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24  Centrioles duplicate in the interphase only once per cell cycle. Newly
25 formed centrioles remain associated with their mother centrioles. The two
26  centrioles disengage at the end of mitosis, which licenses centriole
27 duplication in the next cell cycle. Therefore, timely centriole
28 disengagement is critical for the proper centriole duplication cycle.
29 However, the mechanisms underlying centriole engagement during
30 interphase are poorly understood. Here, we show that Cep57 and Cep57L1
31 cooperatively maintain centriole engagement during interphase.
32 Co-depletion of Cep57 and Cep57L1 induces precocious centriole
33 disengagement in the interphase without compromising cell cycle
34 progression. The disengaged daughter centrioles convert into
35 centrosomes during interphase in a Plkl-dependent manner. Furthermore,
36 the centrioles reduplicate and the centriole number increases, which
37 results in chromosome segregation errors. Overall, these findings
38 demonstrate that the maintenance of centriole engagement by Cep57 and
39  Cep57L1 during interphase is crucial for the tight control of centriole copy
40 number and thus for proper chromosome segregation.
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46  INTRODUCTION

47 The centrosome is an organelle that serves as a major microtubule
48  organizing center (MTOC) in animal cells(Conduit et al., 2015). In mitosis, the
49  two centrosomes migrate to opposite sides of the cell and facilitate the formation
50  of a bipolar spindle(Petry, 2016). Therefore, the number of centrosomes must be
51  strictly controlled for proper chromosome segregation(Nigg and Holland, 2018).
52 Abnormalities in centrosome number cause improper spindle formation,
53  chromosome instability, and various disorders including cancer and congenital
54  abnormalities such as microcephaly(Bettencourt-Dias et al., 2011). After cell
55  division, each daughter cell harbors two centrioles, and a new daughter centriole
56 forms in proximity to the mother centriole during the S phase(Nigg and Holland,
57  2018). As the number of centrioles are halved after cell division, the centrioles
58 are duplicated only once per cell cycle, ensuring that the correct number of
59  centrioles is maintained(Génczy and Hatzopoulos, 2019). Defects in the
60  centriole duplication cycle can lead to aberrations in centrosome number(Nigg
61  and Holland, 2018).

62 The centrosome is composed of one or two centrioles and the
63  surrounding pericentriolar material (PCM)(Conduit et al., 2015). The centrioles
64 are duplicated only once in the S phase(Fu et al., 2015). Each newly formed
65  daughter centriole grows at the proximity of the mother centriole during centriole
66  duplication and is orthogonally engaged with the mother centriole until late
67  mitosis (centriole engagement). After mitotic exit, mother and daughter centrioles
68  are dissociated (centriole disengagement), and both centrioles are licensed to

69  duplicate in the next cell cycle(Tsou et al., 2009). When centriole disengagement
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70 occurs precociously in the interphase, centrioles are reduplicated within the
71 same cell cycle(LonCarek et al., 2010; Martino et al., 2015). Such centriole
72 reduplication results in an increase in the number of centrioles in cycling cells
73 and may lead to chromosomal instability and a failure of cell division(Holmes et
74 al.,, 2010). Thus, the maintenance of centriole engagement is one of the
75 mechanisms limiting centriole duplication to once per cell cycle and controlling
76  proper centrosome cycle progression. However, the molecular mechanisms
77 underlying centriole engagement and disengagement remain largely unknown.

78 Recently, it has been suggested that the expanded PCM surrounds the
79  pair of centrioles and maintains centriole engagement during mitosis(Seo et al.,
80  2015). In particular, in human cells, pericentrin (PCNT), a major PCM scaffold
81  protein, has been shown to be a critical factor for centriole engagement during
82  mitosis(Lee and Rhee, 2012; Matsuo et al., 2012). PCNT is an elongated
83  molecule that is radially oriented, with its C-terminus region near the centriole
84 and its N-terminus extending outward to the periphery(Lawo et al., 2012;
85 Mennella et al., 2012). A radial array of PCNT acting as a scaffold for PCM
86  facilitates the recruitment of other PCM proteins during PCM expansion, and the
87 depletion of PCNT causes precocious centriole disengagement in early
88  mitosis(Matsuo et al, 2012). Importantly, we recently identified Cep57
89  (centrosomal protein of 57 kDa) as a binding partner of PCNT(Watanabe et al.,
90  2019). Cep57 localizes at the vicinity of centrioles and binds to the PACT domain,
91 a conserved C-terminus domain, of PCNT. Depletion of Cep57 perturbs the
92  Cep57-PCNT interaction and thereby affects PCM organization in early mitosis,

93  leading to precocious centriole disengagement(Watanabe et al., 2019). For the
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94 centriole disengagement that normally occurs at the end of mitosis,
95 separase-dependent cleavage of PCNT, which presumably occurs around the
96  metaphase-to-anaphase transition, is required for the disassembly of expanded
97  PCM and subsequent centriole disengagement(Lee and Rhee, 2012; Matsuo et
98 al., 2012). Plk1-dependent phosphorylation of PCNT has also been reported as
99  a priming step for the separase-dependent cleavage of PCNT(Kim et al., 2015).
100 In the prolonged G2/M phase induced by treatment with a Cdkl inhibitor or
101 DNA-damaging reagents, Pkl and separase are aberrantly activated, which
102 subsequently induces precocious centriole disengagement(Douthwright and
103 Sluder, 2014; Inang et al., 2010; Prosser et al., 2012). However, in contrast to the
104  recent progress in understanding mechanisms of centriole disengagement in
105 mitosis, very little is known about mechanisms maintaining centriole
106  engagement during interphase.

107 Centrosomal protein 57 kDa-like protein 1 (Cep57L1) is a paralog of the
108  Cep57 gene and is conserved in vertebrates. Cep57L1 was originally named for
109 its homology to Cep57. It has been reported that the reduction of Cep57L1
110  expression level is responsible for the congenital absence of the anterior
111 cruciate ligament (ACL) and the posterior cruciate ligament (PCL) in the
112 knee(Liu et al., 2015). Although we have recently demonstrated that Cep57
113 localizes at the centrosome and is required for the maintenance of centriole
114  engagement in early mitosis(Watanabe et al., 2019),neither the exact function
115 nor localization of Cep57L1 has been reported so far.

116 In this study, we reveal that Cep57 and Cep57L1 redundantly regulate

117 centriole engagement in the interphase. Co-depletion of Cep57 and Cep57L1
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118  causes precocious centriole disengagement during interphase in human cells.
119  Such precociously disengaged daughter centrioles acquire PCM and MTOC
120  activity. The precocious centriole disengagement in interphase is accompanied
121 by centriole reduplication, and the number of centrioles per cell gradually
122 increases with each passing cell division, since the amplified centrioles are
123 inevitably inherited by the daughter cells. Furthermore, the amplified centrioles
124 cause a higher frequency of chromosome segregation errors. It is therefore most
125 likely that defects in centriole engagement in interphase are more deleterious
126 than those in early mitosis. Overall, these findings shed light on the molecules
127 involved in the maintenance of centriole engagement during interphase and
128  clarify the effects of the disruption of centriole engagement on the fidelity of
129  chromosome segregation and cell division.

130
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131 RESULTS

132 Co-depletion of Cep57 and Cep57L1 causes an increase in the number of
133 centrosomes during interphase

134 We recently reported that the Cep57-PCNT interaction is crucial for the
135  maintenance of centriole engagement during mitosis and that depletion of
136 Cepb57 causes precocious centriole disengagement in mitosis, but not in
137 interphase (Mitosis: 42.2 = 5.1%, Interphase: 0%, N=30 and 50, respectively,
138 from three independent experiments) (Figures 1A and 1B)(Watanabe et al.,
139  2019). While the mechanism of centriole engagement in mitosis is gradually
140  being elucidated, that of interphase remains completely unknown. To address
141  this, we sought to identify the molecules required for centriole engagement
142  during interphase. Given that comprehensive RNAi-based screens have failed to
143 identify such molecules thus far, we assumed that two or more molecules have
144  redundant functions in the maintenance of centriole engagement during
145  interphase. Taking this possibility into account, we considered Cep57 and PCNT
146  as potential targets. We also focused on an uncharacterized paralog of Cep57 in
147 addition to Cep57 and PCNT: Cep57L1. Cep57L1 is a conserved protein in
148  vertebrates and consists of 460 amino acid residues with 39% sequence
149 homology to Cep57 in Homo sapiens (Figure S1A). We found that depletion of
150  Cep57L1 did not affect centriole engagement in either interphase or mitosis
151 (Figures 1E and 1F). We accordingly tested co-depletion of two of the three
152 proteins, Cep57, Cep57L1, and PCNT, by treating human cells with two distinct
153 siRNAs, and observed the centrosome and centriole behaviors. Among these

154  combinations, we first found that co-depletion of Cep57 and Cep57L1
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155  (Cep57/Cep57L1) caused an increase in the number of centrosomes, marked by
156  Cepl92, in interphase (46.6 + 17.7%, N=50, from three independent
157  experiments) (Figures 1C and 1D). Interestingly, we next found by using a
158  centriole maker, CP110, that approximately 20% of  the
159  Cep57/Cep57L1-depleted cells exhibited precocious centriole disengagement in
160  the interphase (16.0 + 5.3%, N=50, from three independent experiments, we
161  defined precocious centriole disengagement when at least one centriole is more
162  than 0.75 um away from the others) (Figures 1C and 1E) and that approximately
163 10% of the cells had more than four centrioles (11.3 = 7.6%) (Figures 1C and 1F).
164 These phenotypes provoked by the depletion of Cep57/Cep57L1 were also
165  confirmed by using a different siRNA and other human cell lines (Figures S1B
166 and S1C). As expected, this phenotype was rescued by expressing a synthetic
167  RNAi-resistant Cep57 or Cep57L1 construct (siControl: 2.2 + 1.9%,
168  siCep57/Cep57L1: 33.2 = 2.9%, siCep57/Cep57L1 + Cep57 expression: 10.0 £
169  3.3%, siCep57/Cep57L1 + Cep57L1 expression: 6.7 + 3.3%, N=30, from three
170 independent experiments) (Figures 1G and 1H). Taking these results together,
171 we conclude that the co-depletion of Cep57 and Cep57L1 causes the
172 aberrations in the number of centrosomes and centrioles during interphase.

173

174  Cep57 and Cep57L1 redundantly regulate centriole engagement during
175 interphase

176 In general, the presence of four separate centrioles in the interphase can
177 stem from a failure of cytokinesis. To investigate whether the phenotype seen

178 with co-depletion of Cep57 and Cep57L1 is due to a failure of cytokinesis or
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179  precocious centriole disengagement during interphase, we immunostained HeLa
180  cells with an antibody against ODF2, a marker of old mother centrioles (Figures
181  S2A and S2B). If the four separate centrioles were the consequence of a failure
182  of cytokinesis, the number of old mother centrioles in an interphase cell should
183 be two. However, more than 80% of the HelLa cells with four separate centrioles
184  or amplified centrioles possessed only one ODF2 focus (84.8 + 1.7%, N > 50,
185  from two independent experiments), as was the case in control cells (100%,
186  Figures S2A and S2B). We therefore reasoned that the separate centrioles likely
187  resulted from precocious centriole disengagement in interphase, rather than
188  cytokinesis failure. To confirm this idea, we determined when in the cell cycle the
189  phenotype could be observed in Cep57/Cep57L1-depleted cells using
190  5-ethynyl-2'-deoxyuridine (EdU, an S phase marker) and an antibody against
191  CENP-F (a G2 phase marker). Immunofluorescence with the cell cycle markers
192 indicated that, as in control cells, there were two centrioles in the G1 phase in
193  Cep57/Cep57L1-depleted cells, (EdU-negative, CENP-F-negative cells), but
194  approximately 20% of S phase cells (EdU-positive, CENP-F-negative cells) and
195  40% of G2 phase cells (CENP-F-positive cells) exhibited four or more separate
196  centrioles (S phase: 24.9 + 2.0%, G2 phase: 42.9 + 10.1%, N=30, from three
197 independent experiments) (Figures 2A, 2B and 2C). These data strongly
198 suggest that the presence of the four separate centrioles observed during
199 interphase in Cep57/Cep57L1-depleted cells stem from precocious centriole
200 disengagement in the S and G2 phases. Furthermore, live-imaging analysis
201  using HelLa cells stably expressing GFP-centrinl (HelLa-GFP-centrinl)

202  confirmed that precocious disengagement occurred during interphase in
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203  Cepb57/Cep57L1-depleted cells (Figure 2D and Supplementary Movie 1). We
204  also measured cumulative percentages of the disengagement phenotype based
2060 on live-imaging data and found that approximately 60% of
206 Cep57/Cep57L1-depleted cells (16 out of 26 cells) exhibited a disengagement
207  phenotype before cell round-up, that is, in the interphase (Figure 2E, Mean time:
208  siControl t=4.20 h, siCep57/Cep57L1 t=-2.76 h, Time zero corresponds to the
209 cell round-up). Importantly, we also found that centriole disengagement was
210 occasionally followed by centriole reduplication (Figure 2E), and that around
211 one-fifth of Cep57/Cep57L1-depleted cells possessed more than four centrioles
212 in the G2 phase (22.1 £ 11.1%, N=30, from three independent experiments)
213 (Figure 2C). Taken together, these data suggest that Cep57 and Cep57L1
214  cooperatively regulate the maintenance of centriole engagement during
215  interphase and thus suppress centriole reduplication within the same cell cycle.

216 Previous studies have reported that the G2 phase cell-cycle arrest
217 induced by treatment with a Cdk1 inhibitor or DNA-damaging reagents caused
218  precocious centriole disengagement(Douthwright and Sluder, 2014; Prosser et
219 al., 2012). Therefore, to examine whether co-depletion of Cep57 and Cep57L1
220 induces cell cycle arrest in the interphase, we performed a live-imaging analysis
221 and measured the duration of the period from anaphase onset to round-up in the
222 next mitosis. In Cep57/Cep57L1-depleted cells, the duration was not significantly
223  altered compared with control cells (siControl: 26.8 + 2.2 h, siCep57/Cep57L1:
224  26.2 = 3.6 h, N=30) (Figure S2B). In addition, FACS profiling analysis revealed
225  that the distribution of cell cycle phases was not affected by Cep57/Cep57L1

226  depletion (Figure S2C). Overall, these findings reveal that the co-depletion of

10
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227  Cep57 and Cep57L1 causes precocious centriole disengagement starting in the
228 S phase without affecting the cell cycle progression.

229

230  Precociously disengaged daughter centrioles are converted to
231  centrosomes in the G2 phase

232 Given that after depletion of Cep57/Cep57L1 precocious centriole
233 disengagement was apparent starting in the S phase, and that centriole
234  formation proceeds during the S phase, we next examined whether the
235  disengaged daughter centrioles were fully elongated. To address this, we used
236 POCS5, which is known to be incorporated at the final stage of new centriole
237 formation(Azimzadeh et al., 2009; Chang et al., 2016). Immunostaining with an
238  antibody against POC5 revealed that approximately half of the disengaged
239 centrioles incorporated POC5 (57.1% + 4.0%, N=30, from three independent
240  experiments), suggesting that upon depletion of Cep57/Cep57L1, a daughter
241  centriole can disengage from its mother centriole during the process of its
242 formation (Figures S3A and S3B).

243 Since fully matured daughter centrioles are converted into centrosomes
244  after mitosis (a process called centriole-to-centrosome conversion)(Wang et al.,
245  2011), we then asked if the precociously disengaged daughter centrioles
246 accomplish the centriole-to-centrosome conversion in the interphase. In normal
247  cells, around mitotic exit, a daughter centriole becomes a functional centrosome
248 and recruits PCM components and centriole duplication factors, such as PCNT
249  and Cepl52, respectively. For this conversion, procentriole formation requires

250  the centriolar recruitment of Cep295 and Cep192(Fu et al., 2016; Tsuchiya et al.,

11
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251  2016). Similar to Cep192, Cep295 was localized at almost all of the precociously
252 disengaged daughter centrioles (Figure S3C). In contrast, the disengaged
2563  daughter centrioles did not always acquire PCM components (PCNT),
254  suggesting that PCM proteins were gradually recruited to the disengaged
255  daughter centrioles. Indeed, Cep57/Cep57L1-depleted cells with more than two
256 PCNT-positive centrioles were relatively rare before the G2 phase (15.0 = 2.4%,
257 N=30 from three independent experiments), but gradually increased during the
258 G2 phase (51.7 £ 2.4%) and were most frequently observed after the G2 phase
259  was completed (mitosis, 85.0 + 11.8%) (Figures S4A and S4B). This observation
260  shows that the precociously disengaged daughter centrioles gradually recruited
261  PCM components to their surroundings mainly during the G2 phase and mitosis
262  (Figure S4C). Furthermore, such disengaged daughter centrioles nucleated
263 microtubules after depolymerization of microtubules by cold treatment, indicating
264  that these centrioles had acquired MTOC activity during interphase (Figure S4D).
265  Taken together, these results indicate that upon Cep57/Cep57L1 depletion, the
266  precociously disengaged centrioles can be converted to centrosomes starting in
267  the interphase.

268

269  Co-depletion of Cep57 and Cep57L1 induces centriole disengagement in
270 the interphase even without PIk1 kinase activity

271 To gain insight into the mechanisms by which Cep57/Cep57L1 depletion
272 causes precocious centriole disengagement in the interphase, we tested a
273 requirement of the known factors involved in centriole disengagement at the end

274  of mitosis. Previous studies have reported that canonical centriole

12


https://doi.org/10.1101/2020.05.10.086702

bioRxiv preprint doi: https://doi.org/10.1101/2020.05.10.086702; this version posted May 11, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

275  disengagement requires PIk1l activity, and that the inhibition of Plk1 perturbs
276  centriole disengagement at the end of mitosis (Tsou et al., 2009). Precocious
277 centriole disengagement in G2/M phase-arrested cells was also suppressed by
278  PIK1 inhibition (Prosser et al., 2012). To determine whether the precocious
279  centriole disengagement in Cep57/Cep57L1-depleted cells also requires Plk1
280  activity, we treated G2 phase-arrested cells or Cep57/Cep57L1-depleted cells
281 with a small molecular inhibitor of Plk1 (BI2536). As expected, the precocious
282  centriole disengagement in G2/M-arrested cells was suppressed by BI2536
283  treatment (Figures 3A and 3B). In contrast, BI2536 treatment did not suppress
284  the precocious centriole disengagement or the increase in the number of
285  centrioles in Cep57/Cep57L1-depleted cells (DMSO: 46.7 + 10.0%, B12536: 45.6
286 £ 10.1%, N=30 from three independent experiments) (Figures 3C and 3D).
287  These data indicate that the precocious centriole disengagement that occurs in
288  Cep57/Cep57L1-depleted cells does not depend on PIkl activity, unlike
289  canonical centriole disengagement or cell-cycle-arrest-induced precocious
290  centriole disengagement.

291

292 Plk1 activity is required for PCM recruitment to disengaged daughter
293 centrioles, presumably in the G2 phase

294 Since PIk1 is necessary not only for centriole disengagement but also for
295  daughter centrioles to acquire PCM in normal cells (Wang et al., 2011), we next
296 asked if Plkl activity is also required for PCM recruitment at precociously
297  disengaged daughter centrioles in Cep57/Cep57L1-depleted cells. To address

298  this, we treated Cep57/Cep57L1-depleted cells with BI2536 and counted the

13
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299  number of PCM-positive centrioles. Interestingly, in Cep57/Cep57L1-depleted
300 cells, BI2536 treatment significantly reduced the number of cells with
301  disengaged centrioles that have acquired PCNT (13.1 = 4.3%, N=30, from three
302  independent experiments), compared to the controls (51.6 + 2.4%) (Figures 3E
303 and 3F), indicating that Plk1 activity is required for PCNT recruitment to the
304 disengaged daughter centrioles. Similarly, y-tubulin recruitment to the
305 disengaged daughter centrioles was also suppressed by BI2536 treatment
306 (DMSO: 55.1 = 7.1%, BI2536: 10.0 + 9.4%, N=30, from three independent
307  experiments) (Figure 3G). Overall, these findings demonstrate that the
308  precociously disengaged daughter centrioles acquire PCM during the interphase
309 in a Plk1-dependent manner (Figure 3H). Given that Plk1 is activated starting
310  from the late G2 stage preceding mitosis (Schmucker and Sumara, 2014) and is
311  necessary for PCM recruitment to the disengaged daughter centrioles, it is
312 reasonable that precociously disengaged daughter centrioles gradually acquire
313 PCNT in the G2 phase (Figures S4A and S4B).

314

315 Cep57 and Cep57L1 have distinct properties in spite of their relatively high
316  amino acid sequence homology

317 While Cep57 and Cep57L1 cooperatively regulate centriole engagement
318 in the interphase, centriole engagement in mitosis is maintained by Cep57 but
319  not by Cep57L1. This suggests that Cep57 and Cep57L1 share redundant and
320  distinct functions in centriole engagement. To investigate the similarities and
321  differences between the functions of Cep57 and Cep57L1 in the regulation of

322 centrioles, we performed localization and domain analysis of Cep57 and

14
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323 Cepb57L1. We first sought to compare the detailed localization pattern of Cep57
324 and Cep57L1 at the centrosome. To do this, we immunostained HelLa cells with
325 an antibody against Cep57L1 and found that endogenous Cep57L1 localized at
326  the centrosome (Figure 4A). We also noticed that the level of Cep57L1 signal at
327  new mother centrioles gradually increased in the interphase (Figure 4A),
328  similarly to Cep57 (Watanabe et al., 2019). Moreover, structured illumination
329  microscopy (SIM) analysis showed that Cep57L1 formed a ring-like structure
330 around the mother centriole (Figure 4B). The diameter of the Cep57L1 ring was
331  167.7 £ 35.3 nm, which is close to that of the Cep57 ring (219.9 + 13.9 nm in
332 (Watanabe et al.,, 2019)) (Figure 4B). The specificity of the antibody was
333 validated using siRNA against Cep57L1 (Figure 4C). Interestingly, recruitment of
334  Cep57 and Cep57L1 at the centrosome did not depend on each other. Therefore,
335 these results indicate that Cep57 and Cep57L1 show a similar centriolar
336 distribution, but independently localize to the centrosome.

337  To further examine the similarities and differences between Cep57 and Cep57L1
338 function, we next performed domain analysis of Cep57 and Cep57L1. We
339  previously reported that the conserved PINC (present in N-terminus of Cep57)
340  domain in the N-terminus of Cep57 is required for its centriolar localization and
341  the interaction with PCNT, a functional binding partner (Watanabe et al., 2019).
342 Since Cep57L1 also has a PINC domain, we asked if the role of the PINC motif
343 in Cep57L1 was similar to its role in Cep57. To address this, we constructed
344  plasmids expressing the full-length Cep57L1 or a mutant lacking the PINC motif
345  (52-86 a.a.). Unexpectedly, immunofluorescent (IF) and co-immunoprecipitation

346 (co-IP) analyses with the mutant revealed that the PINC motif of Cep57L1 was
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347  dispensable for the centrosome localization (Figure S5A) and for the binding to
348 the PCNT C-terminal region, including the PACT domain (Figure S5B). These
349  data suggest that the PINC motif has different functions between Cep57 and
350  Cep57L1. In addition to the PINC motif, the Pfam protein family database
351  predicted the presence of microtubule-binding domains in both Cep57 and
352 Cep57L1 (Figure S1A). As previously reported, overexpressed Cep57 was
353 occasionally localized on the microtubule network via its microtubule-binding
354 domain (Figure S5C) (Momotani et al., 2008). In contrast, overexpressed
355  Cep57L1 did not show such a localization pattern, but instead aggregated in the
356 cytoplasm (Figure S5C). This result suggests that the putative
357 microtubule-binding domain of Cep57L1 does not possess a binding affinity for
358  microtubules. Furthermore, co-IP assays of Cep57 and Cep57L1 proteins in
359  HEK293T cells detected self-interaction of Cep57L1, but not of Cep57 (Figure
360  S5D). Overall, these findings show that Cep57 and Cep57L1 have distinct
361  properties in spite of their relatively high amino acid sequence homology.

362

363 Interdependency of centrosome localization between Cep57, Cep57L1,
364 Cep63, and Cepl52

365 We next searched for the proteins recruiting Cep57L1 to the centrosome.
366  Considering the similar distribution patterns of Cep57 and Cep57L1 at
367  centrosomes, we postulated that the localization of Cep57 and Cep57L1 around
368  the centriole wall is regulated by common proteins. Cep57 is recruited to the
369  centrosome dependent on Cep63, Cepl52, and NEDD1 (Aziz et al., 2018;

370 Lukinavicius et al., 2013; Wu et al., 2012). Of these three proteins, Cep63 and
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371  Cepl52 were demonstrated to form a trimeric complex with Cep57 at the
372 centrosome (LukinaviCius et al., 2013). Consistent with previous studies (Aziz et
373 al., 2018; LukinaviCius et al., 2013), we confirmed that Cep63 (Median : 30.6%
374 compared to siControl, N > 50) or Cepl52 depletion (19.3%) significantly
375  decreased the signal intensity of Cep57 at the centrosome (Figures 4D and S6A).
376 We then assumed that Cep63 and Cepl52 were also responsible for
377 centrosomal localization of Cep57L1. As expected, depletion of Cep63 (24.8%)
378 or Cepl52 (45.8%) reduced the signal intensity of Cep57L1 at the centrosomes,
379  indicating that both Cep57 and Cep57L1 localization at the centrosomes was
380  partially dependent on Cep63 and Cepl152 (Figures 4D and S6A). On the other
381 hand, the signal intensity of Cep63 and Cepl152 at the centrosomes was only
382  slightly affected by the depletion of Cep57 (Cep63 : 81.0%, Cepl52 : 80.2%) or
383  Cep57L1 (Cep63 : 70.6%, Cepl52 : 81.0%), while co-depletion of Cep57 and
384  Cep57L1 reduced the signal intensity of Cepl52 at the centrosomes more
385  drastically (31.1%) (Figures 4D, S6B and S6C). Moreover, as reported in
386  previous studies (Brown et al., 2013; Kim et al., 2019; Lukinavicius et al., 2013),
387  the signal intensity of Cep152 was attenuated by Cep63 depletion (25.8%), and
388  vice versa (66.4%) (Figure 4D). Hence, we propose that Cep57, Cep57L1,
389  Cep63, and Cepl52 mutually influence centrosomal localization (Figure 4E).

390

391  Precocious centriole disengagement in the interphase results in centriole
392 reduplication and thereby accelerates numerical centrosome

393  abnormalities
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394 We next examined the long-term consequence of precocious centriole
395  disengagement in Cep57/Cep57L1-depleted cells. To this end, we treated HeLa
396 cells with siCep57/Cep57L1 for 96 h and observed the centriole number during
397  mitosis. Immunofluorescence revealed that approximately 80% of the
398  Cepb7/Cep57L1-depleted cells had more than four centrioles during mitosis
399 (80.1 = 9.0%, N=50, from three independent experiments). In contrast, this was
400 not the case for Cep57-depleted cells, in which centriole disengagement
401  precociously occurred only in mitosis (siControl: 4.7 + 3.6%, siCep57: 10.7% +
402  1.3%) (Figures 5A and 5B). This result suggests that the precociously
403  disengaged centrioles upon co-depletion of Cep57 and Cep57L1, were already
404  licensed to reduplicate during the interphase within the same cell cycle. This may
405  have thereby led to the increase in the number of centrioles. To test this idea, we
406 monitored the number of procentrioles using an HsSAS-6 marker. The
407  Cep57/Cep57L1-depleted cells with two pairs of engaged centrioles possessed
408  two HsSAS-6 foci, as in control cells (siControl: 98.9 £ 1.9%, siCep57/Cep57L1:
409  93.3 £ 3.3%, N=30, from three independent experiments) (Figures 5C and 5D).
410  On the other hand, more than half of the Cep57/Cep57L1-depleted cells with four
411  separate centrioles had no HsSAS-6 foci in the interphase (60.0 = 6.7%) (Figures
412 5C and 5D), suggesting that HSSAS-6 disappeared from the centrosomes,
413  presumably just after centriole disengagement. Interestingly, in
414  Cep57/Cep57L1-depleted cells with four HsSSAS-6 foci, each HsSAS-6 focus was
415  associated with a pair of centrioles (Figure 5C), which leads us to reason that the
416  precociously disengaged centrioles newly acquired HsSAS-6 and reduplicated

417 within the same cell cycle. To address this further, we performed live-cell imaging
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418  using the HeLa-GFP-centrinl cell line, and revealed that centriole reduplication
419  occurred after the precocious centriole disengagement in the interphase (Figure
420 5E). Intriguingly, we noticed that the earlier the precocious centriole
421  disengagement occurred, the more frequently centriole reduplication could be
422 observed (Figure 2E). In addition, live-imaging data revealed that the centrioles
423 amplified by centriole reduplication could be inherited by the two daughter cells
424  (Figure 5E and Supplementary Movie 2). The inherited amplified centrioles could
425  normally duplicate in the subsequent cell cycle, which further led to numerical
426 centrosome abnormalities. Indeed, comparing the number of centrioles between
427 48 h and 96 h after the siRNA treatment, the numerical abnormalities was more
428  significant at 96 h post-treatment (Figure 5F). Overall, these findings
429  demonstrate that precocious centriole disengagement in interphase results in
430  numerical centrosome abnormalities with each passing cell division due to
431  continuous centriole reduplication and the inevitable inheritance of amplified
432 centrioles by daughter cells.

433

434  Centriole reduplication in Cep57/Cep57L1-depleted cells leads to the high
435  frequency of chromosome segregation errors

436 Since precocious centriole disengagement causes defects in
437 chromosome segregation (Watanabe et al., 2019), we then explored the fate of
438  Cep57/Cep57L1-depleted cells in mitosis. We first grouped cells into four
439  categories based on the timing of centriole disengagement and whether
440  centriole reduplication occurs: normal (pattern 1), precocious centriole

441  disengagement in mitosis (pattern 2), precocious centriole disengagement in the
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442  interphase without (pattern 3) and with centriole reduplication (pattern 4). To
443  track centrioles and chromosomes in the mitotic cells, we performed live-imaging
444  using the HelLa-GFP-centrinl cell line and SiR-DNA, and quantified the
445  frequency of the phenotypes in each siRNA condition. In control cells or
446  Cep57L1-depleted cells, two pairs of centrioles were engaged throughout the
447  interphase and until the end of mitosis (pattern 1) (Figures 6A, 6B and S7A).
448 Single depletion of Cep57 caused precocious centriole disengagement only in
449 mitosis, but not in interphase (pattern 2) (Figures 6A and 6B). As we mentioned
450 above, most Cep57/Cep57L1-depleted cells exhibited precocious centriole
451  disengagement in the interphase (pattern 3), which was frequently followed by
452 centriole reduplication (pattern 4) (Figures 6A and 6B). These phenotypic
453  patterns were consistent with what we had observed in the fixed cells (Figures
454  S7B and S7C). We next quantified the frequency of chromosome segregation
455  errors in each siRNA condition. Cep57- or Cep57/Cep57L1-depleted cells
456  exhibited chromosome segregation errors, which were associated with
457  chromosome misalignment and multipolar spindle formation (siControl; 0.7% =+
458  1.2%, siCep57; 15.3 £ 4.2%, siCep57/Cep57L1; 30.0 £ 2.0%, N=30, from three
459  independent experiments) (Figures 6C, 6D and Supplementary Movies 3, 4, 5,
460  6). The frequency  of chromosome segregation errors in
461  Cep57/Cep57L1-depleted cells was about twice that in Cep57-depleted cells. To
462  further investigate what factors most effectively led to the increase of the
463  chromosome segregation errors in Cep57/Cep57L1-depleted cells, we next
464  compared the frequency of chromosome segregation errors according to the

465  phenotypic patterns. We revealed that Cep57/Cep57L1-depleted cells with
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466  precocious disengagement and centriole reduplication (pattern 4) showed the
467  highest frequency of chromosome segregation errors (57.5 + 8.0%) (Figures 6C,
468 6E, S7D and S7E). On the other hand, the frequency of chromosome
469  segregation errors between the cells with precocious disengagement in mitosis
470  (pattern 2, in Cep57-depleted cells, 29.0 + 8.0%) and interphase (pattern 3, in
471  Cep57/Cep57L1-depleted cells, 34.8 = 11.6%) were not significantly different
472 (Figure 6E). These results suggest that, upon Cep57 and Cep57L1 depletion,
473 the centriole reduplication induced by precocious centriole disengagement in the
474  interphase is a more direct cause of chromosome segregation errors than the

475  precocious centriole disengagement itself.

476
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477 DISCUSSION

478 In conclusion, our work is the first to identify Cep57 and Cep57L1 as
479  essential factors maintaining centriole engagement in the interphase. In this
480  study, we also show that this tight regulation of centriole engagement is critical
481  for a proper centriole duplication cycle and chromosome segregation (Figure 7).
482 Surprisingly, depletion of Cep57 and Cep57L1 induced precocious centriole
483  disengagement in the interphase independent of PIk1 activity or cell-cycle arrest.
484  Consistent with previous studies (Loncarek et al., 2010), precocious centriole
485  disengagement in the interphase released mother centrioles from a block to
486  reduplication, and thereby resulted in an increase in the number of centrioles.
487  Furthermore, the number of centrioles per cell increased with each cell division
488  because of the continuous centriole reduplication and inevitable inheritance of
489  the amplified centrioles by daughter cells. In addition, Cep57/Cep57L1-depleted
490  cells exhibited a higher frequency of multipolar spindle formation and
491  chromosome instability mainly because of the amplified centrioles.

492 Although PIk1 is critical for centriole disengagement during mitosis in
493 normal cells (Kim et al.,, 2015; Tsou et al.,, 2009), precocious centriole
494  disengagement induced by co-depletion of Cep57/Cep57L1 did not depend on
495  PIK1 activity (Figures 3C and 3D). In addition to Plk1, APC/C and separase are
496  also required for canonical centriole disengagement (Tsou et al.,, 2009).
497  Separase is a protease activated by APC/C at anaphase onset, and separase
498  cleaves PCNT, a major PCM component, to induce PCM disassembly and
499  centriole disengagement(Lee and Rhee, 2012; Matsuo et al., 2012). Since the

500 artificial activation of APC/C or separase causes centriole disengagement, even
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501 in the interphase (Hatano and Sluder, 2012; Prosser et al., 2012), it is possible
502  that co-depletion of Cep57 and Cep57L1 aberrantly activated APC/C or
503 separase in the interphase and thereby caused precocious centriole
504  disengagement. However, even precocious centriole disengagement induced by
505  overexpression of APC/C or separase is suppressed by BI2536 (Prosser et al.,
506  2012). Considering our result showing that PIk1 inhibition did not suppress the
507  phenotype induced by Cep57/Cep57L1 depletion (Figures 3C and 3D), we
508  speculate that co-depletion of Cep57 and Cep57L1 induces precocious centriole
509  disengagement without activating the canonical pathway involving Plk1, APC/C,
510  and separase.

511 One interesting issue raised in this study is the difference in the timing of
512  precocious centriole disengagement: co-depletion of Cep57/Cep57L1 causes
513  the phenotype in the interphase whereas a single depletion of Cep57 causes the
514  phenotype only in mitosis (Figure 1) (Watanabe et al., 2019). Similar to Cep57,
515 PCNT is involved in the maintenance of centriole engagement only in mitosis,
516  but the depletion of PCNT does not disrupt centriole engagement in the
517 interphase (Figure 1). These results imply that the mode of centriole
518 engagement somehow changes from interphase to mitosis. Importantly, the
519  surrounding PCM expands dynamically and functionally matures toward mitosis
520  (Khodjakov and Rieder, 1999), which is likely a critical event for switching the
521  status of centriole engagement. This PCM maturation at the G2/M transition is
522 known to be a Plk1-dependent process, which includes dynamic reorganization
523  of the PCM from interphase (highly ordered state) to mitosis (amorphous state)

524  (Lawo et al., 2012). In addition, a recent study showed that the activity of PIk1 is
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525  needed for extending the distance between mother and daughter centrioles from
526 50 nm to 80 nm in early mitosis (Shukla et al., 2015). Given these observations,
527 we speculate that the Plkl-dependent dynamic rearrangement of PCM
528  components couples the PCM expansion with changes in the status of centriole
529  engagement. In line with this idea, the precocious centriole disengagement was
530  induced only in mitosis by Cep57 depletion, and this could be suppressed by
531  treatment with a Plk1 inhibitor (BI2536) (Watanabe et al., 2019; Wilhelm et al.,
532 2019). Meanwhile, the precocious centriole disengagement that occurred in the
533  interphase after co-depletion of Cep57 and Cep57L1 was not suppressed by
534  PIk1 inhibition. It has also been reported that Plk1-dependent phosphorylation of
535  PCNT is required for PCM expansion (Lee and Rhee, 2011). However, how Plk1
536 and PCNT cooperatively regulate PCM expansion and the shift of the centriole
537  engagement mode in early mitosis remains elusive.

538 According to the findings in this study, the timing of centriole
539  disengagement in the cell cycle is also critical for the occurrence of centriole
540  reduplication. Given that precocious centriole disengagement in Cep57-depleted
541  cells was not accompanied by centriole reduplication, the reloading of centriole
542 duplication factors must be tightly restricted in mitosis so as not to increase the
543 centrosome number. In contrast, in Cep57/Cep57L1-depleted cells, precocious
544  centriole disengagement occurs in interphase, which secures sufficient centriole
545  components and enough time for centriole duplication to occur. Such centriole
546  reduplication thereby results in the drastic increase of centrosome numbers,
547 which then more frequently leads to chromosome segregation errors. Thus, on

548  the basis of these observations, it is conceivable that the tight control of

24


https://doi.org/10.1101/2020.05.10.086702

bioRxiv preprint doi: https://doi.org/10.1101/2020.05.10.086702; this version posted May 11, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

549  maintenance of centriole engagement is more important in interphase than in

550  mitosis.

551
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552  Figure legends

553  Figure 1. Co-depletion of Cep57 and Cep57L1 causes the increase of
554  centrosome number during interphase

555  (A) Depletion of Cep57 induced precocious centriole disengagement in mitosis,
556 but not in interphase. HelLa cells were treated with siControl or siCep57, and
557 immunostained with antibodies against CP110 (green) and Cepl192 (red). (B)
558  Histograms represent frequency of cells in interphase and mitosis with the
559  indicated phenotypes observed in (A). Values are mean percentages + s.d. from
560  three independent experiments (n = 50 for interphase, 30 for mitosis for each
561  experiment). (C) Co-depletion of Cep57 and Cep57L1 (Cep57/Cep57L1)
562  induced precocious centriole disengagement and increase of centrosome
563 number in interphase. Hela cells were treated with siControl or
564  siCep57/Cep57L1, and immunostained with antibodies against CP110 (green)
565 and Cepl92 (red). (D-F) Histograms represent frequency of the interphase cells
566  with >2 Cep192 foci (in (D)), centriole disengagement (in (E)) or >4 centrioles (in
567  (F)), respectively. Values are mean percentages + s.d. from three independent
568  experiments. (n = 50 for each experiment). (G) Precocious centriole
569  disengagement in interphase induced by Cep57/Cep57L1 co-depletion was
570  rescued by exogenous expression of Cep57 or Cep57L1. HelLa cells were
571  treated with siControl or siCep57/Cep57L1, followed by the transfection with
572 FLAG empty (control), FLAG-Cep57 (RNAi-resistant) or FLAG-Cep57L1
573  (RNAi-resistant). The cells were immunostained with antibodies against FLAG
574  (green), CENP-F (red) and Cep192 (cyan). (H) Histograms represent frequency

575  of cells in the G2 phase with >2 Cep192 foci in each condition observed in (G).
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Values are percentages from three independent experiments (n = 30 for each
experiment). All scale bars, 5 ym in the low-magnified view, 1 ym in the inset.
Two-tailed, unpaired Welch’s t-test was used in (A) to obtain p value. Dunnett’s
multiple comparisons test was used in (D), (E), (F) and (H) to obtain p value. ***p

< 0.001; *p < 0.05.
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582  Figure 2. Cep57 and Cep57L1 redundantly regulate centriole engagement
583  during interphase

584  (A) Cep57/Cep57L1 co-depletion induced four separated centrioles in the G2
585  phase. HelLa cells were treated with siControl or siCep57/Cep57L1 for 36 h in
586  the presence of 5-ethynyl-2'-deoxyuridine (EdU, S phase marker, cyan) for the
587  last 30 min before fixation, and immunostained with antibodies against CP110
588  (red) and CENP-F (green). Scale bars, 5 ym in the low-magnified view, 1 pm in
589  the inset. (B) Histograms represent the number of centrioles in the G1, S and G2
590 phase treated with the indicated siRNAs in (A). (C) Histograms represent
591  frequency of cells in the S and G2 phase treated with the indicated siRNAs
592 exhibiting the indicated phenotype. Values are mean percentages + s.d. from
593  three independent experiments (n = 30 for each experiment) in (B) and (C). (D)
594  Time-lapse observation of cells upon Cep57/Cep57L1 depletion. HelLa cells
595  stably expressing GFP-centrinl (HeLa-GFP-centrinl) were treated with
596  siControl or siCep57/Cep57L1 in the presence of SiR-DNA (200 nM). Scale bar,
597 5 um. (E) Cumulative scatter plot indicates the duration from cell round-up to
598  centriole disengagement observed in (D). Orange open circles indicate
599  precocious centriole disengagement accompanied by centriole reduplication.
600  Two-tailed, unpaired Welch’s t-test was used in (E) to obtain p value. ***p <

601  0.001.
602
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603  Figure 3. Inhibition of PIk1l prevents disengaged daughter centrioles from
604 acquiring PCM, but does not suppress precocious centriole
605 disengagement.

606  (A) Precocious centriole disengagement caused by G2/M phase arrest was
607  suppressed by BI2536 (Plk1 inhibitor, 100 nM). HelLa cells were synchronized in
608 the G1/S phase by Aphidicolin (1.2 pg/mL) for 17 h, then released into fresh
609  medium for 4 h. Next, the cells were treated with DMSO (control), RO3306
610  (Cdk1 inhibitor, 10 uM), or both of RO3306 and BI2536 (100 nM) for 24 h. HeLa
611  cells were immunostained with antibodies against centrin2 (green) and Cepl192
612  (red). Scale bar, 5 ym. (B) Histograms represent frequency of the interphase
613 cells with the indicated phenotype observed in (A). Values are mean
614 percentages * s.d. from three experiments (n = 50 for each experiment). (C)
615  Precocious centriole disengagement in Cep57/Cep57L1-depleted cells was not
616 suppressed by BI2536. HelLa cells were treated with siControl or
617  siCep57/Cep57L1 for 24 h, followed by treatment of DMSO (control) or BI2536
618 (100 nM) for additional 24 h. The cells were immunostained with antibodies
619  against centrin2 (green) and CENP-F (red). (D) Histograms represent frequency
620  of cells in the G2 phase with the indicated phenotype observed in (C). Values are
621  mean percentages * s.d. from three experiments (n = 30 for each experiment).
622  (E) BI2536 suppressed recruitment of PCNT at disengaged daughter centrioles.
623  HelLa-GFP-centrinl cells were treated as in (C), and immunostained with
624  antibodies against GFP (green), CENP-F (red) and PCNT (cyan). White/black
625 arrowheads indicate PCNT positive/negative centrioles, respectively. (F, G)

626  Histograms represent frequency of cells with >2 PCNT or y-tubulin foci among
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627 the G2 phase cells with disengaged or amplified centrioles. Values are mean
628  percentages * s.d. from three experiments (n = 30 for each experiment). (H)
629  Schematic illustration of the results in Figure 3. The activity of PIk1 is required for
630  the recruitment of PCM components at the disengaged daughter centrioles, but
631  not for precocious centriole disengagement itself. All scale bars, 5 ym. Tukey’s
632  multiple comparisons test was used in (D) against total value of centriole
633  disengagement and >4 centrioles to obtain p value. Two-tailed, unpaired
634  Student’s t-test was used in (F) and (G) to obtain p value. **p < 0.01; *p < 0.05;
635 NS not significantly different (p > 0.05).

636
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637  Figure 4. Cep57L1, a paralog of Cep57 conserved in vertebrates, shows
638  similar centriolar distribution to Cep57

639  (A) Centriolar distribution of Cep57L1 at different cell cycle stages. HelLa cells
640  were immunostained with antibodies against Cep57L1 (red) and centrin2 (green).
641  Scale bar, 1 ym. (B) SIM images representing top view of Cep57L1 (red) and
642  PCNT (green) at mother centrioles. Scale bar, 200 nm. The graph shows radial
643  profiles from the center of the Cep57L1 and PCNT rings. Values are mean
644  normalized intensity + s.d. (n = 5). (C) The signals of Cep57L1 at the centrosome
645  were attenuated by siCep57L1 or siCep57/Cep57L1, but not by siCep57. HelLa
646 cells were treated with siControl, siCep57, siCep57L1 or both of
647  siCep57/Cep57L1, and immunostained with antibodies against Cep57 (green),
648  Cep57L1 (red) and Cepl192 (cyan). Scale bars, 5 um in the low-magnified view, 1
649  pm in the inset. (D) Beeswarm plots piled on boxplots represent the normalized
650  signal intensity of Cep57, Cep57L1, Cep63 and Cepl52 at the old mother
651  centrioles upon the indicated siRNAs (n = 50). (E) Schematic of the dependency
652  of the centrosome localization among Cep57, Cep57L1, Cep63 and Cepl52.
653  The wide arrows indicate strong dependency defined as more than 50%
654  reduction of the signal intensity, and narrow arrows indicate weak dependency
655 defined as 25-50% reduction of the signal intensity. Tukey's multiple
656 ~ comparisons test was used in (D) to obtain p value. *p < 0.05; ***p < 0.001; NS

657  not significantly different (p > 0.05).
658
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659  Figure 5. Precocious centriole disengagement results in an increase of the
660 number of centrioles

661  (A) Long-term Cep57/Cep57L1 co-depletion increased the number of centrioles.
662 HelLa cells were treated with siCep57/Cep57L1 for 96 h, and immunostained
663  with antibodies against centrin2 (green) and Cepl92 (red). (B) Histograms
664 represent frequency of mitotic cells with the indicated number of centrioles
665 observed in (A). Values are mean percentages * s.d. from three independent
666  experiments (n = 30 for each experiment). Note that depletion of Cep57L1 for 96
667 h slightly reduced the number of centrioles. (C) HsSAS-6 was absent from
668  disengaged centrioles and was re-acquired. HelLa cells were treated with
669  siControl or siCep57/Cep57L1, and immunostained with antibodies against
670  HsSAS-6 (green) and CP110 (red). (D) Histograms represent frequency of the
671  number of HSSAS-6 foci on the two pairs of centrioles or four centrosomes in (C).
672  Values are mean percentages * s.d. from three independent experiments (n = 30
673  for each experiment). (E) Precocious centriole disengagement and centriole
674  reduplication in interphase, and inevitable inheritance of amplified centrioles to
675  daughter cells observed in Cep57/Cep57L1-depleted cells. HeLa-GFP-centrinl
676  cells were treated with siCep57/Cep57L1 in the presence of SiR-DNA (200 nM).
677  White arrowheads indicate centrosomes. (F) Histograms represent frequency of
678  mitotic cells with the indicated number of centrioles 48 h or 96 h after
679  Cep57/Cep57L1 co-depletion observed in (A) and Figure S7A. Values are mean
680  percentages + s.d. from three independent experiments (n = 30 for each
681  experiment). All scale bars, 5 pym in the low-magnified view, 1 ym in the inset.

682  Dunnett’s multiple comparisons test was used in (B) to obtain p value. ***p <
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683  0.001.

684

685

686
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687 Figure 6. Amplified centrioles caused by co-depletion of Cep57 and
688  Cep57L1 result in high frequency of chromosome segregation errors

689  (A) Phenotypic patterns were categorized into four groups: normal (pattern 1),
690  precocious centriole disengagement in mitosis (pattern 2), precocious centriole
691 disengagement in the interphase without (pattern 3) and with centriole
692  reduplication (pattern 4). HeLa-GFP-centrinl cells were treated with siControl,
693  siCep57 or siCep57/Cep57L1 in the presence of SiR-DNA (200 nM). (B)
694  Histograms represent frequency of mitotic cells with the indicated phenotypes in
695  (A). Values are mean percentages = s.d. from three independent experiments (n
696 = 50 for each experiment). (C) Chromosome segregation errors observed in
697  Cep57/Cep57L1-depleted cells with the indicated phenotype.
698  HelLa-GFP-centrinl cells were treated with siCep57/Cep57L1 in the presence of
699  SiR-DNA (200 nM). (D, E) Histograms represent frequency of the mitotic cells
700  with the indicated chromosome segregation errors observed in (C). Values are
701  mean percentages * s.d. from three independent experiments (n = 50 for each
702 experiment in (D))(Normal (Pattern 1, siControl): n = 48, 47, 49, Disengagement
703 in mitosis (Pattern 2, siCep57): n = 25, 18, 18, Disengagement in interphase
704  (Pattern 3, siCep57/Cep57L1): n= 14, 14, 10, Disengagement in interphase with
705  reduplication (Pattern 4, siCep57/Cep57L1): n = 21, 16, 12 in (E)). All scale bars,
706 5 pm. Tukey’s multiple comparisons test was used in (D) and (E) against total
707 value of chromosome misalignment and multipolar to obtain p value. ***p <

708  0.001; *p < 0.05; NS not significantly different (p > 0.05).
709
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710  Figure 7. A speculative model for the mode shift of centriole engagement

711 Centriole engagement in interphase is maintained cooperatively by Cep57 and
712 Cep57L1, and PIk1 changes the engagement mode to Cep57- and
713  PCNT-dependent one at the mitotic entry. Cep57/Cep57L1 co-depletion induces
714  precocious centriole disengagement during interphase, and such disengaged
715 daughter centrioles are converted into centrosomes and can reduplicate before
716 entering mitosis. Consequently, the centriole number increases, which results in

717 the high frequency of chromosome segregation errors.

718
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719  Supplementary Figure 1.

720 (A) Alignments of full-length H. sapiens Cep57L1 and Cep57. Asterisks indicate
721  the residues identical in aligned sequence; colons: conserved substitutions;
722  periods: semi-conserved substitutions. The position of PINC motif and predicted
723 microtubule binding domain are indicated in pink and green boxes. (B) The
724  phenotype induced by Cep57/Cep57L1 co-depletion was confirmed by using
725  another siRNA. HelLa cells were treated with siCep57 and siCep57L1#2, and
726  immunostained with antibodies against centrin2 (green) and Cepl92 (red).
727  siCepb57L1#2 targets a different sequence in open reading frame from
728  siCep57L1#1 which is used in main figures. (C) U20S cells also exhibited
729  precocious centriole disengagement and amplified centrioles upon
730  Cep57/Cep57L1 co-depletion. U20S cells were treated with siControl or
731  siCep57/Cep57L1, and immunostained with antibodies against centrin2 (green)
732 and Cepl92 (red). All scale bars, 5 ym in the low-magnified view, 1 ym in the
733 inset.

734

735
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736  Supplementary Figure 2.

737 (A) The number of old mother centriole was one irrespective of the phenotypes
738 in Cep57/Cep57L1-depleted cells. HeLa cells were treated with siControl or
739  siCep57/Cep57L1, and immunostained with antibodies against centrin2 (green)
740  and ODF2 (red). Scale bars, 5 ym in the low-magnified view, 1 pm in the inset.
741  (B) Histograms represent frequency of the interphase cells with the indicated
742 number of ODF2 foci observed in (A). Values are mean percentages * s.d. from
743 two independent experiments (n = 50 for each experiment). (C) Quantification of
744  the duration from anaphase onset to next mitotic entry. HeLa-GFP-centrinl cells
745  were treated with siControl or siCep57/Cep57L1, and visualized for live imaging
746 for 48 h (n = 25). (D) Cep57/Cep57L1 co-depletion did not affect cell cycle
747  progression. HelLa cells were treated with the indicated siRNAs, and followed by
748 flow cytometry analysis. Two-tailed, unpaired Welch’s t-test was used in (C) to
749  obtain p value. NS not significantly different (p > 0.05).

750

751
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752  Supplementary Figure 3.

753 (A) POCS5 was recruited to a portion of disengaged centrioles. HelLa cells were
754  treated with siControl or siCep57/Cep57L1, and immunostained with antibodies
755  against centrin2 (green) and POCS5 (red). (B) Histograms represent frequency of
756 cells with the indicated number of POC5 positive centrioles among cells with two
757  pairs of centrioles or disengaged four centrioles observed in (A). Values are
758  mean percentages * s.d. from three independent experiments (n = 30 for each
759  experiment). (C) Cep295 was recruited to the disengaged centrioles. HelLa cells
760  were treated with siControl or siCep57/Cep57L1, and immunostained with
761  antibodies against centrin2 (green) and Cep295 (red). Scale bars, 5 ym in the

762 low-magnified view, 1 ym in the inset.

763
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764  Supplementary Figure 4.

765  (A) PCNT was recruited to disengaged daughter centrioles mainly in the G2
766 phase and mitosis. HelLa-GFP-centrinl cells were treated with
767  siCep57/Cep57L1, and immunostained with antibodies against GFP (green),
768 PCNT (red) and CENP-F (cyan). White/black arrowheads indicate PCNT
769  positive/negative centrioles, respectively. Scale bar, 5 ym. (B) Histograms
770  represent frequency of cells with >2 PCNT positive centrioles among cells with
771 disengaged four centrioles before, in and after the G2 phase observed in (A).
772 Values are mean percentages % s.d. from three independent experiments (n = 30
773 for each experiment). (C) Schematic illustration of the result in (A) and (B).
774  PCNT was recruited onto disengaged daughter centrioles mainly in the G2
775 phase and mitosis. (D) Ectopic MTOC activity of precociously-disengaged
776 daughter centrioles in Cep57/Cep57L1-depleted cells. HeLa cells were treated
777 with siControl or siCep57/Cep57L1 and followed by nocodazole treatment (10
778  uM) for 3 h. After nocodazole treatment, the cells were cold-treated for 1 h,
779  followed by 1 min incubation at 37°C and immunostaining with antibodies
780  against EB1 (green) and CP110 (red). White arrowheads indicate centrosomes.
781  Scale bar, 5 pm.

782

783
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784  Supplementary Figure 5.

785  (A) The Cep57L1 PINC motif was not required for the centrosome localization.
786  Hela cells expressing FLAG-Cep57L1 or FLAG-Cep57L1 mutant lacking the
787 PINC motif (A52-86 a.a.) were immunostained with antibodies against FLAG
788  (green) and Cepl92 (red). (B) The Cep57L1 PINC motif was not required for
789  binding to the C-terminal region of PCNT containing the conserved PACT
790  domain. HEK293T cells co-expressing FLAG empty (control), FLAG-Cep57,
791  FLAG-Cep57L1 or FLAG-Cep57L1 mutant lacking the PINC motif and
792  GFP-PCNT (3132-3336 a.a.) were immunoprecipitated with FLAG antibodies
793 and immunoblotted with the indicated antibodies. (C) Overexpressed Cep57 was
794  accumulated on the microtubules, but overexpressed Cep57L1 aggregated in
795 the cytoplasm. HelLa cells expressing HA-Cep57 or HA-Cep57L1 were
796  immunostained with antibodies against HA (red) and a-tubulin (green). (D)
797  Cepb57L1 formed homodimer. HEK293T cells co-expressing FLAG empty
798  (control), FLAG-Cep57 or FLAG-Cep57L1 and HA-Cep57 or HA-Cep57L1 were
799  immunoprecipitated with FLAG antibodies and immunoblotted with the indicated

800  antibodies. All scale bars, 5 ym in the low-magnified view, 1 ym in the inset.

801
802
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803  Supplementary Figure 6.

804 (A) The centrosome localization of Cep57 and Cep57L1 was dependent on
805 Cep63 and Cepl52. Hela cells were treated with siControl, siCep63 or
806  siCepl52, and immunostained with antibodies against Cep57 (green), Cep57L1
807  (red) and Cep192 (cyan). (B) The centrosome localization of Cep63 was patrtially
808  dependent on Cep57 and Cep57L1. HelLa cells were treated with siControl or
809  siCep57/Cep57L1, and immunostained with antibodies against ODF2 (green),
810  Cep63 (red) and GT335 (cyan). (C) The centrosome localization of Cepl52 was
811  partially dependent on Cep57 and Cep57L1. HelLa cells were treated with
812  siControl or siCep57/Cep5L1, and immunostained with antibodies against ODF2
813  (green), Cepl52 (red) and GT335 (cyan). All scale bars, 5 um in the

814  low-magnified view, 1 ym in the inset.

815
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816  Supplementary Figure 7.

817  (A) Normal bipolar spindle formation (pattern 1) was observed in
818  Cep57L1-depleted cells. HeLa-GFP-centrinl cells were treated with siCep57L1
819  in the presence of SiR-DNA (200 nM). Scale bar, 5 um. (B) Phenotypic patterns
820  observed in fixed cells are consistent with live-imaging analysis. HelLa cells were
821 treated with siControl, siCep57, siCep57L1 or siCep57/Cep57L1, and
822  immunostained with antibodies against centrin2 (green) and Cep192 (red). Scale
823  bars, 5 um in the low-magnified view, 1 um in the inset. (C) Histograms represent
824  frequency of mitotic cells with the indicated phenotypes observed in (B). Values
825  are mean percentages * s.d. from three independent experiments (n = 30 for
826  each experiment). (D) Normal bipolar spindle formation observed in control and
827  Cep57L1-depleted cells. HeLa-GFP-centrinl cells were treated with siControl or
828  siCep57L1 in the presence of SIiR-DNA (200 nM). Scale bar, 5 ym. (E)
829  Chromosome segregation errors observed in Cep57-depleted cells.
830  HelLa-GFP-centrinl cells were treated with siCep57 in the presence of SiR-DNA

831 (200 nM). Scale bar, 5 ym.
832
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833 MATERIALS AND METHODS

834  Cell culture and transfection

835 Hela, U20S and HEK293T cells were obtained from the ECACC (European
836  collection of cell cultures). HeLa, U20S and HEK293T cells were cultured in
837  Dulbecco's modified Eagle's medium (DMEM) supplemented 10% fetal bovine
838 serum (FBS) and 100 pg/ml penicillin-streptomycin at 3777°C in a 5% CO,
839  atmosphere. Transfection of SiRNA or DNA constructs into HeLa and HEK293T
840  cells was conducted using Lipofectamine RNAIMAX (Life Technologies) or
841  Lipofectamine 2000 (Life Technologies), respectively. Unless otherwise noted,
842  the transfected cells were analyzed 48[ h after transfection with siRNA and 24h
843  after transfection with DNA constructs. When the cells were analyzed 96 h after
844  transfection with siRNA, additional siRNA was transfected 48 h after the first
845  transfection.

846

847  RNA interference

848  The following siRNAs were used: Silencer Select siRNA (Life Technologies)
849  against Cep57 (s18692), Cep57L1#1 (s226224), Cep57L1#2 (s226223), Cep63
850  (s37123), Cepl52 (s225921) and negative control (4390843). Unless otherwise
851  noted, Cep57L1 #1 were used in this study.

8b2

853

854  Plasmids

855 ~ Complementary DNA (cDNA) encoding Cep57L1 isoform 1 (NCBI

856  NP_001258781.1) was amplified from cDNA library of A549 cells. The Cep57L1
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857  cDNA was subcloned into pCMV5-HA (Addgene) and pCMV5-FLAG (Addgene).
858  pCMV5 constructs encoding full-length Cep57 and pTB701 constructs encoding
859  PCNT were described previously (Watanabe et al., 2019; Takahashi et al., 2002).
860 The Cep57L1 deletion mutant constructs were created using PrimeSTAR
861 mutagenesis basal kit (TaKaRa) and In-Fusion HD cloning kit (Clontech)
862  according to manufacturer’s protocol.

863

864  Antibodies

865  The following primary antibodies were used in this study: rabbit antibodies
866  against Cep57L1 (Proteintech, 24957-1-AP, IF 1:500), Cep63 (Proteintech,
867 16268-1-AP, IF 1:1000), PCNT (Abcam, ab4448, IF 1:2000), Cep192 (Bethyl
868  Laboratories, A302—324A, IF 1:1000), Cep152 (Bethyl Laboratories, A302—480A,
869 IF 1:1000), CP110 (Proteintech, 12780-1-AP, IF 1:500), ODF-2 (Abcam,
870  ab43840, IF 1:1000), GFP (MBL, 598, WB 1:1000), Cep295 (Merck, HPA038596,
871  IF 1:500), CENP-F (Abcam, ab108483, IF 1:500), POC5 (Bethyl Laboratories,
872 A303-341A, IF 1:1000), FLAG-tag (Merck, F7425, IF 1:1000, WB 1:1000) and
873  HA-tag (Abcam, ab9110, IF 1:1000, WB 1:1000); mouse antibodies against
874  Cep57 (Abcam, ab169301, IF1:1000), PCNA (Santa Cruz Biotechnology, sc-56,
875 IF 1:1,000), PCNT (Abcam, ab28144, IF 1:1000), centrin2 (Merck, 20H5, IF
876  1:500), EB1 (BD Transduction Laboratories, 610534, IF 1:1000), HSSAS-6
877  (Santa Cruz Biotechnology, sc-81431, IF 1:300), Polyglutamylation Modification
878  (GT335) (AdipoGen, AG-20-B0020-C100, IF 1:2000), y-tubulin (GTU88)
879  (Sigma-Aldrich, T5192, IF 1:1000), FLAG-tag (Merck, F3165, IF 1:1000, WB

880  1:1000) and a-tubulin (Merck, DM1A, 1F1:1000, WB 1:1000) ; goat antibody
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881  against GFP (Abcam, ab6662, IF 1:500, conjugated to FITC); Alexa 488-labelled
882  ODF-2 (Abcam, ab43840, IF 1:500) and Alexa 647-labelled Cep192 (Bethyl
883  Laboratories, A302—-324A, IF 1:500) were generated with Alexa Fluor labelling
884  kits (Life Technologies). The following secondary antibodies were used: Alexa
885  Fluor 488 goat anti-mouse IgG (H+L) (Molecular Probes, A-11001, 1:1000),
886  Alexa Fluor 647 goat anti-mouse IgG (H+L) (Abcam, ab150115, 1:1000), Alexa
887  Fluor 568 goat anti-rabbit IgG (H+L) (Molecular Probes, A-11011, 1:1000) for IF;
888  Goat polyclonal antibodies-horseradish peroxidase against mouse IgG
889  (Promega, W402B, 1:10000) and rabbit IgG (Promega, W401B, 1:10000) for
890 WB.

891

892  Chemicals

893  The following chemicals were used in this study: nocodazole (Wako,
894  31430-18-9), RO3306 (SIGMA, SML0569), BI2536 (AdooQ, A10134) and
895  SIR-DNA (Spirochrome, CY-SCO007).

896

897  Microscopy

898  For immunofluorescence analysis, the cells cultured on coverslips (Matsunami,
899 18 mm, thickness No. 1_0.12-0.17 mm for widefield microscope) were fixed
900 using —20_°C methanol for 7Umin and washed with PBS. The cells were
901  permeabilized after fixation with PBS/0.05% Triton X-100 (PBSX) for 5Mmin
902 twice, and incubated for blocking in 1% BSA in PBSX for 30(Imin at room
903  temperature (RT). The cells were incubated with primary antibodies for 247h at

904 41.°C or 2 h at RT, washed with PBSX three times, and incubated with
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905 secondary antibodies for 100h at RT. The cells were thereafter washed with
906 PBSX twice, stained with 0.2["pyg/ml Hoechst 33258 (DOJINDO) in PBS for

907 50 min at RT, washed again with PBSX and mounted onto glass slides.

908  Taking the images and counting the number of immunofluorescence signals
909  were preformed using an Axioplan2 fluorescence microscope (Carl Zeiss) with
910 63 x or 100 x /1.4 NA plan-APOCHROMAT objectives and DeltaVision Personal
911  DV-SoftWoRx system (Applied Precision) equipped with a CoolSNAP CH350

912  CCD camera.

913 SIM images were taken by Elyra 7 (Carl Zeiss Microscopy GmbH, Jena,
914 Germany) equipped with a x63 ZEISS alpha Plan-Apochromat N.A. 1.46

915  objective and PCO edge sCMOS camera.

917 Live imaging

918  Cell Voyager CQ1 (Yokogawa Electric Corp) equipped with a 40 x dry objective
919  lens was used for live cell imaging. HelLa cells stably expressing GFP-centrinl
920  were cultured on 24-well glass bottom plate (Greiner-bio-one, #662892) at
921 37L°Cina5% CO, atmosphere. Before imaging, cells were treated with SiRNAs
922  for 24 h or 72h and with 200 nM of SiR-DNA for 6 h. Images were taken by
923  sCMOS camera. After 24 or 72 h from transfection, the cells were visualized
924  every 1000min over 24 h or 48 h. The images were collected at 1.2 ym z steps.
9256  Maximum projections were generated using ImageJ (National Institutes of
926  Health).

927
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928 Immunoprecipitation and western blotting

929  For preparation of human cell lysates for western blotting, HEK293T cells were
930  collected 24 h after transfection, lysed on ice in lysis buffer (2000mM Tris/HCI
931  pH7.5, 50 mM NacCl, 1% TritonX-100, 5.y mM EGTA, 1. mM DTT, 2[_mM MgCl,
932  and 1/1000 protease inhibitor cocktail (Nakarai tesque)). Insoluble material was
933  removed after centrifugation for 10 'min. For IP of FLAG-tagged proteins, whole
934  cell lysates were incubated with FLAG antibody-conjugated M2 agarose gel
935  (Merck) for 2Lh at 4L1°C. The beads were washed at least three times with lysis
936  buffer and resuspended in SDS-sample buffer before loading onto 8%
937  polyacrylamide gels, followed by transfer on Immobilon-P membrane (Merk).
938  The membrane was probed with the primary antibodies, followed by incubation
939  with their respective horseradish peroxidase-conjugated secondary antibodies
940 (Promega). The membrane was soaked with Amersham ECL Prime (GE
941  Healthcare) or Chemi-Lumi One Ultra (Nakarai tesque). Washes were
942  performed in PBS containing 0.02% Tween-20 (PBST). The signal was detected
943  with Chemi Doc XRS+ (BIO RAD). Unless otherwise specified, the experiments
944  of western blotting were repeated at least three times. The antibody against
945  a-tubulin was used as a loading control.

946

947  Data availability

948 The data that support the findings of this study are available from the
949  corresponding author upon request.

950

951  Contribution
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