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Centriolar satellites expedite mother centriole remodeling to promote ciliogenesis. 1 
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Abstract  25 

Centrosomes are orbited by centriolar satellites, dynamic multiprotein assemblies nucleated 26 
by Pericentriolar Material 1 (PCM1). To study the requirement for centriolar satellites, we 27 
generated mice lacking PCM1, a crucial component of satellites. Pcm1-/- mice display 28 
partially penetrant perinatal lethality with survivors exhibiting hydrocephalus, oligospermia 29 
and cerebellar hypoplasia, and variably expressive phenotypes such as hydronephrosis. As 30 
many of these phenotypes have been observed in human ciliopathies and satellites are 31 
implicated in cilia biology, we investigated whether cilia were affected. PCM1 was 32 
dispensable for ciliogenesis in many cell types, whereas Pcm1-/- multiciliated ependymal 33 
cells and human PCM1-/- retinal pigmented epithelial 1 (RPE1) cells showed reduced 34 
ciliogenesis. PCM1-/- RPE1 cells displayed reduced docking of the mother centriole to the 35 
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ciliary vesicle and removal of CP110 and CEP97 from the distal mother centriole, indicating 36 
compromised early ciliogenesis. Similarly, Pcm1-/- ependymal cells exhibited reduced 37 
removal of CP110 from basal bodies in vivo. We propose  that PCM1 and centriolar satellites 38 
facilitate efficient trafficking of proteins to and from centrioles, including the departure of 39 
CP110 and CEP97 to initiate ciliogenesis, and that the threshold to trigger ciliogenesis 40 
differs between cell types.  41 

  42 

 43 

 44 

 45 

  46 
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Introduction 47 

A pair of microtubule-based centrioles form the heart of the centrosome. In addition 48 
to roles in spindle formation during mitosis, centrioles are critical to ciliogenesis, the process 49 
of building a cilium during interphase (Nigg and Holland, 2018). In most cells, the older 50 
mother centriole uniquely matures into the basal body, which serves as the foundation for 51 
the primary cilium, a single signaling antenna. In contrast, multiciliated cells lining the 52 
trachea, oviduct and brain ventricles generate many basal bodies that then nucleate many 53 
motile cilia per cell.  54 

In all cells, dynamic remodeling of centrioles is required for ciliogenesis. Key early 55 
steps in ciliogenesis include basal body acquisition of distal appendages and the removal of 56 
CP110 and CEP97 from the distal end of the mother centriole, two proteins that inhibit 57 
assembly of the ciliary axoneme (Čajánek and Nigg, 2014; Goetz et al., 2012; Schmidt et al., 58 
2012, 2009; Sillibourne et al., 2013; Spektor et al., 2007; Tanos et al., 2013; Tsang et al., 59 
2008). How the cell controls centriole remodeling remains unclear.  60 

Surrounding the centrosome and ciliary base are centriolar satellites, small 61 
membrane-less granules which move along cytoplasmic microtubules (Bärenz et al., 2011; 62 
Kubo et al., 1999; Kubo and Tsukita, 2003; Odabasi et al., 2020). PCM1 is both a 63 
component of centriolar satellites and necessary for centriolar satellite formation 64 
(Dammermann and Merdes, 2002; Kubo and Tsukita, 2003; Odabasi et al., 2019; Wang et 65 
al., 2016). With PCM1, a diverse array of proteins co-localize at centriolar satellites 66 
(Gheiratmand et al., 2019; Gupta et al., 2015; Odabasi et al., 2019; Quarantotti et al., 2019), 67 
and many of these components also localize at centrioles themselves (Kodani et al., 2015; 68 
Lopes et al., 2011). Centriolar satellites are dynamic, change in response to cell stresses, and 69 
have been implicated in diverse processes including Hedgehog signaling, autophagy, 70 
proteasome activity and aggresome formation (Holdgaard et al., 2019; Hori and Toda, 2017; 71 
Joachim et al., 2017; Kubo and Tsukita, 2003; Lecland and Merdes, 2018; Odabasi et al., 72 
2019; Prosser et al., 2022; Prosser and Pelletier, 2020; Tang et al., 2013; Tollenaere et al., 73 
2015; Villumsen et al., 2013; G. Wang et al., 2013). Possibly reflecting involvement in these 74 
diverse biological processes, genetic perturbation of centriolar satellite components can 75 
compromise cilia formation and contribute to human ciliopathies and microcephaly (Conkar 76 
et al., 2017; Kim et al., 2008; Klinger et al., 2014; Kurtulmus et al., 2016; Lee and Stearns, 77 
2013; Mikule et al., 2007; Staples et al., 2014), perhaps in a cell-type specific way (Monroe et 78 
al., 2020; Odabasi et al., 2019; Wang et al., 2016). Thus, understanding of the function of 79 
PCM1 and centriolar satellites is emerging. 80 
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To investigate the functions of centriolar satellites in vivo, we generated Pcm1 null 81 
mice. We found that PCM1 is important for perinatal survival. Pcm1-/- mice surviving the 82 
perinatal period displayed dwarfism, male infertility, hydrocephaly, cerebellar hypoplasia and 83 
variably expressive ciliopathy-associated phenotypes such as hydronephrosis, reflecting 84 
important roles for centriolar satellites in promoting both primary and motile ciliogenesis. In 85 
assessing how centriolar satellites enable ciliogenesis, we found that cells lacking PCM1 86 
display compromised docking of the mother centriole to the ciliary vesicle and attenuated 87 
removal of CP110 and CEP97. Thus, we propose that centriolar satellites shape the mother 88 
centriole to promote critical early steps in ciliogenesis.  89 

 90 

 91 

  92 
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Results 93 

Pcm1-/- mice exhibit perinatal lethality and ciliopathy-associated phenotypes. 94 

To investigate the in vivo function of centriolar satellites in mammals, we used 95 
CRISPR/Cas9 to create deletions in mouse Pcm1. Among the mutations generated, Pcm1∆5-96 
14 introduced a frameshift after the first amino acid leading to a premature stop and Pcm1∆796-97 
800 caused a frameshift and premature stop in exon 6 (Figure 1 - figure supplement 1A). 98 
Immunoblotting with antibodies to two regions of PCM1, PCM1 immunofluorescence of 99 
mouse embryonic fibroblasts (MEFs) derived from Pcm1 mutant mice, and mass 100 
spectrometry-based proteomic analysis indicated that both mutations prevented formation of 101 
detectable PCM1 protein (Figure 1A, B, Figure 1 - figure supplement 1B, C). Mice 102 
homozygous for either Pcm1 mutation exhibited indistinguishable phenotypes (Figure 1 - 103 
figure supplement 2). Thus, we surmise that both mutations are likely to be null and 104 
henceforth we refer to both alleles as Pcm1-. 105 

 Pcm1-/- mice were present at normal Mendelian ratios at late gestation (embryonic 106 
day [E] 18.5) (Figure 1C, D, Figure 1- figure supplement 1D). As abrogation of cilia 107 
themselves results in midgestation lethality (Huangfu et al., 2003), the presence of Pcm1-/- 108 
embryos late in gestation suggests that PCM1 is not essential for all ciliogenesis. Indeed, 109 
cilia in several Pcm1-/- tissues were morphologically normal at E18.5 (Figure 1 - figure 110 
supplement 3A-E). However, by postnatal day (P) 5, half of Pcm1-/- mice had died (Figure 111 
1D, Figure 1 - figure supplement 1D), revealing that PCM1 is important for perinatal 112 
survival. 113 

Surviving Pcm1-/- mice were smaller than littermate controls, weighing less than half 114 
of controls at P28 (Figure 1E, F). This dwarfism was detectable before birth, indicating 115 
intrauterine growth retardation (Figure 1 - figure supplement 1E). The brains of surviving 116 
Pcm1-/- mice were proportionally smaller than those of littermates (Figure 1 - figure 117 
supplement 1F, G), and displayed marked hydrocephaly (Figure 2 A-C, Figure 2 - figure 118 
supplement 1A, B). Hydrocephaly can result from motile cilia dysfunction, raising the 119 
possibility that centriolar satellites are required for cilia formation and/or function in 120 
ependymal cells.  121 

In the postnatal brain, primary cilia are critical for Hedgehog signaling in cerebellar 122 
granule cell precursors. Decreased cerebellar Hedgehog signaling attenuates expansion of 123 
the granule cell precursors (Dahmane and Ruiz i Altaba, 1999; Spassky et al., 2008; 124 
Wallace, 1999; Wechsler-Reya and Scott, 1999). The cerebella of Pcm1-/- mice were smaller 125 
than those of littermate controls (Figure 2D-F, Figure 2 - figure supplement 1A). As the 126 
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cerebellum is important for motor coordination, we analyzed the gait of surviving Pcm1-/- 127 
mice. Consistent with altered cerebellar function, Pcm1-/- mice displayed ataxia (Figure 2G).  128 

We investigated whether Pcm1-/- mice exhibit other Hedgehog-associated 129 
phenotypes. A proportion of viable Pcm1-/- mice (n=2/15) developed hydronephrosis (Figure 130 
2H), which can also result from attenuated Hedgehog signaling (Yu et al., 2002). 131 

 Because retinal degeneration is characteristic of several ciliopathies and PCM1 was 132 
strongly expressed in the retina (Figure 2 - figure supplement 1 D), we examined the 133 
retinas of Pcm1-/- mice using fundal imaging and histological analysis at one year of age. 134 
Pcm1-/- mice did not display characteristic features of photoreceptor death, such as changes 135 
to retinal pigmentation on fundoscopy or reduction of the outer nuclear layer on histology 136 
(Figure 2 - figure supplement 1 E, F). Electroretinogram (ERG) testing at 9 months of age 137 
revealed no visual functional deficits in Pcm1-/- mice (Figure 2 - figure supplement 1 G-I). 138 
Therefore, PCM1 is not essential for photoreceptor survival, suggesting it is dispensable for 139 
photoreceptor ciliogenesis and ciliary trafficking. 140 

Surviving Pcm1-/- male mice were infertile with reduced sperm in seminiferous 141 
tubules (Figure 2I-K, Figure 2 - figure supplement 1C). The few Pcm1-/- sperm identified 142 
exhibited disrupted head-to-tail coupling, abnormal head morphology indicative of defective 143 
intramanchette trafficking, and immotility (Figure 2 - figure supplement 1C, Figure 2 – 144 
videos 1-3). We previously discovered similar defects in male mice lacking centriolar 145 
satellite component CEP131 (also known as AZI1) (Hall et al., 2013), consistent with the 146 
idea that centriolar satellites are essential for mammalian spermatogenesis and male fertility. 147 
Thus, PCM1 supports postnatal survival and is required for the function of multiple ciliated 148 
cell types. 149 

 150 

PCM1 promotes ciliogenesis in multiciliated cells. 151 

 During the perinatal period, ependymal cells lining the brain ventricles generate many 152 
motile cilia. Shortly after birth (P1), immature ependymal cells possess non-polarized, short 153 
cilia. Beginning at P3, ependymal cells form multiple long, polarized cilia; this ciliogenesis 154 
occurs in a wave across the ventricle from caudal to rostral. By P15, ependymal cilia mature 155 
to generate metachronal rhythm (Spassky et al., 2008). Recent work showed that 156 
knockdown of Pcm1 in cultured ependymal cells led to disrupted cilia ultrastructure and 157 
motility (Zhao et al., 2021).  158 

To explore whether defects in ependymal cilia could be the cause of hydrocephaly in 159 
Pcm1-/- mice, we imaged ependymal cilia in lateral ventricle walls. Pcm1-/- mice exhibited 160 
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numerous ependymal cell abnormalities, including fewer ependymal cells with multiple basal 161 
bodies at P3 and P5 (Figure 3A-C, Figure 3 - figure supplement 1A). However, by P16, 162 
Pcm1-/- mice had caught up and displayed normal numbers of ependymal cells with multiple 163 
basal bodies (Figure 3C, Figure 3 – figure supplement 1B). These results suggest a delay 164 
in centriole biogenesis in the absence of PCM1. Once committed as making multiple 165 
centrioles, the numbers of basal bodies per cell formed by Pcm1-/- ependymal cells in vivo 166 
was similar to controls at P5 (Figure 3B, E). However at this early stage, Pcm1-/- mice also 167 
exhibited increased numbers of cells with rosette-like arrangements of basal bodies (Figure 168 
3B, F). As rosettes are typically present earlier in ependymal centriole biogenesis, these 169 
results are consistent with the absence of PCM1 causing a delay in centriole biogenesis. In 170 
addition, basal bodies of Pcm1-/- ependymal cells displayed disrupted translational polarity of 171 
basal bodies within the apical domain, which persisted until P16 (Figure 3B, G, H, Figure 3 172 
- figure supplement 1A, B). Basal body positioning within the apical domain is thought to 173 
be independent of ciliary motility, suggesting roles for PCM1 in ependymal cells beyond 174 
motility (Kishimoto and Sawamoto, 2012; Mirzadeh et al., 2010b). Interestingly, Pcm1-/- 175 
ependymal cells contained highly elongated FOP- and Centrin-containing centriole-like 176 
structures measuring 5.0 ± 1.9 µm (mean ± SD) in length (Figure 3 - figure supplement 177 
2A-F). Together these results suggest disrupted centriole biogenesis and migration in the 178 
absence of PCM1. 179 

At P5, there were fewer Pcm1-/- ciliated ependymal cells, however by P16 the 180 
number of ciliated Pcm1-/- ependymal cells was equivalent to control ventricles (Figure 3A, 181 
B, D, Figure 3 - figure supplement 1A, B). This suggests a delay in ependymal 182 
ciliogenesis in the absence of PCM1, perhaps secondary to the delay in centriole 183 
biogenesis. At P3, Pcm1-/- ependymal cilia displayed ultrastructural defects, including 184 
missing microtubule doublets and fused axonemes (Figure 3I, K). 185 

To further analyze the function of PCM1 in multiciliogenesis, we cultured primary 186 
ependymal cells (Guirao et al., 2010) isolated from P0-P3 wild-type control and Pcm1-/- mice. 187 
These Pcm1-/- ependymal cells possessed fewer centrioles at the disengagement stage of 188 
centriole biogenesis, but once the cells became multiciliated had normal numbers of 189 
centrioles (Figure 3 - figure supplement 1C, E, G). In culture, Pcm1-/- ependymal cells 190 
formed fewer cilia than control ependymal cells (Figure 3J, L, Figure 3 - figure supplement 191 
1C, F). High speed video microscopy revealed that Pcm1-/- ependymal cilia beat slowly and 192 
uncoordinatedly (Figure 3J, M, N, Figure 3 – videos 1-3). These findings further support 193 
the conclusion that the lack of PCM1 causes a delay in centriole biogenesis and disrupted 194 
motile ciliary function. 195 
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Thus, PCM1 is not essential for ciliogenesis, but is required for timely basal body 196 
biogenesis, maturation, migration and ciliogenesis in ependymal cells. We propose that 197 
hydrocephaly in Pcm1-/- mice is caused by delayed ependymal cell ciliogenesis and 198 
compromised ciliary motility.  199 

Like the brain ventricles, the trachea is lined by motile multiciliated cells. To examine 200 
whether PCM1 also promotes ciliogenesis and ciliary motility in the airways, we examined 201 
mouse tracheal basal bodies and cilia by immunofluorescence. Pcm1-/- tracheal multiciliated 202 
cells in vivo did not display decreased numbers of basal bodies or cilia at P5, or altered 203 
axonemal ultrastructure at 6 months of age (Figure 3- figure supplement 3B, C, D). High 204 
speed video microscopy revealed Pcm1-/- tracheal cilia beat at normal frequency (Figure 3 - 205 
figure supplement 3E, Figure 3 - videos 4 and 5). 206 

To investigate the dynamics of ciliogenesis in these cells, we differentiated mouse 207 
tracheal epithelial cells (mTECS) into multiciliated cells in vitro (Eenjes et al., 2018; You et 208 
al., 2002). Concurring with a previous reports on the dispensability of PCM1 in mTECs 209 
(Vladar and Stearns, 2007), Pcm1-/- mTECs displayed normal basal body biogenesis, 210 
ciliogenesis and ciliary beat frequency (Figure 3 - figure supplement 3A, F). However, 211 
proteomic analysis of differentiating Pcm1-/- mTECs revealed that many motile ciliary 212 
proteins, including dynein motors, dynein assembly factors and dynein docking factors, were 213 
reduced early in ciliogenensis (ALI day 7) (Figure 3 - figure supplement 3G, 214 
Supplementary File 5). Similar to the transitory delay we observed in Pcm1-/- ependymal 215 
cell ciliogenesis, proteomic differences in Pcm1-/- mTECs resolved by ALI day 21 (Figure 3 - 216 
figure supplement 3G, Supplementary File 5). Thus, as in ependymal cells, PCM1 217 
promotes timely cilia maturation in tracheal cells. 218 

In multiciliated cells, PCM1 and other centriolar satellite proteins including CEP131 219 
and PCNT localize to fibrogranular material, satellite-like networks (Zhao et al., 2021). 220 
Consistent with previous findings from Zhao et al., we found that CEP131 in mTECs lacking 221 
PCM1 localized not to fibrogranular material but to centrioles, (Figure 3O). Similarly, in 222 
Pcm1-/- ependymal cells, CEP131 mislocalised to the centrioles, although rather than being 223 
absent from the fibrogranular material, this non-centriolar CEP131 pool became more 224 
elongated (Figure 3 – figure supplement 1H). Not all centriolar satellite components 225 
behaved similarly in the absence of PCM1; localization of PCNT was normal in Pcm1-/- 226 
ependymal cells (Figure 3 – figure supplement 1I). Thus, fibrogranular material in the 227 
absence of PCM1 can either be disrupted or change its distribution in different multiciliated 228 
cell types. Together, these results suggest that PCM1 is required for fibrogranular material 229 
integrity, centriole biogenesis and migration, and timely ciliogenesis in multiciliated cells. 230 
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 231 

PCM1 is required for centriolar satellite integrity.  232 
To assess whether PCM1 is essential for centriolar satellite integrity, we analyzed 233 

Pcm1-/- MEFs and PCM1-/- RPE1 cells (Kumar et al., 2021). Immunoblot and 234 
immunofluorescence analyses confirmed loss of PCM1 protein in the mutant cells (Figure 235 
1A, B, Figure 4A, H). In addition to PCM1 and CEP131, centriolar satellites contain proteins 236 
such as CEP290 and the E3 ligase MIB1 (Hall et al., 2013; Staples et al., 2012; Villumsen et 237 
al., 2013).  In control RPE1 cells, CEP131 and CEP290 localized to both centriolar satellites 238 
and to the centrioles themselves. In PCM1-/- RPE1 cells, the centriolar satellite pool of 239 
CEP131 was absent, CEP290 was reduced and dispersed, and both displayed increased 240 
accumulation at centrioles (Figure 4B, C).  In control MEFs, CEP131 and MIB1 localized to 241 
both centriolar satellites and to the centrioles themselves. In Pcm1-/- MEFs, the centriolar 242 
satellite pool of CEP131 was absent and MIB1 was reduced and dispersed, with CEP131 243 
displaying increased accumulation at centrioles, similar to Pcm1-/- tracheal epithelial cells 244 
(Figure 4D-G). We conclude that PCM1 is critical for centriolar satellite integrity. In the 245 
absence of satellites, some satellite proteins (e.g., CEP131, CEP290) over-accumulate at 246 
centrioles, while others (e.g., MIB1) do not, highlighting the protein-specific role centriolar 247 
satellites play in controlling centriolar localization. We propose that centriolar satellites both 248 
deliver and remove select cargos from centrioles. 249 

One way in which satellites could traffic cargos to and from centrioles would be via 250 
their movement within the cell. To visualize PCM1, we engineered mice expressing a fusion 251 
of PCM1 and the SNAP tag (Keppler et al., 2003) from the Pcm1 locus. We derived MEFs 252 
from Pcm1SNAP mice, covalently labeled PCM1-SNAP with tetramethylrhodamine (TMR) 253 
(Crivat and Taraska, 2012), and imaged centriolar satellite movement relative to cilia. 254 
Consistent with previous reports (Conkar et al., 2019), centriolar satellites moved both 255 
towards and away from the ciliary base, with frequent fission and fusion at the ciliary base 256 
(Figure 4 – video 1).  257 

To further explore how centriolar satellites promote ciliogenesis, we examined 258 
ciliogenesis in MEFs and RPE1 cells lacking PCM1. In accordance with previous 259 
observations (Odabasi et al., 2019; Wang et al., 2016), ciliogenesis was abrogated in 260 
several PCM1-/- RPE1 cell lines (Figure 4H - J) and could be rescued by expression of 261 
eYFP-PCM1 (Figure 4L).  262 

In marked contrast, and consistent with the tissue-specific effects of loss of PCM1 on 263 
ciliogenesis (Figure 1 – figure supplement 3), ciliogenesis was not perturbed in Pcm1-/- 264 
MEFs, with Pcm1-/- MEFs displaying cilia number, centrosome number and cilia length 265 
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indistinguishable from those of controls (Figure 4K, M, Figure 4 - figure supplement 1A-266 
D). Thus, PCM1, despite broad roles in regulating the centriolar localization of proteins such 267 
as CEP131, plays cell-type specific roles in ciliogenesis. 268 

 269 

PCM1 is dispensable for removal of Centrobin and assembly of distal and sub-distal 270 
appendages. 271 

An early step in ciliogenesis is the removal of daughter centriole-specific protein 272 
Centrobin (Stephen et al., 2015; Wang et al., 2018). A previous study proposed a role for 273 
PCM1-localizing centriolar satellites in regulating the abundance of Talpid3, a component of 274 
the distal centriole implicated in the removal of Centrobin from the mother centriole (Wang et 275 
al., 2018, 2016). We found that both Talpid3 and Centrobin localization to centrioles in 276 
PCM1-/- RPE1 cells was equivalent to those of controls (Figure 5 - figure supplement 1A - 277 
E). Thus, Talpid3 recruitment to centrioles and Centrobin removal from the mother centriole 278 
are not dependent upon PCM1 or, by extension, centriolar satellites. 279 

Distal appendages anchor the mother centriole to the ciliary membrane and sub-280 
distal appendages position the cilium within cells (Mazo et al., 2016; Schmidt et al., 2012; 281 
Sillibourne et al., 2013; Tanos et al., 2013). Since centriolar satellite cargos (e.g., CEP90, 282 
OFD1 and MNR) are essential for ciliogenesis and distal appendage assembly (Kumar et al., 283 
2021), we hypothesized that PCM1 may participate in distal or sub-distal appendage 284 
formation. To test this hypothesis, we examined localization of components of the distal (i.e., 285 
FBF1 and ANKRD26) and sub-distal appendages (i.e., Ninein) at the mother centriole. In 286 
PCM1-/- RPE1 cells, both distal and sub-distal appendage components localized to the 287 
mother centriole (Figure 5 - figure supplement 1F-K), although the amount of distal 288 
appendage proteins at the mother centriole was slightly reduced. Serial section transmission 289 
electron microscopy (TEM) confirmed that sub-distal and distal appendages were present in 290 
PCM1-/- RPE1 cells (Figure 5 - figure supplement 2). Therefore, centriolar satellites are not 291 
required for the assembly of distal or sub-distal appendages at the mother centriole.  292 

 293 

PCM1 promotes formation of the ciliary vesicle.  294 

After acquiring distal appendages, the mother centriole docks to preciliary vesicles, 295 
small vesicles which accumulate at the distal appendages of the mother centriole and are 296 
converted into a larger ciliary vesicle (Schmidt et al., 2012; Sillibourne et al., 2013; Tanos et 297 
al., 2013). To further examine the cause of reduced ciliogenesis in RPE1 cells lacking 298 
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centriolar satellites, we investigated whether preciliary vesicle docking or ciliary vesicle 299 
formation depends on PCM1.  300 

Myosin-Va adorns preciliary and ciliary vesicles (Wu et al., 2018). Using 3D-SIM 301 
imaging of Myosin-Va, we identified preciliary vesicles at the basal bodies of control RPE1 302 
cells soon after the induction of ciliogenesis (i.e., after 1 h of serum starvation). PCM1-/- 303 
RPE1 cells showed reduced Myosin-Va at preciliary vesicles (Figure 5A, B), suggesting that 304 
centriolar satellites promote timely centriolar docking of preciliary vesicles.  305 

Since Myosin-Va marks both preciliary and ciliary vesicles, we more specifically 306 
assessed ciliary vesicle formation at the mother centriole by examining the localization of 307 
RAB34. RAB34 is a GTPase that marks the ciliary vesicle early in ciliogenesis and the ciliary 308 
sheath later (Ganga et al., 2021). Using 3D-SIM imaging, we observed RAB34 at the 309 
centrosome of wild-type RPE1 cells after 1 h serum starvation, and at both centrosomes and 310 
ciliary sheaths after 24 h serum starvation (Figure 5C, D). PCM1-/- RPE1 cells showed 311 
reduced RAB34 at both centrosomes and ciliary sheaths (Figure 5C, D), suggesting that 312 
centriolar satellites promote timely docking of the mother centriole to the preciliary vesicles, 313 
and the fusion of preciliary vesicles into a ciliary vesicle. 314 

To assess ciliary vesicle formation using a complementary approach, we performed 315 
serial section TEM of control and PCM1-/- RPE1 cells early in ciliogenesis (i.e., after 1 h of 316 
serum starvation). We quantified preciliary and ciliary vesicles at mother centrioles. In PCM1-317 
/- cells, mother centrioles (identified by the presence of distal and sub-distal appendages) 318 
exhibited reduced association with preciliary and ciliary vesicles (Figure 5E, F, Figure 5 - 319 
figure supplement 2). Thus, centriolar satellites promote the attachment of the mother 320 
centriole to preciliary vesicles and formation of the ciliary vesicle, important early steps in 321 
ciliogenesis.  322 

 323 

PCM1 promotes CP110 and CEP97 removal from the mother centriole. 324 

In vertebrates, CP110 is required for docking of the mother centriole to preciliary 325 
vesicles (Walentek et al., 2016; Yadav et al., 2016) and is removed from the mother centriole 326 
subsequent to formation of the ciliary vesicle (Lu et al., 2015; Wu et al., 2018). The cap 327 
comprised of CP110 and CEP97 inhibits ciliogenesis, and its removal from the distal mother 328 
centriole is important for axoneme elongation (Spektor et al., 2007; Yadav et al., 2016). 329 
Since PCM1 promotes timely ciliary vesicle formation, we examined whether CP110 and 330 
CEP97 removal also depends on PCM1. In contrast to control cells, CP110 and CEP97 331 
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persisted at the distal mother centriole in PCM1-/- RPE1 cells after 24 hours of serum 332 
starvation (Figure 6A-D).  333 

Interestingly, in wild-type MEFs, a small amount of CP110 persisted on the mother 334 
centriole even after axoneme formation (Figure 6E, G-H). Strikingly, mother centrioles in 335 
Pcm1-/- MEFs had CP110 levels comparable to daughter centrioles after 24 h serum 336 
starvation, despite undergoing ciliogenesis at rates equal to that of wild-type cells (Figure 337 
6E, G-H). Thus, PCM1 is essential for removing CP110 from the mother centriole, but 338 
CP110 removal is not required for ciliogenesis in MEFs.  339 

Similar to RPE1 cells and MEFs, in Pcm1-/- ependymal cells in vivo, CP110 levels 340 
were elevated at P3, an age when ependymal calls are engaged in ciliogenesis (Figure 6F, 341 
I). Moreover, CP110 levels were elevated at the multiple basal bodies of Pcm1-/- tracheal 342 
multiciliated cells (Figure 6 - figure supplement 1). Thus, diverse cell types require PCM1 343 
to remove CP110 from the mother centriole, despite differentially requiring PCM1 for 344 
ciliogenesis. 345 

 346 

PCM1 promotes transition zone formation and IFT recruitment.  347 

Following ciliary vesicle docking and removal of CP110 and CEP97 from the mother 348 
centriole, ciliogenesis proceeds with transition zone construction and IFT recruitment 349 
(Ishikawa and Marshall, 2011). Since PCM1 promotes ciliary vesicle docking and CP110 and 350 
CEP97 removal, we hypothesized that, in cells lacking PCM1, the subsequent engagement 351 
of IFT and transition zone components would be compromised.  352 

To test this hypothesis, we immunostained control and PCM1-/- RPE1 cells with 353 
antibodies to IFT88 and IFT81. As expected, IFT88 and IFT81 localized to mother centrioles 354 
and along the length of cilia in control cells (Figure 7A, C). Localization of both IFT88 and 355 
IFT81 at mother centrioles was reduced in PCM1-/- RPE1 cells (Figure 7A-D), suggesting 356 
that IFT recruitment to the mother centriole is promoted by centriolar satellites. In contrast, 357 
ciliary and basal body levels of IFT88 were normal in Pcm1-/- MEFs (Figure 7- figure 358 
supplement 1A, B), indicating a concordance between PCM1-dependent IFT recruitment 359 
and ciliogenesis.  360 

The transition zone controls ciliary protein composition. We determined whether 361 
PCM1 was required for the formation of the transition zone by assessing the localization of 362 
CEP162, an axoneme-associated protein that recruits components of the transition zone, 363 
such as RPGRIP1L (W.-J. Wang et al., 2013). Recruitment of CEP162 to the mother 364 
centriole was unaffected in PCM1-/- RPE1 cells (Figure 7E, F). In contrast, PCM1-/- RPE1 365 
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cells exhibited reduced RPGRIP1L at the transition zone (Figure 7G, H). Therefore, 366 
centriolar satellites promote both IFT recruitment and transition zone formation at RPE1 cell 367 
mother centrioles.  368 

 369 

Centriolar satellites restrict CP110 and CEP97 levels at centrioles 370 

To explore the mechanisms by which centriolar satellites regulate CP110 and CEP97 371 
levels at the centrioles, we examined the localization of TTBK2. TTBK2 is a kinase recruited 372 
by CEP164, a distal appendage component required to remove CP110 and CEP97 from 373 
mother centrioles (Goetz et al., 2012). In PCM1-/- RPE1 cells, TTBK2 recruitment to distal 374 
mother centrioles was equivalent to that of control cells (Figure 7I, J). These results suggest 375 
that centriolar satellites regulate CP110 and CEP97 removal from the distal mother centriole 376 
through a mechanism independent of TTBK2 recruitment. 377 

As PCM1 is dispensable for the localization of TTBK2 at the distal mother centriole, 378 
we considered alternative mechanisms by which PCM1 may regulate local CP110 and 379 
CEP97 levels at the mother centriole. Since centriolar satellites are highly dynamic and 380 
localization of CP110 and CEP97 is actively controlled at the initiation of ciliogenesis, we 381 
hypothesized that CP110 and CEP97 are transported away from the centrioles via satellites. 382 
A prediction of this model is that CP110 and CEP97 should localize to satellites.  383 

We examined RPE1 cells for CP110 and CEP97 and found that, indeed, CP110 and 384 
CEP97 colocalized with PCM1 and CEP290 at centriolar satellites in cycling cells (Figure 385 
8A, B, Figure 8 - figure supplement 1A, C). Moreover, this satellite pool of CP110 was 386 
absent in PCM1-/- RPE cells (Figure 8 - figure supplement 1B). Consistent with CP110 and 387 
CEP97 co-localizing with PCM1 at centriolar satellites, CP110 and CEP97 co-388 
immunoprecipitated with PCM1 in cycling cells (Figure 8C). 389 

By examining RPE1 cells at different timepoints after serum depletion, we observed 390 
that the localization of CP110 and CEP97 to centrioles and centriolar satellites was dynamic: 391 
one hour after initiating ciliogenesis, CP110 and CEP97 at satellites decreased and, by 24 h 392 
of serum depletion, CP110 and CEP97 were absent from the mother centriole (Figure 8A, 393 
B).  394 

CP110 interacts with satellite protein CEP290 (Tsang et al., 2008), so we 395 
hypothesized that CEP290 may hold CP110 at the satellites. Consistent with this model, 396 
CP110 no longer localized to satellites in cycling RPE1 cells upon CEP290 knockdown 397 
(Figure 8 - figure supplement 1D). We propose that CP110 and CEP97 are centriolar 398 
satellite cargos which are wicked away from mother centrioles by centriolar satellites during 399 
early ciliogenesis. 400 
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If centriolar satellites transport CP110 and CEP97 away from centrioles as an early 401 
step in ciliogenesis, PCM1 may be critical for CP110 turnover. We therefore assessed total 402 
CP110 and CEP290 protein levels by immunoblot. In serum-starved PCM1-/- RPE1 cells, 403 
both CEP290 and CP110 were modestly elevated relative to serum-starved control cells 404 
(Figure 8D, E). Similarly, in synchronized RPE1 cells, CP110 levels were increased in the 405 
absence of PCM1, most markedly during mitosis and G0 (Figure 8 - figure supplement 406 
1E).  407 

Where does this overabundant CP110 and CEP97 accumulate? Using 408 
immunofluorescence microscopy of cycling cells treated with nocodazole, we examined the 409 
localization of CP110 and CEP97 to centrioles. In the absence of PCM1, CP110 and CEP97 410 
over-accumulated at both centrioles (Figure 8F-I), suggesting that centriolar satellites 411 
restrict CP110 and CEP97 accumulation at centrioles.  412 

We conclude that centriolar satellites restrict CP110 and CEP97 levels at centrioles, 413 
the removal of which promotes ciliogenesis in specific cell types. Centriolar satellites help 414 
promote timely ciliary vesicle formation and remove CP110 and CEP97 from the mother 415 
centriole, enabling recruitment of IFT and construction of the transition zone, early steps in 416 
ciliogenesis important for the prevention of ciliopathy-associated phenotypes such as 417 
hydrocephaly (Figure 9).  418 
 419 

Discussion 420 

PCM1 performs select ciliogenic functions in vivo.  421 

Cilia are essential for key events in mammalian development; mice lacking cilia die 422 
during embryogenesis with developmental defects including randomized left-right axes and 423 
polydactyly (Ferrante et al., 2006; Huangfu et al., 2003). Many E18.5 Pcm1-/- tissues 424 
possessed cilia and Pcm1-/- mice survived at Mendelian ratios to birth and displayed no 425 
evidence of situs abnormalities or polydactyly, revealing that centriolar satellites are not 426 
required for mammalian ciliogenesis in many cell types. 427 

Despite PCM1 being dispensable for ciliogenesis in many tissues, most Pcm1-/- mice 428 
died perinatally with hydrocephaly, delayed formation and disrupted function of ependymal 429 
cilia, oligospermia and abnormalities in tracheal epithelial cell ciliogenesis. In addition, Pcm1-430 
/- mice exhibited cerebellar hypoplasia and partially penetrant hydronephrosis, both of which 431 
can be caused by defective Hedgehog signaling, a signal transduction pathway dependent 432 
on cilia (Huangfu et al., 2003; Spassky et al., 2008; Wallace, 1999; Wechsler-Reya and 433 
Scott, 1999; Yu et al., 2002). These phenotypes indicate that PCM1 promotes ciliogenesis in 434 
select cell types, many of which possess motile cilia. 435 
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Recently, a mouse Pcm1 gene trap was described (Monroe et al., 2020). Aged mice 436 
homozygous for this allele exhibited enlarged brain ventricles, progressive neuronal cilia 437 
maintenance defects and late-onset behavioral changes, but not perinatal lethality or other 438 
early cilia-associated phenotypes. While background differences may influence penetrance 439 
and expressivity, it is possible that the absence of reported hydrocephaly and other 440 
ciliopathy-related phenotypes indicates that the Pcm1 gene trap allele is hypomorphic.  441 

Most human ciliopathies affect select tissues (Reiter and Leroux, 2017). For many 442 
ciliopathies, it remains unclear why tissues are differentially sensitive to ciliary defects. As 443 
mammalian PCM1 is particularly required for cilia function in ependymal cells and sperm, 444 
differential requirements for centriolar satellite function may be one determinant of tissue 445 
specificity in human ciliopathies.  446 

 447 

PCM1 and centriolar satellites promote centriole amplification in ependymal cells. 448 

In almost all cells, centriole duplication is tightly restricted to make only two new 449 
centrioles per cell cycle (Nigg and Holland, 2018). In marked contrast, multiciliated cells 450 
produce tens to hundreds of centrioles. This centriole amplification has been proposed to 451 
occur by two mechanisms; (i) generation of new centrioles in proximity to the parental 452 
centrioles and (ii) generation via deuterosomes, electron dense structures unique to 453 
multiciliated cells (Mercey et al., 2019b; Nanjundappa et al., 2019; Zhao et al., 2013, 2019). 454 
However, centriole amplification and multiciliogenesis are not blocked in the absence of 455 
deuterosomes or parental centrioles (Mercey et al., 2019a, 2019b; Zhao et al., 2019), 456 
indicating that a third mechanism of centriole biogenesis exists. 457 

A previous study demonstrated that knockdown of Pcm1 in cultured mouse 458 
ependymal cells did not affect centriole number, but did alter ciliary structure (Zhao et al., 459 
2021). We found that, in the absence of PCM1, ependymal cells displayed retarded centriole 460 
amplification and multiciliogenesis, as well as hydrocephaly. Our data indicate that PCM1, 461 
unlike deuterosomes, is critical for timely centriole amplification in ependymal cells. We 462 
propose that PCM1 is key to this previously postulated third mechanism of centriole 463 
amplification. 464 

Ependymal cells lacking PCM1 also displayed disorganized beat patterns with 465 
disrupted basal body translational polarity. In contrast, tracheal multiciliated cells, which do 466 
not undergo clear planar polarization of basal body position, displayed normal beating in the 467 
absence of PCM1. We speculate that the role of PCM1 in basal body polarization could 468 
underlie its unique requirement for beat pattern in ependymal cells. Perhaps the involvement 469 
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of PCM1 in ependymal cell basal body polarization explains the presence of hydrocephaly in 470 
Pcm1-/- mice with no gross effect on airway mucus clearance.  471 

Pcm1-/- ependymal cells also generated extremely long (3-7 μm) centriole-like 472 
structures containing FOP and Centrin2. These centriole-related structures were present 473 
within the cytoplasm, distant from the apical domain where basal bodies nucleate cilia, and 474 
are reminiscent of elongated centrioles caused by depletion of CP110 (Spektor et al. 2007). 475 
One possibility is that the mechanisms by which CP110 and PCM1 restrain elongation are 476 
distinct. Alternatively, in multiciliated ependymal cells, the increased CP110 at many basal 477 
bodies may deplete the available CP110 pool, causing a minority of basal bodies to be 478 
depleted of CP110 and thereby elongate abnormally. 479 

Consistent with prior observations by Zhao et al. (2021), Pcm1-/- tracheal and 480 
ependymal multiciliated cells showed altered fibrogranular material, intracellular networks to 481 
which many centriolar proteins localize. Interestingly, PCM1 loss affects fibrogranular 482 
material differently in ependymal cells and multiciliated tracheal cells: in Pcm1-/- mTECs, the 483 
fibrogranular material pool of CEP131 is absent and CEP131 accumulates at the basal 484 
bodies, whereas in Pcm1-/- ependymal cells, the fibrogranular material pool of CEP131 485 
persists, but is altered, displaying a more fibrous organization. It is possible that by altering 486 
the fibrogranular material, the loss of PCM1 alters the distribution and function of centriolar 487 
proteins, resulting in delayed centriole biogenesis and the generation of long centriole-488 
related structures. 489 

 490 

Centriolar satellites promote the timely removal of CP110 and CEP97 to support 491 
ciliogenesis 492 

Our work indicates that PCM1 and centriolar satellites help control the composition of 493 
centrioles. We found that in diverse cell types, including MEFs, RPE1, ependymal and 494 
tracheal cells, PCM1 promotes the removal of CP110 from distal mother centrioles, an early 495 
step in ciliogenesis. Similarly, PCM1 restricts levels of CEP131, CEP290 and CEP97 at 496 
centrioles. Recent work showed that Pcm1 knockdown in ependymal cells also increased 497 
CEP135 and CEP120 localization to basal bodies (Zhao et al., 2021). Thus, centriolar 498 
satellites restrict the centriolar accumulation of multiple proteins. 499 

 A previous study proposed a role for PCM1 in protecting Talpid3 from degradation by 500 
sequestering the E3 ligase, MIB1 away from the centrioles (Wang et al., 2016). We found 501 
that, in the absence of PCM1, MIB1 no longer localizes to centrioles and Talpid3 levels on 502 
PCM1-/- centrioles were comparable to control centrioles, suggesting that PCM1 is not a 503 
critical determinant of centriolar Talpid3 levels. Talpid3 is required for distal appendage 504 
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assembly and removal of daughter centriole proteins (e.g., Centrobin) from mother centrioles 505 
(Wang et al., 2018). We found that PCM1 is dispensable for distal appendage assembly and 506 
removal of Centrobin from the mother centrioles, further suggesting that PCM1 and 507 
centriolar satellites are not required for Talpid3-dependent functions. Thus, centriolar 508 
satellites limit the centriolar localization of some, but not all, centriole components. 509 

In the absence of PCM1, total cellular CP110 levels are increased and CP110 and 510 
CEP97 levels are elevated at centrioles, indicating a role for centriolar satellites in CP110 511 
degradation. As CP110 and CEP97 transiently localized at satellites, we propose that 512 
satellites transport CP110 and CEP97 away from centrioles for degradation. Alternately, 513 
satellites could deliver proteins that degrade CP110 and CEP97 to the mother centriole. 514 
Such proteins could include UBR5, an E3 ubiquitin ligase that ubiqutinylates CP110, the 515 
linear ubiquitin chain assembly complex (LUBAC) that also ubiqutinylates CP110, or PRPF8, 516 
which removes ubiquitinylated CP110 from centrioles (Gonçalves et al., 2021; Hossain et al., 517 
2017; Shen et al., 2022). As centriolar satellite composition and distribution can change in 518 
response to environmental cues and stressors (Joachim et al., 2017; Prosser et al., 2022; 519 
Tollenaere et al., 2015; Villumsen et al., 2013), satellites likely help remove centriolar 520 
proteins beyond CP110 and CEP97.  521 

The transient localization of CP110 to centriolar satellites is dependent on its 522 
interactor, CEP290. As inhibition of ciliogenesis by CP110 is dependent on CEP290 (Tsang 523 
et al., 2008), we suggest that one function for CEP290 may be to recruit CP110 to satellites 524 
for removal from mother centrioles.  525 

In vertebrates, CP110 is required for docking of the mother centriole to preciliary 526 
vesicles (Walentek et al., 2016; Yadav et al., 2016) and is removed from the mother centriole 527 
subsequent to docking, suggesting that CP110 has both positive and inhibitory roles in 528 
ciliogenesis (Lu et al., 2015). Our finding that PCM1 promotes both CP110 removal and 529 
vesicular docking of the mother centriole suggests that centriolar satellites are involved in 530 
both intimately connected processes. One possibility is that centriolar satellites promote 531 
preciliary vesicle formation via transporting CP110 away from the mother centriole. This 532 
possibility is supported by data indicating that WDR8, another centriolar and centriolar 533 
satellite component, also contributes to CP110 removal from mother centrioles and ciliary 534 
vesicle formation (Kurtulmus et al., 2016). However, centriolar satellites may contribute to 535 
preciliary vesicle docking through mechanisms independent of CP110 removal. For 536 
example, although PCM1 is dispensable for distal appendage formation, the subtle changes 537 
in some distal appendage component localization in PCM1-/- cells could alter distal 538 
appendage composition or conformation in ways that compromise preciliary vesicle docking.  539 
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Interestingly, despite centriolar satellites promoting removal of CP110 from MEF 540 
mother centrioles, they are dispensable for ciliogenesis in MEFs. Therefore, removal of all 541 
CP110 from mother centrioles is not a precondition for ciliogenesis in some cell types. 542 
Multiple roles for CP110, both promoting and inhibiting ciliogenesis, have previously been 543 
described (Gonçalves et al., 2021; Spektor et al., 2007; Walentek et al., 2016; Yadav et al., 544 
2016). One possible explanation for the cell-type specificity of PCM1 function is that 545 
centriolar satellites remove CP110 from mother centrioles in all cell types, but different 546 
thresholds of CP110 reduction are required to initiate ciliogenesis in different cell types. 547 
Thus, unlike core centriolar proteins, some of which are trafficked via centriolar satellites, 548 
centriolar satellites themselves are not essential for all centriole- and cilium-dependent 549 
events in many mammalian cell types.  550 

These cell type-specific differences may reflect differences in how centrioles must be 551 
remodeled to effect duplication or ciliogenesis. Perhaps centriolar satellite-mediated CP110 552 
removal from mother centrioles is especially important for cells, like many epithelial cells, in 553 
which basal bodies dock directly to the plasma membrane, rather than to a ciliary vesicle. In 554 
the crowded environment at the heart of the centrosome, diffusion may be insufficient for the 555 
timely delivery and removal of centriolar proteins. PCM1 and centriolar satellites promote 556 
centriole amplification and ciliogenesis by coupling assembly and/or degradation of centriolar 557 
components in the satellites to their active transport to and from centrioles on microtubules.  558 

  559 
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Methods and Materials 576 

Generation of mouse models 577 
Animals were maintained in SPF environment and studies carried out in accordance with the 578 
guidance issued by the Medical Research Council in “Responsibility in the Use of Animals in 579 
Medical Research” (July 1993) and licensed by the Home Office under the Animals 580 
(Scientific Procedures) Act 1986 under project license number P18921CDE in facilities at the 581 
University of Edinburgh (PEL 60/6025). Pcm1 null mice (Pcm1∆5-14/∆5-14: Pcm1em1Pmi 582 

MGI:6865681 and Pcm1∆796-800/∆796-800: Pcm1em2Pmi MGI:6865682) were generated using 583 

CRISPR/Cas9 as described in Figure 1 - figure supplement 1, using guides detailed in 584 
Supplementary File 1. Genotyping was performed using primers detailed in 585 
Supplementary File 2 followed by Sanger sequencing (for Pcm1∆5-14/∆5-14) or digestion with 586 
DdeI (for Pcm1∆796-800/∆796-800), or alternately genotyping was performed by Transnetyx. 587 
Pcm1SNAP animals were generated with CRISPR Cas9 targeting first coding exon 2 588 
(Supplementary File 1) and a SNAP tag was inserted after the ATG, followed by a GSGG 589 
linker, using a repair template with 700 nt homology arms, detailed in Supplementary File 590 
1, resulting in a gene encoding N-terminally SNAP tagged PCM1 in the endogenous locus. 591 
Genotyping was performed using primers detailed in Supplementary File 2 or alternately by 592 
Transnetyx. 593 
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 594 
Mouse gait analysis 595 
Gait analysis was performed on a CatwalkTM XT according to manufacturer’s instructions. 596 
Briefly, mice were habituated to the Catwalk for 5 min, and then the glass was cleaned prior 597 
to acquisition. Each mouse (n>4 per experimental group) was then allowed to perform at 598 
least 3 runs across the Catwalk, which records paw position and analyses gait patterns 599 
using the Catwalk XT 10.6 Acquisition and Analysis Software. 600 
 601 
Retinal imaging 602 
Electroretinograms and fundal imaging was performed as described in (Findlay et al., 2018). 603 
PCM1-SNAP retinal labelling was carried out under inhaled anesthesia. 1.5 μl of 0.6 μM 604 
SNAP-Cell 647-SiR (New England Biolabs) was injected into the mouse vitreous under 605 
direct visualization using a Zeiss operating microscope. After 2 h, mice were sacrificed by 606 
cervical dislocation and eyes enucleated. Keratectomy, sclerectomy and lensectomy were 607 
performed and whole retinas isolated. Flat mount petaloid retinal explants were made and 608 
mounted, photoreceptor side up, on Menzel_Glaser Superfrost Plus Gold slides 609 
(ThermoFisher Scientific; K5800AMNZ72). Nuclei were stained with DAPI and mounted in 610 
Prolong Gold under coverslip. Slices were imaged on an Andor Dragonfly spinning disc 611 
confocal. 612 
 613 
Cell lines and cell culture 614 
Mouse embryonic fibroblasts (MEFs) were maintained as previously published (Hall et al., 615 
2013). SNAP labelling was performed as previously described (Quidwai et al., 2021). 616 
Ependymal cells were isolated and cultured as published in (Delgehyr et al., 2015),. MTECs 617 
were isolated and cultured as described in (Eenjes et al., 2018; You et al., 2002). RPE1-618 
hTERT (female, human epithelial cells immortalized with hTERT, Cat. No. CRL-4000) from 619 
ATCC were grown in DMEM (Life Technologies) or DMEM/F12 (ThermoFisher Scientific, 620 
10565042) supplemented with 10% FBS at 37°C with 5% CO2. For live imaging, the 621 
membrane was cut out and placed cilia down on a glass dish (Nest, 801002) in a drop of 622 
media. PCM1-/- RPE1 cells were generated as described previously (Kumar et al., 2021) (all 623 
figures except for Figure 8 – figure supplement 1, in which case they were generated as in 624 
(Gheiratmand et al., 2019)). hTERT-RPE1: Source ATCC, confirmed mycoplasma negative 625 
and verified by STR profiling. Two PCM1-/- RPE1 cell lines were generated using single 626 
guide RNAs (Supplementary File 1). Loss of PCM1 was confirmed by genotyping, 627 
immunoblotting, and immunofluorescence. Monoclonal PCM1-/- RPE1 cell lines stably 628 
expressing eGFP or eYFP-PCM1 (plasmid a gift from Bryan Dynlacht; (Wang et al., 2016)) 629 
were generated using lentiviruses and manually selected based on fluorescence. To 630 
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synchronize cells in G1/S aphidicolin (Sigma) was added to the culture medium at 2 μg/ml 631 
for 16 h. To arrest cells in mitosis, taxol (paclitaxel; Millipore-Sigma) was added to the 632 
culture medium at 5 μM for 16 h prior to rounded up cells being collected by mitotic shake-633 
off. For arrest in G0, cells were washed 2x with PBS (Gibco) and 1x with DMEM (without 634 
serum) before being cultured in serum-free DMEM for 16 h. To disrupt cytoplasmic 635 
microtubules, cells were treated with 20 μM nocodozole (Sigma, SML1665) for 1-2 h prior to 636 
fixation. 637 
 638 
RNA-mediated interference 639 
hTERT RPE-1 cells were transfected with 20 nM (final concentration) of the respective 640 
siRNA for 48 h using Lipofectamine RNAiMAX (Invitrogen) according to the manufacturer’s 641 
instructions. Effective knockdown was confirmed by immunofluorescence microscopy. 642 
Details of individual siRNAs are provided in the Supplementary File 1.  643 
 644 
Proteomics 645 
MTECs were lysed in 0.1 % SDS in PBS plus 1X HALT protease inhibitor ThermoFisher 646 
Scientific, 78443), then processed by a multi-protease FASP protocol as described 647 
(Wiśniewski and Mann, 2012). In brief, SDS was removed and proteins were first digested 648 
with Lys-C (Wako) and subsequently with Trypsin (Promega) with an enzyme to protein ratio 649 
(1:50). 10 μg of Lys-C and Trypsin digests were loaded separately and desalted on C18 650 
Stage tip and eluates were analyzed by HPLC coupled to a Q-Exactive mass spectrometer 651 
as described previously (Farrell et al., 2014). Peptides and proteins were identified and 652 
quantified with the MaxQuant software package, and label-free quantification was performed 653 
by MaxLFQ (Cox et al., 2014). The search included variable modifications for oxidation of 654 
methionine, protein N-terminal acetylation, and carbamidomethylation as fixed modification. 655 
Peptides with at least seven amino acids were considered for identification. The false 656 
discovery rate, determined by searching a reverse database, was set at 0.01 for both 657 
peptides and proteins. All bioinformatic analyses were performed with the Perseus software 658 
(Tyanova et al., 2016). Intensity values were log-normalized, 0-values were imputed by a 659 
normal distribution 1.8 π down of the mean and with a width of 0.2 π.  660 

Proteomic expression data was analysed in R (3.6.0) with the Bioconductor package 661 
DEP (1.6.1) (Zhang et al., 2018). To aid in the imputation of missing values only those 662 
proteins that are identified in all replicates of at least one condition were retained for 663 
analysis. The filtered proteomic data was normalized by variance stabilizing transformation. 664 
Following normalization, data missing at random, such as proteins quantified in some 665 
replicates but not in others, were imputed using the k-nearest neighbour approach. For 666 
differential expression analysis between the wildtype and mutant groups, protein-wise linear 667 
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models combined with empirical Bayes statistics were run using the Bioconductor package 668 
limma (3.40.6) (Ritchie et al., 2015). Significantly differentially expressed proteins were 669 
defined by an FDR cutoff of 0.05. Total proteomic data are available via ProteomeXchange 670 

with identifier PXD031920 and are summarized in  Supplementary File  5. 671 

 672 
Immunoblotting 673 
Testes were lysed in RIPA buffer (Pierce) plus HALT protease inhibitor (ThermoFisher 674 
Scientific), homogenized with an electronic pestle for 1 minute, incubated at 4 °C with 675 

agitation for 30 min, sonicated for 3X 30 sec, and then clarified at 14,000 g at 4 °C for 20 676 
min. RPE lysates were collected in 2x SDS-PAGE buffer and treated with benzonase 677 
nuclease (Millipore-Sigma) for 5 min. Samples were loaded into NuPAGE precast gels, 678 
transferred onto PVDF membrane (Amersham Hybond P, Cytiva), and then rinsed in water 679 
then TBST, and then blocked in 5% milk in TBS plus 0.1% Tween. Membranes were then 680 
incubated overnight at 4 °C in primary antibodies (Supplementary File 3) diluted in 5% milk 681 
TBST. Membranes were then washed 3 X 10 min TBST, incubated in HRP conjugated 682 
secondary antibodies detailed in Supplementary File 4 for 1 h at room temperature and 683 
developed using Pierce SuperSignal Pico Plus (Pierce) or ECL (GE Healthcare) reagent and 684 
imaged on ImageQuant. 685 
 686 
Co-immunoprecipitation  687 
Co-immunoprecipitation assays and western blots were performed as described previously 688 
(Kumar et al., 2021) using GFP trap magnetic agarose beads (Chromotek, gtma-10).  689 
 690 
Ventricle and tracheal wholemount 691 
Ventricles were dissected according to (Mirzadeh et al., 2010a), pre-extracted with 0.1% 692 
Triton X in PBS for 1 minute, then fixed in 4% PFA or ice cold methanol for at least 24 h at 4 693 
°C, followed by permeabilization in PBST (0.5% Triton X-100) for 20 min room temperature. 694 
Tracheas were dissected and cut longitudinally into two, pre-extracted in for 30 sec on ice in 695 
PEM (0.1 M PIPES pH 6.8, 2 mM EGTA, 1 mM MgSO4) prior to fixing in ice cold methanol 696 
on ice for at least 24 hours. Ventricles and tracheas were blocked in 10% donkey serum in 697 
TBST (0.1% Triton-X) or 4% BSA in PBST (0.25% Triton X-100) for one h at room 698 
temperature, then placed cilia layer down in primary antibodies (Supplementary File 3) in 699 
4% BSA PBST (0.25% Tween-20) or 1% donkey serum in TBST (0.1% Triton-X) for at least 700 
12 h. Ventricles and tracheas were washed in PBS 3 X 10 min and secondaries 701 
(Supplementary File 4) in 4% BSA in PBST (0.25% Triton X-100) or 1% donkey serum in 702 
TBST (0.1% Triton-X) were added at 4 °C for at least 12 h. Ventricles and tracheas were 703 
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washed in PBS 3 X 10 min, and ventricles were mounted on glass bottom dishes (Nest, 704 
801002) in Vectashield (VectorLabs), immobilized with a cell strainer (Greiner Bio-One, 705 
542040). Tracheas were mounted on slides with Prolong Gold. 706 
 707 
Histology 708 
Kidneys and brains were fixed in 4% PFA/PBS, testes were fixed in Bouin's fixative, and 709 
eyes and E18.5 embryos were fixed in Davidson's fixative according to standard protocols. 710 
Tissues were serially dehydrated and embedded in paraffin. Microtome sections of 8 µm 711 
thickness were examined histologically via haematoxylin and eosin (H&E) or periodic acid-712 
Schiff (PAS) staining. 713 

For immunofluorescent analysis, paraffin sections were dewaxed and re-hydrated via 714 
ethanol series, followed by antigen retrieval by boiling the sections for 15 min in the 715 
microwave in citrate buffer. Sections were blocked in 10% donkey serum/0.1% Triton-X100 716 
in PBS and primary antibodies were diluted in 1% donkey serum/PBS (Supplementary File 717 
3). Slides were washed and incubated in Alexafluor conjugated secondary antibodies 718 
(Supplementary File 4), washed and mounted in ProLong Gold (ThermoFisher Scientific). 719 
 720 
Immunofluorescence 721 
MEFs, mTECs and cultured ependymal cells were processed for immunofluorescence as 722 
published (Hall et al., 2013). Briefly, cells were washed twice with warm PBS, then fixed in 723 
either 4% PFA in 1X PHEM/PBS 10 min at 37 °C, or pre-extracted for 30 sec on ice in PEM 724 
(0.1 M PIPES pH 6.8, 2 mM EGTA, 1 mM MgSO4) prior to fixing in ice cold methanol on ice 725 
for 10 min according to Supplementary File 3, then washed twice with PBS. Cells were 726 
permeabilized and blocked with 10% donkey serum in 0.1% Triton-X 100/TBS for 60 min at 727 
room temperature, or overnight at 4 °C. Primary antibodies (Supplementary File 3) were 728 

added to samples and incubated for 4 °C overnight, in dilutant made of 1% donkey serum in 729 
0.1% Triton X-100/TBS. Samples were washed in 0.1% Triton-X 100/TBS 4-6 times, 10 min 730 
each. Secondary antibodies (Supplementary File 4) diluted in 1% donkey serum and 0.1 % 731 
Triton X-100/TBS were added for 60 min at room temperature, in some cases co-stained 732 
with AlexaFluor 647 Phalloidin (ThermoFisher Scientific), added with the secondaries at 733 
1/500 for 1 h at room temperature. Samples were washed with 0.1% Triton-X 100/TBS 4-6 734 
times 10 min, stained with DAPI (1:1000) in 0.1% Triton X-100/TBS for 5 min at room 735 
temperature, and mounted using ProLong Gold antifade (ThermoFisher Scientific), 736 
according to the manufacturer’s instructions.  737 

RPE1 cells were fixed with 100% cold methanol for 3 min and incubated in blocking 738 
buffer (2.5% bovine serum albumin (BSA), 0.1% Triton X-100 in PBS) for 1 h at room 739 
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temperature (except in Figure 8 – figure supplement 1, where they were fixed in ice cold 740 
methanol for 10 min and incubated in 2% BSA in PBS for 10 min at room temperature). 741 
Coverslips were then incubated in primary antibodies (Supplementary File 3) in blocking 742 
buffer overnight at 4°C or room temperature for 50 min, washed three times with PBS and 743 
incubated with secondary antibodies (Supplementary File 4) in blocking buffer for 1 h at 744 
room temperature along with Hoechst 33352 or DAPI (0.1 μg/ml). Coverslips were washed 745 
three times with PBS and mounted with Prolong Diamond (ThermoFisher Scientific P36961) 746 
or ProLong Gold Antifade (Molecular Probes). For TTBK2 staining, cells were fixed with 4% 747 
PFA/PBS for 10 min in general tubulin buffer (80 mM PIPES, pH 7, 1 mM MgCl2, and 1 mM 748 
EGTA), permeabilized with 0.1% TX-100 and stained as described above (Loukil et al., 749 
2017).  750 
 751 
Sperm preparation 752 
Cauda and caput epididymides were dissected into M2 media (ThermoFisher Scientific). For 753 
live imaging, sperm were imaged in M2 media or 1% methyl cellulose (Sigma), in capillary 754 
tubes (Vitrotubes Mountain Leaks) sealed with Cristaseal (Hawskley). Sperm counts were 755 
performed on sperm from the cauda epididymides, diluted in H2O using a haemocytometer, 756 
only counting intact sperm (with both head and tail). 757 
 758 
Transmission electron microscopy 759 
Samples were dissected into PBS. Samples were fixed in 2% PFA/2.5% glutaraldehyde/0.1 760 
M Sodium Cacodylate Buffer pH 7.4 (Electron Microscopy Sciences). Lateral ventricle walls 761 
were fixed for 18 h at 4 °C then subdissected into anterior, mid and posterior sections. 762 
Tissue was rinsed in 0.1 M sodium cacodylate buffer, post-fixed in 1% OsO4 (Agar Scientific) 763 
for one h and dehydrated in sequential steps of acetone prior to impregnation in increasing 764 
concentrations of resin (TAAB Lab Equipment) in acetone followed by 100%, placed in 765 
moulds and polymerized at 60 °C for 24 h. 766 

Ultrathin sections of 70 nm were subsequently cut using a diamond knife on a Leica 767 
EM UC7 ultramicrotome. Sections were stretched with chloroform to eliminate compression 768 
and mounted on Pioloform filmed copper grids prior to staining with 1% aqueous uranyl 769 
acetate and lead citrate (Leica). They were viewed on a Philips CM100 Compustage 770 
Transmission Electron Microscope with images collected using an AMT CCD camera 771 
(Deben). 772 
RPE1 cells processed for TEM analysis were cultured on Permanox slides (Nunc 177445), 773 
serum starved for 1 h and processed as described previously (Kumar et al., 2021). 774 
 775 
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Imaging 776 
Brightfield images in Figure 2 and Figure 2 - figure supplement 1 were imaged on a 777 
Hamumatsu Nanozoomer XR with x20 and x40 objectives. Macroscope images in Figure 1 778 
and Figure 2 were imaged on a Nikon AZ100 Macroscope. Figure 1 – figure supplement 3 779 
was imaged on Leica Stellaris DMI8 equiped with 4 (HyD X/HyD S) GaSP detectors with 780 
40X or 60X oil objectives. Fluorescent images in Figure 2, Figure 3A, Figure 3 - figure 781 
supplement 1A, B, Figure 3 - figure supplement 2A, Figure 3 - figure supplement 3 and 782 
Figure 7 - figure supplement 1 were taken on a Nikon A1+ Confocal with Oil 60 or 100x 783 
objectives with 405, Argon 561 and 640 lasers and GaSP detectors. Fluorescent images in 784 
Figure 1, Figure 2 – figure supplement 1D, Figure 4D, E and K, Figure 4 - figure 785 
supplement 1, Figure 6 – figure supplement 1 were taken with Andor Dragonfly and 786 
Mosaic Spinning Disc confocal. Images in Figure 3B and O, Figure 3 – figure supplement 787 
1C, H, I, Figure 3 – figure supplement 2C-E and Figure 6E and F were taken with Nikon 788 
SORA with 405 nm 120 mW, 488 nm 200 mW and 561nm 150mW lasers, 100x 1.35 NA Si 789 
Apochromat objective and a Photometrics Prime 95B 11mm pixel camera. High speed video 790 
microscopy was performed on a Nikon Ti microscope with a 60X Nikon Plan Apo VC 791 
60X/1.20 water immersion objective, and Prime BSI, A19B204007 camera, imaged at 250 792 
fps. 3D-SIM imaging in Figure 4B, C, H, Figure 5, Figure 5 - figure supplement 1, Figure 793 
6A, B, Figure 7 and Figure 8 was performed using the GE Healthcare DeltaVision OMX-SR 794 
microscope equipped with the 60x/1.42 NA oil-immersion objective and three cMOS 795 
cameras. Immersion oil with refractive index of 1.518 was used for most experiments, and z 796 
stacks of 5-6 µm were collected every 0.125 µm. Images were reconstructed using GE 797 
Healthcare SoftWorx 6.5.2 using default parameters. Images for quantifications were 798 
collected at the widefield setting using the same microscope. Figure 8 – figure supplement 799 
1 was imaged using a DeltaVision Elite high-resolution imaging system equipped with a 800 
sCMOS 2048 x 2048 pixel camera (GE Healthcare). Z-stacks (0.2 μm step) were collected 801 
using a 60x 1.42 NA plan apochromat oil-immersion objective (Olympus) and deconvolved 802 
using softWoRx (v6.0, GE Healthcare).  803 

 804 
Image analysis 805 
Image analysis was performed in NIS Elements, FIJI (Schindelin et al., 2012), QuPath 806 
(Bankhead et al., 2017), CellProfiler (Stirling et al., 2021) or Imaris. All analysis tools have 807 
been made available on GitHub (https://github.com/IGC-Advanced-Imaging-808 
Resource/Hall2022_Paper). Cerebellum and ventricle area was measured from PAS stained 809 
sagittal brain sections in QuPath. The number of cilia in E18.5 ribs was calculated using 810 
Batch Pipeline in Imaris, segmenting DAPI and cilia as surfaces. The number of ependymal 811 
cells with multiple basal bodies was calculated by segmenting FOP staining and cells in 2D 812 
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using a CellProfiler pipeline. Briefly, an IdentifyPrimaryObjects module was used to detect 813 
the nuclei, followed by an IdentifySecondaryObjects module using the tubulin stain to detect 814 
the cell boundaries. Another Identify Primary objects module was used to detect the basal 815 
bodies and a RelateObjects module was used to assign parent-child relationships between 816 
the cells and basal bodies. The percentage of ciliated ependymal cells, and the number of 817 
ependymal cells with rosette-like FOP staining, and elongated FOP positive structures were 818 
counted by eye using NIS Elements Counts Tool. Analysis of cultured ependymal cells (beat 819 
frequency, number of cilia, coordinated beat pattern) and beat frequency determination in 820 
mTECs and trachea was assessed in FIJI by eye while blinded to genotype. The number of 821 
centrioles and cilia in cultured ependymal cells was manually calculated using Imaris. 822 
CEP131 and MIB1 intensity at satellites was calculated in FIJI using a macro which 823 
segmented basal bodies with Gamma Tubulin, then drew concentric rings, each 0.5 μm 824 
wider than the previous and calculated the intensity of MIB1 and CEP131 within these rings. 825 
CP110 intensity in MEFs was calculated by manually defining mother and daughter 826 
centrioles in FIJI, CP110 intensity in ependyma and tracheas was calculated by segmenting 827 
FOP in 3D in Imaris and calculating CP110 intensity within this volume. Image quantification 828 
in RPE1 cells were performed using CellProfiler as described previously (Kumar et al., 829 
2021). Images were prepared for publication using FIJI, Imaris, Adobe Photoshop, Illustrator 830 
and InDesign. 831 
 832 
Data analysis 833 
Data analysis was carried out in Microsoft Excel, Graphpad Prism 6/9 and Matlab. Statistical 834 
tests are described in the Figure legends. 835 
 836 

 837 

Figure legends 838 

Figure 1. PCM1 is important for perinatal survival. (A) Immunoblot of MEF lysates from 839 

wild-type and Pcm1-/- MEFs for PCM1 and GAPDH (loading control). Gel stained with 840 

Coomassie blue. (B) Immunostaining of PCM1 (yellow) and centrioles (γ-tubulin, γ-TUB, 841 

magenta) in wild-type MEFs and in Pcm1-/- MEFs. (C) E18.5 wild-type and Pcm1-/- neonates. 842 

(D) Kaplan-Meier curve of wild-type, Pcm1-/+ and Pcm1-/- mice. See also Figure 1 – figure 843 

supplement 1D. (E) P28 wild-type, Pcm1-/+ and Pcm1-/- mice. (F) Graph of body weights of 844 

wild-type, Pcm1-/+ and Pcm1-/- mice by age. Student’s t-test * P<0.05, ** P<0.01, *** P<0.001.  845 

 846 

Figure 1 - figure supplement 1. PCM1 promotes survival and growth.  847 
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(A) Schematics of two CRISPR/Cas9-generated indels in Pcm1, Pcm1Δ5-14 and Pcm1Δ796-800. 848 

Both Pcm1Δ5-14 and Pcm1Δ796-800 create frameshifts. Schematic of PCM1 protein, indicating 849 

predicted coiled-coil domains and epitopes used for generating anti-PCM1 antibodies. (B) 850 

Label-free quantitative (LFQ) mass spectrometry of PCM1 peptides in wild-type and Pcm1-/- 851 

mouse tracheal epithelium cells (mTECs) differentiated for seven days at air-liquid interface. 852 

Student’s t-test *** P <0.01. (C) Immunoblot of Pcm1Δ5-14/Δ5-14 and Pcm1Δ796-800/Δ796-800 testis 853 

lysates for PCM1 using antibody directed against the PCM1 N-terminus (N), C-terminus (C) 854 

and α-tubulin (loading control). (D) Number of Pcm1-/- animals genotyped at each age as a 855 

percentage of the expected number, * P< 0.05, *** P< 0.001, Chi squared. n represents 856 

number of animals genotyped at given age. (E) E18.5 wild-type and Pcm1-/- embryo weights. 857 

Each pair of points represents the average control or Pcm1-/-  embryo weight in a given litter. 858 

Paired t-test. * P< 0.05, *** P< 0.001. (F) Wild-type and Pcm1-/- brain weights at various ages 859 

from P30-P270. (G) Wild-type and Pcm1-/- brain weights relative to body weight at various 860 

ages from P30-P270. ns: not significant. (F, G) Paired t-test, sex and litter matched. ** 861 

P<0.01, ns: not significant. CTRL: control,combined wild-type and Pcm1+/- mouse 862 

measurements. 863 

 864 

Figure 1 - figure supplement 2. Pcm1Δ5-14/Δ5-14 and Pcm1Δ796-800/Δ796-800 mice exhibit 865 

comparable phenotypes. (A, B) Observed number of wild-type, Pcm1+/Δ5-14, Pcm1Δ5-14/Δ5-14, 866 

Pcm1+/Δ796-800 and Pcm1Δ796-800/Δ796-800 mice as a percentage of the expected number. Chi 867 

squared: *** P< 0.01, * P< 0.05. (C, D) Body weights of wild-type, Pcm1+/Δ5-14, Pcm1Δ5-14/Δ5-14, 868 

Pcm1+/Δ796-800 and Pcm1Δ796-800/Δ796-800 mice. Student’s t-test: ** P< 0.01, *** P< 0.001. (E, F) 869 

Percentage of control (heterozygote and wild-type), Pcm1Δ5-14/Δ5-14 and Pcm1Δ796-800/Δ796-800 870 

mice displaying overt hydrocephaly. Chi squared: ** P< 0.01, *** P< 0.001. 871 

 872 

Figure 1 - figure supplement 3. PCM1 is dispensable for ciliogenesis in some cell 873 

types. 874 

(A, C, E) Sagittal sections of wild-type and Pcm1-/- E18.5 embryos immunostained for cilia 875 

(polyglutamylated tubulin: TUBPolyE, magenta and ARL13B, yellow). Nuclear stain (DAPI) in 876 

blue. Insets depict higher magnification views of demarcated areas. Tissues shown are ribs 877 

(A), kidney (C) and trachea (E). Primary cilia are marked by white arrows. (B) Percentage of 878 

E18.5 rib wild-type and Pcm1-/- cells that are ciliated. (D) Length of cilia in E18.5 wild-type 879 

and Pcm1-/- cortical kidney epithelial cells. n = 2 animals/genotype represented by large 880 

symbols, small symbols represent individual field of view. Student’s t-test. ns: not significant. 881 

Scale bars represent 30 µm in main panels (A and C), 20 µm (E), and 10 µm insets. 882 

 883 
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Figure 1 – source data 1. Full uncropped immunoblots for Figure 1A and Figure 1 - figure 884 

supplement 1C, labelled and unlabelled. 885 

 886 

Figure 2. Pcm1-/- mice display ciliopathy-associated phenotypes. (A) Pcm1-/- mouse 887 

displaying a domed skull indicative of hydrocephaly. (B) Coronal sections of 5-week-old wild-888 

type and Pcm1-/- brains. (C) Percentages of wild-type and Pcm1-/- mice exhibiting 889 

hydrocephaly (n = 22 Pcm1-/- mice, age 19 days - 3 months (with hydrocephaly) and 6 weeks 890 

– 1 year (without overt hydrocephaly), n = 35 age matched littermate controls). (D) Gross 891 

morphology of 8-month-old wild-type and Pcm1-/- brains. Cerebella are delineated with dotted 892 

lines. (E) Quantification of cerebellar area measured from sagittal sections of 2 to 8-month-893 

old brains from Pcm1-/- mice without frank hydrocephaly, normalized to the mean of wild-type 894 

cerebellar area. N = 3. Each shape represents a different animal. Error bars indicate 895 

standard deviations. Student’s t-test: * P< 0.05. (F) Cresyl violet-stained sagittal sections of 896 

8-month-old brains. Cerebella are indicated with arrows. * Dilated ventricle. (G) Percentage 897 

of time spent by adult wild-type and Pcm1-/- mice in alternate (AB) gait and cruciate (CA) gait. 898 

Mean +/- SEM. Pcm1+/+ n = 4, Pcm1-/- n = 5. Student’s t-test: * P< 0.05. (H) H&E-stained 899 

sections of kidneys and adrenals from 6-week-old wild-type and Pcm1-/- mice. (I) Sperm 900 

count per ml of wild-type and Pcm1-/- epididymal semen. n = 3 per genotype. (J) PAS-stained 901 

sections of 3-month-old wild-type and Pcm1-/- seminiferous tubules. Insets are higher 902 

magnification images of elongated spermatids (see Figure 2 supplement 1C for lower 903 

magnification images), with a cartoon of sperm head morphology. (K) Immunofluorescence 904 

staining of wild-type and Pcm1-/- seminiferous tubules for sperm flagella (acetylated tubulin, 905 

TUBAc, magenta) and nuclei (DAPI, blue). Scale bars represent 1 mm in B, 2.5 mm in F and 906 

H, 100 µm in J, and 50 µm in K. 907 

 908 

Figure 2 - figure supplement 1. Pcm1-/- mice display a subset of ciliopathy-associated 909 

phenotypes. (A) Coronal (6-week, top images) and sagittal (8-month, bottom images) 910 

optical projection tomography (OPT) images of brains of wild-type and Pcm1-/- mice. Dilated 911 

ventricle is marked by an arrow. Cerebellar limits are indicated by arrowheads. Scale bar 912 

represents 1 mm. (B) Ventricle size relative to cortex size of wild-type and Pcm1-/- mice 913 

without overt hydrocephaly. Each point depicts a measurement from an individual sagittal 914 

section. Each shade represents a separate animal. Student’s t-test: * P< 0.05. (C) PAS 915 

staining of stage-matched wild-type and Pcm1-/- testis seminiferous tubules. Insets show 916 

enlargements of developing spermatids, with cartoons depicting spermatid morphology and 917 

stage number. Scale bar represents 50 μm in main panels and 10 μm in insets. (D) 918 

Intravitreous injection of TMR-SNAP into wild-type and Pcm1SNAP/SNAP eyes labels PCM1-919 

SNAP in the retinas. DAPI marks nuclei (blue). Displayed is a single X-Z slice from a 920 
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confocal z stack. Scale bar represents 40 μm. (E) Fundal imaging of 1-year-old wild-type 921 

and Pcm1-/- eyes. (F) H&E-stained sections of 13-month-old wild-type and Pcm1-/- retinas. 922 

Scale bar represents 20 μm. (G) Electroretinograms (ERGs) of 9-month-old wild-type and 923 

Pcm1-/- mice. (H) Quantification of ERG A-waves, reflecting the rapid cornea negative 924 

potential. Student’s t-test. (I). Quantification of ERG B-waves, reflecting the slow cornea 925 

positive potential. Student’s t-test, ns = not significant.  926 

 927 

Figure 2 – video 1. Wild-type sperm morphology and movement. Sperm were isolated 928 

from wild-type testes and imaged in dilute methyl cellulose. 929 

 930 

Figure 2 – video 2. Pcm1-/- sperm are immotile and lack normal head structures. Sperm 931 

were isolated from Pcm1-/- testes and imaged in dilute methyl cellulose. 932 

 933 

Figure 2 – video 3. Pcm1-/- sperm exhibit disrupted movement. Sperm were isolated from 934 

Pcm1-/- testes and imaged in media without methyl cellulose. 935 

 936 

Figure 3. PCM1 is required for efficient basal body synthesis and multiciliogenesis.  937 

(A) Wild-type and Pcm1-/- P3 wholemount brain ventricles immunostained for basal bodies 938 

(FOP, yellow), actin (phalloidin, cyan) and cilia (TUBAc, magenta). Inset depicts area of 939 

ventricle imaged (cyan box). (B) Wild-type and Pcm1-/- P5 wholemount ventricles 940 

immunostained for basal bodies (FOP, yellow), cilia (TUBAc, magenta), and nuclei (DAPI, 941 

blue). Below: single optical planes highlight the persistence of rosettes and disrupted 942 

ciliogenesis in Pcm1-/- ependymal cells. (C) Percentage of ependymal cells with >4 basal 943 

bodies in wild-type and Pcm1-/- P3, P5 and P16 ventricles. Each shape represents an 944 

animal; the smaller symbols represent individual images and the larger shape the mean for 945 

each animal. Student’s t-test: * P< 0.05, ** P< 0.01, ns: not significant. (D) Percentage of 946 

ependymal cells with multiple cilia in wild-type and Pcm1-/- P3, P5 and P16 ventricles. 947 

Student’s t-test: *** P< 0.001, ns, not significant. (E) The number of basal bodies per wild-948 

type and Pcm1-/- P5 ependymal cell. (F) Percentage of P3 wild-type and Pcm1-/- ependymal 949 

cells with centriolar rosette structures. Student’s t-test: * P< 0.05. (G, H) Rose plots of the 950 

translational polarity of basal bodies in wild-type and Pcm1-/- P5 and P16 ependymal cells, as 951 

assessed from immunofluorescent images as in Figure 3 - figure supplement 1A and B. 952 

Schematic insets represent individual ependymal cells with polarised or unpolarised basal 953 

bodies (yellow). An arrow was drawn from the center of the nucleus (blue) to the centre of 954 

the basal bodies (yellow) and the distance and angle is plotted relative to the average angle 955 

for that field of view, which was set to 0ᵒ. At both P5 and P16, the standard deviations 956 
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between wild-type and Pcm1-/- ependymal cells are different (F-test: *** P< 0.0001). (I) TEM 957 

of ependymal cell cilia from P3 wild-type and Pcm1-/- ventricles. Wild-type cilia display 9+2 958 

microtubule arrangement. Pcm1-/- cilia display axonemal defects, including missing 959 

microtubule doublets and axoneme fusion (indicated by *). (J) Colourized heat map (scale: 960 

yellow - high, blue - low) of maximum projection of the standard deviation of pixel intensity in 961 

Figure 3 - videos 1 and 2, depicting wild-type and Pcm1-/- cultured ependymal cell cilia beat 962 

coordination. Areas of high pixel intensity variation reflect areas of increased movement. (K) 963 

Percentage of P3 wild-type and Pcm1-/- ependymal cilia structural anomalies. Chi squared 964 

test: *** P< 0.001. n = 121 cilia from 3 wild-type mice and 61 cilia from 3 Pcm1-/- mice. (L) 965 

Percentage of cultured wild-type and Pcm1-/- ependymal cells with ranges of cilia number 14-966 

16 days after serum withdrawal. Chi squared test: *** P< 0.001. ns: not significant. (M) 967 

Percentage of cultured wild-type and Pcm1-/- ependymal cells with coordinated ciliary beating 968 

14-16 days after serum withdrawal. Chi squared test: *** P< 0.01. (N) Cilia beat frequency of 969 

cultured wild-type and Pcm1-/- ependymal cells 14-16 days after serum withdrawal. Small 970 

symbols represent individual cells, large symbols represent average for each cell lines from 971 

an individual animal. Student’s t-test: *** P< 0.001, ** P< 0.01. (O) Representative images of 972 

wild-type and Pcm1-/- mTECs cultured at air-liquid interface for 3 days and immunostained 973 

for basal bodies (FOP, yellow) and CEP131 (magenta). Representative cells cultured from n 974 

= 3 wild type and 3 Pcm1-/- animals, at the “centriolar amplification” (C/A), “growth” (G) and 975 

“disengagement” (D) stages of centriolar amplification are shown (see also Figure 3 - figure 976 

supplement 1G). Scale bars: 15 µm (A), 5 µm (B), 100 nm (I) and 1 μm main panel, 2 μm 977 

inset (O). 978 

 979 
Figure 3 - figure supplement 1. Centriole amplification is delayed and fibrogranular 980 

material is disrupted in Pcm1-/- ependymal cells. (A, B) Ependymal cells from P5 (A) and 981 

P16 (B) wild-type and Pcm1-/- ventricles immunostained for basal bodies (FOP, yellow), cilia 982 

(TUBAc, magenta) and, at P5, actin (phalloidin, cyan). (C) Cultured wild-type and Pcm1-/- 983 

ependymal cells three days after serum withdrawal and immunostained for basal bodies 984 

(FOP, yellow) and cilia (TUBAc, magenta), at the “amplification” (A), “growth” (G), 985 

“disengagement” (D) and multicilated cell (MCC) stages of centriolar amplification. (D) 986 

Percentage of wild-type and Pcm1-/- cultured ependymal cells  at each stage of centriole 987 

amplification after 3 days of serum starvation. (E) The number of centrioles per ependymal 988 

cell at each stage of centriole amplification after 3 days of serum starvation. (F) The number 989 

of cilia per ependymal cell at each stage of centriole amplification after 3 days of serum 990 

starvation. For (D-F), each point represents a cell, n = 3 cultures/genotype, each from a 991 

different mouse. 2-way ANOVA, Sidak corrected for multiple testing: ns, not significant, ** P 992 

< 0.01. (G) Schematic depicting the stages of centriolar amplification and multiciliogenesis in 993 



PCM1 promotes mammalian ciliogenesis 

  

cultured ependymal cells. (H, I) Representative images of cultured wild-type and Pcm1-/- 994 

ependymal cells after 3 days of serum starvation and immunostained for basal bodies (FOP, 995 

yellow) and CEP131 (magenta, H) or PCNT (magenta, I), at the “centriolar/amplification” 996 

(C/A), “growth” (G) and “disengagement” (D) stages of centriolar amplification. White arrows 997 

indicate basal bodies. Blue arrowheads indicate elongated fibrous deposition of CEP131. 998 

Scale bars: 10 µm (A), 5 µm (B) 5 µm (C), 2 µm (H) and 1 µm (I). 999 

 1000 

Figure 3 - figure supplement 2. Pcm1-/- ependymal cells form elongated centriole-like 1001 

structures. (A) Ependymal cells from P3 wild-type and Pcm1-/- ventricles immunostained for 1002 

FOP (yellow), actin (phalloidin, cyan) and nuclei (DAPI, blue). A single optical section basal 1003 

to most basal bodies is shown. Arrows indicate elongated structures to which FOP localizes 1004 

with a mean length of 5.0 µm (standard deviation ± 1.9 µm). (B). Percentage of wild-type 1005 

and Pcm1-/- ependymal cells with elongated FOP-localized centriole-like structures. n = 2 1006 

wild-type and 3 Pcm1-/- mice. Student’s t-test: *** P< 0.001. (C) Pcm1-/- ependymal cells from 1007 

P3 ventricle immunostained for FOP (yellow), TUBAc (magenta) and nuclei (DAPI, blue). 1008 

Single channel images shown below. (D) Apical and lateral views of a Pcm1-/- ependymal 1009 

cells from P3 ventricle immunostained for FOP (yellow), TUBAc (magenta) and nuclei (DAPI, 1010 

blue). (E) Pcm1-/- ependymal cell from P3 ventricle immunostained for FOP (yellow), Centrin 1011 

(CETN, magenta) and nuclei (DAPI, blue). Single channel images are below. (F) TEM of 1012 

Pcm1-/- ependymal cells from P3 ventricle. Outlined areas are shown in magnified views 1013 

(right). Arrows indicate elongated fibrillar structures specific to Pcm1-/- cells. Scale bars: 10 1014 

µm (A), 5 µm (C-E), 1 µm (F, left) and 200 nm (F, right). 1015 

 1016 

Figure 3 - figure supplement 3. Delayed expression of ciliary proteins in Pcm1-/- 1017 

mTECs. (A) Wild-type and Pcm1-/- mTECs immunostained for basal bodies (FOP, yellow), 1018 

cilia (TUBAc, magenta), and nuclei (DAPI, blue) 4, 7 or 12 days after placement at air-liquid 1019 

interface (ALI). Below: single channel images from boxed areas. (B) Wild-type and Pcm1-/- 1020 

P5 tracheas immunostained for basal bodies (FOP, yellow), cilia (TUBAc, magenta), and 1021 

actin (phalloidin, cyan). Scale bar: 10 µm. (C) TEM of axonemes of cilia from 6 month-old 1022 

wild-type and Pcm1-/- tracheas. Scale bar: 100 nm. (D) Percentage of axonemal 1023 

abnormalities in ciliary axonemes of wild-type and Pcm1-/- tracheal multiciliated cells (n = 120 1024 

wild-type axonemes from 3 animals, 82 Pcm1-/- axonemes from 3 animals). (E) Wild-type 1025 

and Pcm1-/- tracheal cilia beat frequencies, n = 2 per genotype, large symbol represents 1026 

average for that animal, small symbols represent individual cells. (F) Wild-type and Pcm1-/- 1027 

mTEC cilia beat frequencies. N = 3 per genotype, large symbol represents average for that 1028 

animal, small symbols represent individual cells, Student’s t-test: ns, not significant. (G) 1029 

Heatmap of LFQ mass spectrometry analysis of wild-type and Pcm1-/- mTECs, depicting all 1030 
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changed proteins between timepoints or genotypes at ALI D0 (unciliated), D7 (ciliating) and 1031 

D21 (ciliated). Right: expansion of two clusters of proteins reduced in Pcm1-/- mTECs at ALI 1032 

D7. Font color indicates ontology: centriolar satellite proteins are in dark blue, centrosomal 1033 

proteins are in light blue, ciliary proteins are in grey, and ciliary motility proteins are in purple, 1034 

and include dyneins (red) and dynein axonemal assembly factors (pink). See also 1035 

Supplementary File 5. 1036 

 1037 

 1038 

Figure 3 - video 1. Wild-type cultured ependymal cilia beat in a coordinated way 14 days 1039 

after serum withdrawal. 1040 

 1041 

Figure 3 - video 2. Pcm1-/- ependymal cilia show uncoordinated, slow ciliary beat 16 days 1042 

after serum withdrawal. 1043 

 1044 

Figure 3 - video 3. Pcm1-/- ependymal cilia show uncoordinated, slow ciliary beat 14 days 1045 

after serum withdrawal. 1046 

 1047 

Figure 3 - video 4. Cilia of a tracheal wholemount preparation from a 3-month-old wild-type 1048 

mouse beating. 1049 

 1050 

Figure 3 - video 5. Cilia of a tracheal wholemount preparation from a 2-month-old Pcm1-/- 1051 

mouse beating. 1052 

 1053 

Figure 3 - video 6. Wild-type ALI12 mTEC cilia beating. 1054 

 1055 

Figure 3 - video 7. Pcm1-/- ALI12 mTEC cilia beating. 1056 

 1057 

Figure 4. PCM1 is essential for centriolar satellite integrity and, in some cell types, 1058 

ciliogenesis. (A) Immunoblot of wild-type and PCM1-/- RPE1 cell lysates for PCM1 and 1059 

GAPDH (loading control). Gel stained with Coomassie blue. (B) Wild-type and PCM1-/- RPE1 1060 

cells immunostained for CEP131 (yellow), centrioles (FOP, magenta), and nuclei (DAPI, 1061 

blue). (C) Wild-type and PCM1-/- RPE1 cells immunostained for CEP290 (yellow), centrioles 1062 

(γ-TUB, magenta), and nuclei (DAPI, blue). (D, E) Wild-type and Pcm1-/- MEFs 1063 

immunostained for centrioles (γ-TUB, magenta), and nuclei (DAPI, blue) with CEP131 (D) or 1064 

MIB1 (E) (yellow). (F) CEP131 intensity as a function of distance from the centrosome. 1065 

Cep131-/- MEFs are included as a control (Hall et al., 2013). 2-way ANOVA, comparing wild-1066 

type to mutants, with Dunnett correction for multiple testing: * P< 0.05, ** P< 0.01, *** P< 1067 
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0.001. Error bars represent standard error of the mean. (G) MIB1 intensity as a function of 1068 

distance from the centrosome. (H) Wild-type and PCM1-/- RPE1 cells immunostained for 1069 

PCM1 (yellow), cilia (ARL13B, magenta), centrioles (γ-TUB, cyan) and nuclei (DAPI, blue). 1070 

(I) Percentage of wild-type and PCM1-/- RPE1 cells serum starved for 24, 72 or 96 h that are 1071 

ciliated. Bar graphs show means ± SD. Unpaired student’s t-test: *** P< 0.001. n> 100 cells 1072 

from 3 replicates. (J) Percentage of three control (treated with non-targeting sgRNA) and 1073 

PCM1-/- RPE1 clonal lines, serum starved for 24 h that are ciliated. Bar graphs show means 1074 

± SEM. Unpaired Student’s t-test: *** P< 0.001. n> 100 cells from 2 replicates. (K) Wild-type 1075 

and Pcm1-/- MEFs immunostained for cilia (ARL13B, yellow), centrioles (γ-TUB, magenta) 1076 

and nuclei (DAPI, blue). (L) Percentage of two PCM1-/- RPE1 clonal lines with and without 1077 

eYFP-PCM1 expression serum starved for 24 h. Bar graphs show means ± SEM. Unpaired 1078 

Student’s t-test: ** P < 0.01, *** P < 0.001. n>100 cells from 2 replicates. (M) Percentage of 1079 

wild-type and Pcm1-/- MEFs serum starved for 6-36 h that are ciliated. Bar graphs show 1080 

means ± SEM. n = 3 MEF lines from different embryos per genotype. Student’s t-test, ns = 1081 

not significant.  1082 

Scale bars: 2 µm (B), 1 µm (C), 0.5 µm (B, C insets), 5 µm (D, E), 1 µm (D, E insets), 10 µm 1083 

(H, K) and 1 µm (H, K insets).  1084 

 1085 

Figure 4 - figure supplement 1. PCM1 is dispensable for ciliogenesis in MEFs. (A) Wild-1086 

type and Pcm1-/- MEFs serum starved for 36 h and immunostained for ARL13B (yellow), 1087 

TUBAc (magenta) and nuclei (DAPI, blue). Scale bar: 10 µm. (B) Percentage of wild-type and 1088 

Pcm1-/- MEFs immunostained as in (A) that were ciliated. Error bars represent SEM. n = 3 1089 

MEF lines. Student’s t-test: ns, not significant. (C) Percentage of wild-type and Pcm1-/- MEFs 1090 

serum starved and immunostained as in Figure 4I possessing the denoted centrosome 1091 

number. Error bars represent SEM. n = 3 MEF lines. One way ANOVA, not significant. (D) 1092 

Quantification of ciliary length in wild-type and Pcm1-/- MEFs serum immunostained for 1093 

ARL13B. Student’s t-test: ns, not significant.  1094 

 1095 

Figure 4 – video 1. Centriolar satellites frequently fuse and divide near the basal body. 1096 

Endogenous PCM1-SNAP labelled with TMR-SNAP (yellow) in Pcm1SNAP MEFs reveals that 1097 

centriolar satellites show saltatory movement, coalescing and fragmenting around the base 1098 

of cilia (SiR-tubulin, magenta). Scale bar: 3 µm. 1099 

 1100 

Figure 4 – source data 1. Full uncropped immunoblots for Figure 4G, labelled and 1101 

unlabelled. 1102 

 1103 

Figure 5. PCM1 promotes mother centriole docking to preciliary vesicles. 1104 
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(A) 3D-SIM images of Myosin-Va (MyoVa, yellow), centrioles (γ-TUB, cyan) and cilia (TUBAc, 1105 

magenta) in wild-type and PCM1-/- RPE cells 1 h after serum starvation. Scale bars: 1 μm 1106 

and 0.5 μm for main panels and insets, respectively. (B) Percentage of wild-type and PCM1-1107 
/- RPE1 cells with no MyoVa at centrosomes, MyoVa at centrosomes, and MyoVa at cilia. 1108 

Bar graphs show means ± SEM. Unpaired Student’s t-test compared with wild-type: * P< 1109 

0.05, ** P< 0.005. n> 50 cells from 2 replicates. (C) 3D-SIM images of RPE1 cells 1110 

immunostained with RAB34 (yellow), centrioles (γ-TUB, cyan) and cilia (ARL13B, magenta). 1111 

Scale bars: 1 μm and 0.5 μm for main panels and insets, respectively. (D) Percentage of 1112 

wild-type and PCM1-/- RPE cells 1 h and 24 h after serum starvation exhibiting no 1113 

centrosomal RAB34, RAB34 at centrosomes, and RAB34 at cilia. n> 100 cells. (E) Serial-1114 

section TEM of RPE1 cells during early ciliogenesis (1 h after serum starvation). Scale bar: 1115 

200 nm. (F) Percentage of wild-type and PCM1-/- RPE1 cells in which TEM images 1116 

demonstrate basal body association with preciliary vesicles (PCV) or ciliary vesicles (CV). n 1117 

= 5-20 cells.  1118 

 1119 

Figure 5 - figure supplement 1. PCM1 is dispensable for mother centriole maturation. 1120 

(A) Wild-type and PCM1-/- RPE1 cells immunostained for TALPID3 (yellow), centrioles (γ-1121 

TUB, cyan), and cilia (ARL13B, magenta). (B) Quantification of TALPID3 levels at centrioles. 1122 

(C) Wild-type and PCM1-/- RPE1 cells immunostained for Centrobin (yellow), distal 1123 

appendages (CEP164, cyan) and centrioles (FOP, magenta). (D) Percentage of wild-type 1124 

and PCM1-/- RPE1 cells with 24 h after serum starvation with the designated number of 1125 

Centrobin foci at centrioles. (E) Quantification of Centrobin levels at centrioles 24 h after 1126 

serum starvation. (F) Wild-type and PCM1-/- RPE1 cells immunostained for subdistal 1127 

appendage protein Ninein (yellow), centrioles (γ-TUB, cyan), and cilia (ARL13B, magenta). 1128 

(G) Quantification of Ninein levels at centrioles. (H) Wild-type and PCM1-/- RPE1 cells 1129 

immunostained for distal appendage protein FBF1 (yellow), centrioles (γ-TUB, cyan), and 1130 

cilia (ARL13B, magenta). (I) Quantification of FBF1 levels at mother centrioles. (J) Wild-type 1131 

and PCM1-/- RPE1 cells immunostained for distal appendage protein ANKRD26 (yellow), 1132 

centrioles (γ-TUB, cyan), and cilia (TUBAc, magenta). (K) Quantification of ANKRD26 levels 1133 

at mother centrioles. Scale bars: 2 µm in main panels and 0.5 µm in insets. Student’s t-test: * 1134 

P< 0.05, *** P< 0.001, ns, not significant. 1135 

 1136 

Figure 5 - figure supplement 2. PCM1 promotes mother centriole association with 1137 

vesicles. Serial-section TEM images of wild-type (A) and PCM1-/- (B) RPE1 cells 1 h after 1138 

serum starvation. Subdistal appendages (SDA) are denoted with yellow arrowheads and 1139 
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distal appendages (DA) are denoted with red arrowheads. In PCM1-/- RPE1 cells, the mother 1140 

centrioles were less frequently associated with a ciliary vesicle (CV). Scale bar: 500 nm. 1141 

 1142 

Figure 6. PCM1 promotes removal of CP110 and CEP97 from the mother centriole. (A) 1143 

Wild-type and PCM1-/- RPE1 cells serum starved for 24 h immunostained for CP110 (yellow), 1144 

centrioles (FOP, cyan), and distal appendages (CEP164, magenta). (B) Wild-type and 1145 

PCM1-/- RPE1 cells serum starved for 24 h immunostained for CEP97 (yellow), centrioles (γ-1146 

TUB, cyan), and cilia (TUBAc, magenta). (C) Percentage of wild-type and PCM1-/- RPE1 cells 1147 

with CP110 levels at one or two centrioles. Bar graphs show means ± SEM. Unpaired 1148 

Student’s t-test compared with wild-type: *** P< 0.0005. n > 50 cells from 2 replicates. (D) 1149 

Percentage of wild-type and PCM1-/- RPE1 cells with CEP97 levels at one or two centrioles. 1150 

Bar graphs show means ± SEM. Unpaired Student’s t-test compared with wild-type: *** P< 1151 

0.0005. n > 50 cells from 2 replicates. (E) Wild-type and Pcm1-/- MEFs serum starved for 24 1152 

h and immunostained for CP110 (yellow) and cilia (TUBAc, magenta). (F) Wild-type and 1153 

Pcm1-/- lateral ventricular wall immunostained for CP110 (yellow), basal bodies (FOP, cyan), 1154 

and nuclei (DAPI, blue). (G) Percentage of wild-type and Pcm1-/- MEFs serum starved for 24 1155 

h with CP110 levels at none, one or two centrioles. (H) The ratio of CP110 intensity on 1156 

daughter and mother centrioles in wild-type and Pcm1-/- MEFs serum starved for 24 h. (I) 1157 

Intensity of CP110 in wild-type and Pcm1-/- ependymal cells. n = 3 per genotype. Large 1158 

symbols represent individual animals, small symbols represent individual cells. Student’s t-1159 

test, * P< 0.05, ** P< 0.01, *** P< 0.001. Scale bars represent 1 µm (main panel) and 0.5 µm 1160 

(inset) (A,B), represent 5 µm (main panel) and 1 µm (inset) (E), and 2 µm (F). 1161 

 1162 

Figure 6 - figure supplement 1. PCM1 promotes removal of CP110 from basal bodies 1163 

of airway multiciliated cells. (A) Wild-type and Pcm1-/- wholemount trachea from P45 mice 1164 

immunostained for basal bodies (FOP, magenta) and CP110 (yellow). (B) Quantification of 1165 

CP110 intensity at basal bodies of wild-type and Pcm1-/- tracheal multiciliated cells. n = 3 per 1166 

genotype. Large symbols represent individual animals, small symbols represent individual 1167 

cells. Student’s t-test: ** P< 0.01. Scale bar: 3 µm. 1168 

 1169 

Figure 7. PCM1 promotes IFT recruitment and transition zone formation. (A) Wild-type 1170 

and PCM1-/- RPE1 cells immunostained for IFT88 (yellow), centrioles (γ-TUB, cyan), and cilia 1171 

(ARL13B, magenta). (B) Quantification of IFT88 intensity at basal bodies. (C) 1172 

Immunostaining for IFT81 (yellow), centrioles (γ-TUB, cyan), and cilia (TUBAc, magenta). (D) 1173 

Quantification of IFT81 intensity at basal bodies. (E) Immunostaining for CEP162 (yellow), 1174 

centrioles (γ-TUB, cyan), and cilia (ARL13B, magenta). (F) Quantification of CEP162 1175 

intensity at basal bodies. (G) Immunostaining for transition zone component RPGRIP1L 1176 
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(yellow), distal appendages (CEP164, cyan), and cilia (TUBpolyE, magenta). (H) Quantification 1177 

of RPGRIP1L intensity at transition zones. (I) Immunostaining for TTBK2 (yellow), distal 1178 

appendages (CEP164, cyan), and centrioles (γ-TUB, magenta). (J) Quantification of TTBK2 1179 

intensity at basal bodies. Scale bars in main figures represent 1 µm and in insets represent 1180 

0.5 µm. Student’s t-test: * P< 0.05, *** P< 0.001, ns, not significant. 1181 

 1182 

Figure 7 - figure supplement 1. PCM1 does not control IFT88 levels in MEF cilia. (A) 1183 

Wild-type and Pcm1-/- MEFs immunostained for IFT88 (yellow), cilia (TUBAc, magenta) and 1184 

nuclei (DAPI, blue). (B) Quantification of IFT88 intensity along the cilia, calculated from line 1185 

plots of n > 120 wild-type and Pcm1-/- cilia from 3 primary cell lines per genotype.  1186 

 1187 

Figure 8. PCM1 restricts CP110 and CEP97 localization to distal mother centrioles. (A) 1188 

Wild-type and PCM1-/- RPE1 cells immunostained for CP110 (yellow), centriolar satellites 1189 

(PCM1, magenta), and nuclei (DAPI, blue) in cells with serum (cycling) or 1 h or 24 h after 1190 

withdrawing serum. (B) Immunostaining for CEP97 (yellow), centriolar satellites (PCM1, 1191 

magenta), and nuclei (DAPI, blue). (C) Total cell lysates of PCM1-/- RPE1 cell lines stably 1192 

expressing eGFP or eYFP-PCM1 subjected to immunoprecipitation with anti-GFP. 1193 

Precipitating proteins were immunoblotted for GFP, CP110, CEP97 and GAPDH. IP: eluate. 1194 

FT: flow through. (D) Immunoblot of wild-type and PCM1-/- RPE1 cell lines lysates for CP110 1195 

and GAPDH, as well as Coomassie stain of gels. Cells were deprived of serum for 24 h prior 1196 

to lysis. (E)  Quantification of PCM1 and CP110 levels from immunoblots.  (F) Wild-type and 1197 

PCM1-/- RPE1 cells immunostained for CP110 (yellow) and centrioles (FOP, magenta). 1198 

Cycling cells were treated with nocodazole to disperse the centriolar satellite pool of CP110, 1199 

leaving the centriolar pool. (G) Immunostaining for CEP97 (yellow) and centrioles (γ-TUB, 1200 

magenta) in cycling cells treated with nocodazole. (H) Quantification of CP110 levels at 1201 

centrioles stained as in F. (I) Quantification of CEP97 levels at centrioles stained as in G.  1202 

Scale bars: 1 μm and 0.5 μm in main panels and insets, respectively. Student’s t-test: * P< 1203 

0.05, *** P< 0.001, ns, not significant. 1204 

 1205 

Figure 8 - figure supplement 1. CP110 localizes to satellites in a CEP290-dependent 1206 
manner. (A, B) Cycling wild-type and PCM1-/- RPE1 cells immunostained for CEP290 1207 
(yellow), PCM1 (cyan) and CP110 (magenta). (C) Cycling wild-type RPE1 cell stained for 1208 
Centrin2 (centrioles, CETN2, yellow), PCM1 (cyan) and CEP97 (magenta). (D) Wild-type 1209 
RPE1 cells transfected with control (siGL2) or CEP290 siRNA immunostained for CEP290 1210 
(yellow), PCM1 (cyan) and CP110 (magenta). (E) Immunoblot of lysates from asynchronous 1211 
and synchronized wild-type and PCM1-/- RPE1 cells blotted for CP110 and α-tubulin loading 1212 
control. Scale bars: 2 μm. 1213 
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 1214 
Figure 8 – source data 1. Full uncropped immunoblots for Figure 8C, 8I and Figure 8 - 1215 

figure supplement 1E, labelled and unlabelled. 1216 

 1217 

Figure 9. Centriolar satellites remodel centrioles to promote ciliogenesis. (A) PCM1 1218 
(cyan) scaffolds centriolar satellites, dynamic and heterogeneous condensates of centriolar 1219 
proteins. During ciliogenesis, we propose that centriolar satellites remove, or wick away, 1220 
CP110 and CEP97 from the mother centriole. Departure of CP110 and CEP97 is important 1221 
for subsequent steps in ciliogenesis, including centriolar vesicle formation, transition zone 1222 
formation and IFT-B recruitment. (B) In the absence of PCM1 and centriolar satellites, 1223 
CP110 and CEP97 are not efficiently removed during ciliogenesis, disrupting subsequent 1224 
steps, impeding ciliogenesis in a cell type-specific way and leading to hydrocephaly and 1225 
other ciliopathy-associated phenotypes. 1226 
 1227 
Supplementary File 1. gRNAs, repair template and siRNA sequences. 1228 
 1229 
Supplementary File 2. Genotyping primer sequences 1230 
 1231 
Supplementary File 3. Primary antibodies 1232 
 1233 
Supplementary File 4. Secondary antibodies 1234 
 1235 
Supplementary File 5. Differentially expressed proteins between wild type and Pcm1-/- 1236 
mouse tracheal epithelial cells (mTECs) on at least one timepoint (ALI1, ALI7 and/or 1237 
ALI21).  Expression is given as LFQ normalized by variance stabilizing transformation as 1238 
described in Materials and Methods, significantly differentially expressed proteins were 1239 
defined by an FDR cutoff of 0.05. 1240 
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