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CEP164C regulates flagellum length in stable flagella

Madison Atkins?, Jifi Ty¢!@®, Shahaan Shafiq!, Manu Ahmed?, Eloise Bertiaux?3, Artur Leonel De Castro Neto?, Jack Sunter'®, Philippe Bastin’®,
Samuel Dale Dean*®, and Sue Vaughan'®

Cilia and flagella are required for cell motility and sensing the external environment and can vary in both length and stability.
Stable flagella maintain their length without shortening and lengthening and are proposed to “lock” at the end of growth, but
molecular mechanisms for this lock are unknown. We show that CEP164C contributes to the locking mechanism at the base
of the flagellum in Trypanosoma brucei. CEP164C localizes to mature basal bodies of fully assembled old flagella, but not to
growing new flagella, and basal bodies only acquire CEP164C in the third cell cycle after initial assembly. Depletion of CEP164C
leads to dysregulation of flagellum growth, with continued growth of the old flagellum, consistent with defects in a
flagellum locking mechanism. Inhibiting cytokinesis results in CEP164C acquisition on the new flagellum once it reaches the
old flagellum length. These results provide the first insight into the molecular mechanisms regulating flagella growth in cells

that must maintain existing flagella while growing new flagella.

Introduction

Cilia and flagella are highly conserved microtubule-based or-
ganelles that have important roles in cell motility and sensing.
They can be highly dynamic and short lived, such as primary
cilia or those in Chlamydomonas reinhardtii (Marshall and
Rosenbaum, 2001), or very stable and long lived, such as those
in spermatozoa (San Agustin et al., 2015), photoreceptors (Jiang
et al., 2015), or the flagella of many protists. Although there is a
wide variation in length among cell types, there is generally a
defined length for a given cell type (Broekhuis et al., 2013). Many
unicellular flagellated and ciliated organisms have an additional
challenge, as they must maintain flagella/cilia at a defined length
and simultaneously assemble new flagella/cilia in the same cell.
This phenomenon has been largely overlooked, and the under-
lying mechanisms remain unknown. A grow-and-lock model
was proposed for the maintenance of stable flagella in which a
molecular lock is applied to prevent flagellum length change
after assembly (Bertiaux et al., 2018). The molecular mechanisms
of how this lock operates are unknown but are important for
cells where an existing flagellum must be maintained during
assembly of a new flagellum.

Cilia and flagella are composed of a microtubule-based axo-
neme, which grows from cytosolic basal bodies and extends out
of the plasma membrane. They do not contain ribosomes, and all
components are synthesized in the cytosol and transported
within the organelle via a specialized transport mechanism
called intraflagellar transport (IFT; Marshall and Rosenbaum,
2001). The transition zone and transition fibers are situated at

the boundary between the axoneme and basal bodies and have
been shown to be important for allowing selective entry of
molecules into cilia/flagella (Gongalves and Pelletier, 2017).
Trypanosomes are pathogenic protists that have a single fla-
gellum, which remains assembled throughout the cell cycle,
with a new flagellum assembling alongside (Kohl and Bastin,
2005). This organism therefore provides an excellent model to
study differential regulation of flagellum growth in a single cell.
Here, we show that CEP164C is important for the locking
mechanism, and our results illustrate a novel concept in the
regulation of flagella growth for cells with stable flagella that
need to maintain the length of existing flagella during growth of
new flagella.

Results and discussion

CEP164C is recruited to transition fibers in the third cell cycle
after basal body formation

Recent worked showed that assembled flagella are prevented
from further elongation via a lock mechanism (Bertiaux et al.,
2018). In mammalian cells, the centrosome protein (CEP) 164 is
located at the distal appendages of centrioles and is important
for the docking of centrioles to the plasma membrane for as-
sembly of cilia (Graser et al., 2007; Slaats et al., 2014; éajének
and Nigg, 2014). Given its specific localization, CEP164 could
play a role in regulating entry of components into the flagellum
and a genome-wide localization study (Dean et al., 2017) showed

Biological and Medical Sciences, Oxford Brookes University, Oxford, UK; 2Trypanosome Cell Biology Unit and Institut National de la Santé et de la Recherche Médicale
U1201, Institut Pasteur, Paris, France; 3Sorbonne Université école doctorale complexité du vivant, Paris, France; “Warwick Medical School, University of Warwick,

Coventry, UK.

Correspondence to Sue Vaughan: svaughan@brookes.ac.uk.

© 2020 Atkins et al. This article is available under a Creative Commons License (Attribution 4.0 International, as described at https://creativecommons.org/licenses/by/4.0/).

Rockefeller University Press

J. Cell Biol. 2020 Vol. 220 No. 1  €202001160

W) Check for updates

https://doi.org/10.1083/jcb.202001160

920z Arenuged 60 U0 3senb Aq 4pd 091 100202 A2l/51.8.191/091 10020Z8/1/0zZZ/4Ppd-8loe/qol/B10"sseidnu//:dny woy papeojumog

1of9


https://orcid.org/0000-0002-1219-6958
https://orcid.org/0000-0002-2836-9622
https://orcid.org/0000-0002-3042-8679
https://orcid.org/0000-0002-4792-2198
https://orcid.org/0000-0002-0925-4491
mailto:svaughan@brookes.ac.uk
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1083/jcb.202001160
http://crossmark.crossref.org/dialog/?doi=10.1083/jcb.202001160&domain=pdf

TbRP2 TbCEP164C

A
B 5| [
B l'l'

Merged

-
wn

aseyd-

C
-~ O |
i
D NF,//Z\‘* g
D i) 8
H Rk
\ ~ ”
E 100+—
80—
[2]
o 60— M Present
o
Absent
5 401—
X
20+
04
G1 S-phase Post-mitosis
1BB 2BB
pair pairs
Basal body maturation and the aquisition of CEP164C
OF Cell cycle 1 index:
orange - new flagellum (NF)
blue - old flagellum (OF)
green - CEP164C
magenta - basal body undergoing
2 Cell cycle 2 maturation
grey - basal bodies

Cell cycle 3

Cell cycle 1: Pro-basal body (magenta) forms.
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and its flagellum is no longer extending. It is now the OF.

Figure 1. Cell cycle-dependent localization of CEP164C. (A-D) Endoge-
nously tagged mNG:CEP164C (green) colocalized with transition fiber protein
RP2 (magenta) in detergent-extracted cytoskeletons. Scale bars, 5 um (inset,
400 nm). (E) Presence (blue) and absence (green) of CEP164C through the
cell cycle; n = 200 cells/cell cycle stage). (F) Basal body maturation and ac-
quisition of CEP164C acquisition. A basal body is highlighted in magenta to
illustrate maturation over three cell cycles before CEP164C acquisition. Ar-
row, mature basal body of the old flagellum; arrowhead, mature basal body of
the new flagellum. BB, basal body; NF, new flagellum; OF, old flagellum.

CEP164C was located only on the old flagellum in biflagellate
dividing cells. ThbCEP164C was endogenously tagged with
mNeonGreen (mNG) at its N-terminus (Fig. 1, A-D) and colo-
calized with an antibody to the transition fiber protein retinitis
pigmentosa-2 (Stephan et al., 2007). In dividing cells, there are
two flagella, one old flagellum assembled in a previous cell cycle
and one growing new flagellum. CEP164C was only located on
the mature basal body of the assembled old flagellum (Fig. 1, C
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and D, arrow) and not the mature basal body of the new fla-
gellum (Fig. 1, B-D, arrowhead), even though both mature basal
bodies were docked to the plasma membrane. Thus, at cytoki-
nesis, the daughter cell with the old flagellum had a CEP164C
signal, but the daughter cell with the new flagellum did not
(Fig. 1 D). Given this, there should be 50% of Gl cells positive
for CEP164C and 50% negative for CEP164C. However, multiple
experiments revealed no more than 40% of Gl cells with
CEP164C, suggesting that CEP164C is removed from the old
flagellum after cytokinesis and then returns at the start of the
next cell cycle. (Fig. 1 E; n = 800 cells). Removal after cytoki-
nesis could indicate that CEP164C is not needed, as G1 cells are
not growing a new flagellum and a lock would only be required
when the cell grows another flagellum.

Basal bodies and centrioles have a defined maturation lineage
across multiple cell cycles and these results reveal a novel lo-
calization pattern that distinguishes the two mature basal bodies
in a dividing cell. After initial formation in one cell cycle, a pro-
basal body/pro-centriole must proceed through a second cell
cycle to mature and assemble a flagellum/cilium. Here, we have
shown that it is only in the third cell cycle that CEP164C is ac-
quired, after completion of flagellum assembly in trypanosomes
(Fig. 1 F).

Knockdown of CEP164C leads to dysregulation of

flagellum growth

We hypothesized that if CEP164C does play a role in locking
further growth of the assembled old flagellum, then depletion
would result in dysregulation of flagellum growth on both the
old and new flagella. CEP164C knockdown was performed fol-
lowing stable transformation of trypanosomes with a plasmid
expressing double-stranded RNA under tetracycline-inducible
promotor control (Inoue et al., 2005). Depletion of CEP164C
was confirmed by Western blotting, and there was no effect on
cell growth or cell motility (Fig. 2, A and B). However, in cells
with a single flagellum, flagella were either much longer
(Fig. 2 D) or much shorter (Fig. 2 E) than in control cells (Fig. 2
C). Growth of flagella occur during the cell division cycle, with a
new flagellum growing alongside an old assembled flagellum, so
biflagellated postmitotic cells were investigated to see if there
were problems with flagellum growth. In wild-type postmitotic
cells, the growing new flagellum is normally slightly shorter
than the old flagellum, with assembly completed following cy-
tokinesis (Farr and Gull, 2009). However, there was a signifi-
cantly greater disparity between new and old flagellum lengths
in postmitotic cells in the RNAi-induced population (Fig. 2, F and
G); very long flagella were always the old ones (Fig. 2, G and J),
whereas the short flagella were always the new ones (Fig. 2, G
and I). Measurements of flagellum length in Gl cells with a single
flagellum (Fig. 2 H) and dividing postmitotic cells (Fig. 2, H-])
revealed a significantly wider variation in the length of flagella
after RNAi induction. In induced postmitotic cells, the old fla-
gellum could reach up to 37 um in length compared with a
maximum of 26 pm in uninduced cells (Fig. 2J). This disparity in
flagellum lengths results in a significantly lower new flagellum/
old flagellum ratio at 57% (Fig. 31, orange) in RNAi-depleted cells
compared with the control at 70% (Fig. 3 I, blue). This confirms
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Figure 2. Knockdown of CEP164C disrupts flagellum length. (A) Growth curve. (B) Western blot. Anti-Ty1 antibody (BB2) for knockdown of Ty:mNG:
CEP164C (128kD). Ty:mScarlet: ThSAS-6 (110kD) loading control. (C-G) Detergent-extracted cells with flagellum marker L8C4. G1 cells with one flagellum
(C-E) and biflagellated cells (F and G) are shown. Scale bars, 5 um. (H-J) Measurements of flagellum length in the uninduced condition and 24 and 96 h after
RNAi induction. (H) Single-flagellum G1 cells (Wilcoxon test O h versus 96 h, P = 5.2e-08). (I) Postmitotic two-flagella cells (new flagellum; Wilcoxon test O h
versus 96 h, P = 2.07e-56). (J) Old flagellum (Wilcoxon test O h versus 96 h, P = 2.024e-10). n = 200 cells/time point. (K) Absence of CEP164C leads to

dysregulation of flagellum growth. NF, new flagellum; OF, old flagellum.

that the wide disparity in flagellum lengths seen in Gl cells de-
rived from dysregulation of flagellum growth between the two
flagella during the cell cycle. This observation is consistent with
CEP164C contributing to a locking mechanism that is lost on
depletion of CEP164C, causing continuous flagellum growth of
the old flagellum over several cell cycles.
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To determine if IFT differed following CEP164C depletion,
IFT52:mNG fusion protein was expressed from its endogenous
locus in the inducible CEP164C RNAI cell line. There was no
significant difference in the frequency of IFT trains between
uninduced (0.57 trains/s) and 72 h after induction (0.55 trains/s;
n = 10 cells per experiment). Cell shape and ultrastructure of the
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flagellum were analyzed for potential abnormalities that might
cause dysregulation. Scanning EM illustrated normal fusiform
cell shape, but with shorter and longer flagella compared with
uninduced cells (Fig. S1, A-D). Transmission EM did not reveal
any visible abnormalities in the ultrastructure of the flagellum
(Fig. S1, E and F) or basal bodies (Fig. S1, G and H). Longitudinal
sections of the transition zone were analyzed and measured,

Atkins et al.
Flagellum length control in stable flagella

CEP164CRNAI - No Teniposide

with no abnormalities observed and no difference in length seen
(Fig. S1, I-K; n = 25 sections). The grow-and-lock model predicts
that a molecular lock is applied to prevent flagellum length
change after assembly, locking the old flagellum into a stable
configuration, but this is clearly absent in these induced RNAi
cells. Importantly, since there are no abnormally long new fla-
gella in dividing cells, then the abnormally long old flagella must
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occur via their continued growth in preceding cell cycles when
the lock has not been applied (Fig. 2 K).

CEP164C accumulates on locked flagella

Previous work showed that when the cell division inhibitor te-
niposide was applied, the new flagellum could grow to the same
length as the old flagellum but never exceeded it. This work
demonstrated that the new flagellum was locked to prevent
further growth even in the absence of cytokinesis, showing that
locking of growth is cell cycle independent (Bertiaux et al.,
2018). We reasoned that if CEP164C is involved in the locking
mechanism, then CEP164C would accumulate at the base of a
new flagellum once it was close to the length of the old flagellum
in these teniposide-treated cells. To test this, we added tenipo-
side to cells expressing the endogenously tagged mNG:CEP164C.
In untreated cells, CEP164C was only at the base of the old fla-
gellum in biflagellated dividing cells, as expected (Fig. 3, A and
B). After 24 h of teniposide treatment, CEP164C was still at the
base of the old flagellum in biflagellated dividing cells (Fig. 3 C;
one signal), but CEP164C was also at the base of the new fla-
gellum in 40% of biflagellated dividing cells (Fig. 3 D; two sig-
nals). (Note that this an asynchronous cell population so would
only expect a proportion of cells to have longer new flagella and
therefore an additional CEP164C signal.) New flagella in cells
with one CEP164C signal were significantly shorter than new
flagella in cells with two CEP164C signals, resulting in a new
flagellum/old flagellum ratio of only 46% in one-signal cells
compared with 82% in two-signal cells (Fig. 3 E, dark blue
[control] versus one signal [pink]). This would be expected, as
the new flagellum in one-signal cells is still growing and no lock
has been applied. The two-signal cells have a new flagellum/old
flagellum ratio that is almost identical to that of control cells
without the addition of teniposide (Fig. 3 E, control late [post-
mitotic]), suggesting that a lock has been applied in order to
prevent further growth. This supports the hypothesis that
CEP164C is added to the base of long new flagella in teniposide-
treated cells and is involved in the locking mechanism (Fig. 3 F).
Finally, CEP164C RNAi-depleted cells were incubated with te-
niposide to investigate if the short new flagella in CEP164C
RNAi-depleted biflagellated dividing cells could grow any longer
following addition of teniposide when cytokinesis was inhibited.
CEP164C RNAI cells were induced for 24 h, and then teniposide
added for 24 h. This showed that the new flagellum grew sig-
nificantly longer following addition of teniposide (Fig. 3, G and
]). The old flagellum did not grow significantly longer (Fig. 3 H),
but the new flagellum/old flagellum ratio remained significantly
lower in induced CEP164C RNAI cells than in controls, demon-
strating that there was continued dysregulation in flagellum
growth (Fig. 3,1 and J).

Appearance of ectopic CEP164C on the new flagella basal body

Given that loss of CEP164C leads to continued growth of the old
flagellum, we decided to test if ectopic CEP164C expression
caused inappropriate accumulation of CEP164C at the new fla-
gellum basal body leading to dysregulation of flagellum elon-
gation. Inducible ectopic expression of CEP164C:mNG was
confirmed by Western blot and had no effect on cell growth
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(Fig. 4, A and B). Ectopically expressed CEP164C::mNG was ab-
sent in most Gl cells with a single flagellum (Fig. 4 C) and lo-
calized to the base of the old flagellum in all biflagellated cells,
illustrating the same localization pattern as that observed in
endogenously expressed CEP164C (Fig. 4 D, OF). However,
CEP164C::mNG also located to the base of the new flagellum as
well as the old flagellum in 36% of biflagellated cells by 72 h after
induction, though often with a lower signal intensity than on the
old flagellum (Fig. 4, E and F; n = 200 cells). We hypothesized
that the new flagellum could be shorter in cells with ectopic
CEP164C signal on the new flagellum, as a lock to growth could
be applied. To test this, CEP164C signal intensity at the new
flagellum base was plotted against new flagellum length. This
revealed a trend for shorter flagellum lengths in cells with
brighter signal intensity of ectopic CEP164C::mNG (Fig. 4 G; n =
84 cells, Pearson correlation, r = 0.229, P = 0.037). In summary,
these results show that ectopically expressed CEP164C::mNG can
abnormally associate with the new flagellum basal body in some
dividing cells in addition to its expected localization on the old
flagellum basal body. This might occur when all the sites for
CEP164C on the old flagellum basal body are occupied, but ex-
actly how proteins are able to distinguish between old and new
flagella is still an unanswered question.

Maintaining an old flagellum while growing a new flagellum

A number of models propose how flagellum length is controlled
in eukaryotic organisms, including balance point (Marshall and
Rosenbaum, 2001; Marshall et al., 2005), limiting pool (Goehring
and Hyman, 2012), cargo loading (Craft et al., 2015), and grow
and lock (Bertiaux et al., 2018; Bertiaux and Bastin, 2020). Fla-
gellum assembly has been well characterized in C. reinhardtii,
where two new flagella are formed simultaneously at each cell
cycle and the balance point model predicts that there is an
equilibrium between assembly and disassembly with equal ac-
cess to both flagella. Trypanosomes and other protists must
maintain one or more flagella while growing new ones, some-
times over several cell cycles (Bertiaux and Bastin, 2020). In
trypanosomes, IFT is not required for maintenance of assembled
flagella, as knockdown of IFT components does not shorten an
assembled flagellum and increased IFT does not lengthen an
already assembled flagellum (Bertiaux et al., 2018). Depletion of
CEP164C by RNAI led to further growth of the old flagellum,
presumably due to the absence of a lock to growth. Significantly,
the new flagellum of the same cell turned out to be shorter. One
explanation could be that the new flagellum was unable to reach
the normal length as material was also entering the old flagel-
lum, suggesting competition between the two flagella for an
intrinsic limit of flagellum components within a cell cycle. In-
deed, the soluble pool of tubulin and other flagellar components
is small in trypanosomes (Bastin et al., 1998; Schneider et al.,
1987; Bertiaux et al., 2018), and it is currently unknown whether
there is a restricted access of soluble components to the locked old
flagellum (Bertiaux et al., 2018). When cytokinesis was inhibited
in CEP164C-depleted cells using teniposide, the new flagellum
grew longer. Although these results are not altogether incompat-
ible with a balance point model, it does not easily explain how
assembled flagella are maintained even in the absence of IFT.
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Tet, tetracycline.

Our results show that CEP164C is only acquired in the third
cell cycle after initial basal body formation, and this coincides
with completion of flagellum growth. This is consistent with
CEP164C contributing to the locking mechanism at the entry
point of flagellum close to the transition fiber area. This ap-
parent “age discrimination” is not understood but could be via
modifications to the axoneme to prevent disassembly, distal tip
cap modifications, control at the base of the flagellum base, or a
combination of these factors (Bertiaux and Bastin, 2020). CEP164C
depletion appeared to be sufficient for unlocking growth in an
already assembled flagellum, showing that control at the base of
an assembled flagellum is important. Future work to discover
candidate interacting partners of CEP164C could help to under-
stand how this protein is differentially targeted.

In mammalian cells, CEP164 is critical for centriole docking to
the membrane via distal appendages (analogous to transition
fibers) and recruits the serine/threonine protein kinase TTBKII
to the centriole, promoting cilia growth by the removal of coiled-
coil protein 10 (Graser et al., 2007; éajének and Nigg, 2014;
Schmidt et al., 2012; Burke et al., 2014). Here, docking to the
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flagellar pocket membrane and flagellum growth still occurred
in the absence of CEP164C. Trypanosomes have three noniden-
tical CEP164 proteins (Hodges et al., 2010), which all contain the
conserved N-terminal WW domain and a C-terminal coiled-coil
domain, but differ significantly from CEP164C (21-26% identity).
Unlike CEP164C, CEP164A and CEP164B both localize to the basal
body of both old and new flagella (Dang et al., 2017). No ortho-
logues of TTBKII and coiled-coil protein 10 were identified in
Trypanosoma brucei by reciprocal best blast, suggesting these
pathways are regulated by different proteins or trypanosome
CEP164 performs a distinct function to its mammalian or-
thologue. There are multiple CEP164 orthologues in Parame-
cium, Tetrahymena, Giardia, Leishmania, and Trichomonas
(Hodges et al., 2010), indicating that CEP164 proteins poten-
tially perform multiple functions in regulation of flagellum/
cilium growth in eukaryotic organisms. CEP164C could be part
of a common regulatory mechanism in many ciliated unicel-
lular organisms that have to deal with multiple flagella within
a cell and is an underappreciated mechanism of flagellum
regulation.
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Materials and methods
Parasites and culture conditions

SmOxP9 procyclic T. brucei were used for all experiments. These
were derived from TREU 927 strain, expressing T7 RNA poly-
merase and tetracycline repressor (Poon et al., 2012). Cells were
cultured in SDM79 media supplemented with Hemin and 10%
fetal calf serum (Brun and Schonenberger, 1979) at 28°C and
maintained at a density between 1 x 10 and 1 x 107 cells/ml.
Analysis of growth was performed at a starting density of 2 x 108
cells/ml and monitored daily using a Z2 Coulter Counter.

Cell line generation

A reporter cell line was made expressing TbSAS6 (Tb927.9.10550)
endogenously tagged with mScarlet as a basal body marker
and for Western blot analysis. This was generated using the
PCR tagging methodology (Dean et al., 2015). Endogenous
tagging of CEP164C (Tbh927.1.3560) with mNG was performed.
A tagging construct encoding the Ty::mNG tag and blasticidin
resistance was amplified from the pPOTv4 plasmid using long
primers incorporating 80 nt of homology to CEP164C and its
adjacent UTR (Dean et al., 2015; forward, 5'-ATTTCTACGCTC
ACGCTATATTACTCTCTTTCTTTCCATTAGAAAGGTCGACTC
ATAGTCGAAATTTTTTTTTTGAAGCTGTATAATGCAGACCTG
CTGC-3’; reverse, 5'-AGCCATTTCCCGTACTCCAGAAGCTCG
GTTTCTGAAGGTTCGTAATTGTCGCTCGTCACAACATCTAGA
ACTACGGACATACTACCCGATCCTGATCC-3).

The amplicon was transfected into SmOxP9 procyclic form T.
brucei using program X-001 on a Nucleofector 2b (Lonza). The
RNAi plasmid for the knockdown of CEP164C was generated
using the pQuadra system (Inoue et al., 2005). Oligos were de-
signed for the amplification of CEP164C using RNAit (forward,
5'-TCTGAAACGCATTTGTCTGC-3'; reverse, 5'-GCACAGCAC
AGAGGTTGAAA-3'; Redmond et al., 2003). The PCR product and
the plasmids pQuadra 1 and pQuadra 3 were digested with
BstXII. Then, the PCR product and the fragment released from
pQuadra 1 were ligated into the pQuadra 3 backbone. Following
sequencing confirmation, the plasmid was linearized with NotI,
and 2 pg was transfected into the endogenously tagged CEP164C:
mNG cell line. Doxycycline (1 pg/ml) was added to induce
knockdown of CEP164C expression.

For ectopic expression of CEP164C::mNG, the reporter cell
line expressing ThSAS-6 (Th927.9.10550) endogenously tagged
with mScarlet as a basal body marker was used (see above).
Oligos for ectopic expression of CEP164C were designed (for-
ward, 5'-TTAACTAGTATGTCCGTAGTTCTAGATG-3'; reverse, 5'-
aaaggatccTTAATGAGCCGATTTACCC-3’) and used to amplify the
CEP164C ORF from T. brucei wild-type genomic DNA. The PCR
product was digested with Spel and BamHI and ligated into the
pDEX777 vector digested with Spel and Xbal (Poon et al., 2012).
This was necessary due to the Xbal sites present in the sequence of
the Ceplé4c PCR amplicon. Following sequencing confirmation,
the plasmid was linearized with Notl and 2 ug transfected into the
TbSAS6:mScarlet basal body marker cell line. Doxycycline (1 pg/
ml) was added to induce ectopic CEP164C expression.

To monitor IFT trains following CEP164C depletion, endoge-
nous tagging of IFT52 (Th927.10.14980) with mNG was per-
formed as above in the CEP164C RNAI cell line.
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Fixed and live-cell microscopy

For whole-cell immunofluorescence, cells were washed three
times with PBS and allowed to settle on poly-L-lysine-coated
slides before fixing with 2% formaldehyde in PBS for 10 min and
then washing for 10 min in PBS. For cytoskeleton preparations,
cells were washed three times with PBS and allowed to settle on
poly-L-lysine-coated slides. 0.5% Nonidet P-40 in PEME
(100 mM Pipes-NaOH, pH 6.9, 2 mM EGTA, 1 mM MgSO,, and
100 nM EDTA) was added to the cells for 30 s, followed by fix-
ation in -20°C methanol for 20 min. Cytoskeletons were rehy-
drated in PBS for 10 min. For immunofluorescence, slides were
incubated with primary antibodies diluted in PBS with 0.1% BSA
for 1h at room temperature followed by three washes of 10 min.
Primary antibodies used were mouse monoclonal L8C4 (1:200;
Kohl et al., 1999), rat monoclonal YL1/2 (Kilmartin et al., 1982; 1:
40; a kind gift from Professor Keith Gull, University of Oxford,
Oxford, UK), and Mab25 (Pradel, 2006; 1:100; a kind gift from
Professor Derrick Robinson, University of Bordeaux, Bordeaux,
France). Secondary antibodies were diluted in PBS with 0.1%
BSA was added to the slides for 45 min at room temperature.
Slides were washed three times in PBS for 10 min, with DAPI
(2 mg/ml) added to the penultimate wash. Slides were mounted
with coverslips using antifade reagent (ProLong antifade; In-
vitrogen). For live-cell microscopy, cells were washed three
times in PBS supplemented with 10 mM glucose and 46 mM
sucrose (vPBS). In the second wash, DNA was stained using
10 pg/ml Hoechst 33342. After the third wash, cells were re-
suspended in PBS, settled onto glass slides, mounted with a
coverslip, and imaged immediately.

Cells and cytoskeletons were observed and images collected
using a Zeiss Axioimager Z2 microscope with a Hamamatsu
ORCA-Flash 4.0 camera. A planAPO 100x NA 1.46 oil-immersion
objective was used, and all images were acquired at room tem-
perature. Images were processed using Image J. Brightness and
contract was adjusted for the whole image where necessary for
clarity of the image. To measure relative fluorescence intensity
in the ectopic expression studies, all images were taken at the
same exposure time of 30 ms. Fluorescence intensity was de-
termined using FIJI (Image]) by measuring the mean gray value
in a given area surrounding the basal bodies of the new flagel-
lum. A background value from the anterior region of the cell was
subtracted from the measured value in each cell. For live video
microscopy of IFT trafficking, cells expressing mNG::IFT52 were
deposited it on glass slide, covered with a coverslip, and ob-
served directly with a Leica DMI4000 microscope equipped with
a 100x NA 1.4 lens (Leica) at room temperature. Videos were
acquired using an Evolve 512 electron-multiplying charge-
coupled device camera (Photometrics), driven by the Metavue
acquisition software (Molecular Probes). IFT trafficking was
recorded in at 100 ms per frame for 30 s. Kymograph analysis
was used to quantify anterograde IFT using KymographDirect
(v2.1).

Western blot analysis

Cells were heated at 100°C in Laemmli loading buffer (4% SDS,
20% glycerol, 120 mM Tris-HC], pH 6.8, and 0.2% bromophenol
blue) for 5 min. Protein from 10° cells/lane were separated on a
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10% SDS-PAGE gel, followed by a transfer to a polyvinylidene
difluoride membrane using the Mini Trans-Blot system (Bio-
Rad), according to the manufacturer’s protocol. The transferred
membrane was blocked with 5% skimmed milk (Sigma-Aldrich)
in TBS-T (50 mM Tris-HCl, 100 mM NaCl, pH 7.6, and 0.1%
Tween-20) for 1 h. Mouse monoclonal antibodies: anti-TY
(1:200; Bastin et al., 1996), 1L8C4, L13D6 (Kohl et al., 1999;
1:200), a kind gift of Professor Keith Gull (University of Oxford,
Oxford, UK) were incubated with the membrane for 1 h. Three
membrane washes were performed with TBS-T and incubated
for 1 h with anti-mouse IgG coupled to HRP (Jackson Labora-
tory), diluted 1:10,000. The membrane was washed three times
with TBS-T following secondary antibody incubation. For final
detection of protein, the chemiluminescence reaction was
performed with WesternBright Quantum HRP substrate (Ad-
vansta) according to the manufacturer’s protocol.

Inhibition of cell division

Teniposide (SML0609; Sigma-Aldrich), a topoisomerase 1I in-
hibitor, was dissolved in DMSO and added to 1.5 x 10° cell/ml
culture of the endogenously tagged CEP164C:mNG or CEP164C
RNAI cell line 24 h after induction of RNAI at a final concen-
tration of 200 pM (Bertiaux et al., 2018). In the control flasks,
the same volume of DMSO without teniposide was added.
Samples were collected 24 h after teniposide treatment. CEP164C
RNAi cells were treated with teniposide after 24 h of RNAI in-
duction and collected 24 h after teniposide treatment. RNAi in-
duction was maintained with tetracycline during the 24-h
treatment with teniposide.

Transmission EM

A final concentration of 2.5% glutaraldehyde (TAAB) was added
to the culture suspension. Cells were pelleted and resuspended
in a primary fixative containing 2.5% glutaraldehyde, 2% para-
formaldehyde (Agar Scientific), and 0.1% tannic acid (TAAB) in
0.1 M phosphate buffer, pH 7.0 (Sigma-Aldrich). Cells were fixed
for 2 h at room temperature. Pellets were washed with 0.1 M
phosphate buffer (pH 7.0) and postfixed in 1% osmium tetroxide
(Agar Scientific) in 0.1 M phosphate buffer (pH 7.0) for 1 h at
room temperature. Samples were rinsed and stained en bloc for
40 min in 2% aqueous uranyl acetate (TAAB), dehydrated in an
ascending acetone series (Fisher Scientific), and embedded in
hard formulation Agar 100 resin (Agar Scientific). 70-nm thin
sections were made and stained using lead citrate for 5 min,
followed by three washes with MilliQ water. Images were cap-
tured using a Hitachi H-7650 transmission electron microscope.

Scanning EM

Uninduced control cells and 96-h-induced CEP164C RNAi sam-
ples were collected and a final concentration of EM grade 2.5%
glutaraldehyde in PBS (pH 7.2) was added to the media. Cells
were then concentrated by centrifugation, and 2.5% glutaral-
dehyde in PBS (pH 7.2) was added to cells for 2 h at room tem-
perature. Cells were settled on 13-mm glass coverslips and
washed three times with ddH,0, followed by a serial dehydra-
tion in ETOH (30%, 60%, 70%, and 90%, 3 x 100%). Samples were
critical-point dried according to the manufacturer’s instructions
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and coated with gold. Images were captured using a Hitachi S-
3400 microscope.

Flagella measurements

Measurements of flagellum length were performed using Image]J
on images of cytoskeletons labeled with either the anti-axoneme
antibody mAb-25 or the anti-PFR antibody L8C4. See above for
details regarding the antibodies used.

Statistics and graphs

The statistical tests, F test and Wilcoxon, were performed in
RStudio. Pearson’s correlation test was calculated in Microsoft
Excel. Graphs for the analysis were made in RStudio and
Microsoft Excel. All errors correspond to the standard devi-
ation of the population. Statistically significant differences
are indicated (*, P < 0.05; **, P < 0.01; ***, P < 0.001). The
number of samples analyzed for each experiment is indicated
in the figure legends.

Online supplemental material
Fig. S1 shows the results of EM of the CEP164C RNAi cell line.
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Figure S1. Ultrastructural analysis of CEP164C RNAi cell line. (A-D) Scanning EM of uninduced (A) and induced CEP164C RNAi cells (B-D) at 72 h after
induction of RNAi illustrating the presence of small cells (B), dividing cells with a long old flagellum (C, arrow), and a dividing cell producing one short and one
long daughter (D). (E-J) Transmission EM of CEP164C RNAi cells showing cross sections of the 9 + 2 microtubule axoneme in uninduced (E) and induced (F)
cells, cross sections of a basal body (G) and a transition zone (H) of induced cells, and longitudinal sections of the transition zone in uninduced (1) and induced (J)
cells. (K) Measurement of the length of the transition zone in longitudinal transmission EM sections (n = 25). Error bars show variability of data.
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