function as a stable signal transduction

apparatus.

Almost all membrane processes on the cell surface depend

on phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2), a key mo-

lecular identifier of the plasma membrane. PI(4,5)P2 recruits

PI(4,5)P2-binding actin regulators to modulate actin polymeriza-

tion at the cell cortex required to drive membrane activities on

the cell surface (Saarikangas et al., 2010). Despite contiguity

with plasma membrane, ciliary membrane contains PI(4,5)P2

only proximally and is enriched with phosphatidylinositol

4-phosphate (PI(4)P) instead, creating a unique molecular iden-

tifier for ciliary membrane that distinguishes it from surrounding

PI(4,5)P2-enriched plasma membrane (Chávez et al., 2015;

Garcia-Gonzalo et al., 2015). Such strict PI(4)P/PI(4,5)P2

compartmentalization is established by Inpp5e, a cilia-enriched

phosphoinositide 5-phosphatase associated with Joubert

syndrome and MORM syndrome (Chávez et al., 2015; Garcia-

Gonzalo et al., 2015). Loss of function of Inpp5e replenishes

ciliary PI(4,5)P2 and accelerates cilia disassembly depending

on phosphoinositide 3-kinase, platelet-derived growth factor re-

ceptor alpha, and Aurora A kinase (AurA), implicating phosphoi-

nositides in primary cilia stability (Bielas et al., 2009; Jacoby

et al., 2009; Plotnikova et al., 2015). Moreover, primary cilia

are supported by a microtubule-based axoneme and devoid

of F-actin (Francis et al., 2011), unlike other F-actin-based mem-

brane protrusions such as filopodia (Mattila and Lappalai-

nen, 2008).

Primary cilia disassemble via gradual resorption of ciliary ma-

terial into the cell body (Plotnikova et al., 2009). AurA, a master
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regulator of cilia disassembly, induces cilia resorption partly via

histone deacetylase 6 (HDAC6)-dependent deacetylation of

ciliary microtubules, which destabilizes the axoneme (Puga-

cheva et al., 2007). Interestingly, Chlamydomonas flagella also

disassemble via excision and release into the extracellular envi-

ronment, in response to environmental stress such as high

acidity (Pan et al., 2004). Recent reports suggest that verte-

brate primary cilia could possess similar capacity in releasing

vesicles into the extracellular environment (Dubreuil et al.,

2007; Wood and Rosenbaum, 2015). While monitoring primary

cilia of cycling kidney fibroblasts, Paridaen et al. (2013) occa-

sionally observed release of vesicular structures from distal

cilia. Active release of ciliary contents was also observed in

retinal pigment epithelial cells overexpressing a CEP162 mutant

(Wang et al., 2013). Furthermore, vesicular structures were

closely apposed with tip-dilated primary cilia in cystic kidneys

of Inpp5e mutant mice (Jacoby et al., 2009), suggesting a

connection between phosphoinositides and extracellular

vesicle formation. Together, this evidence supports the notion

that primary cilia undergo vesicle release under specific condi-

tions, and this process could be involved in cilia disassembly

during cell-cycle entry.

RESULTS

Ciliary Vesicle Release Is Promoted by Inpp5e Loss and
Growth Stimulation
We first determined factors promoting primary cilia vesicle

release. Fluorescent protein (FP)-tagged ciliary membrane

markers (5HT6 or Arl13b) enabled live-cell visualization of ciliary

vesicle release, and primary cilia were induced by culturing cells

in 0%–0.1% fetal bovine serum (FBS) for 24–48 hr to attain

quiescence. In NIH/3T3, hTERT RPE-1, andmIMCD-3, we occa-

sionally observed release of ciliary vesicles from distal cilia (Fig-

ures 1A, 1B, and S1A and Movie S1). Since Inpp5e is implicated

in cilia stability and extracellular vesicles (Bielas et al., 2009; Ja-

coby et al., 2009), we established Inpp5e+/� and Inpp5e�/�

mouse embryonic fibroblasts (MEFs) and compared ciliary

vesicle release (Garcia-Gonzalo et al., 2015). In quiescent cells,

the length of Inpp5e�/� cilia was shorter than Inpp5e+/� cilia

and displayed a higher tendency of bulging at ciliary tips (Figures

S1B and S1D–S1F). The percentage of ciliation was also

lower in Inpp5e�/� MEFs, which displayed an accelerated cilia
Figure 1. Growth Stimulation Induces Ciliary Vesicle Release Regulate

(A) Time-lapse images of a NIH/3T3 primary cilium expressing 5HT6-mCherry an

thinning prior to excision. Arrowheads: excised cilium tip.

(B) Time-lapse images of an hTERT RPE-1 primary cilium expressing Arl13b-GFP

(C) Time-lapse images of Inpp5e+/� and Inpp5e�/� MEF primary cilia expressing

arrows:, cilia. Yellow arrows: excised cilia tips. Orange arrow: YFP+ particles pre

(D) Scoring % of cells that underwent ciliary vesicle release over 3 hr, as in (C). (

(E) Maximum intensity projection of Arl13b immunofluorescence and GFP in Inpp

on left panel. Insets are magnifications of dotted regions. Arrows: cilia. Arrowhea

(F) Arl13b/Actub immunofluorescence and nuclear staining (DAPI) of quiescent In

(G) Scoring % of cells with associated Arl13b+Actub� particles, as in (F). (n = 34

(H) Representative western blots in cell lysates and conditioned culture media pe

(I) Quantification of band signal intensities in (H). (n = 4 experiments for Arl13b, n

Data are shown as mean ± SEM; Student’s t tests were performed with p values i

(A), (B), (C), and (E) and 10 mm in (F). See also Figure S1 and Movies S1 and S2.
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disassembly rate than Inpp5e+/� MEFs (Figures S1B, S1C,

and S1G). Ciliary vesicle release was observed in quiescent

Inpp5e+/� MEFs with a low 3 hr occurrence of 23.8% ± 1.5%

(mean ± SEM), while a complete loss of Inpp5e resulted in a

higher 3 hr occurrence of 68.3% ± 6.3% (mean ± SEM) (Figures

1C and 1D and Movie S2). Released ciliary vesicles frequently

associate with the cell surface and could be traced in fixed cell

samples as Arl13b-positive and acetylated a-tubulin (Actub)-

negative particles that were harbored by a higher proportion of

Inpp5e�/� MEFs than Inpp5e+/� MEFs (Figures 1E–1G and

S1H). These data demonstrate a role of Inpp5e in modulating

ciliary vesicle release.

We next assessed the effect of growth stimulation on ciliary

vesicle release. A 3 hr 10% FBS treatment on Inpp5e+/� MEFs

stimulated ciliary vesicle release in 65.5% ± 5.3% of total cells

(mean ± SEM), but the same treatment on Inpp5e�/� MEFs did

not additionally induce a higher occurrence of ciliary vesicle

release (Figures 1C and 1D and Movie S2). To further demon-

strate the effect of growth signals on extracellular ciliary vesicle

release, culture media conditioned for 24 hr with quiescent (0%–

0.1%FBS) or growth-stimulated (10%FBS) mIMCD-3 cells were

analyzed for ciliary markers (Figures S5D). Growth stimulation of

mIMCD-3 resulted in significantly larger amounts of Arl13b de-

tected in conditioned culture media, whereas extracellular levels

of a-tubulin and GADPH were low and unaffected by growth

stimulation (Figures 1H, 1I, S1I, and S1J). Ciliary vesicle release

is thus promoted by Inpp5e loss and growth stimulation. Since

this process occurs through an excision of primary cilia tips,

we hereon refer to this process as cilia decapitation.

Growth-Stimulated Cilia Decapitation Entails Ciliary
Inpp5e Depletion and PI(4,5)P2 Re-distribution
We next investigated growth stimulation-Inpp5e interplay. A 4 hr

10% FBS stimulation to quiescent Inpp5e+/� MEFs depleted

endogenous Inpp5e in primary cilia (Figures 2A and 2B). To

probe the functional role of Inpp5e on cilia decapitation, we tar-

geted exogenous Inpp5e to primary cilia through fusion with a

ciliary membrane marker and assessed the effect on cilia decap-

itation. As compared with 5HT6-YFP, 5HT6-YFP-Inpp5e(WT)

reduced the proportion of Inpp5e+/� MEFs harboring extra-

cellular YFP-labeled ciliary vesicles over a 4 hr 10% FBS

stimulation, while 5HT6-YFP-Inpp5e(D477N; phosphatase-

dead(PD)) did not exert similar effect (Figures S2A and S2B). In
d by Inpp5e

d gtub-GFP (centrosome marker) at quiescent state. Arrow: ciliary membrane

at quiescent state. Note ciliary tip bulging prior to excision (yellow arrowheads).

5HT6-YFP at quiescent (0% FBS) or growth-stimulated (10% FBS) states. Red

sent from beginning.

n = 51, 49, 28, 34 cells from left to right; 3-5 experiments).

5e�/� MEFs. Middle and right panels are 3D reconstructions of confocal image

ds: Arl13b+ particles residing on cell surface.

pp5e+/� and Inpp5e+/� MEFs. Arrowheads: Arl13b+Actub� particles.

4, 376 cells from left to right; 3 experiments).

llets from mIMCD-3 cells treated with 0.1% or 10% FBS for 24 hr.

= 3 experiments for a-tubulin and GAPDH).

ndicated. Time in min:sec for (A) and (B), and hr:min for (C). Scale bars, 5 mm in



Figure 2. Growth Stimulation Regulates Ciliary In-

pp5e and PI(4,5)P2 Distribution

(A) Actub/Inpp5e immunofluorescence and nuclear stain-

ing (DAPI) of Inpp5e+/� MEFs treated with 0% FBS or 10%

FBS for 4 hr. Images of each wavelength are scaled to

same intensity range. Arrowheads mark cilia positions.

(B) Inpp5e immunofluorescence signal intensity measure-

ments in primary cilia (cilia-background), as in (A). Data

shown as mean ± SEM. Student’s t test was performed

with p values indicated. (n = 131, 148 cells from left to right;

2 experiments.)

(C) Time-lapse images of Inpp5e+/� MEF primary cilium

expressing 5HT6-mCeru3 and YFP-PH(PLCd) (a PI(4,5)P2

sensor) at quiescent state. Arrowheads mark PI(4,5)P2 at

proximal cilia.

(D) Time-lapse measurements of PH(PLCd) proximal-distal

accumulation in cilium in (C), given as relative ratio of cilium

length.

(E) Time-lapse images of Inpp5e+/� MEF primary cilium

expressing 5HT6-mCeru3 and YFP-PH(PLCd) at 4–6 hr of

10% FBS stimulation. Arrowheads mark ciliary PI(4,5)P2.

(F) Time-lapsemeasurements of PH(PLCd) accumulation in

cilium in (E), given as relative ratio of cilium length. Red

diamond marks cilia decapitation time point.

(G) Classifying ciliary PH(PLCd) accumulation with cilia

decapitation. ‘‘Distal’’ or ‘‘proximal’’ indicates PH(PLCd)

accumulating to distal or proximal half of ciliary length.

‘‘Decap+’’ or ‘‘Decap�’’ indicates presence or absence of

cilia decapitation over 2 hr imaging periods. (n = 7,12 cells

from left to right; 2–3 experiments).

(H) Correlation plot of ciliary PH(PLCd) accumulation with

site of excision, each given as a relative ratio of ciliary

length. In each case, the maximal ciliary PH(PLCd) accu-

mulation value within 10 min prior to excision is shown.

Light blue box highlights distal location of ciliary PH(PLCd)

accumulation and site of cilia excision. Linear regression is

drawn in dashed line, with Pearson correlation coefficient R

value indicated. (n = 9 cells from 10% FBS data in [G]).

Time in hr:min for (C) and (E). Scale bars, 5 mm. See also

Figure S2 and Movie S3.
quiescent Inpp5e�/� MEFs, 5HT6-YFP-Inpp5e(WT) also exerted

a stronger repressive effect on ciliary vesicle formation than

5HT6-YFP-Inpp5e(PD) (Figures S2A and S2B). Overall, these re-

sults show that Inpp5e functions as a decapitation repressor in

primary cilia.

Since AurA is essential for cilia disassembly (Pugacheva et al.,

2007), we examined whether inhibition of AurA and its down-

stream effector, HDAC6, could affect ciliary Inpp5e. AurA inhibi-

tion using alisertib (Ast) countered growth-stimulated ciliary

Inpp5e depletion, whereas HDAC6 inhibition using tubacin

(Tub) did not (Figures S2E and S2F). In addition, AurA was

responsible for cilia decapitation, with alisertib treatment sup-

pressing growth-stimulated ciliary vesicle release in Inpp5e+/�

MEFs (Figure S2G). Although HDAC6 does not regulate Inpp5e

localization, tubacin treatment did exert a mild effect on ciliary

vesicle release in Inpp5e+/� MEFs (Figure S2G), implying that
HDAC6-mediated deacetylation of ciliary micro-

tubules could indirectly affect cilia decapitation.

Notably, neither alisertib nor tubacin inhibited

ciliary vesicle release in Inpp5e�/� MEFs
(Figure S2G). The concomitant Inpp5e absence and AurA-inde-

pendent cilia decapitation in Inpp5e�/� MEFs supports that cilia

tip excision requires ciliary Inpp5e depletion. Thus, growth-stim-

ulated AurA activity drives Inpp5e depletion in primary cilia, as

well as cilia decapitation.

A net Inpp5e reduction in primary cilia could result in a lower

capacity to deplete PI(4,5)P2. While PI(4,5)P2 was confined

within the proximal half of cilia in quiescent Inpp5e+/�MEFs (Fig-

ures 2C, 2D, and S2H and Movie S3; Garcia-Gonzalo et al.,

2015), 10% FBS stimulation led to PI(4,5)P2 accumulation

in distal half of Inpp5e+/� cilia, concomitant with cilia decapita-

tion (Figures 2E, 2F, and S2I–S2K and Movie S3). Decapitation

primarily occurred in cilia with PI(4,5)P2 accumulating to the

distal half of ciliary length, and the position of cilia excision

was correlated with the maximal ciliary PI(4,5)P2 accumulation

prior to decapitation (Figures 2G and 2H). Interestingly, cilia
Cell 168, 264–279, January 12, 2017 267



Figure 3. Ciliary PI(4,5)P2 Induces Intraciliary F-Actin Assembly, which Executes Cilia Decapitation

(A) Live fluorescence images of (two leftmost columns) Inpp5e+/� and Inpp5e�/�MEF primary cilia expressing 5HT6-YFP andmCeru3-Lifeact (F-actin sensor) and

(two rightmost columns) NIH/3T3 primary cilia expressing 5HT6-YFP-PIPK or 5HT6-YFP-PIPK(KD) and mCeru3-Lifeact at quiescent state. Insets are magnifi-

cations of respective cilia. Arrowheads mark ciliary F-actin signals.

(legend continued on next page)
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decapitation was often followed by oscillations in ciliary PI(4,5)P2

accumulation, which suggests bi-directional regulation between

PI(4,5)P2 and cilia decapitation (Figures 2E, 2F, S2J, and S2K

and Movie S3). Thus, growth-stimulated PI(4,5)P2 re-distribution

in primary cilia could organize signaling events leading to cilia

decapitation.

Ciliary PI(4,5)P2 Induces F-Actin in Ciliary Lumen
Since PI(4,5)P2 re-organization could affect ciliary localization

of actin regulators, we inspected F-actin formation in primary

cilia of Inpp5e+/� and Inpp5e�/� MEFs using mCerulean3

(mCeru3)-Lifeact biosensor. Of note, an elevated steady state

of ciliary PI(4,5)P2 in Inpp5e�/� MEFs was associated with a

10-fold increase in the probability of detecting Lifeact-positive

structures in primary cilia of quiescent cells (Figures 3A and

3B). We also performed 3D super-resolution structured illumi-

nation microscopy on cells stained with phalloidin and de-

tected similar phalloidin-labeled structures within ciliary lumen

that was juxtaposed with the microtubule axoneme (Fig-

ure S3A). Direct PI(4,5)P2 amplification by targeting constitu-

tively active PI(4)P 5-kinase Ig (PIPK) to cilia (5HT6-FP-PIPK;

Garcia-Gonzalo et al., 2015) was similarly associated with a

higher frequency of intraciliary F-actin than cilia-targeted ki-

nase-dead PIPK (5HT6-FP-PIPK [D253A; KD]) (Figures 3A,

3B, S3B, and S3C). Therefore, ciliary PI(4,5)P2 exerts direct

control on intraciliary F-actin assembly. A screen for actin reg-

ulators further revealed PI(4,5)P2-dependent ciliary localization

of cofilin-1, fascin, and Kras small GTPase that could work

together to induce actin polymerization in primary cilia (Figures

S3B–S3G).

Intraciliary Actin Polymerization Is Required for Cilia
Decapitation
We investigated F-actin involvement in cilia decapitation. By

monitoring Inpp5e+/� and Inpp5e�/�MEFs over 2 hr periods dur-

ing quiescence or between 0 and 6 hr of growth stimulation, we

detected F-actin assembly at the site of cilia excision (Figures

3C, 3D, and S4A–S4I andMovie S4). These intraciliary actin poly-

merization events were acute and transient, occurring a few mi-

nutes prior to each decapitation event (Figures 3C, 3D, S4H, and

S4I and Movie S4). Furthermore, growth-stimulated Inpp5e�/�

MEFs tend to assemble larger intraciliary F-actin foci than quies-
(B) Relative risk ratio analyses on the effect of ciliary PI(4,5)P2 in influencing intra

(C) Time-lapse images of a primary cilium from Inpp5e+/� MEFs expressing 5HT6
F-actin at site of cilia excision.

(D) Time-lapse images of primary cilium from Inpp5e�/� MEFs expressing 5HT6-

F-actin at site of cilia excision. Note that F-actin first appeared in bulged cilia tip

(E) Live fluorescence images of Inpp5e+/� and Inpp5e�/�MEFs expressing 5HT6-Y

A (LatA), or 10% FBS + 50 mM blebbistatin (Blebb). Arrowheads indicate cell-asso

insets are respective magnified images.

(F) Quantification of percentage of cells with associated extracellular YFP+ pa

2 experiments).

(G) Live fluorescence images of Inpp5e+/� MEFs and Inpp5e�/� MEFs expressing

respectively, after 3 hr of 10% FBS stimulation or at quiescence (0% FBS). Ar

magnified images.

(H) Quantification of percentage of cells with associated extracellular YFP+ partic

Data shown as mean ± SEM. Student’s t tests were performed with respect to (F

Time in hr:min for (C) and (D). Scale bars, 5 mm. See also Figures S3 and S4 and
cent Inpp5e�/� MEFs and growth-stimulated Inpp5e+/� MEFs,

suggesting stronger actin polymerization that was associated

with cilia excision occurring at more proximal positions (Figures

S4B and S4C).

Next, we determined the essentiality of F-actin in cilia decap-

itation. Latrunculin A restricted growth-stimulated ciliary vesicle

release in Inpp5e+/� and Inpp5e�/� MEFs, indicating that

whole-cell F-actin turnover affects membrane excision in pri-

mary cilia (Figures 3E and 3F). Additionally, we devised a ge-

netic strategy to suppress intraciliary F-actin by targeting

thymosin b4 (Tb4) to primary cilia, which sequesters G-actin

from incorporation into actin filaments (Van Troys et al., 1996).

As compared with 5HT6-YFP, 5HT6-YFP-Tb4(WT) expression

robustly suppressed ciliary vesicle formation in quiescent

Inpp5e�/� MEFs, as well as in Inpp5e+/� MEFs over a 4 hr

growth stimulation period (Figures 3G and 3H). In contrast,

5HT6-YFP-Tb4(KK18,19EE; actin-binding mutant MT; Van Troys

et al., 1996) expression did not exert similar effect. Thus, intra-

ciliary actin polymerization is essential for cilia decapitation, and

suppression could be achieved via a genetically encoded ciliary

actin inhibitor.

We then attempted to determine factors that regulate F-actin

to promote ciliary membrane excision. Myosin II Inhibition

with blebbistatin suppressed growth-stimulated ciliary vesicle

release in Inpp5e+/� and Inpp5e�/� MEFs (Figures 3E and 3F).

We also explored sorting nexin 9 (SNX9), as the molecule was

detected in the proteomic profile of ciliary vesicles described in

the following section. Previous reports demonstrate SNX9 as a

PI(4,5)P2 and PI(3,4)P2 binder, which couples actin assembly

with membrane remodeling at endocytic sites (Posor et al.,

2013; Yarar et al., 2007). Accordingly, we observed accumula-

tion of YFP-SNX9 in the vicinity of cilia excision site, shortly

before cilia decapitation occurred in Inpp5e+/� MEFs (23/23;

100% of decapitation events) (Figures S4J and S4K). These re-

sults suggest a role of actomyosin contractility and SNX9-medi-

ated actin nucleation in cilia decapitation.

Released Ciliary Vesicles Contain IFT-B and Related
Cargoes
We dissected the contents of ciliary vesicles released into the

extracellular milieu. Global proteomic profiling and compara-

tive analyses were performed on culture media conditioned
ciliary F-actin incidence, as in (A).

-YFP and mCeru3-Lifeact at 4–6 hr of 10% FBS stimulation. Arrowheads mark

YFP and mCeru3-Lifeact at 0–2 hr of 10% FBS stimulation. Arrowheads mark

before expanding to proximal cilia region.

FPwith mCeru3 after 3 hr in 0%FBS, 10%FBS, 10%FBS + 200 nM latrunculin

ciated YFP+ particles that were likely vesicles released from primary cilia, and

rticles, as in (E). (n = 99, 82, 70, 62, 75, 69, 73, 67 cells from left to right;

5HT6-YFP (control), 5HT6-YFP-Tb4(WT), or 5HT6-YFP-Tb4(MT) with mCeru3,

rowheads indicate cell-associated YFP+ particles, and insets are respective

les, as in (G). (n = 83, 88, 96, 69, 95, 76 cells from left to right; 2 experiments).

) each 10% FBS condition and (H) each control condition, p values indicated.

Movie S4.
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for 24 hr with quiescent (0.1% FBS) and growth-stimulated

(10% FBS) wild-type (WT) or cilia-deficient Ift88-knockout

(Ift88-KO) mIMCD-3 (Figures 4 and S5A–S5E), and we identi-

fied 1,376 proteins that were detected two times or more in

conditioned media of at least one experiment condition (Fig-

ure 4A and Table S1). Within this list, 477 represent proteins

that were extracellularly released with growth stimulation,

and 71 are indicative of proteins that were extracellularly

released depending on functional cilia (Figure 4A; see legend

for details). A 57-protein overlap between these two categories

revealed putative ciliary vesicle components, which consist of

a large majority of intraflagellar transport-related proteins, a

subset of ciliary proteins, and Hedgehog signaling effectors

(Figure 4B and Table S1). On average, identified IFT-B compo-

nents were ranked higher than IFT-A components in terms of

the relative abundance between growth-stimulated WT and

Ift88-KO mIMCD-3 culture media pellets (Figures 4C and 4D

and Table S2). At the protein level, larger amounts of Arl13b,

Ift88, and Ift81 (IFT-B components) were indeed detected

in conditioned media pellets from growth-stimulated WT

mIMCD-3 than from quiescent WT mIMCD-3 or growth-stimu-

lated Ift88-KO mIMCD-3, whereas Ift122 and Ift140 (IFT-A

components) were scarcely detected in conditioned media

pellets from both conditions (Figures 4E and 4F). This confirms

that growth-stimulated ciliary vesicle release removes IFT-B,

rather than IFT-A, from primary cilia. We also validated extra-

cellular accumulation of Sufu and full-length Gli3 (Gli3FL) in

conditioned media pellets of growth-stimulated WT mIMCD-3,

while Gli2 and a truncated form of Gli3 (Gli3R) were hardly de-

tected (Figures 4E and 4F).

We proceeded to understand themechanism for relative IFT-B

enrichment in released ciliary vesicles. In quiescent cells,

Ift140(IFT-A) and Ift81(IFT-B) were detected along ciliary shafts

of Inpp5e+/� and Inpp5e�/� MEFs, with Inpp5e�/� primary cilia

harboring high enrichment of Ift140 as previously reported (Fig-

ures S5F and S5G) (Garcia-Gonzalo et al., 2015). Interestingly,

a 4 hr 10% FBS stimulation led to increased ciliary Ift81 in

Inpp5e+/� and Inpp5e�/� MEFs, while ciliary Ift140 underwent

reduction in both cell types (Figures S5F and S5G). In a

mIMCD-3 cell line with endogenous Ift81 tagged with yellow

Nano-lantern (YNL) (Figures S5H–S5J), Ift81-YNL signals were

detected throughout the ciliary shaft at quiescence, with stron-

ger accumulation in proximal cilia (Figure S5K). A 4 hr growth
Figure 4. Global Proteomic Profiling of Conditioned Culture Media Rev

Primary Cilia

(A) Venn diagram classification of proteins detected in conditioned culture med

‘‘10%/0.1%>10’’: 477 proteins withmass spectrometry signal areasR 10-fold hig

stimulation-dependent). ‘‘WT/Ift88KO >10’’: 71 proteins with mass spectrometry

FBS condition (cilia dependent). There is a 57-protein (purple) overlap, i.e., both

(B) Classification of ciliary proteins among the 57 proteins highlighted in (A).

(C) Comparative analyses of proteins extracellularly released in cilia-dependen

proteins are represented as logarithm to the base 2 (log2) and ranked in descendin

shown. The mean (m) log2 ratios of area values is �0.57, and SD (s) is 1.87. Colo

(D) Z score comparison between IFT-B and IFT-A components identified from p

WT/Ift88KO ratio would occur with Ift88-KO. Bars indicate mean of Z scores. A M

(E) Representative western blot analyses in total cell lysates and conditioned cul

(F) Quantification of respective band signal intensities in (E). Data shown as mea

See also Figure S5 and Tables S1 and S2.
stimulation not only elevated the overall Ift81-YNL in primary

cilia but also slightly shifted Ift81-YNL distribution toward the

distal cilia (Figures S5K–S5O). Thus, an IFT-B increase with a

complementary IFT-A decrease could potentially account for

the selective release of IFT-B from primary cilia upon ciliary

vesicle release.

Cilia Decapitation Is Required for Cilia Disassembly
Cilia decapitation culminates in an acute loss of ciliary pro-

teins that may compromise cilia stability. Likewise, Inpp5e

loss triggers accelerated cilia instability upon growth stimula-

tion (Figure S1G) (Bielas et al., 2009; Jacoby et al., 2009). We

therefore investigated the functional consequences of decap-

itation in Inpp5e+/� and Inpp5e�/� MEF ciliary resorption. In

growth-stimulated Inpp5e+/� MEFs expressing 5HT6-YFP,

the lengths of intact primary cilia were maintained (Decap�
in 10% FBS; Figures 5A and 5B), while decapitated cilia

underwent significant resorption within 3 hr post-decapitation

(Decap+ in 10% FBS; Figures 5A and 5B). Consistently,

growth-stimulated Inpp5e+/� primary cilia inhibited for decap-

itation via 5HT6-YFP-Tb4(WT) expression were also sup-

pressed for resorption (Decap� in 10% FBS Tb4(WT); Figures

5A and 5B). Thus, decapitation is necessary for cilia resorption

induced by growth stimulation. In Inpp5e absence, growth-

stimulated cilia decapitation in Inpp5e�/� MEFs was accom-

panied with a greater extent of cilia resorption as compared

with Inpp5e+/� counterpart (Decap+ in 10% FBS; Figures 5A

and 5C). Cilia decapitation in quiescent Inpp5e�/� MEFs

was also sufficient to activate cilia resorption within 3 hr

post-decapitation, albeit to a smaller extent than in growth

stimulated events (Decap+ in 0% FBS; Figures 5A and 5C).

Thus, cilia resorption post-decapitation was amplified in the

absence of Inpp5e.

We further probed the role of decapitation on the extent of cili-

ation in Inpp5e+/� and Inpp5e�/� MEFs expressing 5HT6-YFP,

5HT6-YFP-Tb4(WT) and 5HT6-YFP-Tb4(MT) at 0, 6, and 20 hr

of 10% FBS stimulation. While a similar proportion of cells

were ciliated at 0 hr across all three conditions, a larger propor-

tion of 5HT6-YFP-Tb4(WT)-expressing cells harbored primary

cilia at 6 and 20 hr of growth stimulation (Figures 5D–5G).

Thus, ciliary actin inhibition suppressed cilia decapitation that

was required for cilia disassembly. Moreover, the observed

role of 5HT6-YFP-Inpp5e(WT) in suppressing growth-stimulated
eals Growth-Stimulated Extracellular Release of IFT-B Dependent on

ia under indicated conditions, with a threshold of false discovery rate = 0.01.

her in 10%FBS condition than in 0.1%FBS condition, inWTmIMCD-3 (growth

signal areasR 10-fold higher in WT mIMCD-3 than Ift88-KO mIMCD-3, in 10%

cilia and growth stimulation dependent.

t manner (WT/Ift88KO). Mass spectrometry signal area ratios for respective

g order of Z scores. Only top 1.2%of proteins with Z scores higher than 2.25 are

r coding as in (B).

roteomic analysis, as in (C). Ift88 is excluded from IFT-B group, since a high

ann-Whitney U-test was performed with p values indicated.

ture media pellets.

n ± SEM (n = 3 experiments).
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Figure 5. Inhibition of Cilia Decapitation Suppresses Growth-Stimulated Cilia Disassembly

(A) Schematic illustrating the time points when respective cilia lengths, indicated by double-headed arrows, were measured over a 3 hr live imaging period. Color

coding for arrows applies to (B) and (C).

(B) Quantification of Inpp5e+/� MEF cilia lengths over 3 hr imaging period. Cilia are classified according to occurrence of cilia decapitation, and cilia lengths are

given as a ratio to cilia length at T = 0. Only a single cell was available for analysis under the category of ‘‘Decap+; 10% FBS 5HT6-YFP-Tb4(WT)’’ due to high

efficacy of 5HT6-YFP-Tb4(WT) in inhibiting cilia decapitation. ‘‘0’’ indicates complete disassembly. Data in left and middle panels were derived from data in

Figure 1D. (n = 26,11,19,22,9,1 cells; 1–5 experiments).

(C) Quantification of Inpp5e�/� MEF cilia lengths over 3 hr imaging period, with similar data representation as in (B). Data in left and middle panels were derived

from data in Figure 1D. (n = 8,16,8,20,11,3 cells; 2-5 experiments).

(D) Live fluorescence images of Inpp5e+/� MEFs under indicated conditions at 0 and 20 hr of 10% FBS stimulation. Arrows mark cilia.

(E) Quantification of % cells possessing primary cilia, as in (D). (n = 167, 182, 162, 157, 153, 164, 176, 131, 139 cells from left to right; 3 experiments).

(F) Live fluorescence images of Inpp5e�/� MEFs under indicated conditions at 0 and 20 hr of 10% FBS stimulation. Arrows mark cilia.

(G) Quantification of % cells possessing primary cilia, as in (F). (n = 165, 155, 112, 156, 107, 123, 146, 136, 144 cells from left to right; 3 experiments).

Data shown as mean ± SEM; Student’s t tests were performed with p values indicated. In (B) and (C), Student’s t tests were performed on absolute cilia lengths.

Scale bars, 5mm.
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cilia disassembly underscores how Inpp5e controls the disas-

sembly process (Figures S2C and S2D).

Cilia Decapitation Ensures Timely Quiescence Exit
Since growth stimulation of quiescent cells would induce cell-

cycle entry, we determined the timing of cilia decapitation in

relation to cell cycle. Co-expression of Venus-p27K� (a G0

marker) and mCherry-hCdt1(30/120) (a G0/G1 marker) enables

cells in G0, G1, or S phase to be respectively labeled with

Venus/mCherry, mCherry only, or null nuclear fluorescence

(Oki et al., 2014). G0-G1 transit will be manifested as a steep

decrease in Venus-p27K�, while G1-S transit will be marked

by a subsequent abrupt decrease in mCherry-hCdt1(30/120).

By considering the relative expression ratio of Venus-p27K�

and mCherry-hCdt1(30/120), we arbitrarily defined Venus-

p27K�/mCherry-hCdt1(30/120) = 0.5 as the mid-point of

G0-G1 transit.

We expressed these cell-cycle probes in Inpp5e+/� MEFs

with either 5HT6-mCeru3 or 5HT6-mCeru3-Tb4(WT) and sub-

jected quiescent cells to a 10-hr growth stimulation. In 5HT6-

mCeru3-expressing cells, 20/25 (80%) cells underwent at least

a single cilia decapitation event (Figures 6A, 6B, S6A, and S6B).

Out of these 20 cells, 19 (95%) of them exhibited the first cilia

decapitation event prior to G0-G1 transit, while one cell under-

went cilia decapitation during the transit (Figures 6A, 6B, and

S6A). Thus, growth stimulation at quiescence induces cilia

decapitation in G0 phase. We further compared the time taken

by cells with intact or decapitated primary cilia to reach the

G0-G1 transit midpoint upon growth stimulation. Within the

cell population, which exhibited at least one cilia decapitation

event at quiescence, 15/20 (75%) cells were determined to

exit quiescence within 10 hr of growth stimulation (i.e., these

cells demonstrated a sharp decrease in Venus-p27K� at

some point), and they took an average time of 5.7 ± 0.4 hr to

reach the G0-G1 transit mid-point (Figures 6A, 6B, 6E, and

S6A and Movie S5). In contrast, 7/10 (70%) of 5HT6-mCeru3-

Tb4(WT)-expressing cells suppressed for cilia decapitation

were either not determined for quiescence exit (43% (3/7)) or

took a prolonged time of 8.9 ± 0.4 hr to reach G0-G1 transit

mid-point (57% (4/7)) (Figures 6C–6E and S6D and Movie S5).

Thus, cilia decapitation is required by quiescent cells for timely

G1 entry.

Cilia Decapitation Modulates Gli Transcription Factor
Activity
We speculated that cilia decapitation might promote quies-

cence exit through mitogenic Hedgehog (Hh) signaling (Roy

and Ingham, 2002). We established an NIH/3T3 cell line stably

expressing a GFP reporter driven by a minimal promoter and

8xGli-Binding-Site (GBS) sequence to measure Gli1/2 (but not

Gli3) transcription activity in single cells (Sasaki et al., 1997;

Stamataki et al., 2005). This reporter cell line was transfected

with either 5HT6-tagRFP, 5HT6-tagRFP-Tb4(WT), or 5HT6-

tagRFP-Tb4(MT) prior to quiescence induction, and Gli1/2

activity in these cells was measured in response to growth

stimulation (20% FBS) or Smoothened (Smo)-dependent Hh

activation (SAG; Smo agonist). All three groups of cells similarly

expressed a low basal level of GFP at quiescence (Figures 7A
and 7B). In SAG-positive controls, a modest increase in GFP

fluorescence was detected at 8 hr post-stimulation across

these cells, which robustly increased by 24 hr (Figures 7A

and 7B). Remarkably, an 8-hr growth stimulation induced an

intermediate GFP fluorescence increase in 5HT6-tagRFP-ex-

pressing cells that was accompanied by an average decrease

in cilia length (Figures 7A–7C). Similar observations were

made for 5HT6-tagRFP-Tb4(MT)-expressing cells, whereas

5HT6-tagRFP-Tb4(WT)-expressing cells, which were sup-

pressed for cilia decapitation, exhibited neither comparable

changes in GFP fluorescence nor cilia length (Figures 7A–7C).

Moreover, Smo inhibitor Vismodegib was able to abolish the

GFP fluorescence increase in SAG-induced conditions, but

not in FBS-treated conditions (Figures 7D and 7E). We also

verified that an 8-hr treatment with 20% FBS did not promote

Smo translocation into primary cilia (Figures 7F and 7G). Over-

all, these results implied a Smo-independent role of cilia

decapitation in growth-induced Gli1/2 activation. To further

verify this, we assessed how the expression of general Hh tar-

gets Gli1 and Ptch1 were affected by growth stimulation. Con-

trol treatment with SAG induced a robust increase in Gli1 and

Ptch1 gene expression in NIH/3T3 at 8 hr. Interestingly, an

�2-fold increase in Ptch1 gene expression was observed in

NIH/3T3 cells at 8-hr post-stimulation with 10% FBS, while

no change was observed for Gli1 gene (Figure 7H). Growth-

induced Ptch1 expression supports an increase in Gli1/2 activ-

ity. Lastly, a lack of Gli1 gene upregulation suggests that Gli1

activation upon growth stimulation would likely occur at the

post-transcriptional level.

DISCUSSION

A primary cilium is traditionally defined by the presence of a

microtubular axoneme and an absence of actin filaments.

Here, we demonstrate that primary cilia possess capacity for

actin polymerization under specific conditions. F-actin-powered

cilia decapitation not only triggers resorption of the ciliary struc-

ture but also regulates proliferative signaling which connects the

cilia life cycle and cell division cycle (Figure 7I).

The Molecular Players of Cilia Decapitation
Inpp5e and HDAC6 act in complementary pathways down-

stream of AurA to disassemble the ciliary structure. Earlier

work determined that AurA phosphorylates Inpp5e to modulate

its 5-phosphatase activity (Plotnikova et al., 2015), and we

discovered that AurA also dictates Inpp5e distribution. It is

therefore tempting to speculate that phosphorylated Inpp5e

may have altered affinity against binding partners, which

coordinate its ciliary localization (Humbert et al., 2012). Within

the primary cilia, Inpp5e functions as a rheostat that tunes

PI(4,5)P2 required for actin polymerization. The resultant as-

sembly of F-actin in distal cilia could be attributed to the

presence of a bulky microtubular axoneme, which physically

obstructs stable F-actin foci organization in the proximal ciliary

lumen. Upon growth stimulation, concomitant HDAC6-depen-

dent axonemal resorption and Inpp5e-dependent PI(4,5)P2 re-

distribution could culminate in a position in distal cilia that is

devoid of microtubules while harboring PI(4,5)P2, permitting
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Figure 6. Cilia Decapitation Occurs in G0 and Regulates G1 Phase Entry

(A) Representative time-lapse images of prompt G1 entry that occurs with cilia decapitation in Inpp5e+/� MEFs expressing 5HT6-mCeru3. Venus-p27K� was

abruptly degraded at �5 hr post-FBS stimulation, and rapid mCherry-hCdt1(30/120) depletion ensued by �8 hr post-FBS stimulation, indicating transit into G1

and S phase, respectively. Images of each panel are scaled to same intensity range. Arrowheads indicate ciliary vesicles.

(B) Quantification of basal-normalized nuclear Venus-p27K�/mCherry-hCdt1 ratio (pseudo-colored in [A]) over 10 hr. Top: plot for cell in (A). Red diamonds

indicate cilia decapitation time points. Open circle marks beginning of mCherry-hCdt1(30/120) degradation. Bottom: plot for all 15 cells that were determined for

quiescence exit within the 10 hr period (i.e., these cells demonstrated a sharp decrease in Venus-p27K� at some point). Cilia decapitation events not denoted

here; refer to Figure S6A for individual plots. Open circle marks beginning of mCherry-hCdt1(30/120) degradation. Crosses mark end of imaging period.

(C) Representative time-lapse images of prolongedG1 entry that occurs with suppressed cilia decapitation in Inpp5e+/�MEFs expressing 5HT6-mceru3-Tb4(WT).

Note gradual Venus-p27K� degradation, which indicates delayed G1 entry. Images of each panel are scaled to same intensity range.

(D) Quantification of basal-normalized nuclear Venus-p27K�/mCherry-hCdt1 ratio (pseudo-colored in [C]) over 10 hr. Top: plot for cell in (C). No cilia decapitation

was observed over the 10 hr imaging period. Bottom: plot for all four cells that were determined to exit quiescence; refer to Figure S6D for individual plots.

(E) Quantification of time duration to reach G0-G1 transit mid-point, derived from time points when basal-normalized p27K-/hCdt1 = 0.5. Only cells that reached

ratio value% 0.5 by 10 hr were considered here. Data shown as mean ± SEM. Student’s t tests were performed with p values indicated. (n = 2, 15, 4, 2 cells; 3-7

experiments).

Time in hr:min. Scale bars, 10 mm. See also Figure S6 and Movie S5.
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stable actin nucleation at that point. Moreover, the tip region of

a primary cilium has been revealed as a sub-compartment

harboring specific signaling molecules (He et al., 2014). The

distal cilia may similarly possess properties promoting actin

polymerization, and this is supported by our observed cofilin-1

enrichment in the tips of PI(4,5)P2-elevated cilia (Figures S3B

and S3D).

The Functional Role of IFT-B Elimination in Cilia
Disassembly
Cilia decapitation could function as a ciliary outlet for IFT-B dur-

ing cilia disassembly. Many components of IFT-B are associated

with cilia growth; Ift81 and Ift74 constitute a tubulin-binding

module that captures and delivers ab-tubulin dimers to the

plus end of ciliary axoneme for elongation (Bhogaraju et al.,

2013). During the process of cilia resorption, the large pore

size (7.9–9 nm) of a diffusion barrier positioned at the ciliary

base would allow rapid diffusion of resorbed IFT-B constituents

from the cytosol back into the ciliary lumen to result in inappro-

priate cilia re-growth (Breslow et al., 2013; Lin et al., 2013). Acute

removal of IFT-B from primary cilia through decapitation could

limit cilia re-growth, thereby playing an active, facilitating role

in cilia disassembly. Upregulation of the ciliary IFT-B/IFT-A ratio

by growth stimulation could enhance IFT-B removal from ciliary

tips and could involve the serine/threonine protein kinase ICK,

which is a candidate ciliary vesicle component involved in

regulating the ciliary anterograde motor, Kif3a (Figure 4C and

Table S2) (Chaya et al., 2014).

Cilia Decapitation as a Driver of Quiescence Exit
In differentiating neural progenitors, primary cilia dismantling as

a result of apical abscission terminates mitogenic Hh signals for

quiescence entry (Das and Storey, 2014). Conversely, we pro-

pose that cilia decapitation enhances Hh signaling to drive

quiescence exit. Growth induction likely activates the mTOR

signaling pathway in which S6K1 phosphorylates Gli1 to

release it from Sufu inhibition (Wang et al., 2012), and active

Gli1 could promote downstream cyclin D2 expression, which
Figure 7. Growth-Induced Gli Activation Is Dependent on Cilia Decapit

(A) Representative fluorescence images of NIH/3T3: 8xGBS-GFP reporter line und

are scaled to the same intensity ranges indicated above each group.

(B) GFP fluorescence intensity measurements, as in (A). (n = 70, 89, 72, 64, 73, 7

(C) Cilia length measurements in response to indicated stimuli and cilia-targeted

(D) Representative fluorescence images of NIH/3T3: 8xGBS-GFP reporter line at

same intensity range.

(E) GFP fluorescence intensity measurements, as in (D). (n = 39, 54, 48, 49, 43, a

(F) gtub and Smoothened (Smo) immunofluorescence on NIH/3T3: 8xGBS-GFP

dotted regions. Arrows indicate centrosomes. Red bracket indicates ciliary Smo

(G) Scoring percentage of cells with ciliary Smo signals, as in (F). (n = 249, 206, 2

(H) Quantitative real-time PCR assay for Ptch1 and Gli1 gene expression perform

control for Smo-dependent Hedgehog signaling activation was included.Ubcwas

one-way ANOVA was performed to compare 0 hr 10% FBS samples with all oth

(I) Summary model of cilia decapitation during quiescence exit. (Left) Two mesh

primary cilium life cycle. As known, growth induction (counterclockwise rotation

gear). The present study characterizes cilia decapitation as one of the key ge

disassembly of cilia and also modulates cell proliferation by inducing G1 entry.

(1) Inpp5e depletion; (2) PI(4,5)P2 elevation; (3) actin polymerization; (4) cilia tip e

In (B), (C), (E), (G), data are shown as mean ± SEM; Student’s t tests were perform

5HT6-tagRFP condition (vertical p values). Scale bars indicate 5 mm in (A) and (D
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functions in quiescence exit (Susaki et al., 2007; Yoon et al.,

2002). Exploring cilia decapitation-mTOR signaling crosstalk

thus holds exciting potential for understanding ciliary control

of cell cycle and is motivated by (1) a role of primary cilia in

mTOR signaling suppression via Lkb1 (Boehlke et al., 2010;

Orhon et al., 2016) and (2) detection of an mTOR inhibitor,

glycogen synthase kinase-3 beta (GSK3B), in ciliary vesicle

proteomics (Figure 4C and Table S2) (Inoki et al., 2006). The

Smo-independent role of growth stimulation on Gli1 activity is

distinct from the Hh signaling repression caused by ciliary

accumulation of Smo antagonists with complete Inpp5e loss

(Chávez et al., 2015; Garcia-Gonzalo et al., 2015). Future

work would entail understanding how Inpp5e loss affects

Smo-independent Gli1 regulation and how growth-induced

changes in ciliary PI(4,5)P2 distribution could affect Smo antag-

onists in primary cilia.

Conclusion
Taken together, our present work describes a cell-autonomous

role of cilia decapitation in cell-cycle regulation. Interestingly,

earlier proposals characterized ciliary vesicles as signaling de-

vices in algae and worms (Bergman et al., 1975; Cao et al.,

2015; Wang et al., 2014, 2015; Wood and Rosenbaum, 2015;

Wood et al., 2013). In line with these reports, mammalian primary

cilia also associate with extracellular vesicles in vivo (Dubreuil

et al., 2007; Hogan et al., 2009; Jacoby et al., 2009; Wood and

Rosenbaum, 2015). Thus, the vesicles generated from cilia

decapitation may engage in signal transmission in a non-cell-

autonomous manner and exhibit potential as diagnostic read-

outs in development and cancer.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit anti-Inpp5e Jacoby et al., 2009 N/A

Rabbit anti-Smoothened Rohatgi et al., 2007 N/A

Rabbit polyclonal anti-Arl13b Proteintech Cat#17711-1-AP; RRID: AB_2060867

Mouse monoclonal anti-acetylated tubulin

clone 6-11B-1

Sigma Cat#T7451; RRID: AB_609894

Mouse monoclonal anti-gamma tubulin

clone GTU-88

Sigma Cat#T6557; RRID: AB_477584

Mouse monoclonal anti-alpha tubulin

clone DM1A

Sigma Cat#T9026; RRID: AB_477593

Rabbit polyclonal anti-Ift81 Proteintech Cat#11744-1-AP; RRID: AB_2121966

Rabbit polyclonal anti-Ift140 Proteintech Cat#17460-1-AP: RRID: AB_2295648

Rabbit polyclonal anti-Ift88 ProteinTech Cat#13967-1-AP; RRID: AB_2121979

Mouse monoclonal anti-Kif3A BD Transduction Cat#611508; RRID: AB_398968

Goat polyclonal anti-Gli3 R&D Systems Cat#AF3690; RRID: AB_2232499

Rabbit polyclonal anti-Gli2 Abcam Cat#ab26056; RRID: AB_2111901

Rabbit polyclonal Anti-Sufu Humke et al., 2010 N/A

Rabbit polyclonal anti-actin Sigma Cat#A2066; RRID: AB_476693

Rabbit polyclonal anti-Ift122 ProteinTech Cat#19304-1-AP

Mouse monoclonal anti-GAPDH clone 6C5 Millipore Cat# MAB374; RRID: AB_2107445

Rabbit polyclonal anti-GFP Medical & Biological Laboratories Cat# 598; RRID: AB_591819

Chemicals, Peptides, and Recombinant Proteins

Alisertib MedChem Express Cat#HY-10971

Tubacin Cayman Chemical Company Cat#13691

Vismodegib LC labs Cat#V-4050

SAG Enzo Life Sciences Cat#ALX-270-426

SAG Cayman Chemicals Cat#11914

Alexa Fluor 488 Phalloidin ThermoFisher Scientific Cat#A12379; RRID: AB_2315147

Experimental Models: Cell Lines

Inpp5e+/� and Inpp5e�/� MEFs This work N/A

mIMCD-3 ATCC CRL-2123; RRID: CVCL_0429

Ift88-KO mIMCD-3 This work N/A

Ift81:YNL knock-in mIMCD-3 This work N/A

hTERT RPE-1 ATCC CRL-4000; RRID: CVCL_4388

NIH/3T3 ATCC CRL-1658; RRID: CVCL_0594

NIH/3T3-Flp-in: 8xGBS-GFP This work N/A

Recombinant DNA

PMXs-IP-mVenus-p27K� plasmid Oki et al., 2014 N/A

pCSII-EF-mCherry-hCdt1(30/120) plasmid Brain Science Institute, Riken GenBank: AB512478

5HT6-YFP/mCeru3/tagRFP-

Thymosinb4(WT)

This work N/A

5HT6-YFP/mCeru3/tagRFP-

Thymosinb4(KK18,19EE; MT)

This work N/A

5HT6-YFP-Inpp5e(WT) This work N/A

5HT6-YFP-Inpp5e(D477N; PD) This work N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

U6-gRNA(Ift88)/CMV-Cas9-2A-GFP Sigma Target ID: MM0000268220

U6-gRNA(Ift81)/CMV-Cas9-2A-GFP This work N/A

pCR-LA(Ift81)-YNL-RA(Ift81) This work N/A

Sequence-Based Reagents

Primers used in this study Table S3 N/A

gRNA targeting sequence: Ift88:

GGAGGTCTTCTGCCATGAC

This work N/A

gRNA targeting sequence: Ift81:

ACAGGGCTCAGAGAACCAGC

This work N/A

Software and Algorithms

sgRNA designer Broad Institute http://portals.broadinstitute.org/gpp/

public/analysis-tools/sgrna-design

Proteome Discoverer 1.4 software ThermoFisher https://www.thermofisher.com/

MASCOT Matrix Science http://www.matrixscience.com/

Percolator Käll et al., 2007 http://percolator.ms/

MedCalc MedCalc software https://www.medcalc.org/

GraphPad Prism GraphPad Software https://www.graphpad.com/scientific-

software/prism/
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for reagents may be directed to, and will be fulfilled by the Lead Contact Takanari Inoue

(jctinoue@jhmi.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell culture
WederivedMEFs from littermate E19.5 Inpp5e+/� and Inpp5e�/� embryonic tails usingmouse protocols approved by the Institutional

Animal Care and Use Committee (IACUC) at the University of California, San Francisco. Primary MEFs were maintained in DMEM,

15% FBS, and PenStrep, and immortalized by infection with a lentivirus expressing SV40 large T antigen.

Immortalized MEFs and NIH/3T3 were cultured in DMEM medium containing 10% FBS. mIMCD-3 and hTERT RPE-1 cells were

cultured in DMEM/F-12 (1:1; Invitrogen) medium supplemented with 10% FBS. NIH/3T3-Flp-in: 8xGBS-GFP line was cultured in

DMEM medium containing 10% FBS and 2mM GlutaMAX (GIBCO). In all experiments, cells were first induced for ciliogenesis by

attaining quiescent state with following conditions: NIH/3T3 andMEFswere cultured in Opti-MEM I reduced serummedium (Thermo-

fisher Scientific) with 0% FBS for 24 hr, NIH/3T3-Flp-in: 8xGBS-GFP line was cultured in DMEM containing 2mMGlutaMAX for 48 hr,

and mIMCD-3 and hTERT-RPE1 were cultured in DMEM/F-12 (1:1; Invitrogen) medium containing 0%–0.1% FBS for 24 hr. To stim-

ulate growth in quiescent cells, 10%–20% FBS were added to respective media depending on cell type. In some experiments, cells

were treated with 200nM Alisertib (MedChem Express) and 2 mM Tubacin (Cayman Chemical Company). For live cell imaging, cells

were plated on poly(d-lysine)-coated borosilicate glass Lab-Tek 8-well chambers (Thermo Scientific).

METHOD DETAILS

Transient and stable transfection
For transient transfection, cells were transfectedwith the respective DNA constructs by plating themdirectly in a transfection solution

containing DNA plasmids and Xtremegene 9 (Roche). For mIMCD-3 and hTERT-RPE1 Arl13b-GFP stable lines, cells were trans-

fected with Arl13b-pEGFP (Clontech) using FuGENE HD transfection reagents (Promega), and stable clones were selected in culture

media containing 750 mg/ml G418.

DNA plasmid construction
Toconstruct 5HT6-YFP/mCeru3/tagRFPexpressionplasmids,weamplified stopcodon-lackingmouse5HT6cDNAwith50 and30 AgeI
cleavage sites by PCR and subcloned it into pEYFP/mCerulean3/tagRFP-C1 vectors (Clontech). To construct 5HT6-YFP/mCeru3-

PIPK and 5HT6-YFP/mCeru3-PIPK(KD) expression plasmids, we digested DNAs encoding the wild-type or mutant forms of PIPK
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from CFP-FKBP-PIPK (Suh et al., 2006) with 50 EcoRI and 30 BamHI cleavage sites and subcloned them into 5HT6-YFP/mCeru3

expression plasmids. 5HT6-mCherry was constructed by inserting stop codon-lacking mouse 5HT6 cDNA into pmCherry-N1 using

50 EcoRI and 30 BamHI sites. To construct 5HT6-YFP/mCeru3/tagRFP-Tb4(WT), full-length thymosinb4 cDNA was amplified from

NIH/3T3 total cDNA using fwd: 50-TTGGGAATTCGATGTCTGACAAACCCGAT-30 and rev: 50-CCAAGGATCCCGATTCGC

CAGCTTGCTT-30 primers, and inserted into 5HT6-YFP/mCeru3/tagRFP using 50 EcoRI and 30 BamHI sites. Thymosinb4

KK18,19EE mutant (Tb4(MT)) was subsequently constructed via site-directed mutagenesis using fwd: 50-TCGATAAGTCGAAGTTG

GAGGAAACAGAAACGCAAGAG-30 and rev: 50-CTCTTGCGTTTCTGTTTCCTCCAACTTCGACTTATCGA-30 primers. For 5HT6-YFP-

Inpp5e(WT), the human Inpp5e CaaX domain was first abolished using a C641A mutation to make Inpp5e non-membrane bound,

and the resultant catalytic domain was amplified using fwd: 50- TTGGGAATTCGCGGATCTTGCAGACTACAAGCTC-30 and rev:

50-AACCGGATCCTCAAGAAACGGAGGCGATGGTGC-30 primers and inserted into 5HT6-YFP using 50 EcoRI and 30 BamHI sites.

Inpp5e D477N mutant was constructed via site-directed mutagenesis using fwd: 50-AGGTGTTCTGGTTTGGAAACTTCA

ACTTCCGCCTGAG-30 and rev: 50- CTCAGGCGGAAGTTGAAGTTTCCAAACCAGAACACCT-30 primers. g-tubulin-EGFP was con-

structed through cloning stop codon-lacking human TUBG2 cDNA into pEGFP-N2 plasmid using 50 BglII and 30 EcoRI sites.
PMXs-IP-mVenus-p27K� and pCSII-EF-mCherry-hCdt1(30/120) plasmids were kind gifts from Toshio Kitamura and Atsushi Miya-

waki respectively.

Generation of Ift88-KO mIMCD-3
Ift88-KO mIMCD-3 was generated with a CRISPR/CAS9-based genome editing technique. mIMCD-3 cells were transfected tran-

siently by an all-in-one plasmid U6-gRNA(Ift88)/CMV-Cas9-2A-GFP harboring CAS9, GFP, and guide RNA, available from Sigma-

Aldrich. The target sequence of guide RNA was 50-GGAGGTCTTCTGCCATGAC-30. Cells expressing CAS9 was sorted next day

with afluorescence-activated cell sorter, ARIA (BD). The sortedcellswerecloned in 96-well plate.Screeningwasperformedwithwest-

ern blot analyses. Cells absent for Ift88 protein signals were further verified by analyzing target site DNA sequence in the genome.

Generation of Ift81:YNL knock-in mIMCD-3
Ift81:YNL knock-in mIMCD-3 cell line was generated using CRISPR/CAS9-based genome editing technique. mIMCD-3 cells were

co-transfected with an all-in-one plasmid U6-gRNA(Ift81)/CMV-Cas9-2A-GFP harboring CAS9, GFP, and guide RNA, and a plasmid

vector pCR-LA(Ift81)-YNL-RA(Ift81) harboring the left arm (834 bp), YNL (1614bp), and right arm (715 bp). The target sequence of

gRNA was selected by using an algorism provided by Broad Institute (http://portals.broadinstitute.org/gpp/public/analysis-tools/

sgrna-design). The target sequence of guide RNA was 50-ACAGGGCTCAGAGAACCAGC-30. Cells expressing CAS9 were sorted

next day with a fluorescence-activated cell sorter, ARIA (BD). The sorted cells were cloned in 96-well plate. Initial screening was

performed by PCR with primers: 50-CAGTTGGCAGTTAAGAAACGGAG-30; 50-GTAGTCCACATGGAACAGAGGC-30. Expression of

Ift81-YNL was verified using western blot analyses with anti-GFP antibody (Medical & Biological Laboratories, Nagoya, Japan).

Generation of NIH/3T3-Flp-In: 8xGBS-GFP and reporter assay
Aminimal promoter and 8xGLI-binding-site (GBS) sequenceswere inserted upstreamof GFPwithin a pRRL.sin-18.PPT.GFP.pre len-

tiviral plasmid vector (Monje et al., 2011), and prepared lentiviruses were used to infect NIH/3T3-Flp-In cells (Life Technologies) in the

presence of 4 mg/ml polybrene (Sigma). Cells were grown to confluence prior to serum starvation in the presence of 200nMSAG (Enzo

Life Sciences) for 24 hr. GFP-expressing cells were single cell sorted into a 96-well plate using FACSAria II (BD Biosciences), and

multiple single cell-derived clones were analyzed for SAG-induced GFP expression. For all reporter assay experiments, a specific

clone with low basal GFP expression and high SAG-induced GFP expression was used. 40000 cells were seeded into one well of

Lab-Tek 8-well chamber (Thermo Scientific), and cells were induced for quiescent state by culturing in serum starvation media

(DMEM containing 2mM GlutaMAX) for 48 hr. Afterward, cells were treated with serum starvation media containing 20% FBS or

200nM SAG (Enzo Life Sciences), in the presence or absence of 1 mM Vismodegib (LC labs) for 8 hr or 24 hr. Cells were then fixed

with 4% paraformaldehyde at room temperature for 10 min prior to imaging of reporter GFP expression.

Immunofluorescence
Formost experiments, cells were fixedwith 4% (v/v) paraformaldehyde at room temperature for 10min, permeabilizedwith 0.1% (v/v)

Triton X-100 for 5min, blockedwith 2%bovine serumalbumin for 1 hr. Antibodies used are as follows: rabbit anti-Inpp5e (1:500; a kind

gift from Stéphane Schurmans), rabbit anti-Smo (1:500; as reported in (Rohatgi et al., 2007)) rabbit anti-Arl13b (1:500; Proteintech

17711-1-AP), mouse anti-acetylated tubulin (1:1000; Sigma, T7451), mouse anti-gamma tubulin (1:1000; Sigma T6557). For immuno-

fluorescence with rabbit anti-Ift81 (1:250; Proteintech,11744-1-AP), cells were fixed with 4% (v/v) paraformaldehyde for 10 min, prior

to �20�C methanol fixation for 3 min. For immunofluorescence with rabbit anti-Ift140 (1:100; Proteintech, 17460-1-AP), cells were

fixed with �20�C methanol for 3 min. F-actin probe, Alexa Fluor 488 Phalloidin (ThermoFisher Scientific) was also used.

Epi-fluorescence imaging
Live-cell imaging experiments were mostly performed using an IX-71 (Olympus) microscope with a 63x oil objective (Olympus) (with

additional 1.6x optical zoom) and a Cool-SNAP HQ charge-coupled device camera (Photometrics) or an ORCA-Flash4.0 LT Digital

CMOS camera (Hamamatsu). Time-lapse imaging experiments were performed with either 2 min or 5 min intervals, and between 3
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and 11 0.5-mm z stacks were taken at each time point. Images shown were mostly maximum intensity projection. Micrographs were

taken and analyzed using MetaMorph 7.5 imaging software (Molecular Devices).

Confocal imaging
Confocal live cell imaging of NIH/3T3 cilia decapitation was performed on FV1000 (Olympus, Japan) equipped with a stage top incu-

bator (Tokai Hit, Japan). Confocal imaging of Arl13b+Actub- particles and live cell imaging of mIMCD-3 and hTERT RPE-1 cilia

decapitation were performed using a LSM710 confocal microscope (Carl Zeiss microscopy) equipped with a Plan Aprochromat

63X oil immersion objective lens (NA 1.4) and processed using Zeiss Zen software. mIMCD-3 ciliary Ift81-YNL signals were visualized

via direct 488-nm laser excitation of Venus on SP8 confocal microscope (Leica), and 3D image reconstruction were performed

through volume rendering in 3D View software equipped in LAS X (Leica).

Structured illumination microscopy imaging
3D-SIM imaging was performed on an ELYRA S.1 microscope (Carl Zeiss microscopy) equipped with an Andor iXon 885 EMCCD

camera, a 100X/1.40 NA oil-immersion objective and four laser beams (405, 488, 561, 642 nm). Serial z stack sectioning was carried

out at 101 nm intervals. Z stacks were recorded with 3 phase-changes and 5 grating rotations for each section. The microscope was

routinely calibrated with 100 nm fluorescent beads to calculate both lateral and axial limits of image resolution. Images were recon-

stituted with Zeiss Zen software. 3D rendering was produced by using Imaris 7.4.2 (Bitplane). Images were extracted from Imaris and

then used to obtain the final images and movies used in the figures.

Quantitative image analyses
Inpp5e, Ift81 and Ift140 ciliary signals were quantified via subtraction of ciliary fluorescence signals from vicinity background signals;

the boundary of ciliary axoneme was defined by Actub immunofluorescence, while gtub immunofluorescence enables distinguishing

between ciliary base and tip. For ciliary Ift81-YNL measurements, each cilium was divided into 10 equal compartments along cilia

length. YNL fluorescence intensities along cilia lengthwas obtained using a line scan spanning frombase to tip of each primary cilium,

andmean YNL fluorescence intensity in each compartment was obtained by averaging across entire sample. Total YNL fluorescence

intensity in cilium was calculated by integrating fluorescence intensities across all 10 compartments. Mean YNL fluorescence inten-

sity distribution along cilia lengthwas obtained by expressingmeanYNL fluorescence intensity in each compartment as a percentage

of Total YNL fluorescence intensity in cilium.

For relative ciliary PH(PLCd) and small GTPase accumulation measurements, cilia length was measured by tracing a line along the

ciliary marker signal, and PH(PLCd)/small GTPase signal length was measured analogously and expressed as a ratio to cilia length.

Probeswere scored as cilia-localized if probe fluorescence signalswere co-localizedwith 5HT6 or Arl13b fluorescence signals in x-,

y- and z- planes. Cell-associated ciliary vesicles were either defined as Arl13b+Actub- particles (on fixed cells) or 5HT6/Arl13b-YFP-

positive particles that were associated with cell surface. To determine mid-point of G0-G1 transit, 10 hr time series of nuclear Venus-

p27K� and mCherry-hCdt1(30/120) fluorescence signals were subtracted with background signals, divided to obtain Venus-p27K�/
mCherry-hCdt1(30/120) signal ratio values, and further normalizedwith basal ratio values at T = 0. For 8xGBS-GFPGli activity reporter

measurements, average nuclear GFP signal in best-focused z-plane was measured for each cell under specified conditions, since:

(1) expressed GFP show nuclear enrichment in NIH/3T3 cells (2) high cell densities preclude ability to measure whole-cell signals.

It is of note that we occasionally observed primary cilia of fibroblasts extending from the ventral cell surface and adhering to un-

derlying substratum. Subsequent cellular movements could result in mechanical pulling and breaking of primary cilia (Figure S1K).

Care was taken to exclude instances of passive cilia breaking throughout all experiments.

Ciliary vesicle collection
FBS used for vesicle collection was pre-depleted via overnight centrifugation at 100,000 xg to remove FBS-intrinsic tiny vesicles,

exosomes and ectosomes. Wild-type or Ift88-KOmIMCD-3 cells were subjected to serum starvation by reducing FBS concentration

to 0%–0.1% for 12-24 hr after reaching confluence. Culture media were then replaced by fresh media containing 0%–0.1% or 10%

pre-depleted FBS. Conditioned culture media were collected 24 to 30 hr later. Small vesicles released from cultured cells into media

were collected through a three-step centrifugation. Culture media were first centrifuged at 2,000 xg for 20 min to remove large cell

debris. The supernatant of the first centrifuge was further centrifuged at 10,000 xg for 30 min. The supernatant of the second centri-

fuge was centrifuged at 100,000 xg for 3 hr with MLA-55 angle rotor (Beckman). Pellets were rinsed once with PBS, and then sub-

jected to western blotting or proteomics.

Western blotting
Collected small vesicles were resolved in 1.5x SDS sample buffer. Cultured cells were also lysed with the same buffer. Extracted

proteins were denatured at 95�C for 5 min. Proteins were separated with SDS-PAGE, and transferred to PVDFmembrane (Millipore).

Themembrane was blocked with 10%goat serum or 5%bovine serum albumin. The blockedmembrane was incubated with primary

antibodies in the blocking solution at 4�C overnight. Primary antibodies used were as follows: rabbit anti-Ift88 (1:2000; ProteinTech,

13967-1-AP); mouse anti-Kif3A (1:2000; BD Transduction, 611508); goat anti-Gli3 (1:200; R&D Systems, AF3690); rabbit anti-Gli2

(1:1000; Abcam, ab26056); rabbit anti-Sufu (1:2500; as reported in (Humke et al., 2010)); rabbit anti-Arl13b (1:1000; ProteinTech,
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17711-1-AP); rabbit anti-actin (1:2000; Sigma, A2066); rabbit anti-Ift122 (1:2000; ProteinTech, 19304-1-AP); rabbit anti-Ift140

(1:2000; ProteinTech, 17460-1-AP); mouse anti-a-tubulin (1:10000; Sigma, T9026); mouse anti-GAPDH (1:2000; Millipore,

MAB374). The primary antibodies were labeled with horseradish peroxidase-conjugated secondary antibodies (Jackson Immuno

Lab). Signals were developed with enhanced chemiluminescent substrate (GE) and detected with a cooled CCD camera system,

LAS-3000 mini (Fuji film). Band intensities were quantified with free software, ImageJ.

LC-MS/MS of proteins in pelleted conditioned culture media
Collected vesicles were lysed in 50 mM Tris, pH 8.0, containing 1.5% Triton X-100 with vigorous vortexing. Detergent and salt were

removed with 2-D Clean-Up kit (GE Healthcare), and with cold acetone if further removal of detergent was required. Protein pellets

were resolved in 50 mM NH4HCO3 with vigorous vortexing. The proteins were subjected to reductive alkylation of sulfur group with

iodoacetamide (ThermoFisher), and then digestedwith trypsin (ThermoFisher) at 37�Covernight. Digested peptideswere desalted by

means of C-18 column (ThermoFisher) with 5% acetonitrile/0.5% trifluoroacetic acid used as wash buffer, and eluted with 70%

acetonitrile. The acetonitrile was evaporated with a Speed-Vac concentrator (Tomy), and the eluted peptides were resolved in

0.1% formic acid.

The peptides were analyzed with a Q Exactive-Orbitrap mass spectrometer (ThermoFisher) connected to EASY-nLC liquid chro-

matography (ThermoFisher). Peptides were loaded into a micro capillary column (NTCC-360; Nikkyo Technos, Japan) of 75 mm inner

diameter, and separated with a linear gradient of acetonitrile from 0 to 35% in 0.1% formic acid at a flow rate of 325 nL/min. Sepa-

rated peptides were ionized with Nanospray Flex Ion Source, NSI (ThermoFisher) at spray voltage of 2.0 kV. Full mass spectra were

acquired with a resolution of 70,000, amaximum injection time of 60msec, and a scan range betweenm/z 350 to 1800, at positive ion

mode. dd-MS2 was acquired with a resolution of 17,500, amaximum injection time of 60msec,and an isolation window of 2.0m/z. All

processes were operated with software XcaliburTM (ThermoFisher).

Proteomic analyses
Data acquired with LC-MS/MS were analyzed with Proteome Discoverer 1.4 software (ThermoFisher). All parameters for Spectrum

Selector were set to default values. Identification of peptide/protein was carried out by means of MASCOT (MatrixScience) with

Swiss-Prot used as database. Mass tolerances were 10 ppm for precursor mass and 0.02 Da for fragment mass. A miscleavage

was allowed. Obtained peptide lists were validated by Percolator (Käll et al., 2007) based on q-values with a stringent threshold

of target false discovery rate (FDR) of 1% using reverse decoy database (Elias and Gygi, 2007). The label-free semi-quantification

was performed by using the precursor ions area detector (PIAD) node mounted in Proteome Discoverer 1.4.

Proteins that were detected at least two times in 9 independent experiments for serum-stimulated wild-type or Ift88-KOmIMCD-3

cells or 6 independent experiments for serum-starved wild-type mIMCD-3 cells were selected. The protein list and area values were

exported as a table for further analyses in Microsoft Excel. Zero area values were replaced with one tenth of minimal area value of

each sample for calculating fold changes. Ratio of mean area values were calculated for serum-stimulated wild-type versus Ift88-KO

cells (WT/Ift88-KO) and for serum-stimulated versus serum-starved wild-type cells (10%/0.1%). Ratios were converted to logarithm

to the base 2 (log2), and Z-scores were calculated.

Quantitative real-time PCR
NIH/3T3 cells were seeded in OptiMEM (Thermo Fisher Scientific) for 24 hr to induce ciliogenesis at quiescent state. Cells were sub-

sequently treated with DMEM containing 10% FBS for 0, 1, 2, 4, and 8 hr prior to sample collection. As a positive control, cells were

also treated with 200 nMSAG (CaymanChemicals) for 8hr. Cells were lysed with Buffer RLT, and RNA samples were isolated with the

RNeasy Mini Kit with DNase I digestion (QIAGEN). Samples were reverse transcribed using the iScript cDNA synthesis kit (BioRad).

Gli1 (F: 50-GGATGAAGAAGCAGTTGGGA-30; R: 50-ATTGGATTGAACATGGCGTC-30) and Ptch1 (F: 50-CTCTGGAGCAGATTTC

CAAGG-30; R: 50-TGCCGCAGTTCTTTTGAATG-30) primers were used to test for Hedgehog signaling activation. Ubc primers

(F: 50-TCCAGAAAGAGTCCACCCTG-30; R: 50-GACGTCCAAGGTGATGGTCT-30) were used to normalize Gli1 and Ptch1 transcript

levels. Transcripts were quantified using SYBR-GreenER (Thermo Fisher Scientific) on a 7900HT Fast Real-Time PCR system

(Thermo Fisher Scientific).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical parameters including the definition and exact values of n (number of cells and experiments), distribution and deviation are

reported in figures and corresponding legends. Most data are represented as mean ± SEM using two-tailed Student’s t tests. Prob-

ability data in Figures 3 and S3 were analyzed using statistical risk ratio analyses; probability was determined by dividing number of

positives by total number of cells analyzed, and relative risk was determined by dividing probability value in each test condition by

that of control condition. Mass spectrometry signal area ratios were presented with Z-scores in Table S2. Z-scores in Figure 4D and

data in Figure S5N were analyzed using Mann-Whitney U-test. Quantitative real-time PCR assays in Figure 7H were analyzed using

one-way ANOVA. Statistical analyses were performed in Microsoft Excel, MedCalc or GraphPad Prism.
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Supplemental Figures

Figure S1. Characterization of Cilia Decapitation and Inpp5e+/� and Inpp5e�/� MEFs, Related to Figure 1
(A) Time-lapse images of a mIMCD-3 primary cilium expressing Arl13b-GFP at quiescent state (0% FBS). Blue arrows indicate membrane thinning prior to

excision. Yellow arrowheads indicate excised cilium tip.

(B) Representative confocal images of Arl13b and Actub immunofluorescence in Inpp5e+/� MEFs and Inpp5e�/� MEFs at quiescent state. Nuclei labeled

with DAPI.

(C) Quantification of % ciliation in quiescent Inpp5e+/� and Inpp5e�/� MEFs. A primary cilium is defined by positive labeling with Arl13b and Actub immuno-

fluorescence. Data are represented as mean ± SEM. A two-tailed Student’s t test was performed with p values indicated. (n = 323, 374 cells; 3 experiments).

(D) Quantification of Arl13b-labeled cilia lengths in quiescent Inpp5e+/� and Inpp5e�/� MEFs. Data are represented as mean ± SEM. A two-tailed Student’s t test

was performed with p values indicated. (n = 271, 353 cells; 3 experiments).

(E) Confocal and SR-SIM images of Arl13b and Actub immunofluorescence in Inpp5e+/� MEFs and Inpp5e�/� MEFs. Insets are magnified images of respective

cilia. White arrowhead indicates bulged ciliary tip in Inpp5e�/� MEFs.

(F) Quantification of% cells displaying bulged ciliary tips as in (E). Data are represented asmean ±SEM. A two-tailed Student’s t test was performed with p values

indicated. (n = 323, 374 cells; 3 experiments as in (B)).

(G) Quantification of % ciliation in Inpp5e+/� and Inpp5e�/� MEFs at indicated time points post-stimulation with 10% FBS. Data are represented as mean ± SEM

(n = 271, 353 cells; 3 experiments).

(legend continued on next page)



(H) Z series of SR-SIM images of an Arl13b+ and Actub- particle.

(I) Representative western blots of Arl13b, a-tubulin and GAPDH proteins in collected cell lysates and pelleted conditioned culture media from mIMCD-3 cells

treated with 0% (instead of 0.1%) or 10% FBS for 12 hr. Related to Figure 1H.

(J) Quantification of respective band signal intensities in (I). Data are shown as mean ± SEM. A two-tailed Student’s t test was performed with p values indicated.

(n = 4 experiments).

(K) Representative time-lapse images of a ventral-positioned Inpp5e+/� MEF primary cilium passively breaking as a result of non-specific adhesion and

immobilization to underlying substratum. Cell was expressed with 5HT6-YFP. Arrowheads indicate cilia tip. Red dotted line marks position of immobilization. See

also Methods under ‘‘Quantitative image analyses.’’

Time in hr:min in (A) and (K). Scale bars indicate 5 um in (A) and (K), 10um in (E) left panel, 1um in (E) right panel, 1 mm in (H) left panel and 0.2 mm in (H) right panel.



(legend on next page)



Figure S2. AurA-Dependent Ciliary Inpp5e Depletion Re-organizes Ciliary PI(4,5)P2, Related to Figure 2

(A) Live fluorescence images of Inpp5e+/� MEFs or Inpp5e�/� MEFs expressing 5HT6-YFP, 5HT6-YFP-Inpp5e(WT) or 5HT6-YFP-Inpp5e(PD) with cytosolic

mCeru3 respectively after 4 hr of 10% FBS stimulation or at quiescent state (0% FBS). White dashed lines delineate cells. White arrowheads indicate cell-

associated YFP+ particles that were likely vesicles released from primary cilia.

(B) Quantification of % cells with associated extracellular YFP+ particles under indicated conditions, as in (A). Color coding as in panel above. Data are rep-

resented as mean ± SEM. Two-tailed Student’s t tests were performed with p values indicated. (n = 111, 73, 92, 94, 88, 74 cells for respective data from left to

right; 4 experiments).

(C) Quantification of % ciliation in Inpp5e+/� MEFs expressing 5HT6-YFP, 5HT6-YFP-Inpp5e(WT) or 5HT6-YFP-Inpp5e(PD) with cytosolic mCeru3 at 0 hr and 6 hr

of 10% FBS stimulation. Color coding as in panel above. Data are represented as mean ± SEM. Two-tailed Student’s t tests were performed with respect to each

5HT6-YFP condition, p values indicated. (n = 88, 54, 49, 66, 35, 44 cells for respective data from left to right; 2 experiments).

(D) Quantification of% ciliation in Inpp5e�/�MEFs expressing 5HT6-YFP, 5HT6-YFP-Inpp5e(WT) or 5HT6-YFP-Inpp5e(CD) with cytosolic mCeru3 at 0 hr and 6 hr

of 10% FBS stimulation. Color coding as in panel above. Data are represented as mean ± SEM. Two-tailed Student’s t tests were performed with respect to each

5HT6-YFP condition, p values indicated. (n = 94, 49, 57, 100, 55, 70 cells for respective data from left to right; 3 experiments).

(E) Actub and Inpp5e immunofluorescence of Inpp5e+/� MEFs treated with 0% FBS, 10% FBS, 10% FBS +200nM Alisertib (Ast), or 10% FBS + 2 mM Tubacin

(Tub) for 4 hr. Images within Actub and Inpp5e image panels are scaled to same intensity range, while Actub signals are adjusted in Merge to visualize axoneme.

Arrowheads indicate cilia.

(F) Signal intensity measurements of Inpp5e immunofluorescence in primary cilia (cilia - vicinity background) under indicated conditions, as in (E). Color coding as

in panel on the right. Data are represented as mean ± SEM. A two-tailed Student’s t test was performed with p values indicated. (n = 190, 169, 173, 106 cells for

respective data from left to right; 3 experiments).

(G) Quantification of % cells with associated extracellular YFP+ particles in Inpp5e+/� MEFs and Inpp5e�/� MEFs expressing 5HT6-YFP with cytosolic mCeru3

after 4 hr in 0% FBS, 10% FBS, 10% FBS + 200nM Ast, or 10% FBS + 2 mM Tub. Color coding as in panel on the right. Data are represented as mean ± SEM. A

two-tailed Student’s t test was performed with p values indicated. (n = 124, 131, 112, 121, 48, 54, 47, 37 cells for respective data from left to right; 2-3

experiments).

(H and I) Time-lapse measurements of ciliary PH(PLCd) accumulation in Inpp5e+/� MEFs at (H) quiescent state (as shown in Figure 2D) or (I) growth-stimulated

state (as shown in Figure 2F). Horizontal axes indicate time(min); vertical axes indicate ciliary PH(PLCd) accumulation expressed as a ratio of cilium length. Color

coding as used in Figure 2G. Dotted line divide proximal half (0-0.5) and distal half (0.5-1.0) of cilium. ‘‘X’’s indicate end of imaging period. Data for (I) were between

0 hr and 2 hrs, 2hrs and 4hrs, or 4hrs and 6hrs post-stimulation with 10% FBS.

(J) An example of growth-stimulated primary cilia exhibiting PI(4,5)P2 oscillation post-decapitation. White arrowheads indicate ciliary PH(PLCd).

(K) Time-lapse measurements of PH(PLCd) accumulation in cilium in (C), expressed as relative ratio of cilium length. Red diamond marks time point of

decapitation.

Time in hr:min. Scale bars indicate 5 mm.



Figure S3. PI(4,5)P2 Regulates Ciliary Localization of F-Actin, Actin Regulatory Proteins, and Small GTPases, Related to Figure 3

(A) SR-SIM images of Arl13b, Actub and phalloidin immunofluorescence in normal and bulged cilia of Inpp5e�/� MEFs. Rightmost panel are IMARIS 3D re-

constructions of ‘‘Merge’’ images. Arrowhead indicates ciliary phalloidin signals.

(B) Live fluorescence images of NIH/3T3 expressing 5HT6-mCeru3-PIPK or 5HT6-mCeru3-PIPK(KD) and respective YFP-tagged actin sensor (F-tractin) or actin

regulators. White arrowheads indicate ciliary localization of respective proteins. Cofilin-1 was generally observed to accumulate at ciliary tip, while fascin was

detected along ciliary length.

(C) Relative risk ratio analyses on the effect of differential ciliary PI(4,5)P2 in influencing intraciliary F-actin or actin regulator incidence, for corresponding horizontal

image rows in (B).

(D) Live fluorescence images of Inpp5e+/� and Inpp5e�/� MEFs expressing 5HT6-mCeru3 and cofilin1-YFP. White arrowhead indicates tip accumulation of

cofilin-1.

(E) Relative risk ratio analyses on the effect of differential ciliary PI(4,5)P2 in influencing intraciliary cofilin-1 incidence, as in (D).

(F) Live fluorescence images of NIH/3T3 expressing 5HT6-mCeru3-PIPK or 5HT6-mCeru3-PIPK(KD) and respective YFP-tagged (top) phosphoinositide-binding

Kras small GTPase, (middle) Kras tail anchor harboring phosphoinositide-binding module, or (bottom) non-phosphoinositide-binding Hras small GTPase. White

arrowheads indicate ciliary localization. While Kras was restricted to the proximal cilia in 5HT6-FP-PIPK(KD)-expressing cells, 5HT6-FP-PIPK expression was

sufficient to accumulate Kras into distal cilia. In contrast, Hras accumulated to distal cilia regardless of ciliary PI(4,5)P2.

(G) Quantification of small GTPase or tail anchor accumulation in cilia, expressed as a relative ratio of cilium length, as in (F). Data are represented asmean ±SEM.

Two-tailed Student’s t tests were performed with respect to each PIPK (KD) condition, p values indicated. (n = 12, 20, 71, 84, 25, 24 cells; 2-3 experiments).

Scale bars indicate 1 mm in (A) and 5mm in (B), (D) and (F).



Figure S4. F-Actin and SNX9 Localize in Primary Cilia Prior to Decapitation, Related to Figure 3

(A) Correlation plot of intraciliary F-actin position with excision position, each expressed as relative ratio of cilia length. Color coding as in panel above. Position of

F-actin was measured at estimated centroid position of F-actin foci prior to excision. In each case, linear regression is drawn in dashed line, with Pearson

correlation coefficient R value indicated. (n = 7, 8, 6 cells from left to right; 2-3 experiments from (D) and (E)).

(B) Quantification of actin foci longitudinal length just prior to excision. Color coding as in panel above. Data shown as mean ± SEM. Student’s t tests were

performed with respect to Inpp5e�/� 10% FBS condition, p values indicated. (n = 7, 8, 6 cells from left to right; 2-3 experiments from (D) and (E)).

(C) Quantification of relative positions of cilia excision and F-actin. Color coding as in panel above. Data shown as mean ± SEM. Student’s t test was performed

with p value indicated. (n = 7, 8, 6 cells from left to right; 2-3 experiments from (D) and (E)).

(D) Percentage of cilia decapitation events with or without co-observed intraciliary F-actin in Inpp5e+/�MEFs expressing 5HT6-YFP andmCeru3-Lifeact between

0-2, 2-4 and 4-6 hr of 10% FBS stimulation, related to Figure 3C. Of note, the transient nature of intraciliary F-actin could render inefficient capturing by the two-

minute experimental imaging intervals, and a high F-actin marker intensity in the cell body could also limit visualization of specific signals in primary cilia; also

applies to (E-G). Color coding as in panel above. (n = 6, 5, 4 cells; 2-3 experiments).

(E) Percentage of cilia decapitation events with or without co-observed intraciliary F-actin in Inpp5e�/�MEF 5HT6-YFP andmCeru3-Lifeact between 0 and 2 hr in

0% FBS, or between 0-2, 2-4 and 4-6 hr of 10% FBS stimulation, related to Figure 3D. Color coding as in panel above. (n = 13, 5, 5, 7 cells; 2-3 experiments).

(F) Percentage of cilia decapitation events with or without co-observed intraciliary F-actin in Inpp5e+/� MEFs expressing 5HT6-mCeru3 and alternative F-actin

sensor, F-tractin-Citrine, at respective time periods of 10% FBS stimulation, see (H) below. Color coding as in panel above. (n = 2, 4, 2 cells; 2 experiments).

(G) Percentage of cilia decapitation events with or without co-observed intraciliary F-actin in Inpp5e+/� MEFs expressing Lifeact-mCeru3 and alternative ciliary

membranemarker, Arl13b-YFP, at respective time periods of 10%FBS stimulation, see (I) below. Color coding as in panel above. (n = 4, 4, 4 cells; 2 experiments).

(H) Time-lapse images of Inpp5e+/� MEFs expressing 5HT6-mCeru3 and F-tractin-citrine between 0hrs and 2hrs post-stimulation with 10% FBS, as in (F). White

arrowheads indicate F-actin assembly at site of cilia excision.

(I) Time-lapse images of Inpp5e+/� MEFs expressing Arl13b-YFP and Lifeact-mCeru3 between 4hrs and 6hrs post-stimulation with 10% FBS, as in (G). White

arrowheads indicate F-actin assembly at site of cilia excision.

(legend continued on next page)



(J) Time-lapse images of Inpp5e+/�MEFs expressing 5HT6-mCeru3 and YFP-SNX9 between 4hrs and 6hrs post-stimulation with 10% FBS. Arrowheads indicate

SNX9 propagation from proximal cilia to distal site of cilia excision.

(K) Correlation plot of SNX9 intraciliary position with position of excision, each expressed as relative ratio of cilia length. Position of SNX9 was measured at

estimated centroid position of SNX9 foci just prior to excision. Linear regression is drawn in dashed line with Pearson correlation coefficient R value indicated. (n =

23 cells; 2 experiments).

Time in hr:min. Scale bars indicate 5mm.



(legend on next page)



Figure S5. Experimental Scheme for Ciliary Vesicle Proteomic Profiling and Analyses of Ciliary IFT Distribution, Related to Figure 4

(A) Generation of Ift88KOmIMCD-3 cell line using CRISPR/CAS9-based genome editing technique. The target sequence of guide-RNA (gRNA) used was placed

on the minus strand of the genome corresponding to the exon 3 of Ift88. Generated Ift88KO mIMCD-3 cell line had bi-allelic frameshift insertion at the CAS9-

cleaved site.

(B) Loss of Ift88 expression was verified using western blot analysis with an anti-Ift88 antibody.

(C) Actub immunofluorescence revealed that Ift88KO mIMCD-3 cells lack primary cilia.

(D) Schematic illustrating the collection and processing of conditioned culture media under indicated conditions. Culture media were first pelleted at low cen-

trifugal force to remove large cell debris, followed by higher centrifugal forces to concentrate smaller ciliary vesicles and exosomes.

(E) Representative SDS-PAGE of 100k xg pelleted conditioned media under conditions illustrated in (D), as visualized by SyproRuby staining.

(F) Actub/gtub and Ift81/Ift140 immunofluorescence of Inpp5e+/� and Inpp5e�/� MEFs treated with 0% FBS or 10% FBS for 4 hr. Images within Ac tub/gtub and

Ift81/Ift140 image panels in each column group are scaled to same intensity range. Brackets indicate axoneme, while arrows mark centrosomes.

(G) Signal intensity measurements of Ift81 or Ift140 immunofluorescence in primary cilia (cilia - vicinity background) under indicated conditions, as in (F). Data are

represented as mean ± SEM. Two-tailed Student’s t tests were performed with respect to each 0% FBS condition, p values indicated. (n = 114, 118, 90, 88, 14,

113, 87, 79 cells for respective data from left to right; 3 experiments).

(H) Schematic illustration of yellow Nano-lantern (YNL) knock-in into 30 end of Ift81 to generate Ift81:YNL knock-in mIMCD-3 cell line.

(I) Ift81-YNL co-localizes with Arl13b immunofluorescence in Ift81:YNL knock-in mIMCD-3 cell line.

(J)Western blot detection of YNL-tagged endogenous Ift81 (arrowhead) using anti-GFP polyclonal antibody in total cell lysates or particle-enriched 100k-g culture

media pellets of WT or Ift81:YNL knock-in mIMCD-3 after a 24 hr stimulation with either 0.1% FBS or 10% FBS.

(K) Fluorescence images of Ift81-YNL with Arl13b and gtub immunofluorescence upon 4 hr 0.01% FBS or 10% FBS stimulation of Ift81:YNL knock-in mIMCD-3.

(L) Schematic illustration of cilia length compartmentalization used for ciliary Ift81 analyses in (M)-(O). For each primary cilium, YNL fluorescence intensities along

cilia length was first obtained using a line scan spanning from base to tip of cilium (middle), and total fluorescence intensity within each compartment was derived

via signal integration (bottom).

(M) Quantification of mean Ift81-YNL fluorescence intensities along length of primary cilia subjected to 4 hr stimulation with 0.01% FBS or 10% FBS. (n = 60 for

0.01% FBS; n = 53 for 10% FBS).

(N) Quantification of total Ift81-YNL fluorescence signals of primary cilia subjected to 4 hr stimulation of either 0.01% FBS or 10% FBS. Total Ift81-YNL level in

each cilium was calculated via integration of fluorescence signals across all compartments described in (L). Data are shown as median ± quartile (box) and 90

percentile (bars). Mann-Whitney U-test was performed with p values indicated. (n = 60 for 0.01% FBS; n = 53 for 10% FBS).

(O) Quantification of mean Ift81-YNL fluorescence signal distribution along cilia length, expressed as a percentage of total Ift81-YNL fluorescence signals as

in (N).

Scale bars indicate 10 mm in (C), 2 mm in (F), 5 mm in (I) and 1 mm in (K).



Figure S6. Time-Lapse Measurements of Nuclear Venus-p27K�/mCherry-hCdt1(30/120) Signal Intensity Ratios under Growth Stimulation,

Related to Figure 6

Time-lapse measurements of nuclear Venus-p27K�/mCherry-hCdt1(30/120) signal intensity ratios in:

(A) Decap+ Inpp5e+/� MEFs expressing 5HT6-mCeru3;

(B) Decap- Inpp5e+/� MEFs expressing 5HT6-mCeru3;

(C) Decap+ Inpp5e+/� MEFs expressing 5HT6-mCeru3-Tb4(WT);

(D) Decap- Inpp5e+/� MEFs expressing 5HT6-mCeru3-Tb4(WT).

Horizontal axes indicate time (min); vertical axes indicate basal normalized ratios of Venus-p27K�/mCherry-hCdt1. Black dashed lines indicate arbitrary G0-G1

transit mid-point. Red diamonds mark time points of cilia decapitation events. Open circles indicate beginning of mCherry-hCdt1(30/120) signal decrease

(signifying start of S-phase transit). Crosses indicate end of imaging period. Responses plotted in gray were cells which maintained ratio values > 0.5 throughout

the 10 hr imaging period (these cells did not demonstrate a sharp decrease in Venus-p27K-, i.e., not determined for quiescence exit), andwere excluded from time

measurements in Figure 6E.
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