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ABSTRACT Primary cilia are organelles necessary for proper implementation of developmen-
tal and homeostasis processes. To initiate their assembly, coordinated actions of multiple
proteins are needed. Tau tubulin kinase 2 (TTBK2) is a key player in the cilium assembly
pathway, controlling the final step of cilia initiation. The function of TTBK2 in ciliogenesis is
critically dependent on its kinase activity; however, the precise mechanism of TTBK2 action
has so far not been fully understood due to the very limited information about its relevant
substrates. In this study, we demonstrate that CEP83, CEP89, CCDC92, Rabin8, and DVL3 are
substrates of TTBK2 kinase activity. Further, we characterize a set of phosphosites of those
substrates and CEP164 induced by TTBK2 in vitro and in vivo. Intriguingly, we further show
that identified TTBK2 phosphosites and consensus sequence delineated from those are dis-
tinct from motifs previously assigned to TTBK2. Finally, we show that TTBK2 is also required
for efficient phosphorylation of many S/T sites in CEP164 and provide evidence that TTBK2-
induced phosphorylations of CEP164 modulate its function, which in turn seems relevant for
the process of cilia formation. In summary, our work provides important insight into the
substrates-TTBK2 kinase relationship and suggests that phosphorylation of substrates on
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multiple sites by TTBK2 is probably involved in the control of ciliogenesis in human cells.

INTRODUCTION

Primary cilia (PCs) are organelles fundamental for proper develop-
ment and homeostasis. Malfunctioning of PCs leads to ciliopathies,
a group of diseases with a broad span of phenotypic manifestations,
such as obesity, blindness, polycystic kidneys, and polydactyly
(Mitchison and Valente, 2017; Reiter and Leroux, 2017). In addition,
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PCs abnormalities have been recently related to cancer (Wong
et al., 2009; Jenks et al., 2018; Wang and Dynlacht, 2018), further
affirming the importance of correctly functioning PCs for tissue
homeostasis.

PCs are usually assembled on postmitotic cells, with their
formation being triggered at the distal end of the matured (mother)
centrioles (MCs). They consist of a microtubule-based axoneme en-
closed within a ciliary membrane, and transformed MC (basal body)
(Ishikawa and Marshall, 2011; Nigg and Stearns, 2011). MCs differ
from daughter centrioles by the presence of two sets of protein-
aceous appendages named distal appendages (DA) and sub-DA
(SDA) according to their position on MCs (Nigg and Stearns, 2011).
The earliest sign of ciliogenesis seems to be the accumulation of
small Golgi-derived vesicles in the vicinity of DA (Sorokin, 1962; Lu
et al, 2015; Wu et al., 2018), depending on the activity of the
Rab11-Rab8a-Rabin8 cascade (Knddler et al., 2010; Westlake et al.,
2011; Hehnly et al., 2012; Schmidt et al., 2012). Disruption of DA
structure prevents vesicle docking and in turn leads to a failure of
cilium assembly (Schmidt et al., 2012; Chang et al., 2013; Sillibourne
et al., 2013; Tanos et al., 2013). Initially, five DA proteins, CEP164
(Graser et al., 2007), CEP83 (Joo et al., 2013), CEP89 (Sillibourne
et al., 2013), FBF1 (Tanos et al., 2013; Wei et al., 2013), and SCLT1
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(Tanos et al., 2013), were identified. Recent identification of new DA
components suggests the list might not be complete (Kurtulmus
et al., 2018; Bowler et al., 2019).

Cilia initiation turns to the cilia extension process when the
centriolar distal end capping proteins CP110, CEP97, and MPP9 are
removed and ciliary axoneme begins to elongate (Spektor et al.,
2007; Huang et al., 2018). This key step in the cilium assembly
pathway is controlled by Tau Tubulin kinase 2 (TTBK2) (Goetz et al.,
2012; Cajanek and Nigg, 2014). TTBK2 is recruited to DA by CEP164
(Cajanek and Nigg, 2014; Oda et al., 2014), and their mutual inter-
action is fine-tuned by INNPP5E and PI3Ky (Xu et al., 2016). In addi-
tion, TTBK2 seems uniquely positioned among the DA-associated
proteins—its depletion still allows cilia initiation to proceed, but the
axoneme does not extend and ciliogenesis in turn fails, implying
that TTBK2 may function as a switch in the cilia assembly pathway,
turning the cilia initiation program to cilia elongation and mainte-
nance (Goetz et al., 2012; Cajanek and Nigg, 2014; Oda et al., 2014;
Bowie et al., 2018).

From an evolutionary perspective, TTBK2 is a member of the
casein kinase 1 (CK1) superfamily; its kinase domain shows
38% identity with CK18 (lkezu and lkezu, 2014; Liao et al., 2015).
Apart from TTBK2, the additional kinase MARK4 has been
implicated in cilium initiation and assembly, although it seems to
control the processes via SDA rather than DA of the MCs (Kuhns
et al., 2013).

TTBK2 mutations are causative for development of the neu-
rodegenerative disorder spinocerebellar ataxia type 11 (SCA11)
(Houlden et al., 2007; Bauer et al., 2010; Lindquist et al., 2017).
Interestingly, SCA11-associated mutant variants of TTBK2, typically
truncated around amino acid (AA) 450, are unable to interact with
CEP164, fail to localize to DA (Goetz et al., 2012; ajanek and Nigg,
2014), and instead seem to act in a dominant negative manner to
disturb PC formation (Goetz et al., 2012; Bowie et al., 2018). As
no other kinase can compensate for defects caused by TTBK2
mutations in SCA11, it again can be argued that TTBK2 has
nonredundant functions in ciliogenesis. Previous work proved that
ciliogenesis critically depends on TTBK2 kinase activity (Goetz et al.,
2012). However, information about bona fide substrates and/or S/T
sites that are subjected to TTBK2 phosphorylation is very limited.
So far, TTBK2 has been demonstrated to phosphorylate five sub-
strates—Tau (Takahashi et al., 1995; Tomizawa et al., 2001), KIF2A
(Watanabe et al., 2015), CEP164 (Cajanek and Nigg, 2014), CEP97
(Oda et al., 2014), and MPP9 (Huang et al., 2018)—and only 11 S/T
sites, namely S208 and S210 of Tau, S135 of KIF2A, S629 and S636
of MPP9, and T1309, S1317, S1346, S1347, S1434, and S1443 of
CEP164 (Kitano-Takahashi et al., 2007; Oda et al., 2014; Watanabe
et al., 2015; Huang et al., 2018).

Here, we report on novel TTBK2 substrates and an extensive set
of TTBK2-induced phosphorylation sites determined and verified
using a combination of in vitro, in vivo, and in silico approaches.
Using our datasets of phosphorylated peptide sequences, we
delineated a set of kinase motifs for TTBK2. For the functional
validation we focused on CEP164 and through a combination of
CRISPR editing, mass spectrometry and structure—function experi-
ments provide evidence that phosphorylation by TTBK2 modulates
functions of CEP164.

RESULTS

TTBK2 acts on multiple candidate substrates

To identify novel TTBK2 substrates, we focused our effort on a set of
candidate proteins that localize to DA or interact with CEP164
and have been implicated in cilia initiation. These include the DA
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components CEP83 and CEP89, Rab8a, Rabin8, DVL3, CCDC?92,
and CP110 (Chaki et al., 2012; Schmidt et al., 2012; Tanos et al.,
2013; Cervenka et al., 2016; Huang et al., 2018). First, given that the
reported TTBK2 substrates CEP164 and MPP9 respond to elevated
TTBK2 levels with a profound mobility shift (Cajanek and Nigg,
2014, Huang et al., 2018), we examined the behavior of individual
candidates following their coexpression with TTBK2 in HEK293T WT
cells. Interestingly, while we found no response to FLAG-TTBK2
coexpression in the case of HA-CP110 and GFP-Rab8a, we observed
a mobility shift of MYC-CEP83, MYC-CEP89, GFP-Rabin8, and GFP-
DVL2 similar to that of MYC-CEP164 (Figure 1A), indicating that
these proteins are modified in a TTBK2-dependent manner. Next, to
corroborate our observations, we included the TTBK2 D163A
mutant with disabled kinase domain activity (KD) (Bouskila et al.,
2011) in our experiments. Importantly, as depicted in Figure 1B,
GFP-CEP164, GFP-CEP89, GFP-CEP83, GFP-CCDC92, and GFP-
Rabin8, but not GFP-Rab8a, specifically responded to TTBK2, but
not TTBK2 KD, suggesting that the observed shifts in protein mobil-
ity reflect a modification of the given protein mediated by kinase
activity of TTBK2.

TTBK2 directly phosphorylates CEP83, CEP89, Rabin8,
CCDC92, and DVL3

Having found that TTBK2 might phosphorylate several proteins
necessary for the process of cilia initiation, we performed in vitro
kinase assays of individual candidate substrates in the presence of
TTBK2, followed by MS/MS identification and quantification of
detected phosphorylations. To ensure proper protein folding and
functionality, individual candidate substrates and TTBK2, respec-
tively, were purified by immunoprecipitation from HEK293T cells.
TTBK2 KD was used as a control condition to account for actions of
endogenous kinases possibly copurifying with immunoprecipitated
TTBK2. In addition, in the second repetition we included A phos-
phatase treatment in our workflow to reduce the impact of any
already present phosphorylation. The experimental workflow is
summarized in Supplemental Figure STA. In brief, the criteria to
assign any identified phosphorylation to TTBK2 were as follows
(please see Materials and Methods for additional details): 1) the
intensity of phosphopeptide was higher than 2 x 10%; 2) phospho-
peptide intensity was at least twice that of the corresponding phos-
phopeptide intensity in control samples (TTBK2 KD). By applying
these criteria, we detected 45 phosphorylated S/T sites induced by
TTBK2 in the tested proteins (CEP164, CEP83, CEP89, Rabin8,
CCDC92, DVL3) (Figure 2, A and B, blue and red color coded). The
total number of identified phosphorylations was ~120 (Supplemen-
tal Figure S2A; Figure 2B; Supplemental Table S1).

In a similar manner, we examined autophosphorylation of TTBK2.
Here we analyzed four experimental conditions: 1) purified TTBK2,
2) purified TTBK2 treated with A phosphatase, 3) TTBK2 treated
with A phosphatase subsequently subjected to an in vitro kinase
assay, and 4) TTBK2 KD treated with A phosphatase, subjected
to an in vitro kinase assay (schematized in Supplemental Figure
S1B). We compared phosphosites identified in condition 3 with
control conditions 2 and 4. Phosphorylations that were induced at
least twofold over both controls were considered to be TTBK2
induced. Condition 1 was included to assess the efficiency of the A
phosphatase treatment. This analysis led to the identification of
approximately 110 phosphorylations,of which 79 were found to be
induced by TTBK2. The induced phosphorylations are found along
the whole sequence of TTBK2, with a significant portion of the sites
residing at the C-terminus (Figure 2C; Supplemental Figure S2B;
Supplemental Table S1).
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FIGURE 1: TTBK2 induces mobility shift of CEP164, CEP89, CEP83, CCDC92, Rabin8, and DVL2. HEK293T cells were
transfected by indicated plasmids, lysed 24 h posttransfection and analyzed by WB using indicated antibodies.

(A) Electrophoretic mobility of MYC-CEP164, MYC-CEP83, MYC-CEP89, GFP-Rabin8, and GFP-DVL2 is decelerated by
FLAG-TTBK2 expression. HA-CP110 and GFP-Rab8a do not change their mobility on FLAG-TTBK2 or GFP-TTBK2
expression. (B) Detection of mobility shift of GFP-CEP164, GFP-CEP89, GFP-CEP83, GFP-CCDC92, and GFP-Rabin8
induced by FLAG-TTBK2 but not FLAG-TTBK2 KD. Note that TTBK2 WT undergoes profound mobility shift compared

with TTBK2 KD, indicating autophosphorylation. Depicted experiments were performed at least twice.

The detection of phosphorylation of a specific S/T residue using
an in vitro kinase assay typically suffices to assume a direct kinase—
substrate relationship for individual proteins tested but might not
fully reflect phosphorylation of a given protein in vivo. To this end,
we set out to analyze phosphorylations of individual substrates
coexpressed with TTBK2 and subsequently purified from HEK293T
cells. The experiment workflow is summarized in Supplemental
Figure S1C. The criteria for in vivo TTBK2-induced phosphorylations
were more stringent than in the case of in vitro analysis to account
for the higher complexity of the samples and in turn for the potential
influence of other protein kinases (please refer to Materials and
Methods for details). This in vivo approach identified approximately
230 phosphorylations (Supplemental Table S1; Supplemental Figure
S3) of which 133 were induced by TTBK2 (Figure 2A, black and red
color coded). Importantly, a comparison of induced phosphoryla-
tion sites identified in vivo and in vitro not only showed a fairly
extensive overlap between the datasets for individual proteins
(phosphorylations common for both datasets are in red, Figure 2A;
Supplemental Figure S3) but also revealed many phosphosites
localized in clusters or pairs, often dispersed through the entire
protein sequence (Figure 2A).

Specifically, in the case of CEP164, 18 individual S/T sites were
found to be induced by TTBK2 by both approaches; for CEP83, it
was five S/T residues; for CEP89, it was two S/T; and for CCDC92
and Rabin8, both showed one S/T phosphorylation in common
between in vitro and in vivo. Of note, analysis of DVL3 in vivo phos-
phorylations induced in the context of several kinases, including
TTBK2, has been recently reported (Hanékova et al., 2019). Overall,
27 (64%) induced phosphorylations detected through an in vitro
approach were also found induced in vivo, thereby confirming a role
of TTBK2 in the phosphorylation of tested proteins (Figure 2A).
Additionally, six sites identified as being induced in vitro were
occasionally also detected in vivo but did not pass the set threshold
to be considered induced (Supplemental Table S1; Supplemental
Figure S2A; Supplemental Figure S3). It is worth noting that the
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majority of sites detected by in vivo analyses (in total 106 phos-
phorylated S/T residues, Supplemental Table S1) were not detected
using the in vitro approach.

TTBK2 shows motif similarities to CK1
Given the number of phosphorylations we identified and the reports
on preferential phosphorylation of intrinsically disordered regions
(IDRs) over folded protein regions (lakoucheva et al., 2004; Xie et al.,
2007; Bah et al., 2015; Bah and Forman-Kay, 2016), we analyzed
TTBK2 substrates using the Predictor of Natural Disordered Regions
(PONDR) (Peng et al., 2005; Peng and Zhang, 2006) and the Disorder
Enhanced Phosphorylation Predictor (DEPP) (lakoucheva et al., 2004)
to check the extent of IDRs and the overlap between the identified
and the predicted phosphosites, respectively. The analysis carried
out using the PONDR algorithms VSL-2 (Figure 3, A and B; Supple-
mental Figure S4, violet line) and VL3-BA (Figure 3, A and B; Supple-
mental Figure S4, blue line) revealed long IDRs in all the proteins
tested (Figure 3, A and B, and Supplemental Figure S4). In addition,
comparing our experimental data to DEPP-predicted phosphoryla-
tions revealed many examples of extensive overlap (Figure 3, A and
B; Supplemental Figure S4). Specifically, experimentally identified
CEP164 phosphorylations were found distributed throughout the
protein sequence in a pattern resembling that of DEPP prediction
(Figure 3A). Further, DEPP predicted extensive phosphorylation of
the TTBK2 C-terminal part in line with our experimental data (Figure
3A). In addition, we observed similarity between the experimentally
detected and the predicted phosphorylation sites also in the case of
the remaining examined substrates of TTBK2 (Supplemental Figure
S4). In light of these findings, we examined previously identified sub-
strates of TTBK2, namely, CEP97, Tau, KIF2a, and MPP9 by PONDR
and DEPP. As expected, all previously identified phosphosites were
localized within long IDRs, which were predicted to contain many
additional phosphorylation sites (Supplemental Figure S5).

Next, we compared our experimental results with the data
available in the PhosphoSitePlus database. For the purpose of
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FIGURE 2: TTBK2 phosphorylates its substrates on multiple serines and threonines. Map of identified phosphorylations
induced by TTBK2 on tested substrates. (A, B) Structure of each TTBK2 substrate is schematized, rectangles indicate the
presence of a domain or motif, and numbers indicate the length of given protein in amino acids. Lines and numbers,
respectively, below the schematic protein structure indicate positions of each phosphorylation induced by TTBK2. Sites
shown in red were detected both in vitro and in vivo, sites in blue were detected only in vitro, and sites in black were
detected only in vivo. The asterisk indicates that given phosphorylation is covered in PhosphoSitePlus. (A) TTBK2-
induced phosphorylation of CEP164, CEP89, CEP83, CCDC92, or Rabin8 identified in vitro and in vivo. (B) TTBK2
phosphorylation of DVL3 identified in vitro. (C) TTBK2 autophosphorylations identified in vitro.

this comparison, we did not discriminate here between induced
and noninduced phosphorylations or between individual datas-
ets of our analysis. Interestingly, we found that 99/133 (74%)
phosphorylations reported for the substrate proteins on Phos-
phoSitePlus were also detected in our experiments (Figure 2,
A-C; Supplemental Table S1, marked by an asterisk). Although
we cannot rule out the possibility that some of phosphosites

Volume 31  May 1, 2020

identified by our analyses are a result of overexpression, many of
the identified sites seem physiological as they were previously
detected in endogenous proteins. Importantly, however, only
53/229 (23%) of TTBK2-induced phosphorylations were previ-
ously identified by large-scale proteomic studies. This implies
that phosphorylation of some of these residues might be limited
to a specific cellular context.
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FIGURE 3: TTBK2 shows motif similarities to CK1. (A, B) Protein disorder and phosphorylation prediction for

CEP164 and TTBK2. Structure of CEP164 and TTBK2 is schematized as described in Figure 2. The first graph below the
schematized structure of CEP164 and TTBK2, respectively, depicts prediction of disorder/order (with cut-off score 0.5)
determined by PONDR using VSL2 (violet line) and VL3-BA (blue line) algorithms. The second graph plots DEPP score
(with cut-off score 0.5) and individual phosphosites thereby predicted (phosphoS as blue rectangle, phosphoT as green
triangle, and phosphoY as red circle). (C-E) Determination of TTBK2 kinase motifs using indicated algorithms. Size of
depicted symbols indicates relative abundance of each amino acid at given position within a set of phosphorylated
peptides. Kinase motif search was performed by C, MoMo simple; D, Motif-x; and E, MODL alogrithms.

As it was previously reported that TTBK2 preferentially phos-
phorylated S/T sites with pY at the +2 position (Bouskila et al.,
2011), we examined our datasets for the presence of this motif.
However, we identified only two phosphorylations (5201 in
CEP164; S316 in Rabin8) with Y at the +2 position, which could
in principle fit into the proposed consensus sequence. Next, we
manually searched the dataset for priming sites at the -3 posi-
tion (pS/pT-x-x-S/T motif) reported for the CK1 family (Cheong
and Virshup, 2011) and found 28 phosphorylations fitting this
criterion (CEP164: S171, S273, S403, S455, T490, S517, S646,
S735,51096, S1255, 51258; CCDC92: S145, S179, S273; Rabin8:
S100; DVL3: S639; TTBK2: S134, T431, S448, T820, T851, S855,
S958, S963, S999, S1033, S1042, S1243). Thus, the majority of
phosphorylation sites we found were without any kinase motif
assigned. To probe for possible unrecognized TTBK2 consensus
sites, we pooled data from in vitro and in vivo datasets and
used them for an unbiased kinase motif search by the MeMe
suite tool MoMo (Bailey et al., 2009; Cheng et al., 2017). Initial
analysis by a “simple” algorithm, which plots the relative
abundance of individual AA residues at the indicated position
within the whole dataset, did not reveal any enrichment (Figure
3C). Given that, we subsequently performed analysis by Motif-x
and MODL algorithms, respectively, that can resolve consensus
motif sequences present only in a subset of peptides (Chou
and Schwartz, 2011; Cheng et al., 2017). Intriguingly, both
algorithms detected a preference for glutamic acid (E) at the +3
position (MODL, 32 peptides; Motif-x, 27 peptides) (Figure 3, D
and E). In addition, analysis using MODL detected a preference
for leucine (L) at the +1 position (MODL, 30 peptides) (Figure
3E). Sequences of peptides with the identified motifs are listed
in Supplemental Table S2.

1036 | O.Bernatik et al.

CEP164 phosphorylation is largely dependent on TTBK2

To further study TTBK2 phosphorylations, we decided to derive
HEK293T and RPE1 cells devoid of TTBK2. First, we verified that
CRISPR-Cas? successfully disrupted ORF of the TTBK2 locus by
indels in exon 4, which encodes part of the kinase domain of TTBK2
(Figure 4A). Next, we confirmed that CRISPR/Cas%-edited cells
lacked any detectable levels of TTBK2 (Figure 4B; Supplemental
Figure S6, A-C), while MC localization of CEP164 or CEP83 was not
affected (Supplemental Figure 6, B and C). Functionally, TTBK2-
deficient cells fail to form cilia. Subsequent reintroduction of WT,
but not the KD form of TTBK2, allowed PCs formation in TTBK2 KO
HEK293T or RPE1, as expected (Figure 4D; Supplemental Figure
S6D). Additionally, we found that CEP164 migrated faster on PAA
gel when TTBK2 was depleted (Figure 4B; Supplemental Figure
S6A), implying that posttranslational modifications of CEP164 were
diminished in TTBK2 KO cells. Reintroduction of the WT form of
TTBK2 to TTBK2 KO RPE1 rescued CEP164 PAA mobility, in con-
trast to TTBK2 KD (Figure 4C). These results confirm and extend
previous observations (Goetz et al., 2012; Lo et al., 2019). We also
examined the behavior of CEP83, CEP89, and CEP?7, substrates of
TTBK2 reported here or previously, in response to TTBK2 ablation.
However, in contrast to CEP164, we failed to detect any difference
in the PAA mobility of these proteins (Figure 4B).

Our observations suggesting that TTBK2 is a main driving force
of CEP164 phosphorylation prompted us to narrow down our
validation attempts to CEP164. First, we examined the importance
of TTBK2 for phosphorylation of endogenous CEP164. We iso-
lated CEP164 by immunoprecipitation from TTBK2 WT and KO
HEK293T cells, respectively, and subjected the protein complexes
to MS/MS analysis of phosphorylation. We detected approxi-
mately 37 phosphorylations, with 27 of those being twice or more
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TTBK2 is required for phosphorylation of CEP164 during induction of ciliogenesis. (A) Scheme of TTBK2
editing by CRISPR-Cas9. TTBK2 exons are coded in green and blue, kinase domain position is marked by a red
rectangle. gRNA targets Exon4, Cas9-edited sequences of TTBK2 for HEK293T and RPE1 are indicated. (B) WB analysis
of RPE1 WT and TTBK2 KO cells. TTBK2 protein is missing in RPE1 TTBK2 KO cells, CEP164 is migrating faster in TTBK2
KO RPE1, while no changes in migration pattern were detected for CEP89, CEP83, and CEP97. (C, D) FLAG TTBK2 WT
and KD versions were reintroduced in RPE1 TTBK2 KO cells. (C) CEP164 migration pattern is rescued by FLAG-TTBK2
WT but not by FLAG-TTBK2 KD reintroduction in RPE1 TTBK2 KO cells. (D) Ciliogenesis is rescued by FLAG-TTBK2 WT
but not by FLAG-TTBK2 KD reintroduction in RPE1 TTBK2 KO cells. (E) RPE1 WT and TTBK2 KO cells were treated as
indicated and CEP164 migration was analyzed. Starvation for 12 or 24 h and nocodazole (100 ng/ml, overnight) and
cytochalasin D (2 pM, overnight) treatment lead to slower CEP164 migration, while treatment by PLK4 inhibitor
centrinone (150 pM, 72 h) enhances CEP164 migration in RPE1 WT cells. Treatment of RPE1 TTBK2 KO cells by
nocodazole leads to slower CEP164 migration. Ratio indicates relative abundance of the top band (indicated by full
arrowhead) of CEP164 divided by the bottom band (indicated by empty arrowhead). WB was quantified for N = 4 for
WT and n = 3 for TTBK2 KO cells; SD indicates SD. (F) Structure of CEP164 is schematized, rectangles indicate domains
or motifs, and numbers indicate length in amino acids. Lines and numbers, respectively, below the schematic protein
structure indicate positions of each phosphorylation induced by TTBK2. Sites shown in red were detected both in vitro
and in vivo, sites in blue were detected only in vitro, and sites in black were detected only in vivo. Green rectangle
marks phosphorylations more intensive in WT compared with TTBK2 KO HEK293T cells. The asterisk indicates that
given phosphorylation is covered in PhosphoSitePlus.

as intensive in WT HEK293T (Supplemental Figure S6F; Supple-
mental Table S1). Importantly, 14 phosphosites matched the
TTBK2-induced phosphorylations detected by our previous in vitro
or in vivo approaches (Figure 4F, marked by a green rectangle).
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From the rest of the S/T identified here as being regulated by
endogenous TTBK2, 10 sites were assigned as not being
targeted by TTBK2, while three sites were new (not identified in
any of our previous experiments) (Supplemental Figure S6F and

TTBK2 phosphorylations in ciliogenesis | 1037



Supplemental Table S1). Together with our previous data, these
findings establish that TTBK2 is both sufficient and required for
efficient CEP164 phosphorylation.

Next, we attempted to relate TTBK2 phosphorylation of CEP164
to a particular event, for example, the induction of PC formation by
serum starvation or treatment by cytochalasine D, nocodazole-
induced mitotic arrest, or centrinone-induced centriole ablation
(Wong et al., 2015). Thus, we examined the extent of CEP164
phosphorylation by monitoring the ratio between slower (hyper-
phosphorylated) and faster (hypophosphorylated) migrating forms
of CEP164 (ajanek and Nigg, 2014). As shown in Figure 4E, we
observed the accumulation of slower migrating CEP164 forms in
nocodazole-treated cells, in line with previous results (Schmidt
etal., 2012). Interestingly, we detected that 12 h of serum starvation
induced a moderate shift of CEP164, which became more
prominent 24 h poststarvation. In addition, treatment by another
compound promoting ciliogenesis, actin polymerisation inhibitor
cytochalasin D (Kim et al., 2010), also showed a pronounced effect
on CEP164 PAA mobility. Of note, the bitor centrinone caused a
modest decrease in CEP164 phosphorylation. Remarkably, the
effects of ciliogenesis-inducing agents (serum starvation, cytochala-
sin D), but not of nocodazole, on the relative increase of slow
(hyperphosphorylated) forms of CEP164 were markedly reduced in
TTBK2-deficient cells (Figure 4E). These data imply that TTBK2
is responsible for efficient phosphorylation of CEP164 during
ciliogenesis.

CEP164 N-terminus phosphorylation leads to altered
function
The functional relevance of a phosphorylation is usually tested by
mutating detected phosphorylated sites to nonphosphorylable
variants and subsequent examination of whether this alters the func-
tion of tested protein (Sieracki and Komarova, 2013). Our analysis
detected a significant number of induced phosphorylation sites,
implying possible complex regulation, as multiple phosphorylations
typically act in a combinatorial manner (Cohen, 2000; Bah and
Forman-Kay, 2016). In addition, the majority of the identified phos-
phosites resided in IDRs with a currently unknown impact on the
biology of a given protein. On the other hand, our experiments also
revealed several TTBK2 phosphosites within the N-terminal part of
CEP164 (CEP164 N-term, AA 1-467), which, via its WW domain
(predicted to contain AA 56-89; Schmidt et al., 2012; Cajanek and
Nigg, 2014), interacts with TTBK2 and in turn regulates ciliogenesis
(Schmidt et al., 2012; Cajanek and Nigg, 2014; Oda et al., 2014).
Bearing this in mind, we decided to test the functional conse-
quences of TTBK2 phosphorylation of the CEP164 N-term. First, we
examined the role of endogenous TTBK2 by analyzing phosphoryla-
tions of the FLAG-CEP164 N-term, transiently expressed in TTBK2
WT or KO HEK293T cells. We found that four phosphorylated S/T
(S166, S168, S172, and S201) of 14 identified were at least two
times more intensive in TTBK2 WT than inTTBK2 KO samples
(Figure 5A; Supplemental Figure S6G; Supplemental Table S1).
Next, we examined all CEP164 phosphorylation data and
selected seven TTBK2 phosphorylation sites (5129, S130, S135,
S136, S166, S168, and S201) located in the proximity of the WW
domain of the CEP164 N-term and mutated those to A in the
CEP164 full-length (FL) protein and CEP164 N-term, naming the
obtained mutants the “CEP164 FL-A" and "CEP164 N-A term.” It is
worth noting that in silico modeling of introduced mutations in
CEP164 N-term using PONDR did not reveal any major impact on
protein folding (Figure 5B). First, we examined exogenously ex-
pressed CEP164 FL-A and CEP164 N-A term in terms of mobility
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shift after serum starvation and noted that FL-A and N-A term did
not produce slow migrating forms on serum starvation, in contrast
to their corresponding WT counterparts (Supplemental Figure S6E).
Next, to resolve whether the introduced mutations in any way
changed the CEP164-TTBK2 relationship, we tested whether the
CEP164 N-A term and TTBK2 can coimmunoprecipitate. However,
we did not detect any notable difference between the FLAG-
CEP164 N-term and the FLAG-CEP164 N-A term to coimmunopre-
cipitate with MYC-TTBK2 when overexpressed in HEK293T cells
(Figure 5C). We reasoned that our failure to see any difference
meant the changes were too subtle to be revealed by the used
approach and decided to test the CEP164-TTBK2 relationship by
other means. Interestingly, we observed that while ciliogenesis was
efficiently induced in mock (51%) or FLAG-CEP164 M-part (468-
1135 AA) (43%) transfected RPE-1 cells, in line with previous reports
(Schmidt et al., 2012; Cajanek and Nigg, 2014; Oda et al., 2014),
FLAG-CEP164 N-term expression almost completely abrogated the
formation of PCs (below 5% of ciliated cells) in contrast to the FLAG-
CEP164 N-A term that still allowed the formation of PCs in about
20% of transfected RPE-1 cells (Figure 5D). The CEP164 N-term fails
to localize to the MCs (Schmidt et al., 2012; Cajanek and Nigg,
2014); in turn, its expression leads to the sequestration of endoge-
nous TTBK2 from MCs and hence to profound inhibition of ciliogen-
esis (Cajanek and Nigg, 2014). Based on our observations, we
hypothesized that the ability of the CEP164 N-term to sequester
endogenous TTBK2 (Cajanek and Nigg, 2014) might be affected in
the CEP164 N-A term. Intriguingly, we found that the FLAG-CEP164
N-A term was still able to sequester TTBK2 from MC, but to a lesser
extent than the FLAG-CEP164 N-term (Figure 5, E and F). Next, we
found levels of IFT88, but not of CEP83, located on the MCs
significantly more reduced in cells expressing the FLAG-CEP164
N-term than in cells expressing the FLAG-CEP164 N-A term (Figure
5, G-J). This observation is in line with previous reports as well as
our observations showing that MC localization of IFT88, but not of
CEP83, is dependent on TTBK2 activity (Supplemental Figure Sé, B
and C) (Goetz et al., 2012). Taken together, these results imply that
phosphorylation of the given residues (5129, $130, S135, S136,
S166, S168, and S201) modulates CEP164 function which in turn
may be functionally important for TTBK2 recruitment to MC and
ciliogenesis.

DISCUSSION

TTBK2 seems to have a unique position among other regulators of
ciliogenesis, as its action marks the “end of the beginning” by
pushing cilia initiation toward cilia extension. However, how TTBK2
regulatory function is implemented is still only partially understood.
To gain insight into this process, we set out to identify its substrates.
In this study, we have demonstrated that several proteins either
directly binding to CEP164 or localizing to its proximity, namely,
CEP83, CEP89, CCDC92, Rabin8, and DVL2/3, as well as CEP164
itself, are subjected to TTBK2 phosphorylation primarily in their
IDRs. We further revealed a previously undetected consensus
motif similarity of TTBK2 to that of CK1, at least for a subset of
phosphorylated sites.

Our observation that TTBK2 is able to phosphorylate compo-
nents of DA and proteins associated with the centriole distal end
does not come as a complete surprise, given its proposed role in
the assembly of the appendages (Cajéanek and Nigg, 2014). More-
over, thanks to the recently detailed description of DA structure and
organization (Yang et al., 2018; Bowler et al., 2019), it is tempting to
speculate that TTBK2 might be able to target additional basal
body proteins besides those included in our screen. In our initial

Molecular Biology of the Cell



o

A WW domain CEP164 N-term  —VSL2 C
VL3

CEP164 N-term 1 mm 467 1.0 == A FLAG-CEP164 N-term N A - N A
08 ﬁ\;mf TIBK2 - s % o #
100 200 300 400
S 06 /
{011 11 05 @ TTBK2

phosphosites o3 /\ Y
S94 104 S304  $400
S129 257 S319* S403 Y
S130 S270* T329  S407* o @ FLAG P. ‘
S135 S273* S337  S452 100 200 300 400 v
S136 T280 $343

$159 $359*
S164 S398 CEP164 N-Aterm _xfsu

[S166 1.0 S s
S168 input
S171 o ) a:FLAG
S172 3 06 / ) .’.

05

disorder

order

disorder

: oﬂ/W 4

D E CEP164 CEP164 CEP164 F
M part FLAG N term FLAG N-A term FLAG —~ e
Mock CEP164 234
2
N-term FLAG cS
Lo
£ E
232 —
TE
=
2 g 1
22
Ex,
ceptes M N N-A
part term. term.
CEP164 CEP164
M part FLAG N-A term FLAG
G CEP164 CEP164 CEP164 H ns
M part FLAG N-term FLAG N-term ala FLAG ~2 — e
%’3. —
2<,
Lo
- ge
| 9L I
3 o
a <0
. 884
i M N N-A
S 0 CER164 part term term
T
5
a
240 I J
< * CEP164 CEP164 CEP164
-
;C; T M part FLAG N-term FLAG N-term ala FLAG = 25, .
220 22 ¥
3 2 204
Le
5 S o 15§
R 03
0 2 £
N-A M ]
CER164  imock term. term. part 8 g 054
E% oo
CEP164 M N NA
part term term

Phosphorylation of CEP164 N-terminus by TTBK2 affects its function and ciliogenesis. (A) Structure of
CEP164 N-term is schematized, rectangle indicates WW domain, and numbers indicate length in amino acids. Lines and
numbers, respectively, below the schematic protein structure indicate positions of each phosphorylation induced by
TTBK2. Sites shown in red were detected both in vitro and in vivo, sites in blue were detected only in vitro, and sites in
black were detected only in vivo. Green rectangle marks phosphorylations more intensive in WT compared with
TTBK2 KO HEK293T cells. The asterisk indicates that given phosphorylation is covered in PhosphoSitePlus. (B) In silico
analysis of protein folding by PONDR VSL2 (violet line) and VL3-BA (blue line) algorithms; the numbers indicate length
of given protein in amino acids. Note that mutation of seven TTBK2 phosphorylated sites (5129, $130, S135, S136,
$166, S168, S201) to Alanines (CEP164 N-A term) is not expected to change protein folding over control (CEP164
N-term). (C) HEK293T cells were transfected by indicated plasmids and 24 h posttransfection were subjected to
immunoprecipitation by anti-FLAG antibody. No difference was observed between FLAG-CEP164 N term and
FLAG-CEP164 N-A term in their ability of to coimmunoprecipitate MYC-TTBK2. (D-J) RPE1 cells were transfected by
indicated FLAG-tagged CEP164 truncation constructs and, following 24 h, starved for an additional 24 h to induce
ciliogenesis, or ON to evaluate TTBK2, IFT88, or CEP83 on MC. (D) ARL13b (green) and CAP350 (blue, inset) staining
was used to detect PCs and centrioles, respectively, and expression of indicated CEP164 variants was detected
by FLAG antibody (red). The graph summarizes effects on PC formation from four independent experiments, and
RPE-1 cells transfected with empty vector (mock) or CEP164 M part were used as controls and analyzed by Student’s
t test; ***p < 0.001, **p < 0.01, *p < 0.05; SEM. (E-J) Following fixation, RPE-1 cells were stained for TTBK2, CEP83, or
IFT88 (green); FLAG (red); and CAP350 (blue) to examine differences in localization of tested proteins to MC. The graph
summarizes the effects protein intensity on MC (TTBK2 n=5, IFT88 n= 3, CEP83 n = 4, 30-40 cells analyzed per
condition) and analyzed by Student’s t test; ****p < 0.0001, *p < 0.05; SEM.
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screening, CP110 and Rab8a did not shift on TTBK2 coexpression,
hence we did not include them in the subsequent detailed analysis.
However, as a lack of mobility shift does not necessarily mean a lack
of phosphorylation, it would be premature to rule them out as
TTBK2 substrates. Interestingly, two of the CP110 binding partners,
CEP97 and MPP9, have already been reported as TTBK2 substrates
and their phosphorylation has been implicated in CP110/CEP97
complex removal from the distal end of the MCs (Oda et al., 2014;
Huang et al., 2018).

The extent of the mobility shift we observed for CEP164, CEP83,
CEP89, CCDC92, Rabin8, and DVL3 suggested modification by
multiple phosphates rather than by single phosphorylation, which
we subsequently confirmed with MS-based experiments. Impor-
tantly, our analysis detected not only the majority of sites previ-
ously assigned as targets of TTBK2 activity (Cajanek and Nigg,
2014), namely, the CEP164 sites T1309, S1317, S1347, and S1443 in
both datasets and S1346 in vivo, but also many new ones, thereby
demonstrating the robustness and sensitivity of our workflow.
Furthermore, in the example of CEP164, we demonstrated that
TTBK2 regulates phosphorylation of a fairly large number of S/T
sites on the endogenous level.

The majority (64%) of TTBK2 phosphorylation sites we detected
in vitro were subsequently confirmed in vivo. A significant portion of
the sites detected by in vivo analysis (in total 106 phosphorylated
S/T residues) was not revealed using the in vitro approach. Impor-
tantly, we managed to validate the role of TTBK2 in phosphorylation
of several in vivo-induced S/T sites in CEP164 using TTBK2 WT and
KO cells. Several factors may account for the differences we see
between individual analyzed datasets, such as the different activity
of the kinase in vitro and in vivo, different preferences for substrates,
or the presence/absence of priming phosphorylations or compen-
sating kinase(s) and counteracting phosphatases (Hunter, 1995).

TTBK2 is considered a distant member of the CK1 kinase family.
However, it was previously shown that its truncated variant (TTBK2
1-450) preferentially phosphorylates peptides with priming phos-
photyrosine residue at the +2 position (Bouskila et al., 2011). This
unusual substrate preference, unique among CK1 family members
which typically favor the stretch of acidic residues or pS/pT around
the -3 position (Flotow et al., 1990; Flotow and Roach, 1991;
Knippschild et al., 2005; Cheong and Virshup, 2011), was related to
differences in the putative phosphate-binding groove between
TTBK1/2 and all remaining CK1 isoforms (Bouskila et al., 2011).
Although it has been found that several Y kinases reside at the cen-
trosome and MCs, respectively (Tsun et al., 2011; Jay et al., 2015),
the significance of that for centriole biogenesis or ciliogenesis is
unclear. Importantly, this study and others (Kitano-Takahashi et al.,
2007; Cajének and Nigg, 2014; Watanabe et al., 2015; Huang et al.,
2018) failed to detect any significant presence of Y at +2 at verified
TTBK2 substrates, raising the question of whether TTBK2 exten-
sively utilized such a motif in vivo. Additionally, although we de-
tected several phosphorylations that fit the canonical consensus
motif pS/pT-x-x-S/T of CK1, our unbiased motif search analysis im-
plies that TTBK2 may in addition favor glutamic acid (E) at the +3
position and L at the +1 position, respectively, at least in a subset of
its targets. These motifs resemble the noncanonical CK1 motif SLS
and to some extent also a motif with an acidic stretch of residues
located C-terminally from the target S/T reported before (Marin
et al., 2003; Ferrarese et al., 2007; Borgal et al., 2014; Bowie et al.,
2018). Importantly, one must bear in mind that delineation of kinase
motifs has been typically carried out using rather reduced libraries
of synthetic peptides that lack a secondary or tertiary structure of
bona fide physiological substrates of a given kinase. In fact, it has
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been demonstrated that the phosphorylation of a substrate by CK1
isoforms does not strictly depend on the consensus sequence, but
there is a significant effect of a tertiary structure of the substrate
(Cegielska et al., 1998). From this point, FL TTBK2 does not seem to
use the motif with pY at the +2 position in substrates we examined;
instead, our data suggest it may use motifs resembling noncanoni-
cal motifs reported for CK1. Of note, detailed inspection of the
assay that identified pY+2 as the preferred motif for TTBK2 also
show that TTBK2 can phosphorylate peptides carrying noncanonical
CK1-like motifs in vitro, albeit to a lesser extent than pY+2 (Bouskila
et al., 2011). To further analyze the preference for motif usage by
TTBK2, cocrystallization of the kinase domain of TTBK2 with some
of its physiological substrates would help in defining the molecular
mechanism mediating their mutual interactions.

Using a model system of HEK293T and RPE1 cells that lack
TTBK2, we showed that TTBK2 extensively modified CEP164, while
a similar effect was not observed in the case of the other confirmed
TTBK2 substrates (CEP83, CEP89, or CEP97), possibly due to the
insufficient sensitivity of used readout. This suggests that CEP164
might be the main target of TTBK2 phosphorylation. This prediction
is further supported by the observation that a majority of TTBK2
phosphosites we identified using the MS approaches indeed re-
sided to CEP164.

The PCs formation in cultured cells can be readily induced be a
serum withdrawal or treatment by cytochalasin D (Kim et al., 2010;
Seeley and Nachury, 2010). Intriguingly, our data imply not only
that CEP164 is phosphorylated following the induction of the
PCs formation but also importantly that TTBK2 is involved in the
phosphorylation. Previous work postulated that CEP164 is heavily
phosphorylated in mitosis, perhaps in relation to its disappearance
from the DA (Schmidt et al., 2012). Our data support this observa-
tion and in addition suggest that the mitotic phosphorylation of
CEP164 does not depend on TTBK2.

The amino acid sequences of intrinsically disordered proteins
determine their inability to fold into stable tertiary structures and
instead enable them to rapidly interconvert between distinct confor-
mations to mediate their biological functions (Dyson and Wright,
2005; Bah and Forman-Kay, 2016). Consequently, this allows the
intrinsically disordered proteins to expose a significant part of their
primary sequence for binding and posttranslational modification
(lakoucheva et al., 2004; Xie et al., 2007; Bah and Forman-Kay,
2016) and hence provides them with the ability to act as hubs in
protein complexes that typically facilitate the assembly of various
organelles (Cohen, 2000; Hegyi et al., 2007; Bah and Forman-Kay,
2016). In line with these reports, all proteins we identified as
substrates of TTBK2 modified by multiple phosphorylations are
predicted to have long IDRs suitable for such extensive modifica-
tion. Given that phosphorylation of IDRs might affect protein
structure and hence binding properties (Cohen, 2000; Bah et al.,
2015), it is tempting to speculate that TTBK2 phosphorylation
allows basal body DA proteins to achieve a novel quality that
ensures their timely interactions and assembly to complexes
necessary for the formation of PCs.

We provided experimental evidence supporting this hypothesis
on the example of CEP164-TTBK2 interactions. We admit that
the observed effects of the introduced S to A mutations of the
CEP164 N-term on sequestration of TTBK2, MCs levels of IFT88,
and ciliogenesis are modest. However, this is to be expected, as the
mutated residues lie within IDR outside of the reported TTBK2
binding region (Cajanek and Nigg, 2014), but still in the vicinity to
possibly mediate the effect on CEP164-TTBK2 interaction. From
this perspective, our data suggest that at least some of the mutated
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residues participate in WW domain-mediated CEP164-TTBK2 inter-
action. Interestingly, recent incisive work by Xu and colleagues (Xu
et al., 2016) pinpointed a regulatory role of a short, basic AA
stretch (110-122) of CEP164 for the CEP164-TTBK2 interaction via
phosphatidylinositol-4 phosphate binding. As the cluster S129-
S136, phosphorylated by TTBK2, localizes very close to the
described PI binding stretch, it is tempting to speculate that
phosphorylation of this cluster might represent a mechanism of how
TTBK2 modulates its own interaction with CEP164 via cross-talk with
the INPPSE/PIP3Ky regulatory element, possibly by hampering the
binding of the acidic phosphoinositol head group to its basic bind-
ing site (Xu et al., 2016). It should be rewarding to explore whether
there is indeed any functional interaction between TTBK2 sites we
identified and the activity of PIP3K/INPP5E implied in the regulation
of CEP164-TTBK2 binding (Xu et al., 2016).

There is one more aspect related to our validation experiments.
Three of the sites we identified in our initial screening experiments,
and subsequently chose to target (5166, S168, and S201) in struc-
ture—function experiments, also clearly showed regulation by
endogenous TTBK2. It is not clear whether this is also true for the
$129-S136 cluster, as we were not able to recover the correspond-
ing peptides during the phosphoenrichment step, thereby indicat-
ing that their overall abundance is not sufficient to be detected by
the applied instrumentation.

While this paper was being revised, a study identifying CEP83 as
a target of TTBK2 phosphorylation at S29, T292, T527, and S698
was published (Lo et al., 2019). Intriguingly, the authors related the
TTBK2 phosphorylation of CEP83 to the docking of vesicles to DA.
The authors also showed that CEP164-induced TTBK2 recruitment
to MC is necessary for CEP83 phosphorylation. Our data confirm
and extend this work, as we detected not only three of four sites
reported by Lo and colleagues (although S698 did not pass our
criteria to be considered as TTBK2 induced) but also several addi-
tional TTBK2-induced phosphosites in CEP83. Interestingly, since
several members of DA seem to be direct targets of TTBK2 kinase
activity, it would be of great interest to investigate possible mutual
dependencies of individual phosphorylations and their impact on
the functions of DA components in future. Additionally, we con-
firmed and extended a recent report on TTBK2 phosphorylation of
DVL3 (Hanakova et al., 2019), a component of WNT signaling path-
ways known to reside at the centrosome (Cervenka et al., 2016;
Mlodzik, 2016; Bryja et al., 2017). This may have several biological
implications, as TTBK2 seems to phosphorylate a small cluster of
S/T residues in the C-terminus of DVL3, which is important for regu-
lating DVL3 oligomerization (Bernatik et al., 2014), which is in turn
essential for DVL-mediated signal transduction via the formation of
signalosomes (Schwarz-Romond et al., 2007). In addition, the C-
terminus of DVL is typically phosphorylated by CK1¢ (Bernatik et al.,
2014), thereby opening an intriguing window for a cross-talk at the
level of TTBK2-CK1e, possibly through differential phosphorylation
of the DVL3 C-terminus as CK1le phosphorylates DVL3 at many
additional sites to those targeted by TTBK2 (Hanakova et al., 2019).
Clearly, additional work will be necessary to fully examine the impli-
cations of TTBK2-mediated DVL phosphorylation for WNT signaling
pathways as well as basal body-related aspects of DVL biology.

In summary, our findings expand the current knowledge about
TTBK2 substrates and provide an important insight into the extent
and character of TTBK2-mediated phosphorylations in the context
of basal body proteins and PC initiation, respectively. Underpinning
the functions of TTBK2 phosphorylations, as well as its interactions
with other kinases implicated in ciliogenesis, will undoubtedly be
vital for a mechanistic understanding of cilium assembly.
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MATERIALS AND METHODS

Cell culture and transfection

RPE-1 Flp-In T-Rex (a gift from Erich Nigg) and TTBK2 KO cells and
RPE1 WT were grown in DMEM F12 (Thermo Fisher Scientific,
11320033) supplemented by 10% fetal bovine serum (FBS), 1%
penicillin/streptomycin, and 1% L-glutamine, HEK293T wt, and
TTBK2 KO Flp-In T-Rex (Thermo Fisher Scientific, R78007) cells were
grown in DMEM Glutamax (Thermo Fisher Scientific, 10569069)
supplemented by 10% FBS and 1% penicillin/streptomycin. Trans-
fection of RPE1 was carried out by Lipofectamine 3000 (Invitrogen)
according to manufacturer's instructions (up to 0.5 ug DNA per
condition/well, 24-well plate format). HEK293T were transfected by
Polyethyleneimine (PEI) as follows: PEI was incubated in DMEM for
10 min and then mixed with plasmid equilibrated in DMEM in ratio
3 pl PE/1 pg plasmid; the mixture was incubated for 15 min
and then added to cells. Growth medium was changed 4 h after
transfection. To induce formation of PC, 24 h following the transfec-
tion, RPE-1 cells were starved by serum-free medium for 24 h to
assess ciliogenesis or ON for TTBK2 removal measurement. Centri-
none (150 pM) (Wong et al., 2015) treatment was carried out for
72 h. Cytochalasine (2 pM) (Merck, Sigma Aldrich, C8273) and
Nocodazole (100 ng/ml) (Merck, Sigma-Aldrich, M1404) treatment
was carried out overnight.

Western blot
To analyze electrophoretic migration of the proteins after TTBK2
coexpression, HEK293T cells were transfected by the indicated
plasmids and 24 h posttransfection directly lysed in 1x sample
buffer (2% SDS, 62.5 mM Tris, pH 6.8, 10% glycerol, 2% 2-Mercap-
toethanol, 0.01% bromophenol blue). RPE1 cells were treated as
indicated. Western blot was carried out by using Bio-Rad apparatus
(Mini-PROTEAN Tetra Vertical Electrophoresis Cell, Mini Trans-Blot
Module) for the SDS-PAGE run and transfer. The samples were
loaded to discontinuous SDS-PAGE (5% stacking; 7, 8, or 10% run-
ning gel; percentage used based on analyzed protein MW) and run
at 150 V. Proteins were transferred to immobilon PVDF (Merck,
IPVH20200) membranes at 100 V. ELFO Running buffer (0.025 M
Tris, 0.192 M glycine, 0.1% SDS), WB Transfer buffer (0.025 M Tris,
0.192 M glycine, 20% Methanol). Membranes were blocked in
5% skimmed milk in Tris-buffered saline (TBS)-Tween (20 mM Tris,
150 mM NaCl, 0.1% Tween 20, pH 7.6) and incubated with the
primary antibodies at 4°C ON. Then membranes were washed in
TBS-Tween twice, incubated with the secondary antibodies for 1 h
at RT, washed by TBS-Tween twice, and developed using ECL prime
(Merck, GERPN2232). For the concentration of antibodies used,
please refer to Supplemental Table S3.

WB quantification was done using FIJI distribution of ImageJ;
the number of the experiments used for the quantification is stated
in the corresponding figure legend.

Immunoprecipitation

To analyze binding of TTBK2 to CEP164 N term or CEP164 N-A
term, 10-cm plates of HEK293T cells were transfected (in total 6 ug
of DNA mixed with 18 pl of PEl in plain DMEM). Cells were washed
by phosphate-buffered saline (PBS) 24 h posttransfection, scraped
to Lysis buffer (20 mM Tris-Cl, pH 7.4, 150 mM NaCl, 0.5% NP40,
0.5% Triton X-100 [Merck, X100], and 1x Complete proteasome in-
hibitors [Roche, 4693132001]), and lysed (15 min on ice). Following
centrifugation (15,000 x g for 10 min at +4°C), cleared extracts were
incubated ON at+4°C in an orbital shaker with anti-FLAG sepharose
beads (M2 clone, Merck, A2220). Bound complexes were pelleted,
washed, and analyzed by SDS-PAGE and Western blotting.
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Where appropriate, contrast and/or brightness of images were
adjusted by using Photoshop CS5 (Adobe).

Purification of proteins from HEK293T cells

Cep164 N-, M-, and C- terminal fragment and CEP83, CEP89,
CCDC92, Rabin8, and DVL3 coding plasmids fused to FLAG tag
and FLAG-TTBK2 WT and kinase dead variant (KD) were used for
production of proteins for in vitro or TTBK2 autophosphorylation
experiments, GFP-TTBK2 WT was coexpressed for in vivo experi-
ments. To purify the protein of interest, each expression plasmid
(please see detailed list of used plasmids in Supplemental Table S3)
was transfected to HEK293T cells (2 x 15 cm plate per condition,
20 pg DNA), either individually (in vitro kinase assay) or in combina-
tion with TTBK2 expression vector (in vivo). For the MSMS analysis
of samples of the endogenous CEP164 phosphorylations 2 x 15 (run
1) or 4 x 15 (run 2) cm 90% confluent plates of HEK293T WT or
TTBK2 KO cells were used. Analysis of CEP164 N-term phosphory-
lations in WT and TTBK2 KO HEK293T was done as follows: 1 x
15 cm dish of HEK293T WT or TTBK2 KO cells was transfected by
10 pg of FLAG-CEP164 N-term. Posttransfection (36-48 h), the
proteins of interest were immunoprecipitated; briefly: cells were
washed in PBS, scraped, pelleted by centrifugation (400 x g/5
min/+4°C), resuspended in Lysis buffer (20 mM Tris:Cl, pH 7.4,
150 mM NaCl, 0.5% NP40, 0.5% Triton-X-100, 0.1 mM DTT [Merck,
43815], 1x Complete proteasome inhibitors [Merck, 4693132001],
and 1x phosphoSTOP [Merck, PHOSS-RO)]), sonicated (2 x 20 s on
ice), and lysed (10 min on ice). Following centrifugation (15,000 x g
for 10 min at +4°C), cleared extracts were incubated 2-6 h at +4°C
in an orbital shaker with anti-FLAG sepharose beads (M2 clone,
Merck, A2220). Bound complexes were pelleted and 5x washed
(Lysis buffer with 1M NaCl). Samples for in vitro kinase assay were
additionally 2x washed with kinase buffer (50 mM Tris-Cl, pH = 7.4,
10 mM MgCly, 0.1 M EGTA + 0.1 mM DTT), resuspended in kinase
buffer + 0.1% DTT + 10% glycerol, and stored as 25% slurry at
-80°C until used. Where indicated, samples were treated with A-
phosphatase (New England Biolabs [NEB], P0753S) (30°C for
20 min) according to manufacturer’s instructions, and A-phosphatase
was then removed by 2x wash with kinase buffer + phosphoSTOP
(Merck, PHOSS-RO), 50 mM NaF (NEB, P0759S), and 10 mM
sodium orthovanadate (NEB, P0758S). Samples were subsequently
subjected to in vitro kinase assay (in vitro samples) or directly
analyzed by MS/MS (in vivo dataset, samples of endogenous
CEP164 and CEP164 N-term immunoprecipitated from WT and
TTBK2 KO HEK293T).

Immunocytofluorescence microscopy

RPE1 cells were seeded on glass coverslips, fixed for 10 min in
—20°C Methanol, washed 3x with PBS, blocked (2% bovine serum
albumin in PBS with 0.01% NaNs), 3x PBS washed, incubated
with primary antibodies for 1 h, 3x washed by PBS, incubated
with secondary antibodies for 1 h in dark, washed 3x with PBS, incu-
bated with DAPI, washed by PBS 2x, and mounted by glycergel
(DAKO #C0563). Microscopy analyses were done using either
DeltaVision Elite (GE Healthcare) with 100x/Zeiss Plan-ApoChromat
1.4 objective and DeltaVision softWoRx acquisition SW (here
the image stacks were taken with a Z distance of 0.2 pm, decon-
volved with one cycle of conservative ratio deconvolution algorithm,
and directly projected as maximal intensity images) or Zeiss Axiolm-
ager.Z2 with Hamamatsu ORCA Flash 4.0 camera, 100x Apo oil
immersion objective, and ZEN Blue 2.6 acquisition SW (Zeiss).
Image stacks acquired using Zeiss Axiolmager.Z2 were projected
as maximal intensity images by using ImageJ distribution FlJI
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(Schindelin et al., 2012). Where appropriate, contrast and/or bright-
ness of images were adjusted by using Photoshop CS5 (Adobe) or
FIJI. For ciliogenesis experiment (Figure 4C), at least 50 cells were
analyzed per each condition. For the experiment in Figure 4D, a
densitometry analysis within selected regions of interest was
performed in 16-bit TIFF images by using FIJI analyzing 30-40 cells
per condition. Data are presented as relative staining intensity
(staining intensity of a protein of interest normalized to the staining
intensity of the centriolar marker CAP350). Statistical analysis by
unpaired Student’s t test was performed using Graphpad Prism;
P <0.05 (*), P<0.01 (**), P<0.001 (***), and P < 0.0001 (****) were
considered significant. Results are presented as mean plus SEM.

In vitro kinase assay

Beads-bound proteins were washed with kinase buffer (50 mM Tris,
pH 7.4, 10 mM MgCl,, and 0.1 mM EGTA), mixed according to
experimental scheme (Supplemental Figure S1), and incubated in
the kinase buffer supplemented with 1 mM ATP, 5x Complete
proteasome inhibitors (Merck, 4693132001), 1x phosphoSTOP
(Merck, PHOSS-RO), 50 mM NaF (NEB, P0759S) and 10 mM sodium
orthovanadate (NEB, P0758S), and incubated for 30 min/30°C.
The kinase reaction was terminated by the addition of 4x sample
buffer, and the resulting samples were analyzed by MS/MS.

CRISPR TTBK2 RPE1 and HEK293T cells

TTBK2 targeting gRNA oligos FWD: CaccgCATTAGTACCACTCTC-
CGGC REV: aaacGCCGGAGAGTGGTACTAATGc were cloned into
pSpCas? (BB)-2A-GFP (PX458) https://www.addgene.org/48138/
according to published protocol (Ran et al., 2013), and the resulting
construct was sequenced to verify successful gRNA integration.
HEK293T WT Flp-in T-Rex were transfected using Lipofectamine
3000. Single clones of HEK293T cells were produced using serial
dilution method and were screened for TTBK2 presence by WB and
PCR; clones were sequenced to verify disruption of TTBK2 locus.
RPE1 WT Flp-in T-Rex cells were nucleofected by Neon transfection
system (1350 V, 20 ms, 2 pulses) (Thermo Fisher Scientific) and GFP-
positive cells were sorted using BD FACS ARIA Il to 96-well plates.
Clones were screened for TTBK2 presence by WB and PCR; clones
were sequenced to verify disruption of TTBK2 locus.

Establishment of TTBK2 overexpressing stable RPE1

Flp-In T-Rex

RPE-1 TTBK2 KO Flp-In T-Rex cells were transfected by pglLAP2
NEO containing TTBK2 WT or KD variant and pOG44 (ratio 1:29,
0.1 pg of pgLAP2 NEO with transgene and 2.9 pg of pOG44 per
6-cm dish) by Lipofectamine 3000. Transfection was carried out
overnight, medium was changed, and selection antibiotics (G418 ¢
= 0.5 mg/ml, Blasticidine ¢ = 25 ug/ml) were added. Selection con-
tinued until colonies appeared. Expression of the transgene was
verified by WB and IC.

MS/MS analysis

In-gel digestion. Immunoprecipitates were separated on SDS-
PAGE gel electrophoresis, fixed with acetic acid in methanol and
stained with Coomassie brilliant blue G250 (EZBlue, G1041, Merck)
for 1 h. Corresponding 1D bands were excised. After destaining, the
proteins in-gel pieces were incubated with 10 mM DTT at 56°C for
45 min. After removal of DTT excess, samples were incubated with
55 mM IAA at room temperature in darkness for 30 min, then
alkylation solution was removed and gel pieces were hydrated for
45 min at 4°C in digestion solution (5 ng/pl trypsin, sequencing
grade, Promega, in 25 mM AB). The trypsin digestion proceeded for

Molecular Biology of the Cell



2 h at 37°C on Thermomixer (750 rpm; Eppendorf). Digested
peptides were extracted from gels using 50% ACN solution with
2.5% formic acid (FA) and concentrated in a speedVac concentrator
(Eppendorf). The aliquot (1/10) of concentrated sample was
transferred to a LC-MS vial with already added polyethylene glycol
(PEG; final concentration 0.001%) and directly analyzed by LC-MS/
MS for protein identification.

Phosphopeptide enrichment. The rest of the sample (9/10) was
used for phosphopeptide analysis. Sample was diluted with acidi-
fied acetonitrile solution (80% ACN, 2% FA). Phosphopeptides were
enriched using Pierce Magnetic Titanium Dioxide Phosphopeptide
Enrichment Kit (Thermo Fisher Scientific, Waltham, MA) according
to manufacturer protocol and eluted into LC-MS vial with already
added PEG (final concentration 0.001%). Eluates were concentrated
under vacuum and then dissolved in water and 0.6 pl of 5% FA to
get 12 pl of peptide solution before LC-MS/MS analysis.

LC-MS/MS analysis. LC-MS/MS analyses of peptide mixture were
done using RSLCnano system connected to Orbitrap Elite hybrid
spectrometer (Thermo Fisher Scientific) with ABIRD (Active Back-
ground lon Reduction Device; ESI Source Solutions) and Digital
PicoView 550 (New Objective) ion source (tip rinsing by 50% aceto-
nitrile with 0.1% FA) installed. Prior to LC separation, peptide sam-
ples were online concentrated and desalted using trapping column
(100 pm x 30 mm) filled with 3.5 pm X-Bridge BEH 130 C18 sorbent
(Waters). After washing of trapping column with 0.1% FA, the pep-
tides were eluted (flow rate 300 nl/min) from the trapping column
onto Acclaim Pepmap100 C18 column (3-um particles, 75 pm x
500 mm; Thermo Fisher Scientific) by 65 min-long gradient. Mobile
phase A (0.1% FA in water) and mobile phase B (0.1% FA in 80%
acetonitrile) were used. The gradient elution started at 1% of mobile
phase B and increased from 1% to 56% during the first 50 min (30%
in the 35th and 56% in 50th min), then increased linearly to 80% of
mobile phase B in the next 5 min and remained at this state for the
next 10 min. Equilibration of the trapping column and the column
was done prior to sample injection to sample loop. The analytical
column outlet was directly connected to the Digital PicoView
550 ion source. MS data were acquired in a data-dependent strat-
egy selecting up to top 10 precursors based on precursor abun-
dance in the survey scan (350-2000 m/z). The resolution of the
survey scan was 60,000 (400 m/z) with a target value of 1 x 10¢ ions,
one microscan, and maximum injection time of 1000 ms. High reso-
lution (15,000 at 400 m/z) HCD MS/MS spectra were acquired with
a target value of 50,000. Normalized collision energy was 32% for
HCD spectra. The maximum injection time for MS/MS was 500 ms.
Dynamic exclusion was enabled for 45 s after one MS/MS spectra
acquisition and early expiration was disabled. The isolation window
for MS/MS fragmentation was set to 2 m/z.

Data analysis

The analysis of the mass spectrometric RAW data was carried out
using the Proteome Discoverer software (Thermo Fisher Scientific;
version 1.4) with in-house Mascot (Matrixscience; version 2.4.1 or
higher) search engine utilization. MS/MS ion searches were done
against in-house database containing expected protein of interest
with additional sequences from cRAP database (downloaded from
http://www.thegpm.org/crap/). Mass tolerance for peptides and
MS/MS fragments was 7 ppm and 0.03 Da, respectively. These post-
translational modifications were considered as possible: Oxidation
of methionine, deamidation (N, Q), and phosphorylation (S, T, Y) as
optional modification; carbamidomethylation of C as fixed modifi-
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cation; no enzyme specificity was selected. The phosphoRS (version
3.1) feature was used for preliminary phosphorylation localization.
Final phosphosite assignment (including inspection of phosphoryla-
tions with ambiguous localization) was performed by manual
evaluation of the fragmentation spectra of the individual phospho-
peptides. Quantitative information was assessed and manually
validated in Skyline software (Skyline daily 3.6.1.10230). Normaliza-
tion of the data was performed using a set of phosphopeptide
standards (added to the sample prior phosphoenrichment step; MS
PhosphoMix 1, 2, 3 Light, Sigma) in combination with summed peak
area of nonphosphorylated peptides identified in analyses of
samples without phosphoenrichment. The mass spectrometry
proteomics data have been deposited to the ProteomeXchange
Consortium via the PRIDE (Perez-Riverol et al., 2019) partner reposi-
tory URL: https://www.ebi.ac.uk/pride/archive/projects/PXD014199.

Identification of phosphorylations

Average intensity for individual phosphosites or clusters was calcu-
lated from MS/MS data as a sum of intensities of all phosphorylated
peptides containing the particular pS/pT. Data are summarized in
Supplemental Table S1 and graphically represented in Supplemen-
tal Figures S2, A and B, S3, and S6, F and G. Induction of phospho-
sites by TTBK2, summarized for individual substrates in Figure 2,
was evaluated using individual phosphorylated peptides intensities
to allow careful curation of the data. We used the following criteria
to assess induction of phosphosite by TTBK2.

In vitro dataset, 1: the intensity of at least one phosphorylated
peptide of a given phosphosite must have been equal to or higher
than 2 x 10¢ threshold. 2: The sum of intensities of all phosphopep-
tides detected for a given phosphosite in an individual experiment
must have been at least twofold of total intensity of the correspond-
ing phosphosite in the control sample (substrate incubated with
TTBK2 KD). If the exact position of the phosphorylated residue
could not be resolved, each of the S/T residues of a given cluster
was considered as phosphorylated. If the phosphopeptide contain-
ing such a cluster met criteria 1 and 2, the cluster was considered
induced (in total, six peptides with 15 individual phosphorylations).

In the case of TTBK2 autophosphorylation analysis, two refer-
ence samples (controls) were used: 1, TTBK2 WT + A-phosphatase;
and 4, TTBK2 KD + A-phosphatase + kinase assay) as shown in Sup-
plemental Figure S1B. Thus, the individual phosphorylation must
have fulfilled the above described criteria for both controls to be
considered TTBK2 induced.

In vivo dataset, 1: the intensity of at least one phosphorylated
peptide must have been equal to or higher than 2 x 10° threshold if
identified repeatedly, or equal to or higher than 2 x 107 threshold if
detected in a single experiment. 2: The sum of intensities of all
phosphopeptides detected for a given phosphosite in an individual
experiment must have been at least twofold of intensity of the
corresponding phosphosite in the control sample (Mock). If the ex-
act position of the phosphorylated residue could not be resolved,
each of the S/T residues of a given cluster was considered as
phosphorylated. If a phosphopeptide containing such a cluster met
criteria 1 and 2, the cluster was considered induced (in total, two
peptides with four individual phosphorylations).

CEP164 endogenous phosphorylations: CEP164 was immuno-
precipitated from HEK293T wt or TTBK2 KO. Listed are phosphory-
lations with intensity of at least one phosphorylated peptide equal
to or higher than 1 x 10°.

Phosphorylation of CEP164 N-term in HEK293T wt or TTBK2
KO. 1: The intensity of at least one phosphorylated peptide must
have been equal to or higher than 2 x 10°. 2: The sum of intensities
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of phosphopeptides detected for given phosphosite must have
been at least twofold of intensity of the corresponding phosphosite
in the control sample.

The graphs in Supplemental Figures S2, A and B, S3, and Sé, F
and G show comparison of the average intensity for individual
S/T phosphosites. Cases where the exact position could not be
assigned are indicated as (/) for two possible positions or (-) for
clusters. In Supplemental Figure S2A, every S/T phosphosite
average intensity detected in samples with Mock (black bar), TTBK2
WT induced (red bar), Mock + A phosphatase (gray bar), and TTBK2
WT + A phosphatase (blue bar) is indicated on the y-axis. To allow
better visualization of intensity of individual phosphosites in one
graph, note that the scale of the y-axis is in log10. In Supplemental
Figure 2B, every S/T phosphosite average intensity detected in
samples with 1, TTBK2 WT (black bar); 2, CTRL#1: TTBK2 WT + A
phosphatase (gray bar); 3, TTBK2 WT + A phosphatase + kinase
assay (red bar), and 4, CTRL#2: TTBK2 KD + A phosphatase + kinase
assay (Brown bar) is indicated on the y-axis, log10 scale. In Supple-
mental Figure 3, every S/T phosphosite average intensity detected
in samples with Mock (black bar) and TTBK2 WT induced (red bar) is
indicated on the y-axis, log10 scale. In Supplemental Figure 6F,
every S/T phosphosite of endogenous CEP164 average intensity
detected in HEK293T WT (red bar) or HEK293T TTBK2 KO (black
bar) is indicated on the y-axis, log10 scale. In Supplemental Figure
6E, every S/T phosphosite of FLAG-CEP164 N-term average
intensity detected in HEK293T WT (red bar) or HEK293T TTBK2
KO (black bar) is indicated on the y-axis, log10 scale.

Kinase motif determination

Kinase motifs were delineated using a dataset of 13 AA long
peptides with central S/T, which we identified as TTBK2-induced in
in vitro and in vivo datasets. For the purpose of this analysis, the in
vitro and in vivo datasets were cross-correlated, and phosphoryla-
tions identified as TTBK2 induced in one dataset and not induced in
the other were excluded from the kinase motif determination
peptide dataset. Peptide sequences were loaded to MeMe suite
phosphorylation motif finder MoMo and analyzed using simple
Motif-x and MODL algorithms (Bailey et al., 2009; Chou and
Schwartz, 2011). The minimal number of occurrences for kinase
motif to be considered was set to 10 for all algorithms. Specific
setting for Motif-x algorithms was p < 0.001; motifs with central S/T
were considered separately. Default MODL settings were used
(maximum number of iterations = 50, maximum number of iterations
with no decrease in MDL = 10, with central S/T combined onto one
motif). Peptides used and those identified by individual algorithms
are listed in Supplemental Table S2.

In silico analyses

Depiction of domains or motifs in Figures 2, A-C and 3, A and B and
Supplemental Figures S4 and S5 was based on uniprot.org. Canoni-
cal protein sequences from uniprot.org were used for disorder and
phosphorylation prediction (Figure 3, A and B; Supplemental
Figures S4 and S5), protein identifiers used are as follows: CEP164
(Q9UPVO0), CEP83 (Q9Y592), CEP89 (Q96ST8), CCDC92 (Q53HCOQ),
Rabin8 (Q96QF0), DVL3 (Q92997), TTBK2 (Qé4IQ55), MPP9
(Q99550), KIF2a (O00139), Tau (P10636), and CEP97 (Q8IW35).
Prediction of protein disorder was performed by PONDR (http://
www.pondr.com/) algorithms VSL-2 (Peng and Zhang, 2006) and
VL3-BA (Peng et al., 2005). A score above 0.5 for disorder prediction
suggests an unstable or none secondary structure; a score below
0.5 suggests this protein part has defined a secondary structure.
Prediction of protein phosphorylation was performed by the DEPP
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(lakoucheva et al., 2004) (http://www.pondr.com/cgi-bin/depp.cgi).
Only phosphorylations with a DEPP score above 0.5 were consid-
ered as possibly phosphorylated, with the highest scoring phos-
phorylations being the most probable.
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