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SUMMARY

As cells enter mitosis, the two centrosomes separate
and grow dramatically, each forming a nascent spindle pole that nucleates a radial array of microtubules.
Centrosome growth (and associated microtubule
nucleation surge), termed maturation, involves the
recruitment of pericentriolar material components
via an as-yet unknown mechanism. Here, we show
that Cep192 binds Aurora A and Plk1, targets them
to centrosomes in a pericentrin-dependent manner,
and promotes sequential activation of both kinases
via T-loop phosphorylation. The Cep192-bound
Plk1 then phosphorylates Cep192 at several residues
to generate the attachment sites for the g-tubulin
ring complex and, possibly, other pericentriolar material components, thus promoting their recruitment
and subsequent microtubule nucleation. We further
found that the Cep192-dependent Aurora A-Plk1 activity is essential for kinesin-5-mediated centrosome
separation, bipolar spindle formation, and equal
centrosome/centriole segregation into daughter
cells. Thus, our study identifies a Cep192-organized
signaling cascade that underlies both centrosome
maturation and bipolar spindle assembly.
INTRODUCTION
Centrosomes are non-membrane-bound organelles of animal
cells that function as the major microtubule (MT)-organizing centers (MTOCs) and participate in spindle assembly, cell division,
polarity, and motility. Centrosomal abnormalities, both numerical
and functional, have been linked to cancer and other diseases
(Nigg and Raff, 2009). Centrosomes consist of one or two (depending on the cell cycle stage) centrioles surrounded by pericentriolar material (PCM). Centrioles serve as templates for the
assembly of new centrosomes and cilia, whereas PCM nucleates MTs and determines centrosome function (Bettencourt-

Dias and Glover, 2007; Mennella et al., 2014; Nigg and Raff,
2009). Prior to mitosis onset, the two centrosomes separate
and grow dramatically, forming dense MT arrays involved in
spindle assembly and positioning (Bettencourt-Dias and Glover,
2007; Nigg and Raff, 2009). Centrosome growth, termed maturation, is the result of the recruitment, via a hitherto unknown
mechanism, of additional PCM components, including MTnucleating and organizing factors. Among them, the most prominent is the multisubunit g-tubulin ring complex (g-TuRC), which
serves as a MT template and localizes to MTOCs via its interacting protein NEDD1 (Haren et al., 2006; Kollman et al., 2011;
Lüders et al., 2006).
Centrosome maturation and separation were shown to require
the activity of the serine/threonine kinases Aurora A (AurA) and
Plk1, which also control mitotic entry (via the adaptor protein
Bora) and other aspects of cell division (Archambault and Glover,
2009; Berdnik and Knoblich, 2002; Hannak et al., 2001; Lane and
Nigg, 1996; Mac
urek et al., 2008; Mardin and Schiebel, 2012; Nikonova et al., 2013; Seki et al., 2008). Indeed, the mitotic centrosome-localized AurA and Plk1 are phosphorylated at conserved
threonine residues (T288 and T210 in human AurA and Plk1,
respectively) within the activation loop (T-loop), indicative of kinase activation (Mac
urek et al., 2008; Nikonova et al., 2013).
However, the mechanism and the role of the AurA and Plk1 activation at centrosomes have been unclear.
Centrosome maturation also requires certain coiled-coil
centrosomal proteins, such as Cep192/SPD-2, pericentrin
(PCNT)/PLP, and Cep215 (also called Cdk5Rap2)/Cnn, acting
in interdependent and, likely, redundant pathways (Kollman
et al., 2011; Mennella et al., 2014). Recent studies revealed
that these proteins form highly ordered PCM layers, which
are conserved from flies to humans. Based on these findings,
centrosome maturation can be viewed as an expansion of the
PCM inner layer formed around the radially oriented PCNT
fibers into an outer matrix that includes Cep192, Cep215,
PCNT, and g-TuRC (Fu and Glover, 2012; Lawo et al., 2012;
Mennella et al., 2012; Sonnen et al., 2012). How the centrosomal proteins, mitotic kinases, and other regulators work
together to form a patterned PCM that nucleates and anchors
MTs remains enigmatic (Mahen and Venkitaraman, 2012; Mennella et al., 2014).
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Figure 1. Cep192, in a Complex with Active
AurA, Recruits Multiple PCM Proteins

E

(A) Fluorescence microscopy of aAurA beads
incubated in mock-treated and Cep192-depleted
(()Cep192) M phase extracts supplemented with
rhodamine tubulin and with extract buffer (XB) or
the indicated recombinant full-length Cep192
proteins. The scale bar represents 5 mm.
(B) Western blot of aAurA beads retrieved from
nocodazole-supplemented extracts treated as in
(A). Cep192-T46A and Cep192-D543–747 are
Cep192 mutants lacking the Plx1-docking threonine 46 and the AurA-BD, respectively.
(C) Western blot of M phase mock-treated and
Cep192-depleted extracts supplemented with XB
or recombinant full-length Cep192-WT and with
sperm nuclei.
(D) Immunofluorescence (IF) of sperm centrioles in
extracts treated as in (C) in the absence/presence
of nocodazole. The scale bars represent 2.5 mm.
(E) Western blot of aAurA beads incubated in
mock-treated and AurA-depleted extracts supplemented with XB or the indicated AurA
proteins. AurA depletion was performed using a
bead-immobilized AurA-binding Cep192 fragment
(Cep192521–757), instead of aAurA beads, to prevent codepletion of endogenous Cep192.
In (B) and (E), the lower panels schematically
illustrate bead-protein interactions. Western blots
of extracts used in these experiments are shown in
Figures S1C and S1D. See also Figure S1.

C
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Cep192/SPD-2 is a bona fide centrosomal protein, which
lies at the top of the hierarchy of protein recruitment during
both centrosome maturation and centriole duplication. It determines centrosome size, and it is essential for the recruitment
to centrosomes of g-TuRC and other factors and for bipolar spindle assembly (Azimzadeh et al., 2012; Decker et al., 2011; Dix
and Raff, 2007; Giansanti et al., 2008; Gomez-Ferreria et al.,
2007; Kemp et al., 2004; Pelletier et al., 2004; Zhu et al., 2008).
Cep192 was proposed to form a scaffold upon which MT-nucleating and regulatory factors accumulate and become active during mitosis (Gomez-Ferreria et al., 2007; Gomez-Ferreria and
Sharp, 2008). This hypothesis, however, has not been experimentally validated, and the mechanism by which Cep192 controls PCM protein recruitment and spindle assembly remains
elusive.
2 Molecular Cell 55, 1–14, August 21, 2014 ª2014 Elsevier Inc.

Using cell-free meiotic Xenopus egg extracts, we previously showed that Cep192
is a centrosome-targeting AurA cofactor
and that the accumulation and oligomerization of Cep192/AurA complexes at centrosomes promote AurA activation and
MT assembly (Joukov et al., 2010). Here,
we identify a multistep signaling cascade
that links Cep192-mediated AurA activation to centrosome maturation and MT
nucleation. In this cascade, AurA amplifies
the input signal by activating Plk1 and
facilitating its binding to Cep192. Plk1, in
turn, acts as an effector kinase to generate the attachment sites
for g-TuRC in Cep192. Moreover, we show that the Cep192organized AurA-Plk1 cascade is conserved in vertebrates and
is essential for centrosome cycle and bipolar spindle assembly.
RESULTS
Cep192, in a Complex with Active AurA, Recruits
Multiple PCM Components
In pursuit of a tractable experimental model to study centrosome
maturation, we exploited the observation that anti-AurA antibody
(aAurA)-coated beads act as centrosome-like MTOCs when
added to metaphase-arrested (M phase) Xenopus egg extract
(Tsai and Zheng, 2005; Figure 1A, panel 1). We previously reported that the MT assembly promoted by both centrosomes
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Figure 2. The N-Terminal Domain of Cep192
Promotes PCM Protein Recruitment and
MT Assembly
(A) Schematic domain structure of full-length
Cep192 and its N-terminal fragments.
(B) Western blot of proteins pulled down from
M phase extract with beads preloaded with
GST-tagged Cep192 fragments. The graph shows
the mean percentage of bead-induced MT
asters ± SD. The number of beads analyzed is in
parentheses. *p < 0.001.
(C) Fluorescence microscopy of anti-GST beads
(preloaded with GST alone or GST-Cep1921–1,000WT) and of aAurA beads incubated in rhodamine
tubulin-supplemented M phase extract without/
with Ran(Q69L)GTP. An arrowhead points to a
bipolar spindle-like structure. The scale bar represents 10 mm.
(D) Multiple amino acid sequence alignment of the
Cep192 region surrounding the Plk1-docking
threonine (T46 in Xenopus Cep192; arrow).See
also Figures S2–S6.

and aAurA beads depends on the local oligomerization of
Cep192/AurA complexes and consequent kinase T-loop phosphorylation at T295 (T288 in human AurA), suggesting that a
common mechanism underlies MT assembly in both settings
(Joukov, 2011; Joukov et al., 2010). Consistent with this hypothesis, our mass spectrometry analysis revealed that the aAurA
beads recruited multiple PCM proteins known to be implicated
in centrosomal MT nucleation, including AurA, Cep192, Plx1
(Xenopus ortholog of Plk1), g-TuRC constituents (e.g., g-tubulin,
GCP2, GCP3, GCP4, GCP6, and Mozart1), and NEDD1 (Archambault and Glover, 2009; Kollman et al., 2011; Mennella
et al., 2014). Moreover, the recruitment of most proteins seemed
to require the endogenous AurA/Cep192 interaction and/or AurA
activity (Figures S1A and S1B available online). Indeed, Cep192
depletion abrogated or significantly diminished the AurA T295
phosphorylation, the recruitment of g-TuRC (as assessed by
NEDD1 and g-tubulin) and Plx1, and the MT nucleation promoted by both aAurA beads (Figures 1A, panel 2, and 1B, lane
2) and centrosomes (Figures 1C and 1D). These defects were
rescued upon reconstitution of the depleted extract with
Cep192-wild-type (WT), but not with Cep192 lacking the AurAbinding domain (AurA-BD) (Cep192-D543–747; Figures 1A–1D;
see below). Thus, all three processes—AurA activation, recruitment of PCM components, and MT assembly—are mediated
by the Cep192/AurA complexes.
To test whether PCM protein recruitment required Cep192mediated AurA activation, we performed the aAurA bead assay

in M phase extract in which endogenous
AurA was depleted and replaced with
its recombinant wild-type (AurA-WT),
kinase-dead (AurA-D281A), or nonphosphorylatable (AurA-T295A; Eyers et al.,
2003) counterparts. Although the WT
and enzymatically deficient AurA proteins
bound equal amounts of Cep192, only
AurA-WT was T295 phosphorylated and,
when complexed to Cep192, recruited Plk1 and g-TuRC (Figure 1E, lanes 3–5). Hence, Cep192 enables AurA T295 phosphorylation and, in a complex with active AurA, promotes the
recruitment of PCM proteins and, thus, MT assembly.
The N-Terminal Cep192 Fragment Promotes MTOC
Formation in M Phase Extract
The predominant isoform of Cep192 in human and Xenopus cells
is a large (280 kDa and 290 kDa, respectively) protein (Joukov
et al., 2010; Sonnen et al., 2013). To identify the Cep192 region(s)
involved in PCM protein recruitment and in MT assembly, we
performed pull-down assays in M phase extract using glutathione S-transferase (GST)-tagged fragments of the 290 kDa
Xenopus Cep192 protein (Joukov et al., 2010) prebound to
anti-GST antibody-coated beads (Figures S2A and S2B).
An N-terminal 1,000 amino acid (aa) Cep192 fragment
(Cep1921–1,000-WT) containing the AurA-BD recruited AurA,
Plx1, g-TuRC, and XMAP215, a processive MT polymerase (AlBassam and Chang, 2011; Figures 2A and 2B, lane 3). Both
AurA and Plx1 in Cep1921–1,000-WT complexes were T-loop
phosphorylated. However, whereas Plx1 phosphorylation at
T201 (T210 in human Plk1) was already high in M phase extract
and unaffected by the binding of Plx1 to Cep1921–1,000-WT
beads, AurA phosphorylation at T295 was the result of its oligomerization on the Cep1921–1,000-WT bead surface (Figures 2B,
lane 8 versus 3, S2C, and S2D), as already observed for centrosomes and aAurA beads (Joukov et al., 2010). Notably, in M
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phase extract, the Cep1921–1,000-WT beads also acted as
MTOCs, thus behaving like the aAurA beads, except that they
did not assemble bipolar spindle-like structures in the presence
of an excess of RanGTP (Figure 2C; quantified in Figure S2E).
The centrosome-like behavior of the Cep1921–1,000-WT beads
did not require endogenous Cep192 (Figures S2F and S2G).
Thus, Cep192 promotes MT assembly through its N-terminal
1,000 aa domain, which binds AurA, Plx1, g-TuRC, and
XMAP215.
Cep192 Promotes Sequential AurA-Plx1 Activation and
Serves as a Substrate for Both Kinases
Given the above results, we used the Cep1921–1,000-WT beads
as a defined template to elucidate the mechanism underlying
mitotic MTOC formation. We first examined how AurA and Plx1
bind to Cep192. In egg cytoplasm, all Cep192 is bound to a
fraction of AurA via a direct and constitutive interaction (Joukov
et al., 2010). The Cep192/AurA binding was reduced by substitution to arginine of two conserved hydrophobic Cep192 residues,
F629 and I639 (Cep1921–1,000-R2) within the AurA-BD (aas
543–747) and abolished by deletion of the entire AurA-BD
(Cep1921–1,000-D543–747; Figures 2B, lanes 5 and 6, and S3).
Plk1/Plx1 is known to bind cognate substrates through its
phosphopeptide-binding polo-box domain (PBD) that recognizes the core consensus motif S-[pS/pT]-P/X, which is usually
phosphorylated by a priming kinase or by Plk1/Plx1 itself (selfpriming; Elia et al., 2003; Park et al., 2010). Using binding assays
in egg extract in combination with deletion mapping and sitedirected mutagenesis, we identified the highly conserved residue, T46, within a PBD-interacting motif of Cep1921–1,000-WT,
as Cep1920 s Plx1-docking site (Figures 2B, lane 4, 2D, and
S4A–S4D). The Plx1/Cep1921–1,000-WT interaction was inhibited
by l protein phosphatase (PPl) treatment (Figure 3A), and it
was abolished by the substitution of T46 in Cep1921–1,000 with
either alanine or aspartate (Figure 3B, lanes 2–4). Notably, the
sequence surrounding T46 (Figure 2D) does not conform to the
consensus site for Cdk1/Cdk2 kinases, which frequently prime
Plk1/substrate binding (Park et al., 2010) and were suggested
to prime Plk1/SPD-2 interaction in C. elegans (Decker et al.,
2011). Moreover, the Plx1/Cep1921–1,000-WT interaction in
extract was dramatically reduced in the presence of a selective
inhibitor of Plk1/Plx1 (BI2536), but not of Cdk1 (roscovitine; Figure 3A), suggesting that Plx1 itself may phosphorylate Cep192 at
T46. Nevertheless, recombinant Plx1 bound Cep1921–1,000-WT
in vitro independently of either T46 (Figure 3B, lanes 7–9
versus 2–4) or Plx1 activity (Figure 3C), arguing against this hypothesis. Thus, the selective docking of Plx1 onto T46 of
Cep1921–1,000-WT requires both Plx1 activity and an additional
cytoplasmic factor(s), possibly another kinase that is activated
by Plx1 and phosphorylates T46.
Remarkably, upon their binding to the Cep1921–1,000-WT
beads, the recombinant AurA-WT and Plx1-WT underwent
T-loop phosphorylation at T295 and T201, respectively (Figure 3C, lane 7). Both phosphorylation events required the activity
of AurA (Figures S5A, lane 3 versus 4, and S5B), but not of Plx1
(Figure 3C, lane 7 versus 3). These findings and the fact that the
T295 of AurA lies within an optimal consensus sequence for AurA
phosphorylation (Cheeseman et al., 2002) indicate that the olig4 Molecular Cell 55, 1–14, August 21, 2014 ª2014 Elsevier Inc.

omerization of Cep192 complexes promotes AurA autophosphorylation at T295 followed by the phosphorylation of Plx1 at
T201 by AurA.
Next, we asked whether Cep192 is a substrate of the bound,
active AurA and/or Plx1. The recombinant AurA and Plx1 phosphorylated Cep192 in vitro (Figure 3C, panel ‘‘32PO4’’). Moreover,
mass spectrometry revealed extensive phosphorylation of
endogenous Cep192 in a complex with active AurA and Plx1
(Figure S1A, legend). Likewise, Cep1921–1,000-WT was phosphorylated in egg extract, as evidenced by the dramatic increase
of its electrophoretic mobility after PPl treatment (Figure 3A).
Furthermore, the electrophoretic mobility of Cep1921–1,000-WT
was significantly enhanced by the addition of the Plk1 inhibitor
BI2536 to the extract (Figure 3A), by point mutations at
Cep192’s Plk1- or AurA-binding sites (Figures 3B, lanes 2–4,
and 2B, lanes 4 and 6 versus 3), or by AurA immunodepletion
(Figure 3D, lane 3 versus 2). Thus, following their sequential activation in Cep192 complexes, both AurA and Plx1 phosphorylate
Cep192.
To determine whether the T46-specific Plx1/Cep192 docking,
which occurs in egg extract, affects protein phosphorylation in
Cep192 complexes, we preloaded the Cep1921–1,000-WT beads
with either the endogenous or the recombinant Plx1 by incubating the beads in AurA-depleted M phase extract or with recombinant Plx1-WT, respectively (Figure 3D, lanes 5–8). We
then dephosphorylated the bead-bound Cep1921–1,000-WT/
Plx1 complexes with protein phosphatase 1 (PP1) and performed in vitro kinase assays with AT32PO4 in the absence/presence of recombinant AurA-WT. We found that Cep1921–1,000-WT
promoted AurA and Plx1 activation and itself underwent phosphorylation irrespective of whether it was bound to the endogenous or recombinant Plx1 (i.e., whether Plx1 was docked onto
T46 or not; lanes 6 and 8). Notably, in the presence of endogenous Plx1, Cep1921–1,000-WT had a slower electrophoretic
mobility (lane 6 versus 8). Thus, the T46-selective Plx1/Cep192
docking appears to be critical for the modality (e.g., efficiency
and/or site specificity) of Cep192 phosphorylation by Plx1 and
not for the AurA-Plx1 activation in Cep192 complexes.
Phosphorylation by Plx1 Generates g-TuRC-Binding
Sites on Cep192
Interestingly, the recruitment of g-tubulin and NEDD1 by
Cep1921–1,000-WT was abolished by PPl or BI2536 (Figure 3A,
lanes 1 and 4) or upon mutation of T46 (Figure 3B, lanes 3
and 4). Cep192 lacking T46 also failed to bind XMAP215 (Figure 2B, lane 4). These data suggested that the T46-docked
Plx1 phosphorylates Cep192 to generate the binding sites for
g-TuRC and XMAP215. By deletion analysis, we mapped two
g-TuRC-binding domains and an XMAP215-binding region in
Cep192 (Figures S4A and S4C–S4E). Using site-directed mutagenesis, we identified five serines (S481, S507, S509, S919,
and S923) that specifically and additively contribute to g-TuRC
recruitment (Figures 3E and S4F). Mutation of all five serines to
alanines (Cep1921–1,000-A5) did not impair AurA and Plx1 binding
or activity but abrogated g-TuRC recruitment by Cep192 complexes (Figures 3B, lane 5, and 3E, lane 4). Consistent with
the loss of phosphorylation sites, Cep1921–1,000-A5 had a faster
electrophoretic migration than Cep1921–1,000-WT in egg extract
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Figure 3. Cep192 Organizes AurA and Plx1 in a Kinase Cascade that Drives g-TuRC Recruitment
(A) Western blot of Cep1921–1,000-WT beads incubated in M phase extracts supplemented as indicated (lanes 1–4). Lane 5: the beads in lane 2 were treated with
PPl and washed in XB/0.1% Tween 20.
(B) Western blot of beads preloaded with the indicated GST proteins and incubated in M phase extracts (left panel) or in XB supplemented with ATP and
recombinant AurA-WT and Plx1-WT proteins (right panel).
(C) Western blot and autoradiogram (32PO4) of Cep1921–1,000-WT beads incubated with AT32PO4 in the absence/presence of recombinant AurA-WT and of
recombinant Plx1-WT or its enzymatycally inactive (N172A) or nonphosphorylatable (T201A) counterparts. Note that diffuse phosphorylated Cep192 forms are
generated by Plx1-WT and Plx1-T201A, but not by Plx1-N172A (32PO4).
(D) Western blot (left panel) and autoradiogram (right panel) of Cep1921–1,000-WT beads incubated in XB (lane 1), in naive (lane 2) or AurA-depleted (lanes 3–6) M
phase extracts, or in XB supplemented with recombinant Plx1-WT (lanes 7 and 8). In lane 4, the retrieved beads were treated with PP1. In lanes 5–8, the beads
were retrieved, treated with PP1, washed, and incubated in the presence of AT32PO4 without/with recombinant AurA-WT.
(E) Western blot of beads preloaded with Cep1921–1,000-WT or with its mutants lacking one (S481), two (S919 and S923), or five (A5) g-TuRC-binding serines after
the incubation in M phase extract. The graph shows the mean percentage of bead-induced MT asters ± SD. The number of beads analyzed is in parentheses.
*p < 0.001.
(F) Western blots of mock-treated and AurA-immunodepleted extracts supplemented with recombinant AurA-WT or AurA-D281A and with Cep1921–1,000-WT
beads (left panel) and of Cep1921–1,000-WT beads retrieved from these extracts (right panel).
See also Figure S5.
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(Figure 3B, lane 5 versus 2). Collectively, these data indicate that
Plx1 docks onto T46 and phosphorylates Cep1921–1,000-WT at
five serines to generate g-TuRC attachment sites.
The Cep192-Organized AurA-Plx1 Cascade Drives
g-TuRC Recruitment and MT Assembly
The above experiments suggest that Cep192, via its N-terminal
domain, organizes AurA and Plx1 in a multistep cascade that
links AurA activation to g-TuRC recruitment. Specifically, the
oligomerization of Cep192 complexes promotes AurA autophosphorylation at T295. The active AurA then phosphorylates Plx1 at
T201. The resulting Plx1 activation enables its docking onto T46
of Cep192. The active, Cep192-bound Plx1, in turn, phosphorylates Cep192 at five serines to generate the attachment sites for
g-TuRC and, possibly, XMAP215, followed by the recruitment of
these PCM components. AurA and/or Plx1 may also phosphorylate NEDD1 in Cep192 complexes, as evidenced by the electrophoretic mobility shift of NEDD1 that was sensitive to both
phosphatase treatment and the presence of active AurA and/or
Plx1 (Figure 3D, lanes 2–6).
Notably, in naive M phase extract, the Cep192-mediated gTuRC recruitment was critically dependent on the presence in
Cep192 of the docking sites for Plx1 and g-TuRC (Figure 3B,
lanes 2–5), but not on the Cep192/AurA binding (Figures 3D,
lane 3, and 2B, lanes 1, 5, and 6). Conceivably, in M phase,
AurA is not required for Plx1 activation in Cep192 complexes
because the cytoplasmic Plx1 is already extensively phosphorylated at T201. Because Plx1 activity in the cytoplasm fluctuates during the cell cycle, being low in interphase and high
in M phase (see below; Figure 4B), we speculated that AurA
might be required for Cep192 function when the activity of
Plx1 in the cytoplasm is low (e.g., in G2 phase, when centrosome maturation occurs). To test this hypothesis, we exploited
our observation that the level of Plx1(pT201) in M phase extract
was reduced by 50% when AurA-WT was replaced by its kinase-dead counterpart, AurA-D281A (Figures S5C and S5D). In
such an extract, in which the Cep192-mediated AurA activation
could not occur, all the downstream steps of the Cep192-organized kinase cascade were compromised (Figure 3F, lane 6;
see also Figure 1E, lane 4). Specifically, Cep192/AurA-D281A
complexes contained reduced levels of unphosphorylated
Plx1, as well as of g-TuRC and XMAP215. Moreover, NEDD1
in these complexes had a faster electrophoretic migration,
consistent with impaired phosphorylation (Figure 3F, lane 6).
These data imply that the AurA activity in Cep192 complexes
drives the Cep192-organized kinase cascade and may, therefore, allow g-TuRC recruitment when the activity of Plx1 in
the cytoplasm is low.
It seemed paradoxical, however, that the Cep192-bound Plx1
lost its T201 phosphorylation when AurA-D281 was present in
Cep192 complexes (Figure 3F, lane 6 versus 3), but not when
AurA was absent altogether from these complexes (Figures
3D, lane 3, and 2B, lanes 1 and 5; quantified in Figure S5E).
Conceivably, AurA, which was shown to interact with several
phosphatases (Nikonova et al., 2013), binds to and counteracts
a phosphatase capable of dephosphorylating Plx1(pT201). Such
a phosphatase would be absent in Cep192/Plx1 complexes
lacking AurA and present, but not counteracted by AurA6 Molecular Cell 55, 1–14, August 21, 2014 ª2014 Elsevier Inc.

D281A, in Cep192/AurA-D281A/Plx1 complexes, thus explaining our results.
We next examined the role of the Cep192-organized AurAPlx1 cascade in MTOC formation. We found that, unlike
Cep1921–1,000-WT, its mutant counterparts lacking the binding
sites for AurA, Plx1, or g-TuRC failed to promote MT assembly
in M phase extract (Figures 2B, 3E [graphs], and S6A). The
observation that, in the absence of AurA binding, Cep192 recruited g-TuRC and XMAP215 but did not promote MT assembly
(Figure 2B, lanes 1 and 5) suggests that the AurA-dependent
phosphorylation of NEDD1 (Figures 3D and 3F) and/or of other
g-TuRC subunits renders g-TuRC capable of MT nucleation in
Cep192 complexes. Thus, the Cep192-organized AurA-Plx1
cascade drives g-TuRC recruitment and MT assembly.
The Cep192-Organized AurA-Plx1 Cascade Is Essential
for Centrosome Maturation in Cycling Egg Extracts
To ascertain the role of the Cep192-organized AurA-Plx1
cascade in the centrosomal function of Cep192, we replaced
endogenous Cep192 in M phase extract with recombinant fulllength Cep192-WT or with its mutant counterparts lacking the
AurA-BD (Cep192-D543–747) or the Plx1-docking T46 (Cep192T46A; Figure S6B). We then supplemented the extracts with
sperm nuclei without or with Ca2+ (to avoid or induce cell cycle
progression, respectively; Murray, 1991) and analyzed centrosome function during M phase arrest and at mitotic entry.
Whereas Cep192-WT, Cep192-T46A, and Cep192D543–747
were all recruited to centrosomes, only the former two proteins
corecruited AurA and promoted its phosphorylation at T295 (Figures 4A, 4B, and S6C). These results provide direct proof that the
Cep192/AurA binding is essential for both AurA centrosomal
localization and its phosphorylation at T295.
Notably, in M phase extract, Cep192-T46A and Cep192-D543–
747
retained 74% and 66%, respectively, of the MT-nucleating
activity of Cep192-WT (Figures 4D, gray columns, and S6D, upper panel), whereas a full-length Cep192 mutant lacking the five
g-TuRC binding serines (Cep192-A5) retained only 28% of it (Figures 4E and S6E). Thus, the centrosomal MT assembly in M
phase seems to rely on Cep192 as a g-TuRC anchor rather
than as an AurA-Plk1-activating scaffold. This may be partly explained by the high activity of Plx1 in the mitotic cytoplasm and
by the existence of additional, redundant MT assembly mechanisms, including the docking of Plk1 onto Cep192 site(s) other
than T46. Such a site(s) may be localized in the Cep192 region
C-terminal to aa 1,000 because the full-length Cep192-T46A, unlike Cep1921–1,000-T46A, was partially functional in the aAurA
bead assay in M phase extract (Figure 1B, lane 4; compare to
Figure 2B, lane 4).
By contrast, both Cep192-T46A and Cep192-D543–747 were
inactive in promoting centrosomal MT assembly (and g-TuRC
recruitment) upon mitotic entry occurring either naturally, in
cycling extracts (Murray, 1991; Figures 4B–4D, black columns),
or after the addition of nondegradable cyclin B to S phase extracts (Figures S6D, lower panel, and S6F–S6H). Thus, the
Cep192-organized AurA-Plx1 cascade is required for centrosome maturation in cycling egg extracts.
Cep192 immunodepletion did not significantly affect the abundance in extract of AurA, Plk1, and their other scaffold protein,
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Figure 4. The Cep192-Organized AurA-Plx1
Cascade Is Essential for Centrosome
Maturation in Cycling Egg Extracts
(A) IF of sperm centrioles incubated in M phase
mock-treated and Cep192-depleted extracts
supplemented with XB or the indicated full-length
Cep192 proteins. The scale bar represents 2.5 mm.
(B) Western blots of cycling extracts treated as in
(A) and analyzed at the indicated times after Ca2+
addition.
(C) IF of MT asters assembled by sperm centrioles
in extracts in (B) entering mitosis (210 min time
point). The scale bars represent 5 mm.
(D) Average density of centrosomal MTs in egg
extracts arrested in M phase (gray columns) and
entering mitosis (black columns; ±SD).
(E) Average density of MTs assembled by centrosomes and aAurA beads in Cep192-depleted
extract supplemented with full-length Cep192-WT
or Cep192-A5 (±SD). In (D) and (E), the number of
MT structures analyzed is shown in parentheses.
*p < 0.05; **p < 0.001.
(F) Timing of the nuclear envelope breakdown
(NEB) in extracts in (B).
See also Figure S6.

Bora; the kinetics of Plx1 phosphorylation at T201 and of Bora
degradation; and the timing of mitotic entry (Figures 4B and
4F). These results imply that Cep192 controls AurA and Plx1
only locally, at centrosomes, consistent with its centrosomespecific ancestral role (Azimzadeh et al., 2012). By contrast,
Bora regulates these kinases in a different spatial and temporal
context because it is diffusely distributed in the cytoplasm and
is degraded at mitotic entry (Seki et al., 2008; Figure 4B).
The Cep192-Organized AurA-Plx1 Cascade Operates
Downstream but Independently of PCNT
Cep192 and PCNT are interdependent in their centrosomal
localization and function in centrosome maturation (Gomez-Ferreria et al., 2007; Mennella et al., 2014; Zhu et al., 2008). Interestingly, Plk1-mediated phosphorylation of PCNT at mitosis onset
was shown to promote centrosome maturation and the recruitment to centrosomes of Cep192, AurA, Plk1, NEDD1, and
g-tubulin (Lee and Rhee, 2011), suggesting that phosphorylated
PCNT functions upstream of the Cep192/AurA/Plk1 complex
during centrosome maturation. Indeed, we found that PCNT
depletion of M phase extract dramatically inhibited the recruitment to centrosomes of Cep192 complexes and g-tubulin, as
well as the centrosome-driven MT assembly (Figures 5A and
5B). By contrast, PCNT depletion did not affect any centrosome-like properties of the aAurA beads, which, as shown
above, are mediated by the Cep192/AurA/Plx1 complexes (Figures 5C–5E). Of note, neither PCNT nor centrin were present in
these complexes (Figure 5E, lane 2). These data, when taken

together with the report by Lee and Rhee
(2011), imply that phospho-PCNT recruits
Cep192/AurA/Plk1 complexes to centrosomes, whereupon the Cep192-organized signaling cascade drives g-TuRC
recruitment and MT assembly independently of centrioles and
PCNT.
The Cep192-Organized AurA-Plk1 Cascade Is Essential
for Centrosome Maturation in Mammalian Cells
Next, we asked whether the Cep192-organized signaling
cascade is conserved in mammals. In Cep192 small interfering
RNA (siRNA)-treated HeLa cells, we expressed siRNA-resistant,
hemagglutinin (HA)-tagged human (h) Cep192-WT or its mutant
counterparts lacking either the conserved Plk1-docking T44
(hCep192-T44A; Figure 2D) or the AurA-BD (hCep192-D436–634;
Figures S7A and S7B). We then examined whether each recombinant protein rescued the centrosome and spindle assembly
defects caused by the Cep192 depletion.
The siRNA-mediated Cep192 silencing abolished AurA phosphorylation at T288 without significantly affecting the abundance
of AurA, Plk1, or Plk1(pT210) in the cytoplasm (Figures 6A and
S7C). It also abrogated AurA centrosomal localization, which
was restored by the expression of hCep192-WT and hCep192T44A, but not of hCep192-D436–634 (Figures 6B, panel 1, and
S7D). Thus, both in Xenopus and human cells, Cep192 is the
major centrosome-targeting and activating cofactor of AurA.
Furthermore, Cep192 depletion abolished the centrosomal targeting of Plk1, and this defect was rescued completely by the
expression of hCep192-WT and partially by the expression of
hCep192-T44A or hCep192-D436–634 (Figures 6B, panel 2, and
6C). Hence, the function of Cep192 as a centrosome-specific
scaffold for AurA and Plk1 appears to be conserved in mammals.
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A

Figure 5. Cep192 Promotes MT Assembly
Independently of PCNT

C

(A) IF of sperm centrioles in mock-treated and
PCNT-depleted M phase extracts. The scale bars
represent 2.5 mm.
(B) Quantification of some of the IF signals in (A)
(mean ± SD).
(C) MT structures assembled by aAurA beads in
mock-treated and PCNT-depleted M phase extracts. The scale bar represents 10 mm.
(D) Quantification of the proportion of MT-nucleating beads and of MT density in (C) (mean ± SD).
In (B) and (D), at least 50 MT structures were
analyzed for each parameter in each of three independent experiments. *p < 0.001.
(E) Western blot of mock-treated and PCNTdepleted extracts and of beads preloaded with
nonimmune immunoglobulin G (IgG) or aAurA after
their incubation in these extracts.

E

B

D

Mitotic centrosomes in Cep192 siRNA-treated cells were
depleted of PCM (as assessed by immunofluorescence [IF]
for PCNT) and completely devoid of g-tubulin, consistent with
previous reports (Gomez-Ferreria et al., 2007; Zhu et al.,
2008; Figures 6B, panel 4, and S7D). Accordingly, such centrosomes failed to nucleate MTs in a MT regrowth assay (data
not shown). The expression of hCep192-WT rescued all the
abnormalities seen in Cep192 siRNA-treated cells. By contrast,
the expression of hCep192-T44A or hCep192-D436–634 did
not rescue the MT nucleation defect, whereas partially (by
40%–50%) restoring the centrosome size and g-tubulin
recruitment defects (Figures 6D, 6B, and 6E). These data are
consistent with the selective involvement of the Cep192-organized AurA-Plk1 cascade in the formation of the mitotic microtubule-nucleating outer PCM matrix, which is the hallmark of
centrosome maturation.
The Cep192-Organized AurA-Plk1 Cascade Is Critical
for Proper Centrosome Separation and Bipolar
Spindle Assembly
Most of the Cep192 siRNA-treated cells arrested in mitosis with
monopolar or disorganized spindles (Figures 6B and 6F), as
previously reported (Gomez-Ferreria et al., 2007; Zhu et al.,
2008). We found that, in 80% of mitotic Cep192 siRNA-treated
cells, centrosomes were not separated and clustered at the
center of a rosette-like chromatin ring (Figure 6B, panel 6). In
those Cep192-depleted cells, which eventually exited mitosis,
we observed donut-shaped, multiple, or multilobed nuclei (Figure S7E), a hallmark of a centrosome separation defect (Verstraeten et al., 2011). In 16% of mitotic Cep192-depleted cells,
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we observed malformed bipolar spindles
and severe chromosome alignment and
segregation defects reminiscent of those
caused by centriole ablation (Sir et al.,
2013; Figures S7F and S7G). In the latter
cells, centrosomes, when present, were
partially separated but detached from
spindle poles or scattered throughout
the spindle. During cell division, such
centrosomes were randomly distributed between daughter cells
(Figures 7A, S7F, and S7G), resulting in a 2.7- and 4-fold increase
in the proportion of mitotic cells containing greater or fewer than
four centrioles (including acentriolar cells), respectively (Figures
6B, panel 6, 7B, and S7F–S7H). Centrosome separation is
known to depend on at least two processes, the centrosomal
linker dissolution and the antiparallel microtubule sliding by the
motor protein, kinesin-5 (Eg5), both of which require Plk1 activity
(Mardin and Schiebel, 2012). We found that Cep192 depletion
did not affect the centrosomal linker dissolution (as assessed
by IF for the linker protein rootletin; Figure S7I), but it significantly
decreased the amount of the centrosome-localized kinesin-5
(Figures 6E and 7C). Expression in Cep192 siRNA-treated
cells of hCep192-WT (but neither hCep192-T44A nor
hCep192-D436–634) rescued the defects in spindle assembly
and in centrosome anchoring to spindle poles and separation
(Figures 6B, 6F, and 7D), and it increased the proportion of
mitotic cells with four centrioles (Figure 7B).
Collectively, these results imply that the Cep192-organized
AurA-Plk1 cascade is conserved in vertebrates and underlies
the two principal, simultaneously occurring, steps of the centrosome cycle—maturation and separation. This cascade also appears to be essential for proper bipolar spindle assembly and
centrosome/centriole segregation into daughter cells.
DISCUSSION
Model of Centrosome Maturation
Here, we identify a Cep192-organized signaling cascade that
underlies centrosome maturation. Based on our findings and
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Figure 6. The Cep192-Organized AurA-Plk1 Cascade Is Essential for Centrosome Maturation and Bipolar Spindle Assembly in
Mammalian Cells
(A) Western blots of lysates and AurA immunoprecipitates from HeLa cells transfected with control siRNA (mock) or Cep192 siRNA no. 1. In lanes 1 and 2, cells
were synchronized in mitosis by a thymidine-nocodazole block. IgG h.c., heavy chain of IgG; IP, immunoprecipitates.
(B) Representative IF images of cells treated with control siRNA (mock) or Cep192 siRNA no. 2. Cells were transfected with an empty vector or with siRNAresistant cDNAs encoding the indicated HA-tagged hCep192 proteins. Insets show higher-magnification views of the centrosome regions. The scale bars
represent 10 mm.
(C) IF of Plk1 and centrin in cells transfected with control siRNA (mock) or Cep192 siRNA no. 1.
(D) MT regrowth assay in Cep192-siRNA-no.-2-treated cells expressing the indicated HA-tagged hCep192 proteins.
(E) Quantification of the centrosome volume in (B) (HA signal) and of the IF intensities of the centrosomal g-tubulin, kinesin-5 in (B), and a/b-tubulin in (D)
(mean ± SD). At least 50 MT structures were analyzed for each parameter in each of the three independent experiments. *p < 0.001.
(F) Quantification of the spindle assembly defects in cells in (B) (panel 3; mean of three independent experiments ± SD).
See also Figure S7.
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Figure 7. The Cep192-Organized AurA-Plk1 Cascade Is Required for Proper Centrosome Separation and Segregation into Daughter Cells
(A) IF images of control and Cep192-siRNA-no.-1-treated dividing HeLa cells. Centrioles are indicated by arrowheads. Small panels show higher-magnification
views of the centrosome regions. The scale bar represents 10 mm.
(B) Quantification of the centriole number in mitotic cells treated as in Figure 6B (mean ± SD of three independent experiments).
(C) Confocal IF staining of kinesin-5 and centrin in control and Cep192-siRNA-no.-1-treated cells. The graphs represent signal intensity scans along the lines
drawn. The scale bar represents 5 mm.
(D) Box-and-whisker plots of the intercentrosomal distances in metaphase cells treated as in Figure 6B. The line represents the median value, whereas the lower
and upper edges of the boxes show the 25th and 75th percentiles, respectively. The whiskers extend to the furthest data points within 1.5 times of the interquartile
range of the box. The maximum or minimum outliers are shown as crosses. More than 20 cells were analyzed per each experimental condition in each of three
independent experiments. *p < 0.0001.
(E) Cep192-centered model of centrosome maturation.
See also Figure S7.

previous studies (Decker et al., 2011; Haren et al., 2009; Joukov
et al., 2010; Lee and Rhee, 2011), we now propose a model of
this process (Figure 7E). In G2 phase, Cep192, in a complex
10 Molecular Cell 55, 1–14, August 21, 2014 ª2014 Elsevier Inc.

with AurA and Plk1, is recruited to centrosomes by the Plk1phosphorylated PCNT. The initial level of Plk1 in Cep192 complexes is likely low, owing to the low Plk1 activity (which is
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required for Plk1/Cep192 docking) in the G2 cytoplasm. In
mitosis, additional factors may contribute to the centrosomal
targeting of Plk1 because Cep192 depletion of M phase extract
did not abolish Plx1 localization to sperm centrioles (Figure 1D).
Indeed, at least one other protein, Cenexin 1, was shown to recruit Plk1 to centrosomes (Archambault and Glover, 2009; Park
et al., 2010).
By contrast, the recruitment and activation of most, if not all,
centrosomal AurA in vertebrates seems to be mediated by
Cep192 because, both in egg extracts and in mammalian cells,
AurA centrosomal localization and T-loop phosphorylation
were abolished in the absence of the Cep192/AurA interaction.
A corollary to the above conclusion is that the level of AurA
(pT295/pT288), which is commonly used as a readout of the
AurA activity in cells (Nikonova et al., 2013), is reflective only of
the Cep192-bound (i.e., centrosomal) fraction of active AurA.
The accumulation and consequent oligomerization at centrosomes of Cep192 complexes trigger AurA activation via autophosphorylation at T295/T288 (Figure 7E, step 1). Active AurA
then phosphorylates Plk1 at T201/T210 in its T-loop, thus activating it (step 2). This event facilitates the docking of Plk1 onto
T46/T44 of Cep192 (thus increasing the level of active Plk1 in
Cep192 complexes; step 3), possibly, with the involvement of
a Plk1-activated kinase that phosphorylates Cep192 at T46/
T44. Potential candidates are the NIMA family protein kinases
known to be regulated by Plk1 and involved in centrosome functions at the G2/M transition (Mardin and Schiebel, 2012). The
active, Cep192-bound Plk1, in turn, phosphorylates Cep192 at
several serines to generate the binding sites for g-TuRC and,
possibly, other spindle assembly factors (e.g., XMAP215; step
4). The role of Plk1 as an effector kinase in Cep192 complexes
is consistent with the evolutionary conserved requirement for
polo-like kinases in g-TuRC recruitment (Archambault and
Glover, 2009). Because the five g-TuRC-binding serines of Xenopus Cep192 are not conserved in its human ortholog, other serines, which are abundantly present in the N-terminal region of
hCep192, likely serve as g-TuRC-binding sites. It remains to be
investigated whether the binding of g-TuRC to the Plk1-phosphorylated Cep192 is direct or dependent on additional factors.
Because the active Plx1 did not facilitate the binding between recombinant Cep192 and NEDD1 in vitro (data not shown) and
because Cep192 and g-TuRC do not extensively colocalize in
the PCM (Sonnen et al., 2012), it is conceivable that the Plk1mediated phosphorylation of Cep192 primes the formation of a
‘‘lattice’’ that captures g-TuRC.
Furthermore, the active AurA and/or Plk1 in Cep192 complexes may render g-TuRC capable of MT nucleation by phosphorylating NEDD1 and/or other g-TuRC subunits (hypothetical
step 5). In keeping with this notion, it was shown that NEDD1
is phosphorylated by AurA and Plk1 (Haren et al., 2009; Pinyol
et al., 2013; Zhang et al., 2009) and that its phosphorylation status depends on Cep192 in mammalian cells (Gomez-Ferreria
et al., 2012).
Crosstalk between Cep192 and Other PCM
Assembly Factors
Based on our findings, the Cep192/AurA/Plk1 complex represents the core component of a signaling cascade that also in-

cludes other factors involved in Cep192 centrosomal targeting,
AurA activation, Plk1/Cep192 docking, and Cep192/g-TuRC
attachment. Further elucidation of this cascade and its relation
to other mechanisms of PCM assembly will be critical for understanding how the mitotic centrosome and spindle form.
The recruitment of Cep192 complexes to centrosomes is likely
key to centrosome maturation as it promotes local oligomerization-dependent AurA activation, upon which the triggered AurAPlk1 cascade then drives MTOC formation independently of the
centrosomal mileau. Based on our study and the report by Lee
and Rhee (2011), this recruitment appears to be mediated by
the Plk1-phosphorylated PCNT, a protein that organizes the inner PCM layer of the interphase centrosomes, upon which the
outer mitotic PCM matrix forms (Mennella et al., 2014). Interestingly, subsets of Cep192, Plk1, and AurA also localize to the inner
PCM layer in interphase and mitosis, with Cep192 localization
being independent of PCNT and Plk1 (Fu and Glover, 2012; Gomez-Ferreria et al., 2007; Lawo et al., 2012; Lee and Rhee, 2011;
Mennella et al., 2012; Sonnen et al., 2012; Zhu et al., 2008). One
could, therefore, speculate that centrosome maturation is initiated by the activation of Plk1 within the inner layer (with possible
involvement of Cep192 and AurA) followed by Plk1-mediated
phosphorylation of PCNT. The consequent phospho-PCNTmediated recruitment of Cep192 complexes to centrosomes
would then unleash the AurA-Plk1 cascade, leading to extensive
and persistent Plk1 activation followed by massive recruitment
of g-TuRC and other components that form the outer PCM matrix. The PCM formation may be further facilitated by positive
feedback loops that link AurA and Plk1 activities to the centrosomal recruitment of Cep192 and PCNT (Haren et al., 2009; Joukov
et al., 2010; Lee and Rhee, 2011; Mennella et al., 2014), as well as
by other centrosomal proteins, such as Cep215. Because the
centrosomal targeting of both Cep192 and Cep215 is mediated
by PCNT (Gomez-Ferreria et al., 2007; Lee and Rhee, 2011;
Mennella et al., 2014; Zhu et al., 2008) and because Cep215
was not detected in Cep192/AurA/Plk1 complexes (Figure S1B),
Cep192 and Cep215 may function on parallel, rather than linear,
pathways. If so, these pathways may contribute differently to
PCM assembly depending on the species and the cell types.
Consistent with this hypothesis, it has recently been reported
that Cnn, the fly ortholog of Cep215, upon phosphorylation by
Polo/Plk1 in the inner PCM layer, forms a scaffold that spreads
outward (Conduit et al., 2014).
Role of Cep192 in the Centrosome Cycle and
Spindle Assembly
Remarkably, the loss of the AurA-Plk1 activation module (i.e., of
the AurA-BD or the N-terminal Plk1-docking threonine) in
Cep192 led to the centrosome and spindle assembly defects
similar in nature and severity to those seen in cells lacking
Cep192, NEDD1, or active AurA or Plk1 (Archambault and
Glover, 2009; Gomez-Ferreria et al., 2007; Haren et al., 2006;
Lüders et al., 2006; Nikonova et al., 2013; Zhu et al., 2008).
This fact indicates that the function of Cep192 as a scaffold for
the AurA-Plk1 cascade is integral to its role in centrosome
biogenesis and spindle formation.
Cep192-depleted cells were shown to display a decrease in
centriole number, which was attributed to a centriole duplication
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defect (Kemp et al., 2004; Pelletier et al., 2004; Zhu et al., 2008).
Consistent with these reports, Cep192 was implicated in
the recruitment to centrioles of the major centriole duplication
factor, the Polo-like kinase 4 (Kim et al., 2013; Sonnen et al.,
2013). We found that, in mammalian cells, the loss of Cep192
or of its AurA-Plk1 activation module led to numerical centrosome/centriole abnormalities (i.e., either a decrease or an increase in centriole number), which could clearly be traced to
a centrosome segregation defect caused by impaired centrosome separation and anchoring to spindle poles (Figures 7A
and S7). These abnormalities may result from the loss of
Cep192 function in centrosome maturation because centrosome/spindle pole attachment, centrosome separation, and
equal centriole segregation into daughter cells were all shown
to require centrosomal MTs (Mardin and Schiebel, 2012;
Wang et al., 2011). Thus, Cep192 appears to control the
centriole number not only via its involvement in centriole duplication in S phase but also via its mitotic function as a scaffold
for the AurA-Plk1 cascade. Importantly, the latter Cep192 function does not depend on the former one because the Cep192organized kinase cascade operates in M-phase-arrested egg
extracts that have not been passaged through S phase (Figures
1, 2, and 3). In fact, the function of Cep192 in centriole duplication may depend on the Cep192-organized cascade because
the initiation step for centriole duplication (which is completed
in S phase) was shown to require NEDD1 and g-tubulin, as
well as Plk1 activity at mitotis onset (Haren et al., 2006; Loncarek et al., 2010; Wang et al., 2011). Consistent with this hypothesis, the ancestral function of Cep192/SPD-2 was to recruit
PCM components rather than to assemble centrioles (Azimzadeh et al., 2012).
The multifaceted scaffolding properties of Cep192 revealed
in this study validate and confirm a recent theoretical model
of PCM formation that invokes a combination of templatebased and self-organization principles (Mahen and Venkitaraman, 2012). Moreover, these properties may help explain the
severe spindle abnormalities seen in Cep192-depleted cells.
Cep192 may control mitotic spindle assembly by promoting
both centrosome maturation (which enables centrosomal MT
nucleation and proper spindle geometry; Mennella et al.,
2014; Sir et al., 2013) and kinesin-5-mediated centrosome separation (which drives spindle bipolarity; Mardin and Schiebel,
2012). The latter Cep192 activity may be a consequence of
the former one because both the centrosomal targeting and
the function of kinesin-5 (unlike those of Cep192) require MTs
(Mardin and Schiebel, 2012). Cep192 may also contribute to
spindle bipolarity independently of MTs because the full-length
Cep192 promoted bipolar spindle formation, whereas its N-terminal fragment, which assembled MTs, did not (Figures 2C and
S2E). In addition, as a centrosome-targeting and activating
scaffold for AurA and Plk1, Cep192 may influence spindle assembly by regulating the availability of both kinases to other cofactors/substrates, as well as the spatial gradient of active AurA
and Plk1. In keeping with this notion, we observed an inverse
correlation between the levels of AurA complexed to Cep192
and to TPX2 in egg extracts (data not shown), consistent with
the mutually exclusive binding to AurA of these two cofactors
(Joukov et al., 2010).
12 Molecular Cell 55, 1–14, August 21, 2014 ª2014 Elsevier Inc.

In conclusion, our study reveals a Cep192-organized
signaling cascade that underlies centrosome maturation and
that is integral to the centrosome cycle and bipolar spindle assembly in vertebrates. It also offers a framework for further
dissection of the mechanisms of mitotic MTOC formation in a
cell-free system.
EXPERIMENTAL PROCEDURES
Generation of cDNA Constructs
The cDNAs encoding tagged Xenopus and human Cep192 and other proteins
were generated by PCR and cloned into pFastBac1 (Life Technologies),
pcDNA3.1 (Invitrogen), pGEX6p-1 (GE Healthcare), or pSP64 poly(A) (Promega) vectors. For detailed cloning procedures, see Supplemental Experimental
Procedures.
Recombinant Proteins and Antibodies
The recombinant Xenopus full-length Cep192 proteins were produced using
the Bac-to-Bac baculovirus expression system (Life Technologies) and purified by affinity chromatography. The recombinant GST-tagged proteins were
produced as previously described (Joukov et al., 2010). Further information
on the proteins and antibodies is provided in the Supplemental Experimental
Procedures.
Experiments in Xenopus Egg Extracts
The research with X. laevis was performed under a protocol approved by the
Harvard Medical Area Institutional Animal Care and Use Committee. Preparation of M phase (cytostatic-factor-arrested) egg extracts and analysis of the
MT assembly promoted by centrosomes and aAurA beads were performed
as previously described (Joukov et al., 2010; Murray, 1991; Tsai and Zheng,
2005). For further experimental details, see Supplemental Experimental
Procedures.
Cell Culture Experiments
HeLa cells were transfected using oligofectamine (Life Technologies), with
control nontargeting siRNA or with either of two different, nonoverlapping
Cep192-targeting siRNA preparations. Transfection of hCep192 cDNAs was
performed using Fugene HD (Promega). A detailed description of the experiments is available in the Supplemental Experimental Procedures.
Fluorescence Microscopy and Image Analysis
Fluorescence microscopy and image analysis were performed using an
Axioskop 2 with the AxioVision software (Zeiss) and a Nikon Ti inverted
fluorescence microscope with the Perfect Focus System and the Metamorph
software. Quantitative analysis of fluorescence signals, centrosome distances, and western blots was performed using ImageJ 1.46r (http://
imagej.nih.gov/ij/) and Excel. For further details, see Supplemental Experimental Procedures.
ACCESSION NUMBERS
The full-length human Cep192 cDNA was deposited in the GenBank under
accession number KJ567064.
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Supplemental Information includes Supplemental Experimental Procedures
and seven figures and can be found with this article online at http://dx.doi.
org/10.1016/j.molcel.2014.06.016.
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