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The human phosphatase CDC14A modulates
primary cilium length by regulating centrosomal
actin nucleation
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Abstract

CDC14A codes for a conserved proline-directed phosphatase,
and mutations in the gene are associated with autosomal-
recessive severe to profound deafness, due to defective kinocil-
ia. A role of CDC14A in cilia formation has also been described
in other organisms. However, how human CDC14A impacts on
cilia formation remains unclear. Here, we show that human
RPE1 hCDC14APD cells, encoding a phosphatase dead version of
hCDC14A, have longer cilia than wild-type cells, while hCDC14A
overexpression reduces cilia formation. Phospho-proteome anal-
ysis of ciliated RPE1 cells identified actin-associated and micro-
tubule binding proteins regulating cilia length as hCDC14A
substrates, including the actin-binding protein drebrin. Indeed,
we find that hCDC14A counteracts the CDK5-dependent phos-
phorylation of drebrin at S142 during ciliogenesis. Further, we
show that drebrin and hCDC14A regulate the recruitment of
the actin organizer Arp2 to centrosomes. In addition, during
ciliogenesis hCDC14A also regulates endocytosis and targeting
of myosin Va vesicles to the basal body in a drebrin-indepen-
dent manner, indicating that it impacts primary cilia formation
in a multilayered manner.

Keywords actin; CDK5; DBN1; hCDC14A; primary cilium

Subject Categories Cell Adhesion, Polarity & Cytoskeleton; Membrane &

Intracellular Transport; Signal Transduction

DOI 10.15252/embr.201846544 | Received 7 June 2018 | Revised 18 October

2018 | Accepted 22 October 2018 | Published online 22 November 2018

EMBO Reports (2019) 20: e46544

Introduction

Cilia are dynamic, microtubule-based organelles with functions in

cell motility, transport of fluids (motile cilia) as well as sensory

signaling (primary cilia) [1,2]. The steady state length of a cilium is

determined by a series of events. These include the docking of vesi-

cles derived from the Golgi or cytoplasmic membrane to the base of

the cilium, the transport of cargo to the cilia tip by the microtubule

anterograde intraflagellar transport (IFT) system, and the retrograde

IFT-mediated transport of turnover products back to the base [3].

Modulation of these events can affect cilia length in the one or other

direction. In addition, shorter cilia can also be the consequence of

premature activation of proteins that normally promote cilia disas-

sembly upon cell cycle entry. An example for this is the kinase

CDK5 that induces, as one mechanism, proteolytic destabilization of

the cilia disassembly factor “Nuclear Distribution protein nudE

homolog 1” (NDE1) during ciliogenesis [4].

Importantly, the length of the cilium is a characteristic parameter

that varies between cell types and probably has implications for cilia

function. Indication for this notion comes from the observation that

mutations in the genes coding for the CDK10/cyclin M protein

kinase complex, which are the cause of STAR syndrome, affect cilia

length [5,6].

The actin cytoskeleton has an ill-defined role in ciliation. Addi-

tion of low concentrations of the F-actin-depolymerizing drug

cytochalasin D promotes cilia elongation partly by the regulation of

vesicle trafficking, the inhibition of cilia disassembly factors, and

the recruitment of actin-binding proteins to the cilium [7–9].

Recently, it was suggested that a branched, Arp2/3 organized actin

network surrounds the centrosome and promotes transport of precil-

iary vesicles to the basal body via the action of the myosin Va motor

protein [10]. An additional function of the actin network and the
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actin regulator drebrin (DBN1) in ciliogenesis is the release of vesi-

cles, so-called ectosomes, from the tip of cilia [11].

The modulation of cilia length by the actin cytoskeleton raises

the question about kinases and phosphatases that regulate the actin

network. The CDK10/cyclin M protein kinase was proposed to nega-

tively regulate ciliogenesis by inducing actin polymerization [5,6].

The proline-directed phosphatase hCDC14A has the potential to

counteract kinases that control the actin network during ciliogenesis

because it is associated with actin filaments and in addition plays a

role in ciliogenesis [12–14]. Recently, it has been reported that

nonsense mutations in human hCDC14A gene cause autosomal-

recessive severe to profound deafness. Deafness is caused by defec-

tive kinocilia of developing cochlear hair cells. In addition, the

persistent kinocilia of vestibular hair cells in the organ of corti are

also defective [15,16]. Furthermore, shorter cilia have been reported

in zebrafish upon cdc14a or cdc14b depletion with morpholinos

[14,15]. However, it is still an open question whether CDC14A regu-

lates primary cilia in human cells and if so, how CDC14A modulates

ciliogenesis on a molecular level.

Here, we have addressed the function of hCDC14A in ciliogenesis

using serum-starved human retinal pigmented epithelial (hTERT-

RPE1; herein, RPE1) cells as a model. We show that RPE1 cells that

express a phosphatase dead version of hCDC14A (hCDC14APD) have

longer cilia than WT control cells because cilia continue to elongate

in hCDC14APD cells while they stop growing in WT cells. Phospho-

proteome and proximity-dependent biotin identification (BioID)

analyses of ciliated cells identified hCDC14A substrates including

the actin bundler drebrin (DBN1) with functions in ciliogenesis [11].

We show the counteracting phospho-regulation of DBN1 at serine

residue 142 by the proline-directed kinase CDK5 [17] and hCDC14A

phosphatase during ciliogenesis. DBN1 and hCDC14A contribute to

cilia length control by regulating the actin nucleator Arp2 at the

basal body. hCDC14A has additional, DBN1 independent functions

in endocytosis and transport of myosin Va marked vesicles to the

basal body.

Results

hCDC14APD RPE1 cells grow longer cilia than WT cells

To understand the function of hCDC14A in ciliogenesis, we

analyzed cilia formation in serum-starved hCDC14APD RPE1 cells in

comparison with WT. hCDC14APD codes for an inactive hCDC14A

phosphatase that carries a deletion of 77 amino acids (203–279)

around the active cysteine [13,18]. Upon serum starvation,

hCDC14APD cells formed cilia with similar efficiency as WT cells

independent of the cell’s confluency that has an impact on ciliogene-

sis (Fig 1A and B) [7]. However, 48 h after serum starvation, cilia

of hCDC14APD cells were longer in comparison with those of WT

(Fig 1A and C). siRNA-mediated depletion of hCDC14A also caused

longer cilia compared to non-specific control (NSC)-treated RPE1

cells (Fig 1D). In addition, hCDC14PD/+ cells carrying only one WT

hCDC14A gene displayed an intermediate cilia length phenotype

(Fig EV1A). Conversely, elongated cilia were not observed in RPE1

cells lacking the hCDC14A paralogue hCDC14B (hCDC14B�/�)
suggesting that the cilia phenotype is specific to hCDC14A

(Fig EV1B) [19].

We next tested whether hCDC14A overexpression had the

reverse phenotype of hCDC14A inactivation. hCDC14A and the

phosphatase dead version hCDC14AC278S were expressed under

control of the doxycycline (Dox)-inducible TetON promoter.

hCDC14A and hCDC14AC278S were expressed about ~10-fold higher

than endogenous WT CDC14A (Fig EV1C). This level of overexpres-

sion does not affect viability or the cell cycle profile in cycling cells

[12]. Overexpression of hCDC14A but not hCDC14AC278S inhibited

cilia formation in most RPE1 cells (Fig 1E and F). Of the residual

~20% TetON-hCDC14A cells with cilia, cilia were shorter than those

in cells overexpressing hCDC14AC278S (Fig 1G). Taken together,

hCDC14A regulates the length of cilia and elevated hCDC14A levels

impair cilia formation.

Mutations can affect cilia length because of the impairment of

cilia disassembly when cells re-enter the cell cycle upon growth

factor addition [4]. Alternatively, continuous cilia elongation over

the normal steady state point may be responsible for cilia elongation

in CDC14APD cells. To evaluate these possibilities, we compared

cilia formation and cilia disassembly of WT and hCDC14APD cells.

At the time of serum starvation, cilia of hCDC14APD cells were

slightly longer in comparison with RPE1 WT cells (Fig 1H). Elonga-

tion of cilia in response to serum starvation plateaued in WT cells

after 12 h with an average cilium length of 2.8 lm. In contrast, cilia

continued to elongate in hCDC14APD cells over 96 h reaching a

length of 4.6 lm (Fig 1H). Cilia disassembly rates were even slightly

higher in hCDC14APD cells in comparison with WT cells (Figs 1I and

J, and EV1D). This suggests that it is the adjustment of cilia length

but not cilia formation or disassembly, which is defective in

hCDC14APD cells.

We next characterized the structure of hCDC14APD cilia in

comparison with WT. Electron microscopy did not show obvious

defects in the basal body and axoneme organization of hCDC14APD

cilia (Fig EV2A–C). In addition, distal appendage protein CEP164,

the subdistal appendage proteins CEP170, ODF2, and ninein, the

transition zone protein NPHP1, the cilia shaft protein ARL13B, the

transport protein IFT88, the linker proteins C-Nap1 and rootletin,

and the pericentriolar proteins c-tubulin and pericentrin were simi-

larly associated with cilia in WT and hCDC14APD cells (Fig EV3A–

G). Thus, cilia of hCDC14APD cells do not show obvious structural

defects.

hCDC14A localizes to the basal body and the actin cytoskeleton
of ciliated cells

CDC14A localizes to the axoneme of kinocilia in inner ear cells [16].

The localization of hCDC14A in cells with a primary cilium is,

however, unclear. We first analyzed hCDC14A localization with an

established antibody [13]. Endogenous hCDC14A localizes with the

actin cytoskeleton and was detected at the basal body of serum-

starved, ciliated RPE1 cells (Fig EV1E, top) [13]. Because the

hCDC14A antibody signal was relatively weak, we continued the

localization analysis in RPE1 cells that stably expressed hCDC14A-

GFP or the phosphatase dead version hCDC14AC278S-GFP under the

control of TetON promoter. Consistent with the antibody result,

hCDC14A-GFP was detected along actin cables in ciliated cells

(Fig 2A and B). In addition, hCDC14A-GFP and hCDC14AC278S-GFP

both associated with the basal body of cilia (Fig 1E). Simi-

larly, hCDC14A-GFP was detected at the basal body with an
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anti-hCDC14A antibody (Fig EV1E, bottom). Because hCDC14A-GFP

expression reduced the number of cilia (Fig 1E), we fine mapped

hCDC14A localization in ciliated cells expressing hCDC14AC278S-

GFP. hCDC14AC278S-GFP localized at two sites of the basal body.

The most intense signal was at the proximal end of the basal body

that contains the linker protein C-Nap1 (encoded by CEP250)

[20,21] (Fig 2C and D). The second pool, relatively weaker in inten-

sity, was close to the distal end of the basal body (Fig 2C and D).

hCDC14A localized underneath the distal appendage marker

CEP164 and overlapped in its localization with the subdistal appen-

dage proteins ODF2 and ninein [22,23]. Thus, in ciliated cells,

hCDC14A associates with the actin cytoskeleton and the basal body.

hCDC14A dephosphorylates actin-associated proteins
during ciliogenesis

We applied two approaches, stable isotope labeling with amino

acids in cell culture (SILAC) [24] and proximity BioID analysis [25],

to identify substrates and proximity neighbors of hCDC14A during

ciliogenesis. Comparison of the phospho-proteomes of non-induced

and induced hCDC14A-GFP expressing cells by mass spectrometric

analysis identified actin-associated proteins such as drebrin (DBN1),

synaptopodin (SYNPO), LIM domain and actin-binding 1 protein

(LIMA1) and the microtubule-associated protein MAP4 that func-

tions in cilia length control [26] (Fig 3A–C and Dataset EV1). Inter-

estingly, most of the phospho-sites that were dephosphorylated by

hCDC14A followed the pSP consensus of CDC14 phosphatases

(Fig 3D) [12,27,28]. However, compared to human cycling cells, in

which hCDC14A dephosphorylated in ~40% of the cases pSPxK/R

sites [12], the preference for positively charged amino acids at posi-

tion pS+3 was reduced to 28% in cells under serum starvation

(Fig 3D).

The proximity BioID analysis [25] was performed with both

hCDC14A WT and the phosphatase dead hCDC14AC278S N-terminally

tagged to the promiscuous biotin protein ligase (BirA). Consistent

with the localization of the protein, BirA fused to hCDC14A or

hCDC14AC278S biotinylated proteins at the basal body and along

actin cables (Fig EV1F) [13]. During ciliogenesis, hCDC14A and

hCDC14AC278S showed proximity interactions with the actin-asso-

ciated proteins DBN1 and LIMA1, and the subdistal appendage

protein CEP170 supporting the phospho-proteome analysis (Fig 3E

and F, and Dataset EV2; only BioID hits that were identified by

hCDC14A and hCDC14AC278S are shown).

As a secondary screen, we tested proteins that were identified

by the phospho-proteome and BioID analyses for their impact on

cilia length control. Proteins were depleted by siRNA during cilio-

genesis of RPE1 hCDC14A WT and hCDC14APD cells (Fig EV4A).

Cilia length was subsequently measured by indirect immunofluo-

rescence microscopy. Depletion of a number of proteins such as

the subdistal appendage protein CEP170 had no impact on the

cilia length in hCDC14A WT and hCDC14APD cells (Fig EV4B and

C). Depletion of DBN1, microtubule crosslinking factor 1

(MTCL1), or ubiquitin-associated protein 2-like (UBAP2L) signifi-

cantly increased the length of cilia in WT cells without affecting

those in hCDC14APD cells (Fig EV4B–E). On the contrary, siRNA

of “KN motif and ankyrin repeat domain-containing protein 2”

(KANK2), MAP4, PDZ and LIM Domain 7 (PDLIM7) or 40S ribo-

somal protein S2 (RPS2) reduced the length of hCDC14APD cilia

without having a significant impact on WT cilia (Fig EV4B–E).

We reasoned that the group including DBN1 contains proteins

whose loss of function or inhibition by either siRNA depletion in

WT cells or hyper-phosphorylation in hCDC14APD cells promotes

cilia elongation. In the second, MAP4 containing group, the

hyper-phosphorylated protein of hCDC14APD cells would be

hyperactive promoting longer cilia. Finally, knockdown of the

actin regulator cortactin (CTTN) and the actin-binding protein

“LIM domain only protein 7” (LMO7) was found to increase cilia

length in both WT and hCDC14APD cells indicating that their

functions in cilia length control do not require hCDC14A. In

summary, hCDC14A phospho-proteome and BioID analyses identi-

fied putative CDC14A substrates with functions in cilia length

control.

◀ Figure 1. Ablation of hCDC14A phosphatase activity in human RPE1 cells leads to the elongation of the primary cilium.

A WT and hCDC14APD RPE1 cells were serum starved for 48 h for inducing ciliogenesis prior to fixation. Cilia were stained with Arl13B (green), while the basal bodies
were marked with C-Nap1 (red). DNA was stained with DAPI. Cilia in the magenta box are shown enlarged on the right picture.

B, C Percent of ciliated cells, as well as the length of cilia, was quantified from (A). Cilia length was measured by a semi-automated ImageJ macro as described in
Materials and Methods. Data points are the average of three independent experiments with N = 150 cilia for each experiment and condition. Error bars represent
the mean � SD. ****P ≤ 0.0001. High means 80–90% and low 40–50% confluency of RPE1 cells.

D Elongated cilia phenotype was confirmed by siRNA-mediated knockdown of hCDC14A. Three independent experiments, N = 150 cilia for each experiment and
condition. Mean � SD. ****P ≤ 0.0001. For definition of confluency see (C).

E hCDC14A-GFP and hCDC14AC278S-GFP under control of the TetON promoter were stably integrated into RPE1 cells. hCDC14A-GFP and hCDC14AC278S-GFP localized to
the C-Nap1 marked basal body upon Dox induction. In addition, expression of hCDC14A-GFP but not the phosphatase dead hCDC14AC278S-GFP mutant inhibited
cilia formation. Ciliated cells were quantified 48 h after serum starvation with and without Dox addition. Three independent experiments, N = 150 cilia for each
experiment and condition. Mean � SD. ***P ≤ 0.001; ns: not significant.

F Expression of hCDC14A-GFP and hCDC14AC278S-GFP was validated by immunoblot analysis with anti-GFP antibodies. GAPDH was the loading control.
G RPE1 cells overexpressing hCDC14AC278S have longer cilia than those overexpressing hCDC14A. Three independent experiments, N = 100 cilia for hCDC14A

expressing cells and 200 for hCDC14AC278S expressing cells. Mean � SD. ***P ≤ 0.001.
H The dynamics of ciliogenesis was determined by serum starving WT and hCDC14APD cells for different time points. The cilia from hCDC14APD cells continue to

elongate even after 48 h of starvation, whereas those from WT cells reached constant length within 12–24 h. Three independent experiments, N = 150 cilia for
each experiment and condition. Mean � SEM. *P ≤ 0.05, **P ≤ 0.01; ****P ≤ 0.0001.

I In a time course experiment, the cilia disassembly kinetics was measured by first inducing ciliation through 48 h of serum starvation prior to incubation with
serum containing media for different time points. Measurement of cilia length indicated the comparable rates of cilia disassembly in RPE1 WT and hCDC14APD cells.
Cilia disassembly rates are shown in Fig EV1D. Three independent experiments, N = 150 cilia for each experiment and condition. Mean � SEM. ****P < 0.0001.

J Images of cilia of WT RPE1 and hCDC14APD RPE1 cells from (I), 0, 6, and 24 h after serum addition. Fixed cells were analyzed for cilia length.

Data information: (A, E, J) Sizes of the scale bars are indicated next to the designated images. (C, D) One-way ANOVA. (E, G, H, I) Unpaired Student’s t-test.

4 of 16 EMBO reports 20: e46544 | 2019 ª 2018 The Authors

EMBO reports hCDC14A regulates cilia length Borhan Uddin et al

Published online: November 22, 2018 



BA
hCDC14A-GFP F-actin MERGE

0

400

800

1200

1600

0 2 4

(a
.u

.)
ytis

net
nila

n
giS

Distance (µm)

F-actin
hCdc14A

10
 μ

m

1 μm

MERGE

CE
P1

64
C-

N
ap

1
O

D
F2

A
RL

13
B

IF
T8

8

1 μm

hCDC14AC278S

-GFP

C-Nap1

ODF2/ninein
CEP164

ARL13B/IFT88

CDC14A

ni
ne

in

6 8

C D
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localizes with Phalloidin 555 conjugated dye that marks F-actin fibers. The boxed area was 10-fold enlarged and displayed below the corresponding images to
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linker connects the mother with the daughter basal body (black lines). ODF2 and ninein mark the subdistal appendages. Note, ninein has a second localization at the
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Data information: (A, C) Sizes of the scale bars are indicated next to the designated images.
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hCDC14A regulates phosphorylation of DBN1 during ciliogenesis

Because DBN1 is a known phosphoprotein with functions in cilio-

genesis, we analyzed the phospho-regulation of this protein by

hCDC14A in ciliated cells [11,17]. In cycling cells, serine 142

(S142) next to a proline residue of DBN1 is phosphorylated by

the kinase CDK5 [17,29]. This is the DBN1 phospho-site that was

dephosphorylated by hCDC14A in ciliated cells (Dataset EV1). To

confirm dephosphorylation of pS142 in DBN1 by hCDC14A during

ciliogenesis, we followed DBN1pS142 with a phospho-specific anti-

body. Expression of Dox-induced hCDC14A-GFP but not the inac-

tive hCDC14AC278S-GFP or GFP dephosphorylated DBN1pS142

(Fig 4A and B). In addition, S142 of DBN1 was hyper-phosphory-

lated in hCDC14APD RPE1 cell lines during ciliogenesis (indepen-

dent clones 4, 6, and 7) compared to the WT control while DBN1

proteins levels were not reduced (Fig 4C). The identity of the

DBN1pS142 and DBN1 bands was confirmed by their reduction in

response to DBN1 siRNA (Fig 4C). Thus, DBN1pS142 is hyper-

phosphorylated in hCDC14APD RPE1 cell during ciliogenesis in

comparison with the RPE1 WT cells.

To confirm the direct dephosphorylation of DBN1pS142 by

hCDC14A, we incubated immunoprecipitated, phosphorylated

DBN1 with recombinant and purified hCDC14A. DBN1pS412 was effi-

ciently dephosphorylated by recombinant hCDC14A indicating that

hCDC14A directly dephosphorylates DBN1 (Fig 4D). Taken

together, these data suggest that DBN1pS142 is a direct substrate of

hCDC14A during ciliogenesis.

Phospho-regulation of DBN1 by hCDC14A contributes to cilia
length control

To confirm the function of DBN1 in cilia length regulation, we

constructed DBN1 RPE1 knockout (KO) cell lines using CRISPR/

Cas9 technology (Fig 5A). Three independent gRNAs targeting exon

3, 5, or 7 of DBN1 were used to construct DBN1 KO cells (Fig 5A;

gRNA1-3). We have designed the gRNAs in such a way that even a

possible truncated N-terminal version of DBN1 would lack the criti-

cal domains AB1 (actin-binding region 1) and AB2 (actin-binding

region 2; Fig 5A). Analysis of the DNA sequences from several

clonal cell lines confirmed disrupting mutations in both DBN1 alle-

les (Fig 5B). As expected from gene disruption, DBN1 was no longer

detected in DBN1 KO cell lines by immunoblotting with mono-

clonal antibody generated using a synthetic C-terminal peptide

(aa 632–649; Fig 5C). One clone from each gRNA (1.16, 2.18, and

3.3) was used for further ciliogenesis experiments and found to

assemble longer cilia than WT cells (Fig 5D). Clone 2.19 did not

affect cilia length; however, this cell line did not carry a mutation in

DBN1 and the DBN1 protein was detected by immunoblotting

(Fig 5C). This confirms the role of DBN1 in cilia length regulation.

To test the impact of S142 phospho-site in DBN1 on cilia length

control, we expressed DBN1 versions of WT, phospho-inhibitory

(S142A), and phospho-mimetic (S142D) in RPE1 WT and DBN1 KO

RPE1 cells under control of the TetON promoter. All TetON-DBN1

constructs were overexpressed about 10-fold in WT (Fig EV5A) and

DBN1 KO (Fig EV5B) cells. Overexpression of DBN1 or DBN1S142D

in RPE1 WT cells significantly increased cilia length, while overex-

pression of DBN1S142A did not impact cilia length compared to the

Tet control cells (Figs 5E and EV5A). Because of this overexpression

effect, we did not observe rescue of the cilia length phenotype by

TetON-DBN1 in DBN1 KO cells (Figs 5F and EV5B). Interestingly,

however, the non-phosphorylated DBN1S142A [17] significantly

reduced cilia length in comparison with DBN1WT or the phospho-

mimetic DBN1S142D in DBN1 KO cells (Fig 5F).

Similar cilia length in DBN1 KO cells expressing either DBN1 WT

or phospho-mimetic DBN1S142D has led us to speculate that the

TetON-expressed DBN1 might be strongly phosphorylated in cells.

Indeed, immunoblotting of the cell lysate with phospho-specific

DBN1pS142 antibodies confirmed that in TetON-DBN1 cells, S142

was strongly phosphorylated (Fig 5G). No DBN1p142S signal was

observed in cells overexpressing the S142A and S142D versions of

DBN1, confirming the specificity of the DBN1p142 antibodies

(Fig 5G). These data together suggest that the phosphorylated

DBN1pS142 promotes elongation of cilia.

The kinase CDK5 and hCDC14A phosphatase counteract
phosphorylation of DBN1 during ciliogenesis

In cycling cells, CDK5 kinase phosphorylates DBN1 at serine residue

142 [17,29,30]. If CDK5 regulates DBN1S142 during ciliogenesis, we

would expect that CDK5 depletion by siRNA leads to hypo-phos-

phorylation of DBN1S142 and the formation of shorter cilia as this

was observed in DBN1S142A cells (Fig 5E and F). Consistent with

this, phosphorylation of DBN1pS142 was slightly reduced upon

siRNA-mediated depletion of CDK5 (Fig 5H and I). Moreover, CDK5

depletion restored the cilia length of hCDC14APD RPE1 cells to the

length of the WT control cells (Fig 5J).

◀ Figure 3. Identification of substrates and proximity neighbors of hCDC14A during ciliogenesis.

A Experimental scheme for hCDC14A-GFP expression combined with phospho-proteome (SILAC) analysis.
B Molecular network of the hypo-phosphorylated proteins in ciliated hCDC14A-GFP RPE1 cells. Gene network was constructed in Cytoscape using the function

prediction GeneMANIA app. GeneMANIA identifies the most related genes to a query gene set (hits) using a guilt-by-association approach. The plugin uses a large
database of functional interaction networks from multiple organisms to construct a molecular network using the query genes (hits). Physical interactions are denoted
by solid lines (edges), whereas the shared protein domain interactions are represented by broken lines. The extent of interactions (degree) is indicated by the node
size. The query proteins are marked with thick borders and the actin-related proteins are marked with magenta colored nodes.

C Gene Ontology (GO) analysis of the proteins that are at least twofold hypo-phosphorylated in the heavy (hCDC14A overexpressed) samples. Values inside the
parentheses indicate P-values.

D Substrate motif identified by analyzing the sequences of hypo-phosphorylated peptides in Perseus.
E Molecular network of the neighbors of hCDC14A and hCDC14AC278S identified by proximity-dependent biotin identification (BioID) during ciliogenesis. Gene network

was constructed in Cytoscape as described in (B) by considering the physical interactions only.
F Gene Ontology (GO) analysis of the proteins from which at least five peptides were twofold enriched in the hCDC14A-BirA and hCDC14AC278S-BirA samples compared

to BirA control.
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Figure 4. The phosphoprotein DBN1 is a substrate for hCDC14A.

A hCDC14A, not the inactive hCDC14AC278S, dephosphorylates the serine residue 142 of DBN1 in vivo. RPE1 cells expressing GFP, hCDC14A-GFP, and hCDC14AC278S-GFP
under TetON promoter were serum starved in presence or absence of Dox for 48 h prior to fixation for immunofluorescence. DBN1pS142 was detected with a
phospho-specific antibody. DNA was stained with DAPI. Scale bar = 10 lm.

B Immunoblot analysis of samples from (A). The DBN1pS142/DBN1 ratio was densitometrically measured from the Dox treated samples and represented in the graph
next to the immunoblot. In this experiment, two GAPDH blots were used to normalize protein levels because DBN1 and DBN1pS142 were analyzed in separated blots.
Three independent experiments. Mean � SD. **P ≤ 0.01, ***P ≤ 0.001.

C DBN1S142 was hyper-phosphorylated in hCDC14APD cell lines during ciliogenesis compared to the WT control. In this experiment, we sequentially analyzed DBN1pS142

and DBN1 on the same blot. The specificity of the DBN1pS142 antibody was validated by siRNA-mediated knockdown of DBN1 in both hCDC14APD cells and GFP/
hCDC14A-GFP/hCDC14AC278S-GFP stable cell lines. Three independent experiments. Mean � SD. **P ≤ 0.01, ***P ≤ 0.001.

D In vitro dephosphorylation of DBN1 by purified hCDC14A. DBN1-GFP was transfected into HEK293T cells and expressed for 48 h. DBN1-GFP was immunoprecipitated
from cell lysates with GFP binder. The immunoprecipitated phospho-DBN1 was then incubated with and without recombinant hCDC14A in vitro. The DBN1pS142/
DBN1 ratio was densitometrically measured. Three independent experiments. Mean � SD. ****P ≤ 0.0001.

Data information: (B, C) One-way ANOVA. (D) Unpaired Student’s t-test.
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To test the regulation of DBN1S142 by CDK5 further, we overex-

pressed the phospho-mimetic version of DBN1S142D in hCDC14APD

RPE1 cells and subsequently depleted CDK5 by siRNA. Cilia length

reduction by CDK5 depletion was prevented by the expression of

DBN1S142D providing independent support for the notion that

DBN1pS142 increases the length of cilia (Fig 5K). Thus, the opposing

activities of CDC14A and CDK5 control phospho-regulation of DBN1

at S142.

hCDC14A regulates endocytosis as well as myosin Va and Arp2
localization to the basal body during ciliogenesis

How do hCDC14A and DBN1 contribute to cilia length control? In

Inner Medullar Collecting Duct (IMCD3) kidney (IMCD3) cells lack-

ing a functional IFT27 gene, which is involved in intraflagellar trans-

port, DBN1 localizes at the tip of the cilium [11]. In these cells,

DBN1 was identified as a member of a cilia-associated actin network

that promotes ectocytosis of vesicles from the cilia tip. Loss of DBN1

from cilia of hCDC14APD RPE1 cells could explain the cilia length

increase. However, in RPE1 WT cells DBN1 was not detected within

the cilium using the antibodies that have been used for the IMCD3

cell study (Fig EV5C) [23]. Similarly, Dox-induced DBN1-GFP did not

localize along the cilium of RPE1 WT cells (Fig EV5D). However,

DBN1-GFP partially co-localizes with actin fibers in RPE1 cells

(Fig EV5E). Thus, in RPE1 cells DBN1 is associated with the actin

cytoskeleton but not with the cilium. Cilia length control regulation

via a DBN1 pool inside cilia is, therefore, unlikely for RPE1 cells.

Enhanced endocytic recycling to the pericentrosomal preciliary

compartment could elongate cilia in hCDC14PD RPE1 and DBN1 KO

RPE1 cells [8,31,32]. Interestingly, DBN1 KO HEK293 cells were

reported to display enhanced endocytosis of dynamin-dependent

cargos [17]. Consequently, we first tested the uptake of transferrin

◀ Figure 5. Phospho-regulation of DBN1 is critical for cilia length control.

A Schematic representation of different domains of DBN1 (ADF-H: ADF homology domain, AB1: actin-binding region 1, AB2: actin-binding region 2, P: proline-rich
region) [44]. The numbers represent the amino acid positions of the denoted domains. Three independent gRNAs targeting different exons (3, 5, 7) of DBN1 were used
to generate DBN1 KO cells.

B Successful targeting of DBN1 was confirmed by sequencing the PCR amplicons surrounding the locus. For example, in clone 3.3, there was a single base insertion in
both DBN1 alleles (T in the one, G in the other) to cause disruption of protein expression through the introduction of a premature stop codon.

C The absence of DBN1 protein in the targeted clones was further verified by immunoblotting of the whole cell lysate. GAPDH is the loading control.
D One targeted clone from each gRNA (1.16, 2.18, 3.3) including the non-targeted clone 2.19 and WT control was serum starved for 48 h to induce ciliogenesis.

Subsequently, cilia length was measured. The cilia from DBN1 KO cells were significantly longer than those from WT or non-targeted controls. Three independent
experiments, N = 150 cilia for each experiment and condition. Mean � SD. ****P ≤ 0.0001.

E Overexpression of DBN1, DBN1S142A, and DBN1S142D in RPE1 WT cells. Three independent experiments, N = 150 cilia for each experiment and condition. Mean � SD.
**P ≤ 0.01; ***P ≤ 0.001; ns: not specific.

F The phospho-inhibitory (S142A) version of DBN1 rescued the elongated cilia of DBN1 KO cells. Three independent experiments, N = 150 cilia for each experiment and
condition. Mean � SD. *P ≤ 0.05; ***P ≤ 0.001; ns: not significant. Pairwise comparison was done with unpaired Student’s t-test and the P-value was written in the
figure. Global comparison was done with one-way ANOVA and the P-values were marked with stars.

G The overexpressed WT DBN1 was phosphorylated in cells as detected by phospho-specific DBN1pS142 antibodies. The DBN1pS142 antibodies did not detect the
overexpressed DBN1S142A or DBN1S142D.

H Immunoblot analysis confirming the successful siRNA depletion of CDK5 and indicating hypo-phosphorylation of DBN1S142 in response to CDK5 depletion.
I The DBN1pS142/GAPDH ratio from (H) was densitometrically measured. Three independent experiments. Mean � SD. *P ≤ 0.05.
J Depletion of CDK5 decreased the cilia length in WT cells. It restored cilia length in hCDC14APD cells. Three independent experiments, N = 150 cilia for each experiment

and condition. Mean � SD. **P ≤ 0.01; ****P ≤ 0.0001; ns: not significant.
K CDK5-mediated cilia length decrease can be completely blocked by expression of the phospho-mimetic DBN1S142D in hCDC14APD cells. Three independent experiments;

150 cells per experiment and condition. Mean � SD; ns = not significant; ****P ≤ 0.0001.

Data information: (D, E, J, K) One-way ANOVA. (I) Unpaired Student’s t-test.

▸Figure 6. hCDC14APD cells show enhanced endosome recycling as well as elevated docking of myosin Va vesicles and Arp2 recruitment to the basal body.

A Transferrin uptake was measured with serum starvation as described [17]. Fluorescent transferrin was added for 45 min to the cells with serum starvation. A second
sample was serum starved for 4 h followed by 45 min transferrin uptake with serum starvation. Cells were analyzed after washing. The red circle around the mother
centriole marker CEP164 indicates the fluorescence intensity that was determined for (B). The encircled area in MERGE is shown 2-fold enlarged on the right hand
side of the figure.

B Quantification of (A). The fluorescence intensities of transferrin within a 2-lm-radius circle surrounding the CEP164 signal were quantified. An ImageJ macro was
used to measure the intensity as described in Materials and Methods. Data were calculated from a total of 120 cells pooled from two independent experiments.
Mean � SD. ****P ≤ 0.0001.

C hCDC14APD cells showed an increased localization of myosin Va containing vesicles within the 1 lm radius of the basal body (red circle). The encircled area in MERGE
is shown 4-fold enlarged on the right hand side of the figure.

D Quantification of (C). Data were calculated from a total of 180 cells pooled from three independent experiments. Mean � SD. *P ≤ 0.05, ***P ≤ 0.001, ****P ≤ 0.0001.
E Arp2 localization in REP1 WT, hCDC14APD, and DBN1 KO cells. Signal intensity was measured 30 min after serum starvation. The encircled area in MERGE is shown 4-

fold enlarged on the right hand side of the figure.
F Quantification of (E). Sub-centrosomal (1 lm radius; red circle in E) Arp2 was measured by quantifying the intensity of Arp2 in WT, hCDC14APD, and DBN1 KO cells.

Both hCDC14APD and DBN1 KO cells contain significantly higher Arp2 in the pericentrosomal area (1 lm radius) compared to WT cells after 30 min of serum
starvation. Data were calculated from a total of 120 cells pooled from three independent experiments. Mean � SD. ****P ≤ 0.0001.

G Pericentrosomal ARP2 enrichment was comparable in the RPE1 DBN1 KO cells (Tet Control) with DBN1 KO cells expressing different DBN1 versions (WT, S142A,
S142D). Data were calculated from a total of 200 cells each pooled from two independent experiments. Mean � SD. ns: not specific.

H Proposed model for primary cilia length regulation by hCDC14A, CDK5, and DBN1 in RPE1 cells.

Data information: (A, C, E) Sizes of the scale bars are indicated next to the designated images. (B, D, F, G) One-way ANOVA.
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as a marker for endocytic recycling. Fluorescent transferrin was

added to RPE1 cells simultaneously with serum starvation. After

45 min, cells were washed and analyzed for transferrin at the

CEP164-marked basal body. Transferrin at the basal body was

higher in hCDC14APD cells compared to WT cells or DBN1 KO cells

(Fig 6A and B). We repeated the transferrin uptake experiment after

4 h of serum starvation as described in Fig 6A. At this later time

point, the transferrin signal at basal bodies was still higher in

hCDC14APD cells than in WT cells or DBN1 KO cells (Fig 6A and B).

Thus, hCDC14A inhibits endocytic uptake in RPE1 cells probably

without the involvement of DBN1.

Next, we used myosin Va accumulation at the CEP164-marked

mother centriole as an indication of preciliary vesicle transportation

[10]. In hCDC14APD cells without serum starvation, the intensity of

myosin Va vesicles surrounding the CEP164-marked basal body was

slightly higher in comparison with DBN1 KO RPE1 and RPE1 WT

cells (Fig 6C and D). The myosin Va signal at the basal body

increased within 30 min of serum starvation in all cell types but

was highest in hCDC14APD cells. After 24 h of ciliation, all three cell

lines showed similar amounts of myosin Va at basal bodies. Thus,

myosin Va recruitment to the basal body is negatively regulated by

hCDC14A. This regulation probably does not involve DBN1.

Low dose of actin-depolymerizing drug cytochalasin D was

reported to promote ciliogenesis by stabilizing the Arp2-associated

pericentrosomal actin network [10]. We observed enhanced Arp2

intensity surrounding the 1 lm radius of the basal body in

hCDC14APD and DBN1 KO cells 30 min after induction of ciliation

through serum starvation (Fig 6E and F). Nevertheless, similar peri-

centrosomal Arp2 enrichment was observed in DBN1 KO cells

expressing no DBN1 construct or DBN1 (WT, S142A, S142D)

(Fig 6G). Such failure to detect differential Arp2 enrichment among

DBN1 mutant overexpressing cells could be due to the disruption of

delicate molecular balance associated with the overexpression of

DBN1. These data denote that hCDC14A inhibits Arp2 accumulation

at the basal body. DBN1 overlaps with hCDC14A in this inhibition.

Discussion

CDC14 phosphatases regulate ciliogenesis in a number of organisms

including zebrafish, mouse, and human cells. CDC14A activity in

human and mouse is needed for the formation of the kinocilia in the

organ of corti [16]. These kinocilia are motile 9+2 cilia with a special

function in the organization of actin-based stereocilia. Data

presented in this study now indicate that hCDC14A plays a role in

cilia length control of 9+0, non-motile primary cilia. A phosphatase

dead version of hCDC14A or hCDC14A depletion resulted in longer

cilia, while elevated hCDC14A levels prevented cilia formation. The

cilia length phenotype was specific to hCDC14A and was not

observed in cells lacking the paralogue hCDC14B. In contrast to

RPE1 cells, cdc14A or cdc14B depletion in zebrafish led to shorter

cilia [14,33], Presently, it is unclear why inactivation of CDC14A in

zebrafish and human cells impacts cilia length in opposite ways.

Variations in cilia phenotypes between organisms upon inactivation

of orthologs have been reported before [34].

Whereas overexpression of CDC14A reduced cilium formation,

inactivation of the protein did not affect cilia formation efficiency.

This is probable due to the fact that the elongated cilia in

phosphatase dead cells are the outcome of changed phospho-

status of hCDC14A substrates. In the overexpression situation, we

possibly inhibit the initial steps leading to ciliogenesis. Latter

conclusion is supported by the finding that overexpression of

hCDC14A did not affect already assembled cilia (B. Uddin, unpub-

lished observation).

Phospho-proteome and BioID analyses identified hCDC14A

substrates with a function in cilia length control. Importantly, most

hCDC14A substrates during ciliogenesis were dephosphorylated on

pSP sites, which is the signature of CDC14A phosphatases from

yeast to human cells [12,28]. A secondary siRNA screen identified,

among these hCDC14A substrates, proteins with a function in cilia

length control. These include CTTN, LMO7, DBN1, MTCL1,

UBAP2L, KANK2, MAP4, PDLIM7, and RPS2 (Fig EV4B–E). Some of

them have been implicated in ciliogenesis [11,26,35].

Because DBN1 has been implicated in the regulation of ciliogene-

sis [11], we studied the phospho-regulation of DBN1 in greater

detail. Analysis of DBN1pS142 with a phospho-specific antibody con-

firmed that DBN1 was hyper-phosphorylated in hCDC14APD RPE1

cells during ciliogenesis in comparison with CDC14A WT cells,

while overexpression of hCDC14A reduced pS142 phosphorylation.

Purified, recombinant hCDC14A dephosphorylated DBN1 at S142

indicating direct regulation by hCDC14A. Thus, DBN1pS142 is a

substrate of hCDC14A during ciliogenesis. Moreover, the observa-

tion that depletion of CDK5 in ciliated RPE1 cells reduced DBN1pS142

phosphorylation suggests that S142 of DBN1 is phosphorylated by

the proline-directed kinase CDK5 during ciliogenesis. This is in line

with reports on the phosphorylation of DBN1 by CDK5 in growth

cones of neurons [29,30].

Analysis of DBN1 mutants was complicated by the impact of

DBN1 overexpression on cilia length. Despite this drawback, data

presented here suggest that the hyper-phosphorylated DBN1pS142

promotes cilia elongation, while the hypo-phosphorylated DBN1

restricts cilia length. This became apparent from elongated cilia in

DBN1 KO cells overexpressing DBN1S142D in comparison with

DBN1S142A (Fig 5F) and the observation that DBN1S142D overexpres-

sion prevented a reduction in cilium length in response to the deple-

tion of CDK5 that phosphorylates DBN1 at S142 (Fig 5K).

A function of DBN1 in ectocytosis directly at the cilium has been

proposed recently [11]. However, because we could not detect

DBN1 at the cilia tip or along cilia with published antibodies or

overproduced DBN1-GFP, we presently disfavor the model that

DBN1 functions in an ectocytosis-like process in WT RPE1 cells. An

indication for actin-remodeling function of DBN1 in ciliogenesis

comes from the observation of an increased recruitment of the actin

polymerizer Arp2 to centrosomes in DBN1 KO cells [10] (Fig 6F).

This Arp2 pool has been implicated in the docking of Golgi derived,

myosin Va-associated preciliary vesicles to the basal body [10].

However, overexpression of a phospho-mimetic DBN1S142D did not

affect the Arp2 pool at centrosomes (Fig 6G). Presently, it is unclear

whether overexpression of DBN1S142D masked the role of DBN1

phospho-regulation on the local Arp2 organization or simply DBN1

phosphorylation does not have a function in this process. It will be

interesting to study how chromosomal DBN1S142A and DBN1S142D

mutants affect the length of cilia.

CDK5 also affects cilia length by the phosphorylation and desta-

bilization of the cilia disassembly factor NDE1 [4]. NDE1 disassem-

bles cilia upon re-entry of cells into the cell cycle but becomes
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inactivated during ciliation by CDK5-mediated phosphorylation that

induces NDE1 degradation via ubiquitination by the ubiquitin E3

ligase SCFFBW7. We did not detect NDE1 in the hCDC14A phospho-

proteome and BioID screens suggesting that the CDK5-NDE1-cilia

length regulation functions without the involvement of hCDC14A.

Maskey et al [4] noticed that NDE1 is not the only substrate of

CDK5 in cilia length control. We propose that the phosphorylation

of DBN1S142 by CDK5 provides a second way how CDK5 impacts

cilia length.

During ciliation, hCDC14APD RPE1 cells showed a range of alter-

ations in comparison with WT cells (Fig 6H) that probably contri-

bute to the elongated cilia. Arp2 and myosin Va recruitment to basal

bodies and endocytic uptake were enhanced in hCDC14APD RPE1

cells. How an increase in myosin Va-associated preciliary vesicles to

the basal body early in ciliogenesis impacts on cilia length growth

after 24 h of ciliation is difficult to say mainly because we do not

understand the composition of these vesicles. Increased delivery of

Golgi derived, myosin V vesicles or the enhanced endocytic recy-

cling may change the composition of the ciliary membrane early in

ciliogenesis which then affects cilia length control at later time

points. Presently, it is unclear to what extent each of these

hCDC14A-regulated steps contributes to cilia length control and

which of the hCDC14A substrates are involved. It will be interesting

to see whether these functions of hCDC14A are also counteracted by

CDK5 or whether the “SP” specific CDK10/cyclin M kinase, whose

misfunction is the cause of STAR syndrome [5,6], plays a regulatory

role here.

Materials and Methods

Cell culture and siRNA reverse transfection

RPE1, HEK293T (human embryonic kidney), and HEK293-GP (GP2-

293, Clontech) cells were cultured in Gibco DMEM/F-12 (Thermo-

Fisher) media containing 10% FBS, 1% L-glutamine, and 1% peni-

cillin/streptomycin at 37°C and 5% CO2. Lipofectamine RNAiMAX

transfection reagent (ThermoFisher) was used according to the

manufacturer’s instructions with a final concentration of 20 nM

siRNA (please see the Appendix Table S1 and S2 for details of used

siRNA).

Generation of knockout and stable cell lines

RPE1 cells with inducible expression of proteins of interest were

constructed as previously described [36]. Generation of zinc finger

nuclease targeted hCDC14APD cells was described previously

[13,18]. CRISPR/Cas9-mediated drebrin knockout was generated by

targeting three different exons with three guide RNAs (gRNA1:

GTACGGCTTCTGCAGTGTCA for exon 3; gRNA2: GCAGCGGCTCT

CTAACGGGC for exon 5; and gRNA3: GGAGCGCGAGCGGCGCTACC

for exon 7). The gRNAs were designed using the web tool (https://

crispr.cos.uni-heidelberg.de/), ordered as primers and inserted next

to the U6 promoter in the scaffold vector pSpCas9(BB)-2A-GFP

(PX458) (a gift from Feng Zhang, Broad Institute of MIT and

Harvard, Cambridge, MA; Addgene plasmid #48138) [37,38]. The

plasmid pX458 with gRNA was electroporated into RPE1 cells (Neon

transfection system, Invitrogen; pulse voltage 1,050 V, pulse width

30 ms, and pulse number 2) and 48 h later, the transfected cells

were selected for GFP expression through FACS sorting. The sorted

cells were then subjected to clonal propagation through limiting dilu-

tion on 96-well plate. The emerging clones were harvested and

screened via sequencing the genomic PCR amplicons (see the

Appendix Table S3 for primer list). The successfully targeted clones

were further confirmed by immunoblot analysis using the antibody

MX823 (Progen). The MX823 is a mouse monoclonal antibody gener-

ated using synthetic C-terminal peptide (aa 632–649). However, we

have designed the gRNAs in such that even a possible truncated N-

terminal version of DBN1 would lack the critical domains AB1

(actin-binding region 1) and AB2 (actin-binding region 2; Fig 5A).

Immunofluorescence and microscopy

Cells were seeded on coverslips ~24 h before the treatments (starva-

tion +/� and/or doxycycline +/� depending on the experimental set

up) and washed once with PBS prior to fixation. The fixation condi-

tion was decided depending on the primary antibody used (see

Appendix Table S4 for the detailed list of antibodies and fixation

conditions). 4% paraformaldehyde was used for 10 min at room

temperature, whereas methanol fixation was carried out at �20°C

for 5 min with ice-cold methanol. Then, the cells were permeabi-

lized with 0.1% Triton X-100 in PBS (10 min at RT), incubated with

10% FBS to block unspecific binding, and incubated with primary

antibodies inside a wet chamber for 1 h. Upon three times washing

with PBS, the cells were incubated with fluorescently labeled

secondary antibodies for 30 min at RT, washed three times and

mounted with Mowiol and dried overnight at room temperature.

DNA was counterstained by adding DAPI (40,6-diamidino-2-pheny-

lindole) with the secondary antibody solutions. A DeltaVision RT

system (Applied Precision) equipped with an Olympus IX71 micro-

scope was used to image immunofluorescence samples using Soft-

worx software (Applied Precision). Comparable samples were

always imaged with same exposures and intensities as well as the

background subtracted images were displayed with ImageJ using

same minimum and maximum brightness.

Immunoblot analysis

Cells were seeded on 6- or 12-well plate and lysed directly with

Laemmli Buffer supplemented with protease inhibitor (Roche; 11

873 580 001), phosphatase inhibitor (Roche; 04 906 845 001),

phenylmethylsulfonyl fluoride (PMSF), and Benzonase (Merck,

101656; 1:500). The lysates were heated at 95°C for 5 min and

centrifuged at 20,000 g for 5 min. Sodium dodecyl sulfate–polyacry-

lamide gel electrophoresis (SDS–PAGE) was performed as previ-

ously described [39]. The membranes were blocked in 5% non-fat

milk in TBS-T and incubated with appropriate primary and

secondary antibodies (Appendix Table S5).

Measuring cilia length and protein intensity within a defined
region of interest (ROI)

Cilia lengths of the background subtracted images were measured

by a semi-automated ImageJ macro developed and optimized by

ZMBH imaging facility (Macro EV1). In short, the macro finds the

best line fit for the channel that represents cilia. The line is then
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skeletonized and inflated to measure the length. Upon mouse click,

the macro visualizes the processing steps with 400× zoom allowing

the poorly processed cilia measurements to be discarded. Another

macro that allows to select the size of region of interest (ROI) as

well as to define channels to be measured was used for intensity

measurements of signals, e.g., transferrin, Arp2, myosin Va

surrounding 1–2 lm radius of centrosomes (Macro EV2).

Quantitative phospho-proteome and BioID mass
spectrometry analyses

The quantitative phospho-proteome and BioID mass spectrometry

analyses were conducted as described before [12]. For global phos-

pho-proteome analysis, RPE1 cells with inducible expression of

hCDC14A-YFP were cultured in light (Arg12C14N Lys12C14N) and

heavy (Arg13C15N Lys13C15N) SILAC medium (Silantes) in separate

flasks. After seven passages, cells were expanded to four T175 flasks

for each condition and starved for 48 h. Doxycycline (10 ng/ml) was

added only to the heavy samples along with starvation for inducing

hCDC14A-YFP expression. Proteins were extracted and mixed at a

ratio of 1:1. Strong cation exchange chromatography/immobilized

metal affinity chromatography (SCX/IMAC) technique was used to

enrich phospho-peptides [40]. The resulted 48 fractions (24 phos-

pho-enriched and 24 phospho-depleted) were analyzed by LC-MS

using a Dionex UltiMate 3000RSLCnano HPLC system (Thermo

Scientific) coupled to a LTQ Orbitrap Elite mass spectrometer

(Thermo Scientific). Peptide identification and quantification were

achieved using the MaxQuant software package (1.5.3.8) with its

built-in Andromeda search algorithm [41]. The results of the data-

base search were analyzed using Perseus [42]. For BioID mass spec-

trometry analysis, RPE1 hCDC14A-BirA-HA, hCDC14AC278S-BirA-HA,

and BirA-HA cells were cultured in medium containing 50 lM biotin.

Protein expression was induced by adding Dox (10 ng/ml) during

the 48 h of serum starvation. The cells were harvested and lysed

using RIPA buffer (10 mM Tris–Cl, 150 mM NaCl, 1% Triton X-100,

0.1% SDS) supplemented with protease inhibitor (Roche; 11 873 580

001), phenylmethylsulfonyl fluoride (PMSF), and Benzonase (Merck,

101656; 1:500). The lysate was clarified by centrifuging for 15 min at

20,000 g and the supernatant was incubated with streptavidin

Sepharose beads (GE 17-5113-01) at 4°C for 3 h. Then, the beads

were washed three times with RIPA buffer and the bound proteins

were eluted by heating at 95°C for 10 min with 2× Laemmli buffer

containing 2 mM biotin. The samples were dimethyl labeled (Heavy

– BirA control; Medium – hCDC14AC278S-BirA; and Light –

hCDC14A-BirA prior to mass spectrometry analysis) [43]. Two repli-

cates of each quantitative phospho-proteome and BioID mass spec-

trometry experiment were run, and relevant results are deposited in

Dataset EV1 and EV2, respectively.

In vitro phosphatase assay

DBN1-GFP construct was transfected into HEK293T cells using

polyethylenimine (PEI). The cells were harvested by scrapping after

48 h of transfection and lysed with RIPA buffer supplemented with

protease inhibitor (Roche; 11 873 580 001), phenylmethylsulfonyl

fluoride (PMSF), and Benzonase (Merck, 101656; 1:500). The DBN1-

GFP was immunoprecipitated by GFP-Trap�_A beads (Chromotek)

following manufacturer’s protocol. Equal amount of bead-captured

DBN1 protein was incubated with purified hCDC14A in phosphatase

assay buffer (30 mM imidazole, 1 mM DTT, 1 mM EDTA, 150 mM

KCl, 1 mM MgCl2, and 25 mM K-Hepes) for 2 h at 30°C. The prod-

ucts were analyzed on immunoblots following SDS/PAGE. A buffer

control was used to determine the extent of dephosphorylation by

quantifying pS142-DBN1/DBN1 ratio.

Electron microscopy

RPE1 cells were seeded on coverslips and cultured at 37°C and 5%

CO2 till they reached a confluency of 70–80%. Cells were rinsed in

100 mM phosphate buffer (PBS) three times and then fixed with

2.5% glutaraldehyde (GA) in 50 mM cacodylate buffer and 2%

sucrose for 30 min at room temperature. After 5 times washing for

5 min with 50 mM cacodylate buffer, cells were incubated for

40 min in 2% osmium/cacodylate buffer on ice in darkness,

followed by 4 times rinsing with dH2O and overnight staining at 4°C

in 0.5% uranyl acetate. On the following day, coverslips were rinsed

again 4 times with dH2O and via dehydration row (40, 50, 70, 80,

90, 95, 100% ethanol). Water was removed by ethanol within the

cells. Coverslips were immediately placed on capsules filled with

Spurr-resin and polymerized at 60°C for 24–48 h. Embedded cells

were sectioned using a Reichert Ultracut S Microtome (Leica Instru-

ments, Vienna, Austria) to a thickness of 70 nm. Post-staining with

3% uranyl acetate and lead citrate was performed. Sections were

imaged at a Jeol JE-1400 (Jeol Ltd., Tokyo, Japan), operating at

80 kV, equipped with a 4 k × 4 k digital camera (F416, TVIPS,

Gauting, Germany). Micrographs were adjusted in brightness and

contrast using ImageJ.

Statistical analysis

If not otherwise mentioned, at least 150 cilia or centrosomes were

quantified for each experiment and the findings were confirmed by

three independent experiments. The results were expressed as

mean � SD (Standard deviation). Prism 7 software (GraphPad) was

used for statistical analyses. Mean between two groups was

compared by t-tests, whereas multiple inter-group differences were

analyzed by one-way ANOVA (analysis of variance) followed by

Tukey’s multiple comparison test for post hoc comparisons.

Expanded View for this article is available online.
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