TTBK2 controls cilium stability by regulating
distinct modules of centrosomal proteins
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ABSTRACT The serine-threonine kinase tau tubulin kinase 2 (TTBK2) is a key regulator of the
assembly of primary cilia, which are vital signaling organelles. TTBK2 is also implicated in the
stability of the assembled cilium through mechanisms that remain to be defined. Here we use
mouse embryonic fibroblasts derived from Titbk2"#, UBC-CreERT+ embryos (hereafter
Ttbk2™t) to dissect the role of TTBK2 in cilium stability. This system depletes TTBK2 levels
after cilia formation, allowing us to assess the molecular changes to the assembled cilium
over time. As a consequence of Ttbk2 deletion, the ciliary axoneme is destabilized and pri-
mary cilia are lost within 48-72 h following recombination. Axoneme destabilization involves
an increased frequency of cilia breaks and a reduction in axonemal microtubule modifications.
Cilia loss was delayed by using inhibitors that affect actin-based trafficking. At the same time,
we find that TTBK2 is required to regulate the composition of the centriolar satellites and to
maintain the basal body pools of intraflagellar transport proteins. Altogether, our results re-
veal parallel pathways by which TTBK2 maintains cilium stability.
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INTRODUCTION

Primary cilia are critical regulators of a variety of different cell signal-
ing pathways, including Sonic hedgehog and G-protein-coupled
receptor (GPCR) signaling (Goetz and Anderson, 2010; Hilgendorf
etal., 2016). While most vertebrate cell types have a primary cilium,
these structures are dynamic and are assembled and disassembled
during development in response to cell cycle as well as extracellular
cues (Sanchez and Dynlacht, 2016). While there has been progress
in uncovering key players and molecular steps involved in primary
cilium assembly, less is known about the regulation of cilium disas-
sembly, or the molecular players and pathways governing stability
and maintenance of the assembled ciliary axoneme. Defining the
regulation of cilia at each distinct phase of the cilia lifecycle is impor-

tant for our understanding of how critical signal transduction path-
ways are regulated.

Cilium assembly is initiated at the mother centriole, the older of
the cell's two centrioles, which is distinguished from the daughter
centriole by the presence of subdistal and distal appendages (DA).
These appendages are important for organizing microtubules and
for recruiting the machinery that will assemble the cilium, respec-
tively (Bowler et al., 2019). DA proteins including CEP164 are se-
quentially recruited to the mother centriole (Tanos et al., 2013)
downstream of the distal centriolar protein oral-facial-digital-1
(OFD1) (Singla et al., 2010) and in turn mediate the recruitment
of the ciliary kinase tau tubulin kinase 2 (TTBK2) as well as ciliary
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ered saline; PCM1, pericentriolar material protein 1; PCTN, pericentrin; PLK1,
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droxytamoxifen; Veh, vehicle (ethanol); WT, wild-type.
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vesicles that will ultimately give rise to the ciliary membrane (Tanos
et al., 2013; Cajének and Nigg, 2014). Intraflagellar transport (IFT)
proteins are then recruited to assemble the cilium by trafficking tu-
bulin and other proteins to assemble the ciliary axoneme which will
project from the cell surface (Craft et al., 2015; Nakayama and Ka-
toh, 2018).

In previous studies, we identified a requirement for TTBK2 in the
initial stages of cilium assembly, showing that TTBK2 is required
both to recruit IFT proteins to the basal body and to remove sup-
pressors of cilium assembly such as CP110 (Goetz et al., 2012). Thus
in cultured cells and mouse embryos lacking TTBK2, cilium assem-
bly fails, resulting in midgestation lethality (Goetz et al., 2012). Using
a mouse allelic series for Ttbk2, we subsequently demonstrated that
this kinase is also important for the structure and stability of the
ciliary axoneme and for ciliary trafficking (Bowie et al., 2018). Fur-
thermore, deletion of Ttbk2 in adult mice results in reduced cilia
frequency, suggesting that TTBK2 is required to maintain the struc-
ture of cilia as well as to initiate its assembly (Bowie and Goetz,
2020). However, the precise mechanisms by which TTBK2 regulates
cilium maintenance remain largely unknown.

In this work, we inducibly delete Ttbk2 from cells in culture to
probe its roles in cilium stability. We show that Ttbk2 deletion leads
to progressive cilium instability and an increased frequency of pri-
mary cilia fragmentation leading to cilia loss. This cilia loss is partially
attenuated by small molecule inhibitors affecting actin-based traf-
ficking. Furthermore, Ttbk2 deletion results in dysregulation of a
distinct set of proteins that localize to or near the centrosome in-
cluding the loss of IFT pools, and changes in the centriolar satellite
composition. This study reveals new molecular roles for TTBK2 in
the maintenance of primary cilia integrity and new insights into re-
quirements for primary cilia stability.

RESULTS
Inducible genetic removal of TTBK2 results in ciliary
breakage and loss
TTBK2 is recruited to the basal body by DA proteins, where it is es-
sential for early steps of cilium initiation. TTBK2 then remains at the
basal body following the completion of ciliary axoneme assembly
but is lost from this compartment upon readdition of serum to in-
duce ciliary disassembly (Goetz et al., 2012). Deletion of Ttbk2 from
adult tissues results in loss of cilia (Bowie and Goetz, 2020), implying
that TTBK2 might be continuously required at the basal body to
promote ciliary trafficking and/or stability. Our analysis of Ttbk2
hypomorphic mutants identified structural abnormalities in the cilia
of cells with reduced levels of TTBK2 protein (Bowie et al., 2018).
To investigate the cellular requirements for TTBK2 in regulating
primary cilia stability, we employed mouse embryonic fibroblasts
(MEFs) derived from Ttbk2 embryos also expressing a tamoxifen
(Tmx)-inducible Cre recombinase under the control of the ubiquitin
C promoter (UBC-CreERT2+) to allow for genetic removal of Ttbk2
under temporal control. In the absence of Tmx, these cells, like
other fibroblasts, form cilia when cultured in low-serum (0.5% fetal
bovine serum [FBS]) conditions, and the percentage of ciliated cells
is indistinguishable from WT MEFs (Supplemental Figure S1A). Ttb-
kzemut MEFs were then cultured in low-serum media for 15 h to in-
duce cilia formation and treated with Tmx (1 pm) to induce Cre-
mediated recombination or with the vehicle (Veh), ethanol, as a
control. TO is defined as the point at which Tmx was administered.
Tmx- and Veh-treated cells were imaged 0, 24, 48, and 72 h follow-
ing Tmx treatment (Figure 1A). We found that TTBK2 protein was
reduced at the mother centriole within 24-48 h post-Tmx treatment
(Figure 1B), as is Ttbk2 mRNA measured by gPCR (Supplemental
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Figure S1B). Cilia frequency was comparable in the Tmx-treated
cells relative to Veh-treated for the first 24 h (66.244 + 4.705% vs.
72.891 £ 5.258 %). By 48 h, cilia frequency in Tmx-treated cells was
less than half that of Veh-treated cells (29.66% + 2.662% vs. 70.00%
+ 3.46%) and cilia were nearly gone (10.989 + 2.549% vs 71.299 +
3.213%) in the Tmx-treated cells 72 h following treatment with Tmx
(Figure 1C). Treatment of Ttbk2, UBC-CreERT2-negative cells with
Tmx did not cause loss of cilia, confirming that the cilia loss was not
an artifact of Tmx treatment (Supplemental Figure S1C). Stable
expression of TTBK2-GFP in Tmx-treated Ttbk2°™t MEFs rescued
cilia loss, confirming that this is due to specific loss of TTBK2 (Sup-
plemental Figure S1D). Thus this system recapitulates the require-
ments we have previously identified for TTBK2 in initiating cilium
assembly (Goetz et al., 2012) and stability (Bowie et al., 2018).

Having established an inducible system to specifically interro-
gate the cellular and molecular role of TTBK2 in ciliary stability, we
next used this system for live-cell imaging. To follow cilia in real time
in the Ttbk2t MEFs + Tmx, we crossed Ttbk2°™* mice to a double
transgenic line expressing Arl13b-mCherry and Centrin2-GFP
(ACCG mice) (Higginbotham et al., 2004; Bangs et al., 2015; Loukil
et al., 2021) and derived MEFs from Ttbk2°™“{; ACCG embryos. We
verified that loss of cilia in Ttbk2°™;; ACCG MEFs treated with Tmx
takes place in the same overall time frame as described for Ttbk2emut
cells (Supplemental Figure STE). Given the sharp change in the fre-
quency of ciliated cells from 24 to 48 h and from 48 to 72 h, we
performed live-cell imaging in a 20-h window within these critical
periods, 30-50 h following treatment of the cells with Veh or Tmx
(Supplemental Videos S1-S3). Analysis of these live-imaging studies
revealed that the cilia of Ttbk2™; ACCG cells treated with Tmx un-
derwent frequent breakages (Figure 2A). A small percentage of Veh-
treated cells (5.44%) exhibited breakages from the distal tip of the
cilium resembling vesicles (referred to as “budding”), whereas
about a third of Tmx-treated Ttbk2°™t; ACCG cells (29.18%) had one
or more such budding events (Figure 2B). Larger fractions of the
axoneme- fragments that were larger than a vesicle ranging from a
third of the axoneme to the entire axoneme itself- could also be
seen breaking off the cilia (33.18%, referred to as “axonemal”) in
Tmx-treated Ttbk2°m't: ACCG cells, whereas no Veh-treated cells ex-
hibited such breakages (Figure 2, A and B). The net result of this is
that fewer than half of the observed cilia in our live-imaged Ttbk2cmt
cells + Tmx were free of axonemal breakages or budding through-
out the time filmed in contrast with more than 90% of the control
cells. Moreover, we observed an average of nearly 20% of cilia lost
entirely from breakages during the period of our movies in Tmx-
treated Ttbk2°™t cells compared with none for Veh-treated cells
(Figure 2C). Therefore our data suggest that TTBK2 maintains cilia
by limiting cilia fragmentation.

TTBK2 partially maintains cilium stability by regulating actin
dynamics and axonemal microtubules

Our live-imaging results were reminiscent of primary cilia shedding
induced by serum stimulation (Mirvis et al., 2019) and suggested
that TTBK2 may prevent breakages of the ciliary axoneme, either by
promoting recruitment or retention of factors that stabilize the cil-
ium, or by suppressing negative regulators that might promote cili-
ary disassembly. To address these nonmutually exclusive possibili-
ties, we examined proteins important for stabilizing the ciliary
axoneme and those that promote cilium disassembly. We examined
several known regulators of cilium disassembly including phosphor-
ylated, active AURKA, PLK1, and KIF2A (Wang et al, 2013;
Miyamoto et al., 2015; Loskutov et al., 2018) in the Ttbk2cmt cells
and did not observe any accumulation of these proteins at the basal
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TTBK2 is required for maintaining primary cilia. (A) Schematic of experimental
design. Ttbk2fl/fl; UBC-CreERT2+ MEFs were serum-starved for 15 h before being treated
with Veh (ethanol) or Tmx. MEFs were then fixed at the indicated time points.

(B) Representative images of Ttbk2fl/fl; UBC-CreERT2+ MEFs treated with Veh or Tmx for
0 and 72 h and immunostained for TTBK2 (green), ARL13b (red), and y-tubulin (magenta).
Scale bar: 1 pm. The graph depicts the mean percentage of basal bodies with positive
TTBK2 staining in Ttbk2fl/fl; UBC-CreERT2+ MEFs after treatment with Veh or Tmx for the
indicated durations. Each dot represents an experiment with >50 cells. Statistical
comparison was performed by two-way ANOVA with Tukey’s multiple comparisons test,
*p < 0.05, ***p < 0.001, ****p < 0.0001. Violin plot depicts TTBK2 intensity at the basal
body. Results are pooled from three independent experiments. Each dot represents a
single measurement (n > 156). Statistical comparison was performed by two-way ANOVA
with Tukey’s multiple comparisons test, ****p < 0.0001. (C) Representative images of
Ttbk2fl/fl; UBC-CreERT2+ MEFs treated with Veh or Tmx for 0, 24, 48, and 72 h and
stained for ARL13b (green), y-tubulin (red), and DAPI (blue). Insets are boxed, and
magpnifications are below their corresponding images. Scale bars: 10 pm. The graph
depicts the mean percentage of ciliated cells £ SEM. Each dot represents an experiment
with >50 cells. Statistical comparison was performed by two-way ANOVA with Tukey’s
multiple comparisons test, ****p < 0.0001.
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body or centrosome following loss of TTBK2
(Supplemental Figure S2, A-C), suggesting
that TTBK2 regulates ciliary stability primarily
through alternative mechanisms.

A major player in ciliary axonemal stability
are microtubules. Specifically, the microtu-
bules that comprise the ciliary axoneme are
highly modified, particularly by acetylation
and polyglutamylation, and these modifica-
tions ensure axonemal stability (He et al.,
2020). Because we saw fragments of the axo-
neme of variable lengths breaking away from
cilia, we assessed whether loss of these post-
translational modifications could explain how
these cilia are destabilized by loss of TTBK2.
We found that while tubulin acetylation in
the remaining cilia of the Ttbk2c™t cells was
unaltered at 72 h post-Tmx (Figure 3, A and
B), polyglutamylation was substantially re-
duced relative to control cells both in terms
of the extent of polyglutamylated tubulin
along the axoneme and staining intensity
(Figure 3, A, C, and D). This is consistent with
our previous findings for Ttbk2 hypomorphic
mutants (Bowie et al., 2018) and correlates
with cilia loss in our conditional mutant cells
(Supplemental Figure S2D), implying that
TTBK2 plays a role in ensuring that the axo-
nemal microtubules are polyglutamylated,
which may in turn confer stability to cilia.

In addition to undermodification of tubulin
being associated with instability of the ciliary
axoneme (He et al., 2014), alterations to actin
dynamics are also linked to ciliary breakage
and shedding (Nager et al., 2017; Loukil et al.,
2021). We therefore tested several small mol-
ecule inhibitors that modulate specific regula-
tors of cytoskeletal dynamics for their ability
to affect the phenotype of Ttbk2™ ! cells
treated with Tmx either with respect to the
timing or the severity of cilia loss. These drugs
included the inhibitors 3,5-bis(trifluoromethyl)
pyrazole (BTP2, a drebrin inhibitor) (Mancini
etal., 2011), blebbistatin (@ myosin Il inhibitor)
(Shu et al., 2005), Tubastatin A (TBSA, an
HDACS inhibitor), 2,4,6 Triiodophenol (TIP, a
myosin VI inhibitor), and cytochalasin D
(CytoD, an actin polymerization inhibitor). In
these experiments, we used a similar scheme
to that used for our evaluation of cilia loss in
Ttbk2emut cells: cells were cultured in low-se-
rum media for 15 h to induce cilium assembly,
followed by treatment of the cells with Tmx or
Veh to induced Cre-mediated recombination
and with the indicated drugs or DMSO Veh
(Figure 4A), with the start of Tmx/drug treat-
ment defined as TO. We assessed the propor-
tion of ciliated cells at 48 h, since this is the
time point when cilia are appreciably dimin-
ished in frequency in Ttbk2e™t cells + Tmx

TTBK2 and cilium stability | 3



A Ttbk2fF; UBC-CreER™
Arl13b-mCherry;Centrin2-

00:00 hr 10:00 hr

&
>
20:00 hr
[}
C
£
e}
3
@
£
= 00:00 hr 15:30 hr 20:00 hr
©
£
[}
c
o
x
<
B Budding Axonemal C
2 2 ke *% *
8 8 1004 == 0o 100 40 ]
= b H 1 & 30 .
= s L2 © <
= B 3+ S %
g S 50 = 50 S20
o O S S
(o} 5
a a ol 0 0
Veh Tmx Veh Tmx Veh Tmx

FIGURE 2: TTBK2 loss results in increased cilia fragmentation leading to cilia loss. (A) Ttbk2s™; ACCG MEFs were
serum-starved for 15 h before being treated with Veh or Tmx. Live imaging was then performed from 30 to 50 h after
induction. Arrowheads show examples of cilia breakages at the ciliary tip resembling vesicles, termed “budding.”
Arrows show examples of cilia breakages along the axoneme resulting in large fragments of the cilia being removed,
termed "axonemal.” Insets are boxed, and magnifications are below their corresponding images. Time of video denotes
hours:minutes into recording. Scale bars: 10 um. (B) Ttbk2°™«t; ACCG MEFs were treated with Veh and Tmx in three and
five independent experiments, respectively. Each experiment had >16 observable cilia. Veh, n=110; Tmx, n=132. The
graph depicts the mean percentage of cilia + SEM observed having one, two, or > three budding events or axonemal
breaks. Statistical comparison was performed by a %? test, ****p < 0.0001. (C) The graph depicts the percentage of cilia
+ SEM observed not having any breaks (i.e. normal cilia). Each dot represents an experiment with >10 observable cilia.
Statistical comparison was performed by an unpaired Student's t test, **p < 0.01. The graph depicts the percentage of
cilia observed being lost by the end of the experiment. Each dot represents an experiment with an initial amount of cilia
>10. Statistical comparison was performed by an unpaired nonparametric Student'’s t test, *p < 0.05.
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0.0001.

but are not absent as at 72 h (Figure 1, B and C). In control cells,
treatment with the drugs had no impact on the frequency of cilia,
with the exception of the myosin VI inhibitor TIP, which modestly re-
duced cilia frequency (Figure 4, B and C). We also observed an in-
crease in ciliary length in control cells treated with CytoD and TBSA,
consistent with the known roles of actin polymerization and HDAC6
in limiting cilia length and promoting disassembly (Pugacheva et al.,
2007; Kim et al., 2010; Ran et al., 2015; Kohli et al., 2017) (Figure 4D).

In Tmx-treated Ttbk2°mut cells, cotreatment with CytoD or the
myosin VI inhibitor TIP resulted in increased cilia frequency at 48 h
relative to treatment with DMSO, whereas the other inhibitors
tested had no effect (Figure 4, B and C). This finding is consistent
with the general role of actin polymerization in suppressing cilium
assembly and promoting ciliary disassembly through budding and/
or breakage (Nager et al., 2017). These drugs had no effect on re-
combination, as TTBK2 levels decreased following treatment Tmx,
similar to untreated cells (Supplemental Figure S3A). However, de-
spite a higher frequency of cilia at 48 h post-Tmx treatment, by 72
h, cilia were lost regardless of inhibition of these actin regulators
(Figure 4E). Additionally, whole-cell F-actin to G-actin levels were
unchanged in Tmx-treated MEFs compared with Veh-treated
MEFs. These data suggest that TTBK2 regulates actin-related pro-
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Since perturbing the actin dynamics in Ttb-
kzemut cells had only a transient stabilizing ef-
fect on cilia, this suggests that TTBK2 regu-
lates other parallel processes that stabilize
cilia. Inhibition of myosin VI partially attenu-
ated cilia loss (Figure 4B). In addition to its
role in the budding of ectosomes from the
tips of cilia (Nager et al., 2017), myosin VI is
also linked to ciliogenesis through regulation
of centriolar satellites (Magistrati et al., 2021).
We previously undertook biotin proximity la-
beling (BiolD) with TTBK2 to identify proteins
in the TTBK2 ciliogenesis pathway (Loukil
et al.,, 2021). In these studies, we found that
of pericentriolar material and centriolar satel-
lite-associated proteins as well as actin regu-
lators were significantly enriched among the
TTBK2-proximate hits (Loukil et al., 2021)
(Supplemental Table S1). We therefore ex-
amined the localization of myosin VI and the
centriolar satellites in Ttbk2t MEFs treated
with Tmx. Coimmunoprecipitation of TTBK2-
V5 and a long and short isoform of myosin
VI-GFP revealed that TTBK2 interacts with
both isoforms (Wollscheid et al., 2016) of
myosin VI (Figure 5A). Consistent with our
findings that inhibition of myosin VI can de-
lay the loss of cilia in the absence of TTBK2,
we found a significant accumulation of myo-
sin VI at the basal body in Ttbk2m«t MEFs
(Figure 5B).

Based on our findings for myosin VI, and our BiolD data linking
TTBK2 to the centriolar satellites, we hypothesized that dysfunction
of the satellites might contribute to the cilium stability defects we
observe in Ttbk2°™t MEFs treated with Tmx. Centriolar satellites
play complex roles in cilium assembly. PCM1 is required for cilia as-
sembly (Odabasi et al., 2019), while other proteins such as OFD1
must be degraded at the satellites to promote cilia formation (Tang
et al., 2013). We therefore assessed the composition of the centrio-
lar satellites and the localization of key satellite proteins, including
PCM1, OFD1, and CEP290 in the Ttbk2°™t cells £ Tmx. PCM1 is the
main component of the centriolar satellites and serves to scaffold,
assemble, and maintain the satellites (Hori and Toda, 2017). We
found that the intensity of PCM1 was dramatically decreased by
72 h post-Tmx treatment (Figure 5B), suggesting that TTBK2 might
be important for the integrity of the satellites.

To determine if TTBK2 regulates other centriolar satellite compo-
nents, we also assessed OFD1 and CEP290. OFD1 and CEP290,
which both reside at the mother centriole in addition to the satel-
lites, decline in intensity specifically at the satellites as serum starva-
tion continues in control cells. However, both proteins remained el-
evated in Ttbk2e™t cells 72 h following treatment with Tmx (Figure
5, D and E). Total levels of the centriolar satellites did not change

72 hr
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(200 nM), Bleb (50p M), BTP2 (1 pM), TIP (25 uM), or TBSA (2 pM) for 48 h. (B) Representative images of Ttbk2™t MEFs
after being treated with Veh or Tmx with the indicated drugs for 48 h and stained for ARL13b (green), y-tubulin (red),
and DAPI (blue). Insets are boxed, and magnifications are below their corresponding images. Scale bars: 10 pm. (C) The
graph depicts the mean percentage of ciliated cells + SEM at 48 h. Each dot represents an experiment with >60 cells.
Statistical comparison was performed by two-way ANOVA with Tukey’s multiple comparisons test, *p < 0.05, ****p <
0.0001. (D) The graph depicts mean length of cilia + SEM, measured at 48 h. Results are pooled from three independent
experiments. Each dot represents a cilium (n > 60). Statistical comparison was performed by two-way ANOVA with
Tukey’s multiple comparisons test, **p < 0.01, ***p < 0.001. (E) The graph depicts the mean percentage of ciliated cells
+ SEM at 72 h. Each dot represents an experiment with >60 cells. Statistical comparison was performed by two-way
ANOVA with Tukey’s multiple comparisons test, ns denotes not significant, ****p < 0.0001.

over time in Veh- and Tmx-treated Ttbk2™! cells (Supplemental
Figure S4A). Similar defects in centriolar satellite composition are
also seen in Ttbk2m//mul cells, namely, a decrease in PCM1 and an
increase in OFD1 and CEP290 relative to WT cells (Supplemental
Figure S4, B-D). In contrast, PCNT, a pericentriolar material protein,
was not changed by loss of TTBK2, suggesting that these defects
are limited to proteins found at the centriolar satellites (Figure 5F).
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Mutation of a conserved aspartic acid to alanine in TTBK2's cata-
lytic domain blocks its kinase activity (Bouskila et al., 2011). While
this kinase-dead TTBK2 correctly localizes to the mother centriole, it
cannot rescue cilium assembly in Ttbk2mnu!l cells (Goetz et al.,
2012), demonstrating that TTBK2 kinase activity is required for
its role in cilium assembly. To determine if TTBK2 simply acts as a
scaffold for centriolar satellites at the cilium or if its kinase activity is
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TTBK2 regulates the composition of the centriolar satellites. (A) Coimmunoprecipitation of HEK293T cells
transfected with TTBK2-V5 and MYO6-GFP long, MYO6-GFP short, and GFP. Lysates were pulled down using V5 trap
beads and blotted for GFP and V5. (B) Representative images of Ttbk2™* MEFs treated with Veh or Tmx for 0 and 72 h
and stained for MYO6 (green), ARL13b (red), and y-tubulin (magenta). Scale bar: 1 pm. The graph depicts the mean
intensity of MYO6 1pm around basal bodies. Results are pooled from three independent experiments. Each dot
represents a single measurement from a basal body (n > 275). Statistical comparison was performed by two-way
ANOVA with Tukey's multiple comparisons test, ns denotes not significant, *p < 0.05. (C) Representative images of
Ttbk2cmut MEFs treated with Veh or Tmx for 0 and 72 h and stained for PCM1 (green), ARL13b (red), and y-tubulin
(magenta). Scale bar: 1 pm. The graph depicts the mean intensity of PCM1 1um around basal bodies. Results are pooled
from three independent experiments. Each dot represents a single measurement from a basal body (n > 75). Statistical
comparison was performed by two-way ANOVA with Tukey’s multiple comparisons test, ns denotes not significant,

*p < 0.05. (D) Representative images of Ttbk2™t MEFs treated with Veh or Tmx for 0 and 72 h and stained for OFD1
(green), ARL13b (red), and y-tubulin (magenta). Scale bar: 1 ym. The graph depicts the mean intensity of OFD1 1um
around basal bodies. Results are pooled from three independent experiments. Each dot represents a single
measurement from a basal body (n > 75). Statistical comparison was performed by two-way ANOVA with Tukey's
multiple comparisons test, ns denotes not significant, ****p < 0.0001. (E) Representative images of Ttbk2™t MEFs
treated with Veh or Tmx for 0 and 72 h and stained for CEP290 (green), ARL13b (red), and y-tubulin (magenta). Scale
bar: 1 pm. The graph depicts the mean intensity of CEP290 1 pm around basal bodies. Results are pooled from three
independent experiments. Each dot represents a single measurement from a basal body (n > 75). Statistical comparison
was performed by two-way ANOVA with Tukey’s multiple comparisons test, ns denotes not significant, **p < 0.01.

(F) Representative images of Ttbk2°™* MEFs treated with Veh or Tmx for 0 and 72 h and stained for PCTN (green),
ARL13b (red), and y-tubulin (magenta). Scale bar: 1 pm. The graph depicts the mean intensity of PCTN at the basal
bodies. Results are pooled from three independent experiments. Each dot represents a single measurement from a
basal body (n > 63). Statistical comparison was performed by two-way ANOVA with Tukey's multiple comparisons test,

ns denotes not significant.

required to regulate their composition, we stably expressed a ki-
nase-dead TTBK2 or a WT TTBK2 in our Ttbk2c™t cells. Tmx-treated
Ttbk2emt cells stably expressing a kinase-dead TTBK2-GFP were un-
able to rescue PCM1 localization to the basal body, whereas
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Ttbk2emt cells stably expressing WT TTBK2-GFP had restored PCM1
levels at centriolar satellites (Supplemental Figure S5A). Thus TTBK2
regulates the composition of the centriolar satellites after cilium as-
sembly through its kinase activity.
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y-tubulin (magenta). Scale bar: 1 pm. The graph depicts the mean intensity of PCM1 1pm around basal bodies. Results
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test, ns denotes not significant, ***p < 0.001, ****p < 0.0001.

OFD1 is normally degraded at the centriolar satellites via au-
tophagy to promote cilium assembly. In autophagy-deficient cells,
OFD1 is retained at the satellites, inhibiting ciliogenesis (Tang et al.,
2013). The accumulation of OFD1 at the centriolar satellites in
Ttbk2emut cells suggested a deregulation of autophagy. Mammalian
target of rapamycin (mTOR) regulates a number of cellular pro-
cesses including cell growth, survival, metabolism, stress responses,
and autophagy (Watanabe et al., 2011). In nutrient-rich conditions,
mTOR is phosphorylated at S2448 and inhibits autophagy (Melick
and Jewell, 2020). Relative to the O time point, at 72 h, the ratio of
phospho-mTOR to mTOR levels remained relatively unchanged in
Veh-treated Ttbk2°m!t cells, whereas Tmx-treated Ttbk2cmVt cells had
a higher phospho-mTOR to mTOR ratio (Figure 6A). This further
supports a disruption in autophagy upon deletion TTBK2, due at
least in part to mTOR activation.

Rapamycin promotes autophagy by interfering with mTOR's abil-
ity to bind to its effectors (Watanabe et al., 2011) thereby inhibiting
its activity. To test whether the centriolar satellite defects we ob-
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served in Ttbk2°t cells are due to mTOR activation leading to re-
duced autophagy, we treated Ttbk2°™ cells with rapamycin and as-
sessed whether we could rescue the cilia loss or other defects caused
by TTBK2 deletion. Rapamycin did not change OFD1 levels in con-
trol cells but reduced OFD1 levels in Tmx-treated cells comparable
with control cells (Figure 6B). Surprisingly, rapamycin also rescued
PCM1 loss at the satellites in Tmx-treated cells (Figure 6C). However,
despite restoring PCM1 and degrading OFD1 at the satellites, ra-
pamycin was unable to restore cilia in Tmx-treated Ttbk2™" cells
(Figure 6D). Thus our data suggest that while TTBK2 regulates the
centriolar satellite composition through autophagy, these defects do
not fully drive the loss of cilia that occurs in the absence of TTBK2.

TTBK2 is required for pools of IFT proteins at the basal
body that are essential to maintain the ciliary axoneme
Thus far, our data suggest that loss of TTBK2 destabilizes the cilium
through the effects of both perturbed actin dynamics and dysregu-
lation of the centriolar satellites. While the centriolar satellite

Molecular Biology of the Cell
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TTBK2 maintains the basal body pools of IFT. (A) Representative images of
Ttbk2cmut MEFs treated with Veh or Tmx for 0 and 72 h and stained for IFT88 (green), ARL13b
(red), y-tubulin (magenta), and DAPI (blue). Scale bar: 10 pm. The graph depicts the mean
percentage of basal bodies with IFT88 + SEM. Each dot represents an experiment with >50
basal bodies. Statistical comparison was performed by two-way ANOVA with Tukey's multiple
comparisons test, ****p < 0.0001. (B) Representative images of Ttbk2°™* MEFs treated with
Veh or Tmx for 0 and 72 h and stained for IFT88 (green), ARL13b (red), and y-tubulin
(magenta). Scale bar: 1 pm. The graph depicts the mean intensity of IFT88 at basal bodies.
Results are pooled from three independent experiments. Each dot represents a single
measurement from a basal body (n > 75). Statistical comparison was performed by two-way
ANOVA with Tukey's multiple comparisons test, ns denotes not significant, ****p < 0.0001. The
graph depicts the mean intensity of IFT88 along the axoneme. Results are pooled from three
independent experiments. Each dot represents a single measurement from a basal body. Veh
0h,n=76;Veh72h, n=72; Tmx 0 h, n=95; Tmx 72 h, n=57. Statistical comparison was
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composition is disrupted due to Ttbk2 dele-
tion, restoration of PCM1 and OFD1 to levels
comparable with control cells with rapamycin
was not sufficient to rescue the cilia loss phe-
notype (Figure 6D). Other centrosome-asso-
ciated proteins such as PCTN and the cilia
disassembly proteins remain unchanged in
the Tmx-treated Ttbk2°mt cells (Figure 5E
and Supplemental Figure S2). However, the
axoneme exhibited dramatic changes such as
increased cilia fragmentation (Figure 2, A-C)
and reduced axonemal polyglutamylation
(Figure 3, A-C). This suggests that loss of axo-
nemal integrity may drive cilia loss in Tmx-
treated Ttbk2cmt cells, and we further rea-
soned that this loss of axonemal integrity may
be due to disrupted trafficking by IFT pro-
teins (Nakayama and Katoh, 2018; Pigino,
2021). Our previous work demonstrated that
TTBK2 is required for the recruitment of IFT
proteins to the mother centrioles prior to the
assembly of the ciliary axoneme (Goetz et al.,
2012).

We therefore examined the localization of
the IFTB component IFT88 and the IFTA com-
ponent IFT140 to both the basal body pool
and the ciliary axoneme in Ttbk2e™t cells £
Tmx over the 72-h time course. We found that
for both IFT88 and IFT140, the percentage
of cells with IFT protein at the basal body

performed by two-way ANOVA with Tukey'’s
multiple comparisons test, ns denotes not
significant. (C) Representative images of
Ttbk2mut MEFs treated with Veh or Tmx for

0 and 72 h and stained for IFT140 (green),
ARL13b (red), y-tubulin (magenta), and DAPI
(blue). The graph depicts the mean percentage
of basal bodies with IFT88 + SEM. Each dot
represents an experiment with >50 basal
bodies. Scale: 10 um. Statistical comparison
was performed by two-way ANOVA with
Tukey’s multiple comparisons test, *p < 0.05,
****p < 0.0001. (D) Representative images of
Ttbk2mvt MEFs treated with Veh or Tmx for 0
and 72 h and stained for IFT140 (green),
ARL13b (red), and y-tubulin (magenta). Scale
bar: 1 pm. The graph depicts the mean
intensity of IFT140 at basal bodies. Results are
pooled from three independent experiments.
Each dot represents a single measurement
from a basal body (n > 75). Statistical
comparison was performed by two-way
ANOVA with Tukey's multiple comparisons
test, ns denotes not significant, ****p < 0.0001.
The graph depicts the mean intensity of IFT140
along the axoneme. Results are pooled from
three independent experiments. Each dot
represents a single measurement from a basal
body. Veh 0 h, n=77;Veh 84 h, n=72; Tmx 0
h, n=89; Tmx 72 h, n= 61. Statistical
comparison was performed by two-way
ANOVA with Tukey's multiple comparisons
test, ns denotes not significant.
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FIGURE 8: TTBK2 maintains primary cilia through multiple pathways.
TTBK2 maintains primary cilia by regulating polyglutamylation of the
axoneme, actin dynamics at the cilia, the composition of the centriolar
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TTBK2 leads to cilia fragmentation events driven by loss of
polyglutamylation, a disruption in ciliary actin dynamics, and a
disruption of the centriolar satellite composition. In a separate
pathway, IFT proteins are lost resulting in an inability for the primary
cilia to recover.

declines within 48 h of Tmx treatment (Figure 7, A and C). This also
corresponds with when cilia begin to disappear in the Ttbk2°™! cells
treated with Tmx (Figure 1C). Analysis of fluorescence intensity re-
vealed that at 72 h post-Tmx treatment, the Ttbk2°™! cells showed
diminished levels of both IFT88 and IFT140 in the basal body pools.
By contrast, the intensity of both IFT proteins within the remaining
ciliary axonemes was not significantly affected (Figure 7, B and D).
Additionally, stable expression of WT and the kinase-dead TTBK2-
GFP revealed that TTBK2's kinase activity is also required for the
maintenance of IFT proteins at the basal body as WT TTBK2-GFP
was able to rescue IFT88 loss at the basal body in Tmx-treated Ttb-
k2emut cells but the kinase-dead TTBK2-GFP was not (Supplemental
Figure S5C). This suggests that the basal body pool of IFT proteins
plays a critical role in maintaining the integrity of the ciliary axo-
neme, and that TTBK2 is required to maintain this pool following
cilium assembly, in addition to recruiting IFT proteins during
ciliogenesis.

Our findings suggest that TTBK2 regulates primary cilia stability
through parallel pathways (Figure 8). TTBK2 prevents cilia fragmen-
tation by controlling actin dynamics after ciliogenesis. It also regu-
lates the composition of the centriolar satellites through its kinase
activity and autophagy. Finally, in addition to being required for IFT
recruitment during ciliogenesis, TTBK2 is required for the retention
or replenishment of IFT pools at the basal body. These findings re-
veal multiple mechanisms by which the primary cilium is maintained
after being assembled.

DISCUSSION

In this study, we use an inducible genetic system to assess the re-
quirements for TTBK2 in maintaining cilia structure. Using these tools,
we were able to perturb cilia after cells had undergone ciliogenesis
through Tmx-induced deletion of Ttbk2. This has allowed us to assess
the dynamic changes to primary cilia as TTBK2 is lost and uncover
additional requirements for TTBK2 in regulating primary cilia.

10 | A.NguyenandS.C. Goetz

Our previous work suggested that TTBK2 regulates primary cilia
structure and stability; however, the precise mechanisms by which
TTBK2 does this were unknown. Serum readdition following the in-
duction of cilia results in cilia disassembly in cultured fibroblasts and
correlates with TTBK2 loss or removal from the basal body (Goetz
et al., 2012). Cells with hypomorphic mutations in TTBK2 form un-
stable cilia (Bowie et al., 2018) and deletion of TTBK2 in adult mice
results in reduced cilia frequency in the adult brain as rapidly as 15
d following Tmx induction in Ttbk2°™! mice (Bowie and Goetz,
2020). In this study, we visualize how cilia loss occurs in the absence
of TTBK2 through live imaging. While a low frequency of ciliary exci-
sion from the tip is proposed to be a mechanism for maintaining cili-
ary length (Ford et al., 2018), both the proportion of cilia that form
buds and the frequency of budding events per cilium increase when
TTBK2 is depleted. Additionally, some cilia shed larger fragments of
the axoneme upon TTBK2 loss, reminiscent of whole cilium shed-
ding events that have been linked to cilia disassembly (Mirvis et al.,
2019). Ciliary excision and whole cilium shedding can be attenuated
using actin inhibitors and HDACé inhibition, respectively (Nager
etal., 2017; Mirvis et al., 2019). The similarities between these stud-
ies and our observations prompted us to assess whether TTBK2
maintains primary cilia by regulating actin dynamics and/or sup-
pressing the cilia disassembly pathway. Ttbk2 deletion does not al-
ter the localization of the cilia disassembly proteins KIF2A, PLK1, or
phospho-AURKA at the basal body, suggesting that TTBK2 does
not principally regulate cilia maintenance by suppressing cilia disas-
sembly proteins. Corroborating this finding, we also show that treat-
ment of Ttbk2cmt cells with the HDAC6 inhibitor TBSA did not lead
to rescue in cilia frequency at any point in our time-course.

We treated Tmx-treated Ttbk2°™t cells with other small molecule
inhibitors previously shown to suppress primary cilia excision. Only
CytoD and TIP partially rescued cilia loss. CytoD inhibits actin polym-
erization and TIP inhibits myosin VI, a motor protein that directs
movement toward the minus end of actin filaments. Consistent with
TIP transiently attenuating cilia loss resulting from TTBK2 deletion,
myosin VI levels were increased at the centrioles in Tmx-treated
Ttbk2emt cells. It is possible that CytoD attenuates cilia loss through
the same mechanism as TIP by preventing myosin VI-dependent traf-
ficking of proteins to the cilium. Therefore TTBK2 may mediate pri-
mary cilia stability by regulating actin-based trafficking to the cilium.

There is additional evidence to suggest that TTBK2 interacts with
actin-regulatory proteins to regulate primary cilia stability. In addition
to its role in regulating cilium assembly, TTBK2 is also linked to cyto-
plasmic microtubule dynamics (Liao et al., 2015; Watanabe et al.,
2015), and recent studies point to cross-talk between microtubules
and actin filaments (Farina et al., 2019; Inoue et al., 2019). Recent
work from our lab identified CSNK2A1 as a direct interactor of TTBK2
that negatively modulates TTBK2 function at the ciliary base (Loukil
et al., 2021). In CSNK2A knockout cells, cilia are unstable, undergo-
ing frequent excision events, and actin and actin modulators are en-
riched at the ciliary tip, associated with those excision events (Loukil
et al., 2021). Our TTBK2 BiolD screen also identified several actin
regulators as TTBK2-proximate proteins (Loukil et al., 2021). These
data suggest that TTBK2 mediates cilia stability by limiting cilia frag-
mentation in part by regulating actin or actin-related processes.

In addition to its role in trafficking proteins along actin filaments,
myosin VI reportedly regulates centriolar satellite composition
(Magistrati et al., 2021). Recent evidence also suggests that the cen-
triolar satellite scaffold PCM1 is also involved in cilia maintenance
(Aydin et al., 2020). The centriolar satellites were accordingly dis-
rupted as a function of Ttbk2 deletion, with PCM1 being lost and
OFD1 and CEP290 being abnormally retained or accumulating in
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the absence of TTBK2. Previous studies showed that silencing or
inhibiting myosin VI blocks cilia ectocytosis presumably through its
actin-associated roles (Nager et al., 2017), but since myosin VI also
regulates the centriolar satellites, it is possible that the centriolar
satellites also promote cilium stability by limiting cilia fragmentation
events. TTBK2's kinase activity is required for ciliogenesis and the
maintenance of PCM1 at the basal body, and TTBK2 coimmunopre-
cipitates with myosin VI, but whether TTBK2 directly phosphorylates
PCM1 or myosin VI remains to be determined.

In addition to PCM1, TTBK2 also regulates the levels of OFD1
and CEP290 at the satellites and basal body. While TTBK2 maintains
PCMT1 levels, it appears to promote the degradation of OFD1 and
CEP290 at the satellites. Prior work has shown that while OFD1
recruitment to the centriole is required for the maturation of the
mother centriole and therefore the initiation of ciliogenesis (Singla
et al., 2010), its degradation by autophagy at the satellites is also
required for cilium assembly (Tang et al., 2013). Serum starvation
induces autophagy (Seeley and Nachury, 2010), and autophagy pro-
motes the degradation of OFD1 at the satellites (Tang et al., 2013).
Our data suggest that cells are continuing to undergo autophagy
during serum withdrawal even after ciliogenesis is underway and
reveal that TTBK2 is involved in this process since mTOR phosphor-
ylation increases and OFD1 accumulates when TTBK2 is lost after
cilium assembly. Rapamycin inhibits mTOR activity (Watanabe et al.,
2011) and promotes autophagy. Rapamycin-induced autophagy re-
stores OFD1 to levels comparable with those of control cells, sug-
gesting that the mTOR-mediated autophagy is linked to OFD1 deg-
radation, and that TTBK2 inhibits mTOR activation.

PCM1 and OFD1 colocalize to centriolar satellites, and their inter-
action is well established (Lopes et al., 2011; Tang et al., 2013; Aydin
et al., 2020). PCM1 is proposed to mediate OFD1 degradation by
facilitating its interaction with LC3 which targets OFD1 for degrada-
tion (Tang et al., 2013). Interestingly, rapamycin-induced autophagy
is also able to restore PCM1 levels around the basal body, suggest-
ing that autophagy not only promotes the degradation of OFD1 but
also maintains PCM1 levels at the satellites—perhaps even regulat-
ing the composition of the centriolar satellites as a whole. Our BiolD
screen also identified several autophagy-related proteins as proxi-
mate to TTBK2, suggesting that TTBK2 may interact with these pro-
teins. Further molecular characterization of the links between TTBK2
and autophagy will be the subject of future studies by our lab.

Neither restoration of the centriolar satellites by inducing au-
tophagy nor disrupting actin polymerization fully rescued the cilia
loss that results from Ttbk2 deletion, prompting us to assess IFT. IFT
is required not only for cilium assembly but also to maintain cilia
structure through continuous trafficking. Tmx-induced deletion of
Ift88 in the kidneys and in the brain leads to a loss of primary cilia in
adult mice (Davenport et al., 2007). Recent work suggests that IFT is
recruited to the basal body by a diffusion-to-capture mechanism
(Hibbard et al., 2021), though how the basal body “captures” IFT
remains unknown. Our work reveals that in addition to its role in IFT
recruitment during cilium assembly, TTBK2 is also indispensable for
IFT maintenance after cilium assembly. Our results suggest that
TTBK2 is involved in modifying the basal body such that it continu-
ally replenishes IFT. In the absence of TTBK2, the basal body IFT
pools therefore become depleted and ultimately disappear. The
mother centriole’s DAs are required for TTBK2 recruitment (Tanos
et al., 2013; Cajanek and Nigg, 2014). In addition, several recent
studies have shown that TTBK2 phosphorylates some of these DA
proteins including CEP83, CEP89, and CEP164 (Lo et al., 2019,
Bernatik et al., 2020) modifications that may be required for the cap-
ture and retention of IFT proteins.
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In sum, our study supports a model in which TTBK2 acts via mul-
tiple mechanisms to regulate cilium initiation and maintenance, un-
derscoring the central role of this kinase in regulating primary cilia.
We propose that TTBK2 regulates composition of the centrosome
which contributes to building and maintaining stable primary cilia.
Our data suggest that TTBK2 regulates the actin network near the
basal body the centriolar satellites via autophagy. Ttbk2 deletion
causes dysregulation of actin-based trafficking and of centriolar sat-
ellites leading to loss of axonemal integrity and its fragmentation. In
a separate pathway, TTBK2 regulates IFT recruitment and retention
at the basal body, which in turn maintains the axonemal composi-
tion and length.

MATERIALS AND METHODS
Request a protocol through Bio-protocol.

Ethics statement

The use and care of mice as described in this study were approved
by the Institutional Animal Care and Use Committee, Duke Univer-
sity (approval numbers A218-17-09 and A175-20-08). Euthanasia for
the purpose of harvesting embryos was performed by cervical dislo-
cation, and all animal studies were performed in compliance with
internationally accepted standards.

Mouse strains

Mouse strains used in this study were Ttbk2lo<™oxP (Ttbk27) mice
generated in a previous study (Bowie and Goetz, 2020), UBC-Cre-
ERT2 mice were acquired from Jackson Laboratory (#007001), and
Arl13b-mCherry;Centrin2-GFP mice were kindly donated from K.V.
Anderson (Bangs et al., 2015).

Cell culture

Ttbk2F/F; UBC-CreERT2+ MEFs were derived from embryonic day
(E) 10.5 mouse embryos and cultured in DMEM supplemented with
10% FBS and 1% penicillin/streptomycin (P/S) (cDMEM) at 5% CO,
at 37°C. Unless indicated otherwise, cells were plated on gelatin-
coated coverslips and serum-starved for 15 h in DMEM supple-
mented with 0.5% FBS and 1% P/S. Cells were then treated with
ethanol (Veh) or 1 pm 4-hydroxytamoxifen (Tmx) for the indicated
duration in serum-starved conditions.

Transient and sable transfection

MEFs were transfected using Lipofectamine 2000 (ThermoFisher
11668) in OptiMEM (Life Technologies 31985). For stable expres-
sion of TTBK2-GFP and the kinase-dead TTBK2-GFP, retroviruses
were produced and used to infect MEFs according to standard pro-
tocols. MEFs were then put under 500 pg/ml G418 selection. Plas-
mids used were pFLAP-Dest-TTBK2 described previously (Goetz
et al.,, 2012). Myosin VI-GFP constructs were kindly provided by
S. Polo (Magistrati et al., 2021).

Drug and inhibitor treatment

Drugs were added to cells at the time of Tmx induction at the fol-
lowing concentrations: CytoD (Santa Cruz SC-201442; 200 nM in
DMSO), blebbistatin (VWR S7099; 50 um in DMSO), BTP2 (Abcam
ab144413; 1 pm in DMSO), rapamycin (Cell Signaling 99045; 25 nM
in DMSO), TBSA (Tocris 6270; 2 um), and TIP (Sigma 137723) (25 pm).

Immunofluorescence

Cells were then fixed in 4% paraformaldehyde for 5 min and then
ice-cold methanol for 5 min, washed 3x with phosphate-buffered
saline (PBS) for 5 min each, and blocked with PBS + 5% goat serum
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+ 1% BSA + 0.1% Triton X-100 (blocking buffer) for 30 min. Next,
cells were incubated with primary antibodies diluted in blocking
buffer overnight at 4°C, washed 3x with PBS for 5 min each, and
incubated with secondary antibodies diluted in blocking buffer for
30 min at room temperature. Finally, cells were stained with DAPI in
PBS for 5 min, washed two additional times with PBS for 5 min each,
and mounted onto glass slides using Prolong Gold (Invitrogen
P36930).

Antibodies

Primary antibodies used were mouse anti-ARL13b (NeuroMab 75-
287), rabbit anti-ARL13b (Proteintech 17711-1-AP), rabbit anti-phos-
pho-Aurora A (Cell Signaling 3079), rabbit anti-CEP290 (Proteintech
22490-1-AP), rabbit anti-GFP (Invitrogen A11122), rabbit anti-FOP
(Proteintech 11343-1-AP), mouse anti-GFP (Proteintech 66002-1-1g),
rabbit anti-IFT88 (Proteintech-11744), rabbit anti-IFT140 (Protein-
tech 17460-1-AP), rabbit anti-KIF2A (Abcam ab37005), rabbit anti-
OFD1 (kindly donated from JF Reiter), rabbit anti-mTOR (Cell Sig-
naling 2971), rabbit anti-phospho-mTOR (Cell signaling 2983),
rabbit anti-PCM1 (Proteintech 19856-1-AP), rabbit anti-PCNT (Biole-
gend 923701), mouse anti-PLK1 (Thermofisher 33-1700), rabbit
anti-TTBK2 (Sigma HPA018113), and mouse anti-y-tubulin (Sigma-
Aldrich T6557).

Microscopy

Immunofluorescence images were taken using a Zeiss AxioObserver
wide field microscope equipped with an Axiocam 506 mono camera
and Apotome.2 optical sectioning with structured illumination. Z-
stacks were taken at 0.5-pm intervals and maximum intensity projec-
tions were then created. Image processing and quantifications were
performed using ImageJ. In brief, cilia frequency was quantified by
counting the number of ARL13b+ cells versus DAPI+ cells. For inten-
sity measurements, background was subtracted, and the mean in-
tensity was recorded for a drawn region of interest. For centriolar
satellite proteins, a 1 pm ROl was made around the basal body and
the intensity was then measured. For measurements of proteins
along the axoneme, a line was drawn along the axoneme with the
exclusion of the basal body and the intensity was measured. For all
other measurements, a free-form tool was used to select the ROI.

Western blotting

Ttbk2e™t MEFs were plated in a 10-cm plate and allowed to reach
confluency before being serum-starved for 15 h. Cells were then
given Veh or Tmx for 0 or 72 h and lysed in RIPA buffer (150 mM
NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM
Tris, pH 8.0). Protein concentration was measured using a BCA assay
and samples were boiled at 95°C for 5 min to denature proteins.
Total lysates were separated by SDS-PAGE and transferred onto a
PVDF membrane. The membrane was blocked with 5% milk in TBST
for 1 h at RT, incubated with primary antibodies in blocking buffer
overnight at 4C, and incubated with HRP-conjugated secondary an-
tibodies for 1 h at RT. Membranes were developed with an ECL.
Western blots were analyzed using densitometric analysis in FIJI.

F-actin/G-actin quantification

F-actin and G-actin were purified using the G-actin/F-actin In Vivo
Assay Kit from Cytoskeleton (Cat No. BKO037). Briefly, Ttbk2emut
MEFs were plated in a 6-well plate, serum-starved, and treated with
Veh or Tmx. They were then lysed in a buffer that precipitated F-
actin and ultracentrifuged at 100,000 x g for 1 h at 37°C. Superna-
tants possessing G-actin were collected and the F-actin precipitate
was solubilized. Both were then assessed by Western blot.
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Time-lapse imaging

Ttbk2°mut, ACCG MEFs were seeded in an 8-well u-Slide (IBIDI 80826),
serum-starved, and treated with ethanol or Tmx. The cells were then
imaged at 15-min intervals from 30 to 50 h post-Tmx induction in an
incubation chamber maintained with 5% CO, at 37°C by a Pecon
CO2 Module S and TempModule S. The recorded cilia were then
manually analyzed frame by frame for abnormalities and loss using
Zen 2.0. Abnormalities included but were not limited to cilia frag-
mentation events referred to as “budding” where a vesiclelike frag-
ment of the cilia was removed from the tip of the cilia and “axone-
mal” where a larger fragment of the cilia (those bigger than a vesicle)
was removed from the main cilia still attached to Centrin2-GFP.

Quantification and statistics

Data are reported as arithmetic means + SEM. Statistical analysis
was done with GraphPad Prism 8. Most experiments were analyzed
using a two-way ANOVA and a Tukey post-hoc test.
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