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Cartwheel assembly is considered the first step in the initi-
ation of procentriole biogenesis; however, the reason for
persistence of the assembled human cartwheel structure from S
phase to late mitosis remains unclear. Here, we demonstrate
mainly using cell synchronization, RNA interference, immu-
nofluorescence and time-lapse-microscopy, biochemical anal-
ysis, and methods that the cartwheel persistently assembles and
maintains centriole engagement and centrosome integrity
during S phase to late G2 phase. Blockade of the continuous
accumulation of centriolar Sas-6, a major cartwheel protein,
after procentriole formation induces premature centriole
disengagement and disrupts pericentriolar matrix integrity.
Additionally, we determined that during mitosis, CDK1-cyclin
B phosphorylates Sas-6 at T495 and S510, disrupting its
binding to cartwheel component STIL and pericentriolar
component Nedd1 and promoting cartwheel disassembly and
centriole disengagement. Perturbation of this phosphorylation
maintains the accumulation of centriolar Sas-6 and retains
centriole engagement during mitotic exit, which results in the
inhibition of centriole reduplication. Collectively, these data
demonstrate that persistent cartwheel assembly after procen-
triole formation maintains centriole engagement and that this
configuration is relieved through phosphorylation of Sas-6 by
CDK1-cyclin B during mitosis in human cells.

As the major microtubule-organizing center, the centro-
some regulates cell polarity, motility, intracellular material
transport during interphase, and spindle assembly during
mitosis. A mature centrosome comprises two barrel-shaped
centrioles surrounded by pericentriolar matrix (PCM) (1–4).
The centrosome duplicates once per cell cycle within an ac-
curate duplication cycle, which is controlled by complicated
regulatory networks composed of a wide diversity of regulatory
proteins and kinases to ensure that centrosome duplication
occurs properly (5).

To initiate a centrosome cycle, disengagement of the paired
centrioles during mitotic exit is a prerequisite (6, 7). Up to
early S phase, each of the disengaged centrioles acts as a
mother centriole to initiate cartwheel assembly at its lateral
proximal end, followed by microtubule nucleation around the
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cartwheel for biogenesis of the daughter centriole (8–10).
Once generated, the daughter centriole stays well engaged with
its mother until their disengagement during the next mitotic
exit in order to ensure that centriole duplication occurs once
per cell cycle for accurate cell division (5, 6, 10, 11).

Previous studies have identified a conserved mechanism for
daughter centriole biogenesis in human cells, in which Polo-
like kinase 4 (Plk4) serves as a master regulator and Sas-6 as
a key component for initiating the assembly of a cartwheel as a
pedestal at the existing lateral site of the mother centriole
(12–18). Plk4 is initially recruited to the mother centriole by
the PCM scaffold components Cep192 and Cep152 (19–23).
More recently, we found that under the regulation of Plk4,
Nedd1 is recruited before Sas-6 to the PCM by Cep192 and
another PCM scaffold component PCNT, serving as a platform
to recruit Sas-6 for cartwheel assembly and centriole biogen-
esis (24). Plk4 also phosphorylates STIL to facilitate the
recruitment of centriolar Sas-6 (25–29). After the initiation of
daughter centriole biogenesis has been completed, Sas-6 is
continuously recruited and immobilized to the daughter
centriole during cell cycle progression from S phase to late G2
phase, leading to an increase in the size of the cartwheel
structure (30). The cartwheel is characterized by a central hub
from which nine spokes project. Sas-6, in particular, consti-
tutes the primary backbone of the cartwheel, which forms
homodimers via the coiled-coil domains. Nine adjacent
homodimers can self-oligomerize via the N-terminal head
domain to form a ring resembling the central hub, with the
C-erminal tails oriented outward as spokes (31–36). In human
cells, the Sas-6-assembled cartwheel is a transient scaffolding
structure that is disassembled during procentriole maturation
in mitosis (14). More recently, Sas-6 has been shown to sta-
bilize centriole intermediates in early S phase to suppress the
formation of extra initiation sites for cartwheel assembly and
daughter centriole biogenesis (37). However, both the signifi-
cance of continuous Sas-6 recruitment and immobilization to
the daughter centriole during S phase to late G2 phase and the
mechanism responsible for disassembly of the cartwheel dur-
ing mitosis remain unclear.

Based on our previous research findings that Sas-6 is
recruited by Nedd1 under the regulation of Plk4 for the
initiation of cartwheel assembly and centriole biogenesis (24),
we further explored the role of Sas-6 after the initiation of
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Sas-6 accumulation maintains centriole engagement
daughter centriole biogenesis has been completed. Here, we
demonstrate that Sas-6 plays a crucial role in maintaining the
association of paired centrioles until late G2/M phase transi-
tion. Subsequently, CDK1-cyclin B kinase phosphorylates Sas-
6 at T495 and S510 during mitotic entry, which reduces the
binding affinity of Sas-6 for STIL and Nedd1 and promotes the
disassociation of Sas-6 from the daughter centriole, leading to
cartwheel disassembly and centriole disengagement. Collec-
tively, our data reveal a novel function of the cartwheel and a
novel mechanism underlying cartwheel disassembly during
mitosis, aiding our understanding of the manner by which the
centrosome duplication and cell cycles are coordinated.
Results

Sas-6 accumulation maintains centriole engagement and PCM
integrity

Immunostaining of Sas-6 and Centrin1, a known centriole
subdistal-end marker, confirmed the centriolar localization of
Sas-6 during S phase, G2 phase, and early mitosis in HeLa cells
(Fig. S1A). Additionally, time-lapse microscopy of stable GFP-
Sas-6-expressing HeLa cells showed that after completion of
the initiation of daughter centriole biogenesis, the levels of
centriolar GFP-Sas-6 increased steadily from S phase to G2/M
transition, as previously reported (30) and rapidly decreased
from nuclear envelope breakdown to late mitosis (Fig. S1, B, C
and Movie S1).

To investigate the reason for continuous accumulation of
centriolar Sas-6 after completion of the initiation of daughter
centriole biogenesis, we released G1/S phase-arrested HeLa
cells into metaphase by sequential treatment with STLC and
MG132 and simultaneously knocked down Sas-6 during this
period without affecting the initiation of centriole duplication
(Figs. 1, A, B and S2A). We studied the structural features of
the centrioles during metaphase by immunostaining of cen-
triolar and PCM marker proteins (PCNT, CDK5RAP2, and
γ-tubulin). Approximately 15.3% of metaphase cells treated
with Sas-6 siRNA exhibited aberrantly separated centrioles,
which was typically accompanied by cracked PCM, whereas
only roughly 7.3% of control metaphase cells displayed sepa-
rated centrioles (**p < 0.01) (Fig. 1, C and D). The premature
centriole disengagement phenotype was relatively mild due to
limited Sas-6 interference efficiency (�62%) as a result of time
restriction (16 h) during the transition from G1/S phase to
metaphase to prevent influence on centriole duplication
initiation. We also examined other cartwheel components,
STIL and CPAP, and found that cells treated with siRNA
targeted toward STIL, but not CPAP, displayed aberrantly
separated centrioles, albeit to a lesser extent than that seen
following Sas-6 knockdown (Fig. S2, B–D). This may be
attributed to the role of STIL in facilitating the loading of Sas-6
onto the centrioles during cartwheel assembly (25–29, 38–40).
These results indicate that knockdown of Sas-6 after daughter
centriole formation induces premature centriole disengage-
ment and disrupts PCM integrity, since centriole disengage-
ment and PCM cleavage normally only occur during mitotic
exit (41–46).
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We further investigated the consequences of premature
centriole disengagement and cracked PCM. The majority of
Sas-6-knockdown cells which displayed abnormally disen-
gaged centrioles and cracked PCM significantly exhibited
metaphase spindle misorientation and multipolar mitotic
spindle assembly (Fig. S2, E–H). Collectively, these results
suggest that continuous accumulation and persistence of
centriolar Sas-6 after daughter centriole biogenesis maintains
the engagement of mother and daughter centrioles and the
integrity of the PCM (Fig. 1E).
CDK1-cyclin B phosphorylates Sas-6 at T495 and S510 during
early mitosis

Next, we investigated the regulatory mechanism for the
maintenance of centrosome integrity by Sas-6. First, we
examined Sas-6 expression and posttranslational modification
in HeLa cells during the cell cycle, revealing that the Sas-6
protein expression level decreased rapidly during mitotic exit
(Figs. 2A and S3A). Interestingly, results of the Phos-tag gel
assay show that Sas-6 bands were heavily upshifted in prom-
etaphase, which decreased rapidly during mitotic exit (Figs. 2A
and S3A), indicating that Sas-6 was phosphorylated during
mitotic entry. To identify the kinase responsible for Sas-6
phosphorylation, mitotic cells were treated with several
mitotic kinase inhibitors: BI2536 for Plk1, RO3306 for CDK1-
cyclin B, MLN8237 for Aurora A, AZD1152/ZM447439 for
Aurora B, and DMSO as a negative control (Materials and
Methods). Inhibition of CDK1-cyclin B with RO3306 signifi-
cantly reduced the upshifted Sas-6 bands (Fig. 2B), suggesting
that Sas-6 was phosphorylated by CDK1-cyclin B during early
mitosis.

GPS 3.0 (Group-based Prediction System, version 3.0) pre-
dicted four potential phosphorylation sites in Sas-6 for CDK1-
cyclin B: S111, T495, S510, and S657. Accordingly, we
constructed Sas-6 mutants carrying a single or double muta-
tion of these amino acids to alanine, expressed them in HeLa
cells, and subjected these cells to Phos-tag gel analysis. The
GFP-tagged Sas-6 mutant with a single mutation of T495 or
S510, both of which are consistent with the phosphorylation
consensus sequence ((S/T*)P or (S/T*)PX(K/R)) for CDK1-
cyclin B (47) to alanine (T495A or S510A), or with double
mutation of these two sites (T495A/S510A, denoted as 2A),
displayed significantly reduced upshifted bands (Figs. 2C and
S3B). Mass spectrometry (MS) of GFP-Sas-6 immunoprecipi-
tated from HEK293 cells demonstrates that T495 and S510
were indeed phosphorylated during early mitosis (Fig. S3,
C–E). These two sites are conserved in mammals as shown by
multiple sequence alignment (Fig. 2D). Moreover, RO3306
treatment of prometaphase cells significantly decreased the
number of peptides carrying phosphorylated T495 and S510
residues (Fig. S3D). Subsequently, we purified GFP-tagged Sas-
6 WT and 2A as well as Nedd1 from HEK293 cells and per-
formed an in vitro kinase assay with CDK1-cyclin B in the
presence of γ-32P ATP. While Sas-6 WT was phosphorylated
by CDK1-cyclin B as compared with the heavily positive
reference of Nedd1, the 2A mutant showed significantly less



Figure 1. Sas-6 is required for the maintenance of centriole engagement and pericentriolar matrix integrity. A, experimental scheme for the
generation of mitosis-arrested HeLa cells by Sas-6 knockdown. HeLa cells were arrested at metaphase by sequential treatment with 2.5 μM thymidine, 5 μM
STLC, and 10 μM MG132 and simultaneously transfected with Sas-6 siRNA for 18 h. B, knockdown efficiency of Sas-6 siRNA. HeLa cells were treated as
described in (A), harvested, and analyzed by immunoblotting using antibodies against Sas-6 and GAPDH. C, Sas-6 knockdown induces abnormal centriole
disengagement and disordered pericentriolar matrix (PCM) during mitosis. HeLa cells were treated as described in (A), fixed with methanol, and analyzed by
immunofluorescence using antibodies against PCNT, CDK5RAP2, γ-tubulin, and Centrin1. DNA was stained with DAPI. Arrowheads indicate cracked PCM
proteins. The boxed areas in each main image are zoomed into the right panels with separated channels. Scale bars, 5 μm (large images) or 1 μm (inset
images). D, quantitation of the number of cells with aberrantly separated centrioles in (C). Centrioles with a distance greater than 1 μm were counted as
separated. Approximately 200 cells were counted per sample, and three independent experiments were conducted. The statistical data are expressed as the
mean ± SD. **p < 0.01 (Student’s t test). E, schematic diagram illustrating that Sas-6 knockdown after daughter centriole assembly induces untimely
centriole disengagement and disrupts PCM integrity. See also Figs. S1 and S2.

Sas-6 accumulation maintains centriole engagement
phosphorylation (Fig. 2E). Collectively, we conclude that Sas-6
is phosphorylated by CDK1-cyclin B at T495 and S510 during
early mitosis in vitro and in vivo.
Endogenous pS510-Sas-6 is detectable at centrioles of early
mitotic cells

To investigate the spatiotemporal phosphorylation of Sas-6
by CDK1-cyclin B, we raised a phospho-antibody against
pS510-Sas-6 by injecting rabbits with a synthetic Sas-6 peptide
carrying the phosphorylated S510 residue (506-RSGI(S-p)
PNLN-514, denoted phospho-peptide). The specificity of this
pS510-Sas-6 antibody was examined and confirmed by
immunoblotting (Fig. S4A). The pS510-Sas-6 antibody spe-
cifically detected Sas-6 in nocodazole-arrested mitotic lysates
but not in asynchronized cell lysates. Moreover, following
treatment of the mitotic cell lysates with RO3306, but not
other kinase inhibitors, the antibody-recognized signal almost
disappeared (Fig. S4, B and C), indicating that Sas-6 was spe-
cifically phosphorylated at S510 by CDK1-cyclin B in vivo
during mitosis. We also confirmed that the pS510-Sas-6
antibody detected GFP-Sas-6 but not GFP-Sas-6-S510A
J. Biol. Chem. (2022) 298(12) 102658 3



Figure 2. CDK1-cyclin B phosphorylates Sas-6 at T495 and S510 during mitosis. A, Sas-6 is phosphorylated during mitosis. HeLa cells were arrested in
mitosis by thymidine-nocodazole treatment, released, and harvested at the indicated time points. Asy refers to asynchronized cell samples. Samples were
analyzed by immunoblotting using the indicated antibodies. Note the unshifted bands of Sas-6 in mitosis. B, Sas-6 is phosphorylated by CDK1-cyclin B
during mitosis. Mitosis-arrested HeLa cells were treated with selected kinase inhibitors prior to harvest. Note that treatment with RO3306 for 15 min
significantly inhibited the upshift of Sas-6 bands during mitosis. C, CDK1-cyclin B phosphorylates Sas-6 at T495 and S510 during mitosis. HeLa cells
transfected with GFP-tagged Sas-6 WT and mutants were treated with DMSO or RO3306. M refers to mitotic cell samples, and RO refers to RO3306
treatment. D, Sas-6 phosphorylation sites revealed by mass spectrometry, of which two, T495 and S510, are conserved in mammals. Multiple sequence
alignment also shows that the Sas-6 phosphorylation sites mediated by CDK1-cyclin B in mammals, as well as the nearby C-terminal sequence, are missing
from homologous Sas-6 in Drosophila. E, CDK1-cyclin B phosphorylates Sas-6 in vitro. GFP, GFP-tagged Sas-6, Sas-6 mutant 2A, or Nedd1 proteins purified
from HEK293 cells were individually incubated with CDK1-cyclin B in a kinase reaction system, and the incorporation of γ-32P into the substrates was
visualized by autoradiography. F, endogenous Sas-6 phosphorylated at S510 is detected on centrioles from prophase to metaphase. HeLa cells were fixed
with methanol and analyzed by immunofluorescence using antibodies against Sas-6 and pS510-Sas-6. DNA was stained with DAPI. Scale bars, 5 μm (large
images) or 1 μm (inset images). See also Figs. S3 and S4.

Sas-6 accumulation maintains centriole engagement
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Sas-6 accumulation maintains centriole engagement
during mitosis (Fig. S4, D and E). Immunostaining of HeLa
cells demonstrates that pS510-Sas-6 only colocalized with Sas-
6 at the centrioles from prophase to metaphase, which is
consistent with the active period of CDK1-cyclin B during
mitosis (Figs. 2F, S4, F and G). Collectively, these results
indicate that CDK1-cyclin B phosphorylates centriolar Sas-6 at
S510 during early mitosis.
CDK1-cyclin B promotes centriolar Sas-6 removal to allow
centriole disengagement

To investigate the function of centriolar Sas-6 phosphory-
lation by CDK1-cyclin B, we directly examined the dynamic
localization of GFP-Sas-6 on the centrioles during mitosis
following treatment of mitotic cells with the CDK1-specific
inhibitor RO3306. Consistent with the immunofluorescence
and live-cell imaging data (Fig. S1, A–C), centriolar Sas-6
continuously decreased throughout prophase and metaphase
in the DMSO-treated control group and suddenly vanished
from anaphase until early G1 phase. By contrast, treatment
with RO3306 prevented the removal of Sas-6 from centrioles,
with some centriolar Sas-6 remaining with cell cycle progres-
sion through mitosis into G1 phase even without proper
chromosomal segregation (Fig. 3, A and B, Movies S2 and S3).
This finding indicates that CDK1-cyclin B phosphorylation
promotes Sas-6 removal from centrioles during mitosis.

Since Sas-6 is required for the maintenance of centriole
engagement and PCM integrity from S phase to late G2 phase
(Fig. 1, C–E), we further investigated whether CDK1-cyclin
B–mediated centriolar Sas-6 removal contributes to centriole
disengagement during mitotic exit, thus licensing the centriole
to duplicate in the next centrosome cycle. Firstly, we syn-
chronized HeLa cells and those stably expressing GFP-Sas-6 in
mitosis using the double-thymidine blockade and release
approach. Subsequently, mitotic cells were treated with DMSO
or RO3306 for 1 h to obtain mitotic exit or early G1 phase cells
and subjected to immunofluorescence analysis (Fig. 3C). The
mitotic exit or early G1 phase synchronization efficiency was
determined by two centrioles (two Centrin1 dots), and
engagement of the mother/daughter centrioles was deter-
mined by a 2:1 ratio of Centrin1 dots to proximal centriole
marker C-Nap1 dots. Cells treated with RO3306 were forced
into G1 phase with incomplete cytoplasmic division, and the
engagement or disengagement configuration within one pair of
centrioles was assessed. Immunofluorescence labeling
demonstrates that the vast majority of DMSO-treated control
cells (�94.3%) no longer had detectable centriolar Sas-6 and
underwent mother/daughter centriole disengagement as
expected. On the contrary, approximately 39.7% of RO3306-
treated cells steadily maintained centriolar Sas-6, and
roughly 28.7% of RO3306-treated cells maintained paired
mother/daughter centriole engagement, suggesting that the
centrioles carrying Sas-6 during mitotic exit were abnormally
engaged (Fig. 3, D–F). These results indicate that inhibition of
the kinase activity of CDK1 prevents Sas-6 removal from the
centrioles, resulting in continuous engagement of the mother/
daughter centrioles.
To determine the direct function of CDK1-cyclin
B–phosphorylated Sas-6, we cotransfected stable RFP-H2B-
expressing HeLa cells with Sas-6 30UTR siRNA and GFP-
Sas-6, 2A, or 2D and performed time-lapse microscopy to
trace these proteins during mitosis and early G1 phase. The 2A
mutant, which is unable to be phosphorylated by CDK1-cyclin
B, was prevented from being removed from the centriole, and
some 2A remained on the centriole even during late mitosis
and early G1 phase. By contrast, WT and 2D rapidly dis-
appeared from the centrioles during late mitosis, although WT
remained slightly longer (Fig. 4, A–C and Movies S4–S6).
Collectively, we conclude that CDK1-cyclin B activity is
required for centriolar Sas-6 removal and centriole disen-
gagement during mitotic exit in human cells.
Phosphorylation of Sas-6 by CDK1-cyclin B promotes its
centriolar disassociation to allow centriole disengagement
and licensing

It is known that Sas-6 degradation is targeted by APC/CCdh1

via the ubiquitination pathway during late anaphase and G1
phase (14). To distinguish whether CDK1-cyclin B mediated
centriolar Sas-6 removal occurs prior to its degradation or is
directly dependent on its degradation, we analyzed Sas-6
protein expression levels in mitotic cell lysates treated with
RO3306 or DMSO as a control. There was no difference in
Sas-6 levels between the two groups (Fig. S5A). Cells
expressing GFP-Sas-6 WT, 2A, or 2D were subsequently
treated with or without the proteasome inhibitor MG132, and
the protein expression level, ubiquitination modification, and
half-life were measured. Phosphorylation of Sas-6 did not
affect its degradation (Fig. S5, B–D). These results indicate that
CDK1-cyclin B–mediated Sas-6 disassociation from the
centriole during early mitosis and APC/CCdh1-mediated Sas-6
degradation from late mitosis to G1 phase are two indepen-
dent events, both of which jointly lead to the removal of Sas-6
from the centriole; hence, a decrease in centriolar GFP-Sas-6
was observed after entry into mitosis (Fig. S1, B, C and
Movie S1). Furthermore, most of the centriolar Sas-6 was
removed before anaphase, indicating a leading role for cyclin
B-mediated Sas-6 dissociation in this process (Figs. S1, B, C, 3,
A and B).

The centriole engagement configuration was affected by the
presence or absence of Sas-6 or the cartwheel; therefore, we
examined the engagement configuration within one pair of
centrioles in GFP-Sas-6 WT, 2A, 2D, or 2E-expressing cells
during mitotic exit or early G1 phase. The vast majority of
GFP-Sas-6 WT-, 2D-, and 2E-expressing cells (�90%, �92%,
�92%) displaying disassembled cartwheels or no detectable
centriolar GFP signal underwent mother/daughter centriole
disengagement, whereas roughly �23% of GFP-2A-expressing
cells steadily retained centriolar GFP-2A and maintained
engagement of paired mother/daughter centrioles (Fig. S6, A
and B), suggesting that the removal of Sas-6 regulated by CDK-
cyclin B further positively regulated centriole disengagement.

We subsequently analyzed the effect of abnormal centriole
engagement caused by unphosphorylated Sas-6 and the
J. Biol. Chem. (2022) 298(12) 102658 5



Figure 3. CDK1-cyclin B triggers Sas-6 removal and centriole disengagement during mitotic exit. A, inhibition of CDK1-cyclin B activity prevents Sas-6
removal from centrioles during mitotic exit. HeLa cells stably expressing GFP-Sas-6 were transfected with RFP-H2B, treated with DMSO or 9 μM RO3306, and
filmed for 2 h from nuclear envelope breakdown (NEBD) to mitotic exit. Images were captured every 5 min, and 30 slices at an 18-μm Z-section thickness
were obtained. Scale bar, 5 μm (large images) or 1 μm (inset images) (see also Movies S2 and S3). B, line graphs showing the mean centriolar GFP-Sas-6
fluorescence intensity in the experiments described in (A). Measurements were obtained for 10 centrosomes in three independent experiments. Error bars
represent the mean ± SD. C, experimental scheme for generating mitotic exit/early G1 phase HeLa cells by CDK1-cyclin B inhibition. HeLa cells were arrested
at G1/S transition by thymidine treatment, released for 9.5 h, and treated with DMSO or RO3306 for 1 h to mitotic exit/early G1 phase. D and E, inhibition of
CDK1-cyclin B activity prevents Sas-6 removal and centriole disengagement at early G1 phase. HeLa cells stably expressing GFP-Sas-6 (D) or HeLa cells (E)
treated using the method described in (C) were fixed with methanol and analyzed by immunofluorescence using the indicated antibodies. DNA was stained

Sas-6 accumulation maintains centriole engagement
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Sas-6 accumulation maintains centriole engagement
persistent presence of the cartwheel on procentriole formation
in postmitotic cells. Since disengagement of mother/daughter
centrioles is a prerequisite for the initiation of a new centro-
some cycle (6, 7), and CDK1-cyclin B phosphorylation pro-
motes centriolar Sas-6 disassociation and paired centriole
disengagement during mitosis, we conducted an immunoflu-
orescence assay to evaluate whether the persistent localization
of unphosphorylatable 2A on centrioles inhibits procentriole
formation in the subsequent centrosome cycle. Sas-6 WT
overexpression promoted the formation of excess procen-
trioles or centrioles as previously reported (14), while over-
expression of GFP-Sas-6 2A induced significantly less centriole
production than WT and 2D in both asynchronized and S
phase-synchronized cells (Figs. 4, D, E, S6, C, and D), indi-
cating that the persistent localization of Sas-6-2A on centrioles
prevented centriole disengagement, which further inhibited
centriole reduplication.

Collectively, these results demonstrate that centriolar Sas-6
removal mediated by CDK1-cyclin B promotes its disassocia-
tion and translocation to the cytoplasm. APC/CCdh1 subse-
quently targets and ubiquitinates Sas-6 for degradation,
leading to disengagement of the paired centrioles and licensing
of a new round of centriole duplication.

Phosphorylation of Sas-6 by CDK1-cyclin B disrupts the STIL–
Sas-6 complex

To investigate the manner by which CDK1-cyclin B–
mediated phosphorylation triggers centriolar Sas-6 disassoci-
ation, we first examined the centriolar localization of Sas-6 and
its interaction with STIL, another cartwheel component and
centriole duplication initiator, which facilitates the loading of
Sas-6 onto centrioles during early S phase (25–29, 38–40).
Immunofluorescence microscopy demonstrates that centriolar
STIL disappeared immediately before Sas-6 at metaphase
(Fig. 5A). Moreover, immunoprecipitation shows that while
Sas-6 was bound to STIL during interphase, their interaction
was significantly diminished as cells entered mitosis (Fig. 5B).

Since CDK1-cyclin B activity is also required for the
translocation of STIL from the centriole to the cytoplasm
(48), we evaluated whether CDK1-cyclin B–mediated phos-
phorylation of Sas-6 disrupts the interaction between Sas-6
and STIL, thus triggering their release from the centriole
and leading to disassembly of the cartwheel. Following
treatment of cells with RO3306, both centriolar Sas-6 and
STIL remained stable throughout mitosis and the binding of
Sas-6 to STIL increased (Fig. 5, C and D), indicating that
CDK1 activity was required for disassociation of the Sas-6–
STIL complex and removal of both components from the
centriole. For confirmation, we further analyzed the centriolar
localization of STIL in metaphase HeLa cells expressing GFP-
Sas-6 WT, 2A, or 2D. Quantitation of STIL immunofluores-
cence on the centrioles demonstrates that 2A efficiently
stabilized centriolar STIL at metaphase (Fig. 5, E and F).
with DAPI. Scale bars, 5 μm (large images) or 1 μm (inset images). F, quantitatio
in (E). Approximately 200 cells were counted per sample, and three independ
mean ± SD. ***p < 0.001 (Student’s t test).
Consistently, immunoprecipitation shows that the interaction
between STIL and 2A was much stronger than that between
STIL and WT or 2D (Figs. 5, G, H and S7, A–C). By contrast,
phosphorylation of Sas-6 by CDK1-cyclin B did not affect its
self-polymerization or interaction with the other cartwheel
components CEP135 and CPAP (Fig. S7, D–F). Taken
together, these results demonstrate that Sas-6 phosphoryla-
tion by CDK1-cyclin B disrupts its binding to STIL, leading to
their release from the cartwheel and cartwheel disassembly.
Phosphorylation of Sas-6 by CDK1-cyclin B weakens the
binding between Sas-6 and Nedd1

Since our previous research demonstrates that Plk4 phos-
phorylates the PCM component Nedd1, regulates its binding
to Sas-6, and recruits Sas-6 onto the mother centriole to
initiate cartwheel assembly in cooperation with STIL (24), we
examined whether Nedd1 participates in the regulation of
centriolar Sas-6 removal triggered by CDK1-cyclin B during
mitosis. Nedd1 immunofluorescence localized to centro-
somes throughout the cell cycle and partially colocalized with
Sas-6 at centrioles (Fig. 6A). Immunoprecipitation reveals
that GFP-Sas-6 strongly bound to Nedd1 and γ-tubulin, the
main component of γ-TuRC essential for daughter centriole
biogenesis (Fig. 6B). Following treatment of cells with
RO3306, the binding of Sas-6 to Nedd1 and γ-tubulin
increased (Fig. 6C). In mitotic cells expressing GFP-Sas-6
WT, 2A, or 2D, Nedd1 and γ-tubulin were bound to
unphosphorylatable 2A more strongly than to Sas-6 WT or
the phosphorylated-mimic 2D (Fig. 6D). Furthermore, GFP-
Nedd1 specifically interacted with endogenous Sas-6 but
not STIL (Fig. 6E). Knockdown of Nedd1 perturbed the
continuous loading of Sas-6 and STIL onto centrioles from S
phase to early mitosis, whereas depletion of Sas-6 and STIL
had no effect on the centrosomal localization of Nedd1
(Fig. 6, F and G). These results indicate that Nedd1 acts up-
stream of Sas-6 and STIL, Sas-6 serves as a connective factor
between Nedd1 and STIL, and Sas-6 and STIL mutually affect
the localization of each other during the maintenance of
cartwheel structure.

Collectively, we conclude that the phosphorylation of Sas-6
by CDK1-cyclin B disrupts its interactions with STIL and
Nedd1 and that Nedd1 is persistently located on centrioles
during the cell cycle, both of which eventually cause the
sequential release of STIL and Sas-6 from the cartwheel,
facilitating centriole disengagement and licensing centriole
duplication in the next cell cycle (Fig. 6H).
Discussion

We demonstrate that immobilization of Sas-6 to the basal
lumen of the daughter centriole after the initiation of centriole
biogenesis (30) maintains association of the daughter and
mother centrioles and prevents their premature
n of mitotic exit/G1 cells according to Sas-6 staining and engaged centrioles
ent experiments were conducted. The statistical data are expressed as the

J. Biol. Chem. (2022) 298(12) 102658 7



Figure 4. Phosphorylation of Sas-6 by CDK1-cyclin B promotes the disassociation of Sas-6 from mitotic centrioles and licenses centriole redu-
plication. A, Sas-6 2A is released from the centriole at a slower rate than WT and Sas-6 2D. HeLa cells stably expressing RFP-H2B were cotransfected with
siSas-6 and GFP-Sas-6, 2A, or 2D and filmed for 6 h from nuclear envelope breakdown (NEBD) to G1 phase. Images were captured every 5 min, and 30 slices
at an 18-μm Z-section thickness were obtained. Scale bar, 5 μm (large images) or 1 μm (inset images) (see also Movies S4–S6). B, quantitation of the time
from NEBD to the disappearance of GFP-Sas-6, 2A, or 2D from the centriole shown in (A). The timing of Sas-6 disappearance from centrioles is judged as the
same Sas-6 intensity between centrioles and the cytoplasm. Error bars indicate the mean ± SEM from three independent experiments. Not significant (N.S.),
**p < 0.01, ***p < 0.001 (unpaired t test). C, Sas-6 siRNA knockdown-and-rescue efficiency. HeLa cells were treated as described in (A), harvested, and
analyzed by immunoblotting using antibodies against Sas-6 and GAPDH. D, GFP-tagged 2A exhibits a slightly weaker ability to cause centriole reduplication.
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disengagement and disintegration of the centrosomes during S
phase to late G2 phase. Phosphorylation of Sas-6 by CDK1-
cyclin B promotes its release from the cartwheel in early
mitosis and permits disengagement of the daughter centriole
from its mother during mitotic exit. These findings facilitate a
better understanding of the key questions related to why the
cartwheel persists after daughter centriole biogenesis until the
procentriole matures, how engagement and disengagement of
the paired mother and daughter centrioles are regulated for
accurate centrosome cycling, and how the centrosome cycle is
regulated by the cell cycle machinery.

The orthogonal engagement configuration between the
daughter and mother centrioles after daughter centriole
biogenesis appears to restrain reduplication for centriole
number stability until their disengagement from mitotic exit to
the next early G1 phase and subsequent initiation of a new
round of duplication (6, 7). Thus, the engagement configura-
tion acts as an “on-and-off switch” for the initiation of
centriole duplication, and this process is mainly regulated by
protease separase and Plk1 (7, 49–52). Engagement of the
paired centrioles has been proposed to be held by the cohesin
ring complex and surrounding PCM (41–43, 53). Separase-
dependent cleavage of the cohesin ring subunit Scc1 and
PCM component PCNT results in centriole disengagement
(44, 45, 50, 53). In comparison, Plk1 likely regulates the
disengagement process by phosphorylating PCNT and
enhancing its cleavage by separase. Plk1 also regulates the
degradation of Cep68 and cleavage of PCNT to allow Cep215
removal from the PCM, ensuring the fidelity of centriole
disengagement, separation, and licensing (42, 46). In addition,
recent studies indicate that mother centriole-localized Cep57
and Cep57L1 cooperatively maintain centriolar engagement
during interphase (54, 55). However, it remains elusive
whether there exists a direct linker localized on the daughter
centriole that holds the paired centrioles together during the S
phase and G2 phase, which is then dismissed in a regulated
manner for disengagement of the centriole pair during mitosis.
Here, we demonstrate that Sas-6 serves as a linker to maintain
engagement of the daughter and mother centrioles after
daughter centriole biogenesis. Sas-6 connects upstream to
Nedd1 on the mother centriole and downstream to STIL and
γ-TuRC on the daughter centriole. This Sas-6 linker is
strengthened by its continuous accumulation and persistence
until its phosphorylation by CDK1-cyclin B during mitotic
entry. This phosphorylation of Sas-6 disrupts its association
with Nedd1, STIL, and γ-TuRC, leading to cartwheel disas-
sembly, paired centriole disengagement, and licensing of a new
round of centriole biogenesis in the subsequent G1/S
transition.

However, unlike in human cells, the cartwheel/Sas-6 is a
permanent scaffolding structure in Drosophila, in which the
centriole pairs can become disengaged without cartwheel
disassembly (3). It is possible that CDK1-cyclin B negatively
HeLa cells were cotransfected with siSas-6 and GFP-tagged Sas-6 WT, 2A, or 2D
an antibody against Centrin1. DNA was stained with DAPI. Scale bars, 5 μm
possessing excess centrioles in (D). Approximately 200 cells were counted per
data are expressed as the mean ± SD. Not significant (N.S.), *p < 0.05, ***p <
regulates the association of mother centriole-localized factors
with Sas-6 but does not directly regulate Sas-6, causing the
cartwheel to lose connection with the mother centriole without
cartwheel disassembly. This is supported by the multiple
sequence alignment in Fig. 2D, which shows that human Sas-6
phosphorylation sites mediated by CDK1-cyclin B, as well as the
nearby C-terminal sequence, are missing from homologous
Sas-6 in Drosophila. If this is the case, the cartwheel/Sas-6
would provide an additional layer of regulation to maintain
centriole engagement, in addition to the PCM and cohesin ring
complex pathway, to enable disengagement of centriole pairs in
Drosophila without cartwheel disassembly. Periodic assembly/
disassembly of the cartwheel renders centriole engagement/
disengagement regulation and the centrosome cycle more
faithful and accurate.

Based on our present and previously reported data, we
propose a working model to illustrate the functions of Sas-6 in
centriole engagement and disengagement under the regulation
of CDK1-cyclin B and other cell cycle regulators in human
cells (Fig. 7). During G1/S transition, Plk4 binds to and
phosphorylates STIL and Nedd1 to allow loading of Sas-6 onto
the mother centriole for cartwheel assembly and daughter
centriole biogenesis (24–29). As cells enter the S phase and G2
phase, Sas-6 is progressively recruited and immobilized onto
the centrioles to maintain association of the paired mother and
daughter centrioles and the integrity of the centrosome
(30, 37). As cells enter mitosis, CDK1-cyclin B phosphorylates
STIL, Nedd1 (48, 56, 57), and Sas-6 and weakens the associ-
ation between Sas-6, STIL, and Nedd1 to trigger the release of
Sas-6 and STIL from the centrioles, facilitating disassembly of
the cartwheel and disengagement of the daughter and mother
centrioles (Fig. 7A). By contrast, blocking CDK1-cyclin
B-mediated phosphorylation of Sas-6 inhibits its disassocia-
tion from centrosomal STIL and Nedd1, restraining cartwheel
disassembly and leading to the failure of paired centriole
disengagement and delay of a new round of centriole dupli-
cation (Fig. 7B). In summary, we uncover that Sas-6 stabilizes
centriole engagement after daughter centriole biogenesis by
linking the cartwheel and daughter centriole with the mother
centriole. Sas-6 is eventually released from the cartwheel to
allow disengagement of the daughter and mother centrioles
during mitosis under the regulation of CDK1-cyclin B for the
licensing of a new round of centrosome duplication, although
we do not exclude other mitotic kinases may also contribute to
phosphorylation and this function of Sas-6.
Experimental procedures

Cell culture, transfection, synchronization, and drug treatment

HEK293, HeLa, and U2OS cells were obtained from
American Type Culture Collection and cultured in Dulbecco’s
Modified Eagle’s Medium (Gibco) supplemented with 10%
fetal bovine serum at 37 �C in a 5% CO2 atmosphere.
for 72 h, fixed with methanol, and analyzed by immunofluorescence using
(large images) or 1 μm (inset images). E, quantitation of transfected cells
sample, and four independent experiments were conducted. The statistical
0.001 (Student’s t test). See also Figs. S5 and S6.
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Figure 5. Phosphorylation of Sas-6 by CDK1-Cyclin B disrupts the STIL–Sas-6 complex. A, Sas-6 colocalizes with STIL at the daughter centrioles from S
phase toprophase. HeLa cellswerefixedwithmethanol andanalyzedby immunofluorescenceusing antibodies against Sas-6 andSTIL. B, Sas-6 interactswith STIL
from G1/S phase to G2/M phase. HEK293 cells transfected with GFP or GFP-tagged Sas-6 were arrested at G1/S transition by thymidine treatment and subse-
quently released, harvested at the indicated time points for immunoprecipitation using GFP-trap beads, and analyzed by immunoblotting using the indicated
antibodies. C, inhibition of CDK1-cyclin B activity prevents centriolar Sas-6 and STIL from disappearing during late mitosis. HeLa cells were arrested at G1/S
transition by thymidine treatment, released for 9.5 h to mitosis, and treated with DMSO or RO3306 for 15 min. Cells were fixed with methanol and analyzed by
immunofluorescence using antibodies against Sas-6 and STIL. D, inhibition of CDK1-Cyclin B activity enhances the interaction between Sas-6 and STIL during
mitosis. HEK293 cells cotransfected with Myc-STIL and GFP or GFP-tagged Sas-6 were arrested at mitosis by thymidine-nocodazole treatment and subsequently
treated with DMSOor RO3306 for 15min. Cells were harvested for immunoprecipitationwith GFP antibody-conjugated beads and analyzed by immunoblotting
using antibodies against Myc and GFP. E, Sas-6 mutant 2A inhibits the disappearance of centriolar STIL at metaphase. HeLa cells cotransfected with siSas-6 and
GFP-Sas-6WT, 2A, or 2Dwere arrested at G1/S transition by thymidine treatment and released for 10 h tomitosis. Cells were fixedwithmethanol and analyzed by
immunofluorescence using antibodies against STIL and Centrin1. F, quantitation of the relative STIL immunofluorescence on the metaphase centrioles in (E).
Approximately 60 cells in three independent experimentswere analyzed. The average cytoplasmic immunofluorescence intensitywas subtracted asbackground.
The statistical data areexpressed as themean±SD.Not significant (N.S.), ***p< 0.001 (Student’s t test).G, Sas-6 phosphorylationweakens the interactionbetween
Sas-6 and STIL. HEK293 cells cotransfected with Myc-STIL and GFP, GFP-Sas-6 WT, 2A, or 2D were arrested at mitosis by thymidine-nocodazole treatment, har-
vested for immunoprecipitation with GFP antibody-conjugated beads, and analyzed by immunoblotting using the indicated antibodies. Three independent
experimentswere performed (Figs. 5G, S7,A and B).H, quantitation of the interaction betweenMyc-STIL andGFP-tagged Sas-6WT, 2A, or 2D in (Figs. 5G, S7,A and
B). The protein–protein interaction discrepancy was quantitated using ImageJ. The relative interaction between Sas-6 and STIL was normalized to immuno-
precipitatedSas-6 by ImageJquantitation. The valueof the Sas-6 groupwas set as 1.0, relative towhich theothermutant groupswere calculated. DNAwas stained
with DAPI. Scale bars, 5 μm (large images) or 1 μm (inset images). See also Fig. S7.
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Figure 6. Phosphorylation of Sas-6 weakens the interaction between Sas-6 and Nedd1. A, Sas-6 partially colocalizes with Nedd1 at the centrosomes.
HeLa cells were fixed with methanol and analyzed by immunofluorescence using antibodies against Sas-6 and Nedd1. B, Sas-6 interacts with Nedd1 and
γ-tubulin in cells. HEK293 cells transfected with GFP or GFP-tagged Sas-6 were harvested for immunoprecipitation with GFP-Trap beads and analyzed by
immunoblotting using antibodies against Nedd1, γ-tubulin, and GFP. C, inhibition of CDK1-cyclin B kinase activity strengthens the binding of Sas-6 with
Nedd1 and γ-tubulin during mitosis. HEK293 cells transfected with GFP or GFP-Sas-6 were arrested in mitosis by thymidine-nocodazole treatment, and
DMSO or RO3306 was added for 15 min prior to harvest. Cell lysates were immunoprecipitated with GFP-Trap beads and analyzed by immunoblotting using
antibodies against Nedd1, γ-tubulin, and GFP. D, Sas-6 phosphorylation by CDK1-cyclin B weakens the interaction between Sas-6 and Nedd1. HEK293 cells
transfected with GFP, GFP-Sas-6 WT, 2A, or 2D were arrested in mitosis by thymidine-nocodazole treatment, harvested for immunoprecipitation with GFP-
Trap beads, and analyzed by immunoblotting using antibodies against Nedd1, γ-tubulin, and GFP. Three independent experiments were performed, but
only one representative result is shown in (C and D). E, Nedd1 specifically interacts with Sas-6 but not STIL. HEK293 cells transfected with GFP or GFP-tagged
Nedd1 were harvested for immunoprecipitation with GFP-Trap beads and analyzed by immunoblotting using antibodies against Sas-6, STIL, and GFP. F, Sas-
6, STIL, and Nedd1 siRNA knockdown efficiency. HeLa cells were transfected with the indicated siRNA for 72 h and subsequently harvested and analyzed by
immunoblotting using the indicated antibodies. G, Nedd1 acts upstream of Sas-6 and STIL. HeLa cells were treated with siRNA against Sas-6, STIL, and
Nedd1 and analyzed by immunofluorescence using the indicated antibodies. Note that Nedd1 knockdown abolishes centriolar Sas-6 and STIL in prom-
etaphase cells, whereas Sas-6 or STIL knockdown has no effect on the centrosomal localization of Nedd1. H, schematic diagram illustrating the relationship
among Nedd1, Sas-6, and STIL regulated by CDK1-cyclin B. DNA was stained with DAPI. Scale bars, 5 μm (large images) or 1 μm (inset images).
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Figure 7. A proposed working model indicating that the Sas-6-assembled cartwheel structure is involved in centriole engagement and disen-
gagement under CDK1-cyclin B control. A, during G1/S transition, Plk4 binds and phosphorylates STIL and Nedd1 to recruit Sas-6 onto the lateral proximal
end of the mother centriole in order to initiate cartwheel assembly and daughter centriole biogenesis. As cells progress through S phase and G2 phase, Sas-
6 is progressively recruited and immobilized at the base of the daughter centriole lumen to maintain engagement of the paired daughter and mother
centrioles and integrity of the centrosomes. During mitosis, CDK1-cyclin B phosphorylates Sas-6 at T495 and S510, which weakens the association of Sas-6
with STIL and Nedd1 and triggers the translocation of STIL and Sas-6 from the daughter centriole to the cytoplasm, thus facilitating cartwheel disassembly
and daughter centriole disengagement from the mother centriole. B, conversely, blocking CDK1-cyclin B–mediated phosphorylation of Sas-6 inhibits its
disassociation from STIL and Nedd1, thus restraining disassembly of the cartwheel and delaying centriole disengagement and a new round of centriole
duplication. Plk4, Polo-like kinase 4.

Sas-6 accumulation maintains centriole engagement
For plasmid or siRNA transfection of cells, Lipofectamine
2000 (Invitrogen) was used according to the manufacturer’s
instructions.

Cells were synchronized at G1/S transition using the
double-thymidine blockade method. Briefly, cells were treated
with 2.5 mM thymidine (Sigma) for 17 to 21 h, released for
10 h, and treated again with 2.5 mM thymidine for a further 17
to 21 h to obtain G1/S phase-arrested cells. Subsequently, cells
were released into fresh medium for 0 to 6 h to S phase, 6 to
10 h to G2 phase, or 10 to 12 h to mitosis.

Alternatively, cells were first synchronized at prometaphase
by thymidine-nocodazole treatment. Briefly, cells were treated
with 2.5 mM thymidine for 17 to 21 h, released, and treated
with 100 ng/ml nocodazole for 14 to 16 h to obtain
prometaphase-arrested cells. Subsequently, cells were released
and harvested at the indicated time points.

For drug treatment, the compounds, concentrations, and
treatment times used in this study are as follows: 0.1 μM
BI2536 for 2 h, 9 μM RO3306 for 15 min, 0.25 μM MLN8237
12 J. Biol. Chem. (2022) 298(12) 102658
for 30 min, 0.2 μM AZD1152 for 30 min, 1 μM ZM447439 for
30 min, and DMSO as a negative control. Mitotic cells were
treated with the indicated drug before harvest. All drug were
used and verified according the manufacturer’s instructions,
and all drug concentrations and incubation times were tightly
controlled to avoid inducing mitotic exit (Figs. 2B and S4C).

Stable GFP-Sas-6–expressing HeLa cell lines were generated
by lentivirus infection. Briefly, pCDH-CMV-MCS-EF1-Puro-
GFP-Sas-6 was introduced into HEK293T cells together with
psPAX2 and pMD2G. This recombinant lentivirus was then
used to infect HeLa cells, and the population expressing GFP-
Sas-6 was selected using puromycin. To generate stable RFP-
H2B-expressing HeLa cell lines, HeLa cells were transfected
with RFP-H2B, and stable clones were selected using G418.

Plasmids, siRNA, and antibodies

Human Sas-6 was cloned from the cDNA library and
inserted into the pEGFP-C1 or pCMV-Myc vector. The Sas-6
point mutations S111A, T495A, S510A, S657A, 2A (T495A
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and S510A), 2D (T495D and S510D), and 2E (T495E and
S510E) were generated by PCR using site-directed mutagenesis
primers. GFP-Sas-6 was subcloned from pEGFP-C1-Sas-6 into
the pCDH-CMV-MCS-EF1-Puro lentivirus vector. The Myc-
GFP-STIL plasmid was a gift from Dr Andrew J. Holland
(Johns Hopkins University School of Medicine), and pEGFP-
C1-Cep135 was kindly provided by Dr Tang K. Tang (Institute
of Biomedical Sciences, Academia Sinica). STIL and Cep135
were amplified from these plasmids by PCR and inserted into
the pCMV-Myc vector. Human Nedd1 was cloned from the
cDNA library and inserted into the pEGFP-C1 vector. Sas-6
siRNA (30UTR, 50-GAGCUGUUAAAGACUGGAUAC
UUUA-30), STIL siRNA (50-GUUUAAGGGAAAAGUUA
UUTT-30), CPAP siRNA (50-AGAAUUAGCUCGAAUAG
AAUU-30), Nedd1 siRNA (50-GGGCAAAAGCAGACAUGU
GTT-30), and a non-targeting negative control siRNA were
synthesized by GenePharma.

The anti-GFP antibody used for immunoprecipitation was
generated by the immunization of rabbits with bacterially
expressed recombinant His-tagged GFP. The phospho-S510-
Sas-6 antibody was generated by the immunization of rabbits
with a phosphorylated peptide (506-RSGI(S-p)PNLN-514)
(Abclonal). Other antibodies used in this study include mouse
anti-Sas-6 (Santa Cruz Biotechnology, sc-81431), rabbit anti-
Centrin1 (Proteintech, 12794-1-AP), mouse anti-Centrin1
(Merck Millipore, 20H5), rabbit anti-STIL (Abcam, ab89314),
mouse anti-Nedd1 (residues 341-end) (56), rabbit anti-Nedd1
(Sigma, HPA038591), rabbit anti-CPAP (Proteintech, 11517-1-
AP), rabbit anti-PCNT (Abcam, ab4448), rabbit anti-
CDK5RAP2 (Abcam, ab70213), rabbit anti-γ-tubulin (Sigma,
T3559), mouse anti-Cyclin E (Santa Cruz Biotechnology, sc-
247), mouse anti-Cyclin B (Santa Cruz Biotechnology, sc-
25764), rabbit anti-H3pS10 (Thermo Fisher Scientific,
44–1190G), mouse anti-GFP (Proteintech, 66002-1-Ig), mouse
anti-Myc (Sigma, M4439), mouse anti-GAPDH (Proteintech,
60004-1-Ig), mouse anti-α-tubulin (Sigma, T9026), mouse
anti-C-Nap1 (Santa Cruz Biotechnology, sc-390540), rabbit
anti-Plk1 (pT210) (Cell Signaling Technology, #9062), and
rabbit anti-Aurora A (pT288)/Aurora B (pT232)/Aurora C
(pT198) (Cell Signaling Technology, #2914). Dilutions of the
commercial antibodies were performed according to the
manufacturer’s protocol.

All animal experiments were performed in the Laboratory
Animal Center of Peking University following the National
Institutes of Health Guide for the Care and Use of Laboratory
Animals guidelines approved by the Institutional Animal Care
and Use Committee at Peking University.
Immunoprecipitation

Cells transfected with the indicated constructs were
washed with cold PBS and lysed in immunoprecipitation
buffer (20 mM Tris-HCl, pH 8.0, 150 mM NaCl, 0.5% NP-40,
5 mM NaF, 2 mM EGTA, 0.5 mM EDTA, 1 mM Na3VO4,

1 mM PMSF, and protease inhibitors) at 4 �C for 15 min.
Subsequently, the lysates were centrifuged at 15,000g for
15 min, and the supernatants were collected and incubated
with GFP antibody-conjugated beads or GFP-Trap beads
(Chromo Tek, gtc-20) at 4 �C for 2 h. After extensive washing
with immunoprecipitation buffer, the beads were resus-
pended in sample buffer and boiled at 95 �C for 10 min.
Proteins eluted from the beads were analyzed by SDS-PAGE
and immunoblotting.

Phos-tag assay, in vitro kinase assay, and MS

Phos-tag is a novel phosphate-binding tag at neutral pH that
is used for the separation, purification, and detection of
phosphorylated proteins. Protein samples were analyzed by 8%
SDS-PAGE containing 25 μM Phos-tag (Wako) and 50 μM
MnCl2 in a resolving gel. After electrophoresis, the gel was
soaked in a general transfer buffer containing 1 mM EDTA for
10 min with gentle agitation and then in transfer buffer
without EDTA for a further 10 min before being transferred
onto PVDF membrane using a wet-tank method. Phosphory-
lated proteins were analyzed by immunoblotting.

For the in vitro kinase assay, �2 μg GFP-tagged Sas-6, 2A,
or Nedd1 protein expressed in and purified from HEK293 cells
was incubated at 30 �C for 30 min with 50 ng recombinant
human CDK1-cyclin B (New England Biolabs) in NEBuffer
supplemented with 200 mM ATP and 10 μCi γ-32P ATP. The
reaction was quenched with sample buffer and analyzed by
SDS-PAGE and autoradiography.

For MS, HEK293 cells transfected with GFP-Sas-6 were
arrested at G1/S phase or prometaphase, and whole-cell lysates
were immunoprecipitated using GFP-Trap beads and analyzed
by SDS-PAGE. GFP-Sas-6 was visualized by Coomassie Bril-
liant Blue and processed for MS analysis to identify Sas-6
modification.

Immunofluorescence, live-cell imaging, and statistical analysis

For immunofluorescence, cells grown on coverslips were
fixed in −20 �C precooled methanol for 5 min and incubated
with the indicated primary antibodies overnight at 4 �C. After
washing three times in PBS, the coverslips were incubated with
the indicated secondary antibodies at room temperature for
1 h, mounted with Mowiol containing 1 μg/ml DAPI, and
observed under a Delta Vision Elite microscope. Images were
captured at a 1.2-μm Z-section thickness in six slices for
interphase cells or a 4-μm Z-section thickness in 20 slices for
mitotic cells and processed for maximum intensity projection.
The fluorescence intensity and spindle length were measured
using the Volocity software.

For live-cell imaging, cells were plated on glass-bottomed
dishes and transfected with the indicated plasmids. Subse-
quently, cells were viewed under a high-speed spinning-disk
confocal microscope, and the data were processed using the
Fusion software. Images were captured at an 18-μm Z-section
thickness in 30 slices every 5 or 10 min. Fluorescence intensity
of the GFP-tagged Sas-6 proteins was measured using the
Volocity software. All statistical analyses were performed using
the GraphPad Prism 6 software.
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Data availability

All pertinent data are provided in the main text and sup-
porting information. All of the reagents included in this study
are available on request from the corresponding author.
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