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Centrin 3 is an inhibitor of centrosomal Mps1 
and antagonizes centrin 2 function

ABSTRACT Centrins are a family of small, calcium-binding proteins with diverse cellular func-
tions that play an important role in centrosome biology. We previously identified centrin 2 
and centrin 3 (Cetn2 and Cetn3) as substrates of the protein kinase Mps1. However, although 
Mps1 phosphorylation sites control the function of Cetn2 in centriole assembly and promote 
centriole overproduction, Cetn2 and Cetn3 are not functionally interchangeable, and we 
show here that Cetn3 is both a biochemical inhibitor of Mps1 catalytic activity and a biologi-
cal inhibitor of centrosome duplication. In vitro, Cetn3 inhibits Mps1 autophosphorylation at 
Thr-676, a known site of T-loop autoactivation, and interferes with Mps1-dependent phos-
phorylation of Cetn2. The cellular overexpression of Cetn3 attenuates the incorporation of 
Cetn2 into centrioles and centrosome reduplication, whereas depletion of Cetn3 generates 
extra centrioles. Finally, overexpression of Cetn3 reduces Mps1 Thr-676 phosphorylation at 
centrosomes, and mimicking Mps1-dependent phosphorylation of Cetn2 bypasses the in-
hibitory effect of Cetn3, suggesting that the biological effects of Cetn3 are due to the inhibi-
tion of Mps1 function at centrosomes.

INTRODUCTION
Centrosomes are microtubule-organizing centers that consist of a 
pair of centrioles surrounded by a pericentriolar matrix. The centri-
oles duplicate once during S phase of the cell cycle to organize the 
spindle for the proper segregation of chromosomes during mitosis. 
Errors in centriole duplication produce extra centrioles that can lead 
to aneuploidy, which is a major hallmark of cancer (Holland and 
Cleveland, 2009). Many proteins associated with the centrosome 
play a direct role in centrosome amplification commonly associated 
with tumors. For example, the levels of human centrins are elevated 
in breast tumors containing supernumerary centrosomes (Lingle 
et al., 1998). Centrin was first identified in the green alga Tetraselmis 

striata as a 20-kDa phosphoprotein (Salisbury et al.,1984). Centrins 
belong to the highly conserved EF-hand superfamily of small, cal-
cium-binding proteins and are commonly associated with centro-
somal structures (Wright et al., 1985; Huang et al., 1988; Ogawa and 
Shimizu, 1993). Humans possess three distinct centrin genes. Cen-
trin 1 (Cetn1) is only expressed in male germ cells, neurons, and 
other ciliated cells, whereas centrins 2 and 3 (Cetn2 and Cetn3) are 
ubiquitously expressed in somatic cells (Middendorp et al., 1997; 
Wolfrum and Salisbury, 1998; Hart et al., 1999; Gavet et al., 2003). 
Centrin 4, first described in mouse, is an unexpressed pseudogene 
in humans (Gavet et al., 2003; Zhang et al., 2010). On the basis of 
recent evolutionary analysis, two centrin subfamilies have been de-
fined. Members of the first subfamily, which includes human Cetn3, 
are related to Saccharomyces cerevisiae CDC31, and members of 
the second subfamily, which include human Cetn1 and Cetn2, are 
more homologous to the Chlamydomonas centrin (Hodges et al., 
2010; Vonderfecht et al., 2012).

In budding yeast, Cdc31p localizes to the half-bridge of the spin-
dle pole body (SPB; analogous to the centrosome; Spang et al., 
1993), and CDC31 mutations lead to SPB duplication defects (Baum 
et al., 1986). Depletion of Cen3p (a Cdc31p family member) in Para-
mecium tetraurelia leads to a deficiency in the anterior left filament, 
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the mutation of in vitro Mps1 phosphorylation sites within Cetn2 
modulates its ability to incorporate into centrioles (Yang et al., 2010; 
Dantas et al., 2013), as well as its ability to support either Mps1- or 
Cetn2-dependent centriole overproduction (Yang et al., 2010). 
These data support the idea that Cetn2 function is regulated by di-
rect Mps1 phosphorylation. Mps1 can also phosphorylate Cetn3 in 
vitro, although Cetn3 is phosphorylated to a much lesser extent 
than Cetn2 (Yang et al., 2010). However, overexpression of Cetn3 
did not lead to excess centrioles, suggesting that Cetn2 and Cetn3 
are not functionally redundant (Yang et al., 2010). In this study, we 
demonstrate that Cetn3 binds to Mps1 directly and exhibits the 
properties of an Mps1 inhibitor since it prevents both Mps1 auto-
phosphorylation on a key regulatory site (Thr-676) and Cetn2 phos-
phorylation. In addition, we demonstrate that Cetn3 antagonizes 
centriole assembly in cells through inhibition of Mps1 and by block-
ing the incorporation of Cetn2 into centrioles.

RESULTS
Cetn3 inhibits activating transautophosphorylation within 
the Mps1 kinase domain
We previously identified Cetn2 and Cetn3 as substrates phosphory-
lated by Mps1 (Yang et al., 2010). We noticed that whereas Mps1 
phosphorylated Cetn3 to a lesser extent than Cetn2, Cetn3 inhib-
ited Mps1 autophosphorylation (Figure 1A). Some Mps1 autophos-
phorylation persisted in the presence of Cetn3, which is expected, 
given that bacterially expressed Mps1 is highly active and heteroge-
neously autophosphorylated on at least 16 different sites (Mattison 
et al., 2007; Tyler et al., 2009; Wang et al., 2009), and we detected 
as many as 25 sites of in vitro phosphorylation (unpublished data). 
Moreover, residual Mps1 autophosphorylation is retained at centro-
somes even in the presence of the Mps1 inhibitor reversine (von 
Schubert et al., 2015). Because Mps1 autoactivates through auto-
phosphorylation within its kinase domain (Mattison et al., 2007; Chu 
et al., 2008; Tyler et al., 2009; Wang et al., 2009), we tested the ef-
fect of Cetn3 on the ability of full-length glutathione S-transferase 
(GST)–Mps1 to phosphorylate a kinase dead (KD) version of the 
Mps1 kinase domain (Mps1KDD; Mps1 residues 515–794 containing 
the D664A mutation, which renders Mps1 catalytically inactive). 
When compared with Mps1 alone, Cetn3 significantly decreased 
the phosphorylation of Mps1KDD in a dose-dependent manner 
(Figure 1B, lanes 1–3 vs. lane 4). Of interest, phosphorylation of Mp-
s1KDD was inhibited whether Cetn3 was preincubated with Mps1KDD 
before addition of GST-Mps1 or preincubated with GST-Mps1 be-
fore addition of Mps1KDD (Supplemental Figure S1). However, Cetn3 
could not prevent phosphorylation of Mps1KDD that had been prein-
cubated with GST-Mps1 (Supplemental Figure S1), suggesting that 
Cetn3 cannot reverse Mps1 transphosphorylation. A shorter expo-
sure highlighting the potent inhibition of Mps1 autophosphoryla-
tion by Cetn3 is presented at the bottom of Figure 1B.

We next tested whether Cetn3 inhibits specific autophosphory-
lation events, using phosphospecific antibodies that recognize 
Mps1 phosphorylated at T675, T676, or T686 (Tyler et al., 2009). Of 
interest, Cetn3 led to a marked decrease in the ability of GST-Mps1 
to phosphorylate Mps1KDD at T676, a regulatory T-loop site that 
controls Mps1 activity ([0.53 ± 0.03]-fold), but was less able to re-
duce phosphorylation of Mps1KDD at T675 (0.73 ± 0.02-fold) and 
had no significant effect on phosphorylation of Mps1KDD at T686 
([0.97 ± 0.04]-fold; Figure 1C). Cetn3 also reduced T676 phosphory-
lation in full-length GST-Mps1 ([0.47 ± 0.07]-fold; Figure 1D) to a 
similar degree as in Mps1KDD. Together these observations suggest 
that Cetn3 inhibits both Mps1 kinase activity and Mps1 autophos-
phorylation in vitro.

which prevents premature disengagement and tilting of newly as-
sembled basal bodies, affecting their docking at the cell surface 
(Jerka-Dziadosz et al., 2013). In Tetrahymena thermophila, Cen1 
and Cen2 have similar but not identical functions in basal body main-
tenance and orientation, as overexpression of CEN1 (a Cetn2 family 
member) fails to rescue the loss of basal bodies and orientation de-
fects seen in Cen2∆ (a Cdc31p family member) cells (Vonderfecht 
et al., 2012). These studies suggest an important role of centrins in 
basal body/centriole assembly and maintenance throughout evolu-
tion. However, a study in which all three centrins were deleted in 
avian DT40 cells reported no detectable effect on centriole duplica-
tion or cell cycle progression, although this approach revealed a role 
for centrins in nucleotide excision repair (Dantas et al., 2011), consis-
tent with a known interaction between centrin and the xeroderma 
pigmentosum group C protein (Araki et al., 2001; Thompson et al., 
2006; Klein and Nigg, 2009).

Vertebrate Cetn2 is predominantly cytoplasmic but also localizes 
to the distal lumen of centrioles (Errabolu et al., 1994; Paoletti et al., 
1996; Azimzadeh and Marshall, 2010), and Cetn3 has been shown 
to reside at centrioles (Middendorp et al., 2000) and the pericentrio-
lar matrix (Baron et al., 1992). Cetn2 and Cetn3 have important roles 
in centriole duplication and cell division and do not appear to be 
functionally redundant. For example, recombinant human Cetn3 in-
hibits centrosome duplication in Xenopus embryos (Middendorp 
et al., 2000), an effect that was not elicited by recombinant human 
Cetn2 (Paoletti et al., 1996; Middendorp et al., 2000). Furthermore, 
exogenous expression of human Cetn3 in budding yeast cells inhib-
its SPB duplication and blocks cell growth (Middendorp et al., 2000). 
It is not clear whether these effects reflect an inhibitory function for 
Cetn3 or a dominant effect from overexpression of a distantly re-
lated orthologue, but overexpression of human Cetn2 in yeast does 
not affect cell growth, and we demonstrated that Cetn2 and Cetn3 
do not have the same effect on centriole biogenesis when overex-
pressed in vertebrate cells (Yang et al., 2010).

The function of mammalian Cetn2 in centriole assembly remains 
to be clarified. Initial studies suggested that Cetn2 was required for 
centriole duplication, with Cetn2 depletion causing a G1 cell cycle 
delay (Salisbury et al., 2002). However, more recent studies showed 
that Cetn2 is not required for the recruitment of HsSAS-6 to procen-
trioles (Strnad et al., 2007) and that codepletion of Cetn2 and Cetn3 
does not prevent Plk4-induced centriole overproduction or the re-
cruitment of centriolar proteins such as CPAP, Cep135, and CP110 
to nascent centrioles (Kleylein-Sohn et al., 2007). Moreover, centri-
oles persist in human cells where Cetn2 has been disrupted using 
CRISPR/Cas9 technology (Prosser and Morrison, 2015). However, it 
should be noted that phenotypic dispensability does not rule out a 
physiological role for Cetn2 at centrioles. Indeed, we confirmed that 
whereas centrioles can be assembled in the absence of Cetn2, in-
corporation of CP110 into nascent centrioles is delayed in Cetn2-
depleted cells (Yang et al., 2010). Cetn2 also regulates the removal 
of CP110 from the distal end of centrioles, and both the distal ends 
of centrioles and primary ciliogenesis are disrupted in Cetn2 null 
cells (Prosser and Morrison, 2015). Of interest, centrins are highly 
phosphorylated in human breast tumors that have extra centro-
somes (Lingle, 1998). Both Aurora A and protein kinase A are known 
to phosphorylate the same site (Ser-170) within Cetn2, which regu-
lates Cetn2 stability, Aurora A induced centrosome amplification, 
and centriole separation (Lutz et al., 2001; Lukasiewicz et al., 2011). 
In addition, the mitotic kinase Mps1 is also known to phosphorylate 
Cetn2 (Yang et al., 2010), and the CDC25B phosphatase stabilizes a 
pool of Mps1 that in turn increases the levels of Cetn2 at the centro-
some and generates extra Cetn2 foci (Boutros et al., 2013). Indeed, 
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inhibitory effect of Cetn3 was not exclusive 
to the specific substrate Cetn2.

Cetn3 does not prevent the interaction 
between Cetn2 and Mps1
We next sought to determine whether puri-
fied centrin proteins bound to Mps1. We 
initially incubated recombinant GST-Mps1 
with recombinant His-Cetn2 and/or His-
Cetn3. Cetn3 showed negligible binding 
to GST alone but bound to GST-Mps1 in 
the presence or absence of ATP (Figure 3A). 
It has been reported that Mg ions bind to 
the N-terminal domain of Cetn3 and may 
facilitate target peptide recognition (Cox 
et al., 2005), and indeed we found that the 
binding of Cetn3 to GST-Mps1 was en-
hanced in the presence of 5 mM MgCl2 
([2.59 ± 0.91]-fold; Figure 3B). Cetn2 also 
bound to GST-Mps1, and this binding was 
not enhanced by CaCl2, a known modula-
tor of Cetn2 function (Figure 3C). Cetn2 
and Cetn3 also bound to catalytically inac-
tive (and nonphosphorylated) GST-Mps1KD 
(Figure 3D), suggesting that the binding 
does not require Mps1 kinase activity, 
phosphorylated Mps1, or phosphorylation 
of Cetn2 or Cetn3 by Mps1. Given that 
both Cetn2 and Cetn3 can bind to Mps1, 
we next tested the effect of Cetn3 on the 
interaction between Mps1 and Cetn2. 
Cetn2 and Cetn3 were incubated with GST, 
GST-Mps1, or GST-Mps1KD either alone 
(Figure 3E, lanes 1 and 2) or together (co, 
Figure 3E, lanes 3) for 60 min, or Cetn3 was 
preincubated with GST, GST-Mps1, or GST-
Mps1KD for 30 min before addition of 
Cetn2 (Figure 3E, lane 4). Of interest, coin-
cubation of Cetn2 and Cetn3 with GST-
Mps1 led to an enhanced binding of Cetn2 
to GST-Mps1 ([3.39 ± 1.96]-fold, Figure 3E, 
M, lane 3 vs. lane 1) that was not observed 
if Cetn3 had been preincubated with Mps1 

before addition of Cetn2 (Figure 3E, M, lane 4). Of interest, acti-
vated Mps1 was required for this enhanced binding because coin-
cubation with Cetn3 did not enhance the binding of Cetn2 to GST-
Mps1KD (Figure 3E, MKD, lane 3 vs. lane 4), although catalytic 
activity was not required for binding per se (Figure 3E, MKD, lanes 
1 and 2). To summarize, Cetn2 and Cetn3 both bind to Mps1 inde-
pendently of kinase activity or phosphorylation status of Cetn2 or 
Cetn3. Second, the binding of Cetn3 to Mps1 is enhanced by 
MgCl2. Finally, the binding of Cetn2 to Mps1 is enhanced by Cetn3 
in vitro. Together our observations that Cetn3 inhibits Mps1 auto-
phosphorylation at T676 and inhibits phosphorylation of Cetn2 
and MBP without preventing the binding of Cetn2 suggest that 
Cetn3 acts as a noncompetitive allosteric inhibitor of Mps1 kinase 
activity in vitro.

Endogenous Cetn3 and Cetn2 bind to endogenous Mps1
We next sought to determine whether the complex interactions 
discovered between Mps1 and centrins in vitro are also observed 
in living cells. To accomplish this, we first overexpressed green 

To determine whether Cetn3 could also affect the ability of Mps1 
to phosphorylate substrates other than itself, we coincubated Mps1 
with both Cetn2 and Cetn3 (Figure 2). When Cetn2 was incubated 
with Mps1 for 30 min before the addition of Cetn3, there was little 
change in Cetn2 phosphorylation (Figure 2, lane 4 vs. lane 3). How-
ever, Cetn2 phosphorylation was noticeably reduced when Cetn2 
and Cetn3 were coincubated simultaneously with Mps1 (Figure 2, 
lane 5 vs. lane 4), and dramatically reduced when Mps1 was prein-
cubated with Cetn3 for 30 min before adding Cetn2 (Figure 2, lanes 
6–9), suggesting that Cetn3 reduced Cetn2 phosphorylation by tar-
geting Mps1 rather than Cetn2. Moreover, inhibition did not appear 
to be competitive, since Cetn3 markedly reduced the phosphoryla-
tion of Cetn2 over a wide range of concentrations (Figure 2), and 
Cetn2 phosphorylation was not completely restored even at Cetn3 
concentrations that were 10-fold lower than that of Mps1 (Supple-
mental Figure S2, A and B). Consistent with our observation that 
Cetn3 is a general Mps1 inhibitor, Cetn3 also caused a significant 
reduction in phosphorylation of the generic kinase substrate myelin 
basic protein (MBP; Supplemental Figure S2C), indicating that the 

FIGURE 1: Cetn3 is an inhibitor of Mps1 catalytic activity. Recombinant GST-Mps1 (M) was used 
for in vitro kinase assays. (A) Mps1 was incubated alone (M) or with His-Cetn2 (C2) or His-Cetn3 
(C3) for 60 min, and kinase assays were analyzed by autoradiography after SDS–PAGE. Cetn2 
(red arrowhead) is phosphorylated to a greater extent than Cetn3 (green arrowhead), but only 
Cetn3 markedly reduces Mps1 autophosphorylation (black caret). (B) GST-Mps1 (M) was either 
incubated alone for 60 min (–) or preincubated with decreasing amounts of C3 (1.0, 0.5, or 
0.1 μg) for 30 min before the addition of 1 μg of GST-tagged kinase-dead Mps1 kinase domain 
(MKDD) for an additional 30 min. Assays were analyzed as described. Coomassie staining 
(showing equal loading of MKDD) and a 30-min autoradiographic exposure (High) are shown. 
Cetn3 (green arrowhead) reduces transphosphorylation of MKDD (black arrowhead) by full-length 
Mps1 (black caret) over a wide concentration range. Bottom, a lower exposure of Mps1 
autophosphorylation (Low). (C, D) Kinase assays were performed as in B but in the absence of 
radiolabeled ATP and analyzed by immunoblotting with phosphospecific antibodies recognizing 
pT676, pT675, or pT686. (C) Ponceau-S (Pon)–stained membranes (confirming equal loading of 
MKDD) and immunoblots showing the effect of Cetn3 on staining of MKDD with the indicated 
antibodies. (D) Effect of Cetn3 on staining of full-length GST-Mps1 with pT676 . Cetn3 
decreased the phosphorylation of GST-Mps1 and MKDD at T676. The numbers on the right of the 
gels represent the molecular weight in kilodaltons.
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biogenesis during S phase. Because cells enter S phase with two 
Cetn2-positive centrioles and quickly assemble new centrioles ca-
pable of recruiting Cetn2, the majority of cells that incorporate BrdU 
during a short pulse contain four Cetn2-positive foci (Yang et al., 
2010; Majumder et al., 2012). In cases in which cells have not com-
pleted some aspect of centriole assembly during a short BrdU pulse, 
including a chase period allows us to determine whether they could 
do so if given additional time. For example, we previously showed 
that after an initial BrdU pulse, Cetn2-depleted cells exhibit a defect 
in the incorporation of CP110 into new centrioles; however, after the 
chase period, CP110 incorporation was equivalent to that in control 
cells (Yang et al., 2010). We initially examined the effect of Cetn3 on 
centriole biogenesis in a validated HeLa GFP-Cetn2 cell line (Yang 
et al., 2010). GFP-Cetn2 causes centriole overproduction during a 
prolonged S phase arrest (Yang et al., 2010). However, centriole 
numbers remain largely normal in unarrested populations such as 
used in this experiment, so that after a 4-h pulse with BrdU, ∼85% of 
BrdU-positive HeLa GFP-Cetn2 cells expressing mCherry (mCh) 
alone had four GFP-Cetn2 foci, and only ∼15% had two GFP-Cetn2 
foci (Figure 5, A and B). However, mCh-Cetn3 expression increased 
the percentage of BrdU- positive cells with two Cetn2 foci roughly 

fluorescent protein (GFP)–biotin, GFP-biotin-Mps1, or GFP-biotin-
Mps1KD in HEK 293 cells and performed pull-down experiments 
with streptavidin beads (Figure 4A). No binding of Cetn3 to GFP-
biotin was observed, but Cetn3 bound to both GFP-biotin-Mps1 
and kinase-dead GFP-biotin-Mps1 (Figure 4A). An interaction be-
tween Cetn2 and GFP-biotin-Mps1 was also observed, but it was 
weak and inconsistent (unpublished data). We also confirmed recip-
rocal coimmunoprecipitation between endogenous Cetn3 and 
Mps1 in both HeLa (Figure 4B) and HEK 293 cells (Supplemental 
Figure S3), validating a physiological interaction between Mps1 and 
Cetn3. Cetn3 appeared to interact with a minor form of Mps1 that 
had a slightly higher mobility and was of lower abundance than the 
bulk of cellular Mps1. This is most apparent in HEK 293 cells (Sup-
plemental Figure S3) but can also be seen in HeLa cell lysates 
(Figure 4B). Although we failed to observe a consistent interaction 
between Cetn2 and GFP-biotin-Mps1, we did observe immunopre-
cipitation of Cetn2 by endogenous Mps1 (Figure 4C). Given that the 
majority of both Mps1 (Kasbek et al., 2007) and Cetn2 (Paoletti 
et al., 1996) is noncentrosomal, it is possible that the large noncen-
trosomal pools of endogenous Cetn2 and overexpressed GFP-bio-
tin-Mps1 mask an interaction between a much smaller centrosomal 
pool. Finally, endogenous Cetn2 and Cetn3 also exhibited recipro-
cal coimmunoprecipitation (Figure 4D, normalized for equal Cetn3 
loading), although we could not rule out the possibility that Cetn2 
might be binding to a Cetn3:Mps1 complex. Of interest, a large 
amount of Cetn3 coprecipitated with Cetn2 compared with the rela-
tively small amount of Cetn2 that coprecipitated with Cetn3.

Cetn3 overexpression inhibits incorporation of Cetn2 into 
centrioles
To determine whether Cetn3 plays a role in centriole assembly, we 
first used a 5-bromodeoxyuridine (BrdU) pulse-chase approach to 
assess whether overexpression of Cetn3 could influence centriole 

FIGURE 2: Cetn3 inhibits the phosphorylation of Cetn2. Recombinant 
GST-Mps1, His-Cetn2 (C2, red arrowhead), and His-Cetn3 (C3, green 
arrowhead) were used for in vitro kinase assays. Kinase assays were 
incubated for a total of 60 min. Proteins indicated above the line 
(0 min) were added at the initiation of the reaction and were present 
for the entire reaction, whereas proteins indicated below the line 
(30 min) were added to the reaction after 30 min. The red triangle 
above lanes 6–9 indicates decreasing amounts of C3 (1, 0.5, 0.2, and 
0.05 μg) incubated with Mps1 for 30 min before addition of C2 for the 
remaining 30 min. After 60 min, kinase assays were analyzed by 
SDS–PAGE and autoradiography. Coomassie staining showing loading 
of C2 and C3 and 30-min autoradiograph exposure of the gel. The 
greatest reduction in Cetn2 phosphorylation is observed when Cetn3 
is preincubated with Mps1 before the addition of Cetn2, and Cetn3 
reduces phosphorylation of Cetn2 over a wide concentration range. 
The numbers on the right of the gels represent the molecular weight 
in kilodaltons.

FIGURE 3: Cetn3 does not prevent the binding of Cetn2 to Mps1. 
(A–C) His-Cetn3 (C3) or His-Cetn2 (C2) were incubated for 60 min 
with GST (G) or GST-Mps1 (M) immobilized on glutathione 
Sepharose beads in the presence (+) or absence (–) of ATP, MgCl2, 
or CaCl2 as indicated. Bead-bound material was isolated by 
centrifugation, washed, and analyzed by SDS–PAGE and 
immunoblotting with antibodies recognizing C2 or C3 as indicated. 
(A) C3 binds to Mps1, and the binding does not require ATP; the 
input (In) lane was separated by a blank lane, which has been 
cropped out as indicated by the line. (B) The binding of Cetn3 to 
Mps1 is enhanced by MgCl2 ([2.59 ± 0.91]-fold; input shows 1% of 
lysate used for pull down); Pc, preclearing beads (e.g., binding to 
beads alone). (C) C2 binds to Mps1, and the binding is not affected 
by CaCl2. (D) The binding of C2 and C3 to Mps1 does not require 
catalytic activity. C2 or C3 was incubated with GST (G), GST-Mps1 
(M), or GST-Mps1KD (MKD). (E) Cetn3 does not prevent the binding 
of Cetn2 to Mps1. C2 (red) and C3 (green) were incubated with 
bead-bound GST (G), GST-Mps1 (M), or GST-Mps1KD (MKD) as 
follows: 1) C2 was incubated with G, M, or MKD alone (C2); 2) C3 
was incubated with G, M, or MKD alone (C3); 3) C2 and C3 were 
coincubated with G, M, or MKD (co); 4) C3 was preincubated with G, 
M, or MKD for 30 min, followed by the addition of C2 for an 
additional 30 min (pre). C2 (red) and C3 (green) were imaged 
simultaneously using the LI-COR Odyssey scanner. The input (In) for 
Cetn2 was run on the gel with GST, whereas that for Cetn3 was run 
on the gel with GST-Mps1 and GST-Mps1KD. The numbers on the 
right of the gels represent the molecular weight in kilodaltons.
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foci for γ-tubulin (a pericentriolar marker) and Cep135 (a proximal 
centriole marker), overexpression of Cetn3 did not cause any signifi-
cant reduction in the number of foci for HsSAS-6 (a procentriolar 
marker) or CP110 (a distal centriole marker), suggesting that the pri-
mary effect of Cetn3 overexpression during the canonical centriole 
assembly cycle is to interfere with proper incorporation of Cetn2 into 
newly assembled centrioles (Figures 5, C–E).

Cetn3 depletion promotes centriole reduplication
We next investigated the effects of small interfering RNA (siRNA)–
mediated depletion of Cetn3, using a previously validated Cetn3-
specific siRNA (siCetn3) sequence (Kleylein-Sohn et al., 2007). 
Transfection of siCetn3 caused ∼80% reduction in Cetn3 protein 
levels in S phase–arrested HeLa cells, as quantified by immunoblot-
ting (Figure 6A). Consistent with the hypothesis that endogenous 
Cetn3 acts to inhibit Cetn2 localization and function, depleting 
Cetn3 led to a twofold increase in the number of hydroxyurea (HU)-
arrested HeLa cells with more than four Cetn2 foci as compared with 
control siRNA cells (Figure 6, B–D). There was a concomitant in-
crease in the number of γ-tubulin foci (Figure 6, B and C), suggest-
ing that even though overexpression of Cetn3 did not inhibit centri-
ole assembly per se (see Figure 5), Cetn3 depletion generated 
excess Cetn2-containing structures capable of recruiting γ-tubulin in 
S phase–arrested HeLa cells. To determine whether these structures 
were indeed centrioles, we performed a serial-section electron mi-
croscopic (EM) analysis. Although we did not observe excess centri-
oles in any control cell (n = 7 cells), excess centrioles were readily 
apparent in Cetn3-depleted cells (Figure 6D; n = 8 cells, two of 
which had more than four centrioles).

Of interest, knockdown of Cetn3 also led to a fivefold increase in 
the number of cells that displayed long, linear, Cetn2-positive struc-
tures (Figure 7, A and B) that were also positive for acetylated tubu-
lin and CP110. These structures often occurred close to the centro-
some but were also found at sites some distance from the 
centrosome. Similar structures were recently described in GFP-
POC5–overexpressing DT40 cells but did not contain tubulin 
(Dantas et al., 2013). Whereas our EM analysis detected long, linear 
structures that appeared to contain bundled fibers in Cetn3-de-
pleted cells, we observed similar structures (albeit shorter and more 
diffuse) in control cells (unpublished data). Of interest, knockdown 
of Cetn3 also led to a 10-fold increase in mitotic cells despite the 
continued presence of HU (Figure 7, C and D). Most of these mitotic 
cells displayed an abnormal multipolar morphology, suggesting that 
they had arisen from cells that had undergone centriole overproduc-
tion before entering mitosis. Because they occur in HU-arrested 
cells, the multipolar spindles are indicative of a cell cycle defect. 
However, the number of mitotic cells was quite small, and >90% of 
those mitotic cells we observed contained excess centrioles, sug-
gesting that the cell cycle defect did not contribute to the appear-
ance of excess centrioles. Indeed, centriole numbers are relatively 
normal before the onset of S phase arrest (unpublished data), and 
our EM analysis confirmed the presence of multiple daughter centri-
oles associated with a single mother centriole (e.g., Figure 6D, cen-
trioles a, b, and e), a bona fide defect in centriole assembly that is 
unlikely to arise through failure in cytokinesis. Thus the most likely 
implication of our data is that excess centrioles arose through a de-
fective centriole assembly process. The increase in abnormal mitotic 
cells in HU-arrested populations suggests that Cetn3 may also play 
a role in cell cycle regulation similar to the known role of Cetn2 in 
the DNA damage response (Nishi et al., 2005; Thompson et al., 
2006; Charbonnier et al., 2007; Dantas et al., 2011). However, 
siCetn3 caused no obvious cell cycle defect in unarrested cells 

fivefold to ∼70% (Figure 5, A and B). The mCh-Cetn3 and GFP-Cetn3 
proteins (see below) were overexpressed roughly 12- to 15-fold rela-
tive to endogenous Cetn3, as judged by in-cell quantification (Sup-
plemental Figure S4). The percentage of BrdU-positive cells express-
ing mCh-Cetn3 that had two Cetn2 foci decreased only slightly to 
∼60% after a 4-h chase period (Figure 5B), suggesting that Cetn3 
overexpression blocks the incorporation of GFP-Cetn2 into new cen-
trioles rather than simply causing a delay. To determine whether 
overexpression of Cetn3 also affects the incorporation of endoge-
nous Cetn2, we carried out a similar 5-ethynyl-2´-deoxyuridine (EdU) 
pulse chase in HeLa cells using an antibody that recognizes Cetn2. 
Whereas only ∼13% of EdU-positive HeLa cells expressing mCh 
alone had two Cetn2 foci, this percentage increased to 55% in cells 
expressing mCh-Cetn3 after the initial EdU pulse and decreased only 
slightly to 48% after a 4-h chase (Figure 5E). This demonstrates that 
Cetn3 overexpression inhibits the incorporation into newly assem-
bling centrioles of both endogenous Cetn2 and GFP-Cetn2. To de-
termine whether the reduction in Cetn2-positive foci represents a 
failure to assemble new centrioles or a failure to incorporate Cetn2 
into newly assembled centrioles, we assessed a variety of centriolar 
markers. Although there was a very slight reduction in the number of 

FIGURE 4: Cetn3 and Cetn2 bind to Mps1 in human cells. (A) Cetn3 
binds equally well to wild-type and kinase-dead Mps1 in cells. Lysates 
from S phase–arrested HEK 293 cells expressing GFP-biotin (G), 
GFP-biotin-Mps1 (M), and GFP-biotin-Mps1KD (MKD) were incubated 
with streptavidin-conjugated magnetic beads. The streptavidin pull 
downs were then analyzed by SDS–PAGE and immunoblotting. The 
open arrow indicates the position of GFP, the bent, closed arrow 
indicates the position of MKD, and the bracket indicates full-length 
Mps1. (B–D) Lysates from S phase–arrested HeLa cells were incubated 
with rabbit antibodies against Mps1 (αMps1), Cetn2 (αC2), or Cetn3 
(αC3), precipitated with protein G beads, and then analyzed by 
SDS–PAGE and immunoblotting with mouse antibodies against Mps1 
or Cetn3 (C3) or rabbit antibody against Cetn2 (C3) as indicated. (B) 
Endogenous Mps1 and Cetn3 demonstrated reciprocal co-IP; top, 
Mps1 coimmunoprecipitates (coIPs) with rabbit anti-Cetn3 (αC3); 
bottom, Cetn3 (C3) coIPs with rabbit αMps1 (αMps1). (C) Cetn2 (C2) 
coIPs with endogenous Mps1; bottom, uppermost band represents 
protein G used in the immunoprecipitation (which leached from the 
magnetic beads). (D) Reciprocal coimmunoprecipitation is observed 
between endogenous Cetn2 and Cetn3; precipitated material was 
normalized for equal loading of Cetn3. In, input, 0.5% or 1% of the 
lysate; Pc, preclearing beads (e.g., binding to beads alone). The 
numbers on the right of the gels represent the molecular weight in 
kilodaltons.
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the incorporation of Cetn2 into centrioles, we next sought to deter-
mine whether Cetn3 could also affect the Cetn2-dependent centri-
ole overproduction that occurs during a prolonged S phase arrest in 
HeLa cells. As shown previously (Yang et al., 2010), overexpression 
of wild-type GFP-Cetn2 in HU-arrested HeLa cells resulted in the 
production of more than four GFP foci in ∼50% of cells, and mCh 
had no effect on this ability of Cetn2 to promote centriole overpro-
duction (Figure 8, A and B). However, co-overexpression of mCh-
Cetn3 led to a roughly twofold reduction in the percentage of GFP-
Cetn2–expressing cells with greater than four Cetn2 foci, confirming 
the inhibitory potential of Cetn3 (Figure 8, A and B). We observed a 
similar reduction in the percentage of cells with more than four 
CP110 foci (Figure 8C), suggesting that the effects of overexpressed 
Cetn3 extended beyond the incorporation of Cetn2 into centrioles. 
To test whether Cetn3 prevents Cetn2-dependent centriole redupli-
cation by inhibiting Mps1, we assessed whether mimicking Mps1 
phosphorylation of Cetn2 could bypass the inhibitory effect of 

(Supplemental Figure S5, A and B). Finally, each of the effects of si-
Cetn3 was reversed by overexpression of a version of mCh-Cetn3 
engineered to be resistant to siCetn3 (sirCetn3; Supplemental 
Figure S5, C–E), suggesting that the defects in siCetn3-transfected 
cells are the result of depletion of endogenous Cetn3 rather than 
any off-target effect of siCetn3.

Cetn3 overexpression blocks centrosome reduplication
U2OS cells undergo centrosome reduplication after a prolonged S 
phase arrest. If Cetn3 inhibits Mps1 in living cells, as we have de-
scribed in vitro, we might expect Cetn3 overexpression to attenuate 
this reduplication. Consistent with this expectation, we found that 
mCh-Cetn3 caused a fivefold reduction in the percentage of U2OS 
cells with more than two centrosomes, as determined by the num-
ber of γ-tubulin foci, suggesting that Cetn3 can suppress centro-
some reduplication (Supplemental Figure S6). Given that Cetn3 
prevents Mps1 from phosphorylating Cetn2 in vitro and prevents 

FIGURE 5: Overexpression of Cetn3 inhibits incorporation of Cetn2 into centrioles in asynchronously growing cells. 
(A, B) Overexpression of Cetn3 reduces the percentage of S phase cells that have incorporated GFP-Cetn2 into new 
centrioles. HeLa GFP-Cetn2 cells were transfected with mCherry (mCh) or mCh-Cetn3, incubated with BrdU for 4 h, 
and then fixed and processed for IIF either after the BrdU pulse or after a 4-h chase in the absence of BrdU. 
(A) Representative images of BrdU-positive HeLa GFP-Cetn2 cells showing mCh or mCh-Cetn3 (red), GFP-Cetn2 
(GFP, green), and Cep135 (purple). Bar, 5 μm. In all images, insets show digitally magnified centrosomes indicated by 
boxes. (B) Bar graph showing percentage of BrdU-positive cells with four GFP-Cetn2 foci. (C–E) Overexpression of 
Cetn3 inhibits the incorporation of endogenous Cetn2 into centrioles but does not affect the incorporation of CP110 or 
HsSAS-6. HeLa cells were transfected with mCh or mCh-Cetn3, or GFP or GFP-Cetn3, and then incubated with EdU for 
4 h and fixed and processed for IIF with various antibodies either after the EdU pulse or after a 4-h chase in the absence 
of EdU. (C) Representative images of centrosomes from EdU-positive mCh- and mCh-Cetn3–transfected HeLa cells 
stained with either Cetn2 or CP110 (green) and γ-tubulin (red). Bar, 1 μm. (D) Representative images of centrosomes 
from EdU-positive GFP- and GFP-Cetn3–transfected HeLa cells stained with HsSAS-6 (green) and γ-tubulin (red). 
(E) Percentage of EdU-positive cells with four foci for Cetn2 or CP110 and two foci for HsSAS-6, Cep135, and γ-tubulin. 
Values in B and E represent the mean ± SD for triplicate samples for which at least 75 cells were counted per replicate.
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to aspartic acid to mimic phosphorylation through negative charge, 
completely bypassed the inhibitory effect of Cetn3 (Figure 8, A–C), 
although mCh-Cetn3 did cause a slight reduction in the intensity of 
the GFP-Cetn2DDD at centrioles (Figure 8A). The observation that 
mimicking Mps1 phosphorylation of Cetn2 bypasses the inhibitory 
effects of Cetn3 overexpression supports the hypothesis that the 
effects of Cetn3 overexpression on centriole biogenesis might be 
through inhibition of Mps1, at least with respect to Cetn2-depen-
dent centriole over duplication.

Cetn3 inhibits the Mps1∆12/13-dependent generation 
of excess Cetn2 foci
To assess further whether Cetn3 antagonizes Mps1 in living cells, we 
tested whether overexpressing Cetn3 could antagonize an Mps1-
dependent event, using a previously described HeLa-derived cell 
line that inducibly expresses GFP-Mps1∆12/13 (Kasbek et al., 2009). 

Cetn3 overexpression. Mps1 phosphorylates three sites within 
Cetn2, T45 and T47 in EF hand 1 and T118 in EF hand 3 (Yang et al., 
2010). GFP-Cetn2DDD, in which T45, T47, and T118 are all mutated 

FIGURE 6: Cetn3 depletion leads to centriole reduplication in S 
phase–arrested cells. HeLa cells were transfected with control (siCon) 
or Cetn3-specific (siCetn3) siRNAs and then arrested in S phase for 
48 h with HU as described in Materials and Methods. (A) Immunoblot 
comparing whole-cell levels of Cetn3, Mps1, and Cetn2 in siCetn3 and 
siCon lysates, with α-tubulin (α-Tub) as a loading control. siCetn3 
caused an 80–90% reduction in Cetn3 protein levels, with no change 
in whole-cell protein levels of Mps1 and Cetn2. (B) Percentage of 
S phase–arrested cells with more than four Cetn2 foci or more than 
two γ-tubulin foci. (C) Representative images of S phase–arrested, 
siRNA-transfected HeLa cells showing DNA (blue), Cetn2 (green), 
and γ-tubulin (red). (D) Representative electron micrographs of serial 
sections from a HeLa cell transfected with siCetn3, showing extra 
centrioles (six individual centrioles are labeled a–f; n = 8, two of which 
had excess centrioles, compared with 0 of 7 control cells). Bar, 500 nm.

FIGURE 7: Cetn3 depletion leads to formation of long, linear Cetn2 
structures and mitotic abnormalities in S phase–arrested cells. 
(A–D) HeLa cells were prepared as described in Figure 6. 
(A) Representative image of long, linear Cetn2 structures in Cetn3-
depleted HeLa cells; Cetn2 (green), γ-tubulin (red), α-tubulin (blue), 
DNA (gray). The Cetn2 linear structure is positive for α-tubulin and is 
adjacent to the centrosome. (B) Percentage of S phase–arrested cells 
with long, linear Cetn2 structures. Values represent mean ± SD of 
triplicate samples for which at least 75 cells were counted per 
replicate. (C) Representative images of Cetn3-depleted HeLa cells 
with abnormal mitotic spindles stained with α-tubulin, γ-tubulin, and 
Cetn2; left, DNA (gray), α-tubulin (blue), γ-tubulin (green), and Cetn2 
(red). (D) Bar graph shows percentage of S phase–arrested cells that 
had the indicated mitotic structures. Values represent mean ± SD of 
triplicate samples, where n = 500 for each replicate. Bar, 5 μm.
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effect on the percentage of cells with excess CP110 foci (unpub-
lished data). This suggests that overexpressed Cetn3 does not in-
hibit all Mps1 functions at centrosomes and is consistent with our 
previous findings that Mps1∆12/13 can generate excess CP110-con-
taining structures in Cetn2-depleted cells (Yang et al., 2010). None-
theless, because mimicking Mps1 phosphorylation within Cetn2 
renders it resistant to the effect of Cetn3 overexpression (see Figure 
8), these data show that overexpressed Cetn3 inhibits the Cetn2-
dependent functions of centrosomal Mps1 in living cells; if Cetn3 
had not inhibited Mps1∆12/13, Cetn2 would have been phosphory-
lated and thus resistant to Cetn3 overexpression, and the overex-
pressed Cetn3 would have had no effect.

Cetn3 inhibits Mps1 activity at centrosomes
To examine directly the possibility that Cetn3 inhibits Mps1 in cells, 
we assessed cellular phosphorylation of Mps1 at Thr-676, which is 
inhibited biochemically by Cetn3 (Figure 1) and is a cellular marker for 
catalytically active Mps1 (Mattison et al., 2007; Tyler et al., 2009; 
Wang et al., 2009). As previously described (Tyler et al., 2009) and 
recently verified (von Schubert et al., 2015), T676-phosphorylated 
Mps1 can be localized at centrosomal structures during mitosis (Sup-
plemental Figure S7A). As shown in Figure 10A, T676-phosphory-
lated Mps1 is also found at centrosomes during interphase. HeLa 
cells transfected with GFP or GFP-Cetn3 were arrested in S phase 
with a 24-h HU treatment, and cell pairings in which one cell ex-
pressed GFP or GFP-Cetn3 and the other did not were analyzed 
(e.g., Figure 10A). We then determined the ratio of centrosomal 
pT676 (normalized to γ-tubulin; FpT676) in the GFP-positive cell to that 

Whereas overexpression of wild-type Mps1 does not cause centro-
some reduplication in most human cells tested, Mps1∆12/13 (which 
lacks a centrosome-specific degradation signal and cannot be prop-
erly degraded at centrosomes) causes centrosome reduplication in 
all human cells tested (Kasbek et al., 2007, 2009), even when ex-
pressed at levels that are twofold to fivefold lower than that of en-
dogenous Mps1, as is the case in HeLa GFP-Mps1∆12/13 cells (Kasbek 
et al., 2009). Whereas mCh alone had no effect on the efficiency of 
centrosome reduplication in HeLa GFP-Mps1∆12/13 cells, mCh-Cetn3 
caused a twofold reduction in the percentage of cells with more 
than four Cetn2 foci (Figure 9, A and B), although it did not have any 

FIGURE 8. Cetn3 overexpression blocks Cetn2-dependent 
centrosome reduplication in S phase–arrested cells. HeLa cells were 
doubly transfected with the indicated combinations of mCh or 
mCh-Cetn3 (Cetn3) and GFP-Cetn2 (Cetn2) or GFP-Cetn2DDD 
(Cetn2DDD), arrested in S phase for 48 h as described in Materials 
and Methods, and stained with antibodies against CP110. 
(A) Representative images of HeLa cells doubly transfected as 
indicated; DNA (blue), GFP-Cetn2 constructs (green), and CP110 
(red; mCh signal not shown). Bar, 5 μm. (B, C) Bar graphs showing the 
percentage of S phase–arrested HeLa cells with more than four foci 
for (B) GFP or (C) CP110 for each double transfection. Values in B and 
C represent mean ± SD of triplicate samples for which at least 75 cells 
were counted per replicate. Mimicking phosphorylation at all three 
Mps1 phosphorylation sites (T45, T47, T118) bypasses the inhibitory 
effect of Cetn3 on both excess centriole production and incorporation 
of Cetn2 and CP110 into centrioles.

FIGURE 9: Overexpression of Cetn3 inhibits Mps1∆12/13-dependent 
formation of excess Cetn2 foci in S phase–arrested cells. HeLa 
GFP-Mps1∆12/13 cells were transfected with mCh or mCh-Cetn3, 
arrested in S phase for 48 h, and then stained with Cetn2 (red). 
(A) Representative images of mCh-positive HeLa GFP-Mps1∆12/13 cells 
(mCh signal not shown) showing GFP-Mps1∆12/13 (GFP, green) and 
Cetn2 (red). DNA is blue. Bar, 5 μm. (B) Percentage of cells with more 
than four Cetn2 foci. Values represent mean ± SD of triplicate samples 
for which at least 75 cells were counted per replicate. Overexpression 
of Cetn3 leads to a reduction in the number of HeLa GFP-Mps1∆12/13 
cells with excess Cetn2 foci.
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in the untransfected cell for 25 pairs from 
each transfection, as previously described 
(Kasbek et al., 2007; Majumder and Fisk, 
2014). Whereas centrosomal pT676 staining 
in cells expressing GFP alone was essentially 
the same as in untransfected cells (the 
median value of FpT676(GFP+)/FpT676(GFP–) 
was close to 1), there was a twofold reduc-
tion in centrosomal pT676 in cells expressing 
GFP-Cetn3 (Figure 10B), and the difference 
between GFP and GFP-Cetn3 was highly 
significant (p < 0.0001). In contrast, after 
siRNA knockdown of Cetn3, we observed a 
twofold increase in the percentage of BrdU-
positive cells with strong centrosomal pT676 
staining and a corresponding decrease in 
the percentage of cells lacking centrosomal 
pT676 staining (Figure 10, C and D). This 
does not appear to reflect a difference in 
Mps1 protein level at the centrosomes, be-
cause there was no statistically significant 
difference in the centrosomal intensity gen-
erated with a pan-Mps1 antibody between 
BrdU-positive control and Cetn3-depleted 
cells (Supplemental Figure S7, B and C). 
Cetn3 depletion also had no effect on 
whole-cell levels of Mps1 (Supplemental 
Figure S7D). Therefore our experiments 
concur that Cetn3 can inhibit Mps1 transau-
tophosphorylation at T676 in vitro (Figure 1) 
and that Cetn3 overexpression inhibits T676 
phosphorylation of centrosomal Mps1 in 
human cells. Together our overexpression, 
depletion, and rescue data support our hy-
pothesis that endogenous Cetn3 antago-
nizes transautophosphorylation within the 
Mps1 catalytic domain to inhibit the ability 
of Mps1 to phosphorylate Cetn2, thereby 
attenuating aspects of centriole assembly, 
including the incorporation of Cetn2 into 
centrioles.

DISCUSSION
Cetn2 was previously shown to promote 
centriole overproduction in a cell type–spe-
cific manner that requires Mps1 kinase 
(Yang et al., 2010). The yeast centrin 
Cdc31p has also been shown to be phos-
phorylated by Mps1 to regulate SPB dupli-
cation (Araki et al., 2010), and we previously 
identified three sites within human Cetn2 
whose phosphorylation by Mps1 promotes 
centriole overproduction (Yang et al., 2010). 
However, despite growing evidence that 
Cetn2 and Cetn3 are functionally distinct 
(Middendorp et al., 2000; Yang et al., 2010; 
Vonderfecht et al., 2012), a specific function 
for Cetn3 at the vertebrate centrosome has 
remained elusive. Here we expand our 
knowledge of Cetn3 by demonstrating that 
it restrains centriole assembly by inhibiting 

FIGURE 10: Cetn3 inhibits Mps1 activity in human cells. (A, B) HeLa cells were transfected with 
GFP or GFP-Cetn3, arrested in S phase by a 24-h HU treatment, and analyzed by quantitative IIF 
using antibodies against T676-phosphorylated Mps1 (pT676) and γ-tubulin (γ-tub). (A) Fields 
containing representative pairs of GFP-positive and adjacent untransfected (GFP–) cells used for 
the analysis in B, showing GFP (green), pT676 (red), γ-tubulin (blue), and DNA (gray). Bar, 5 μm. 
(B) The normalized level of pT676 at centrosomes, FpT676, was determined as described in 
Materials and Methods for both a GFP-positive (GFP+) cell and an adjacent untransfected 
(GFP–) cell that were imaged at the same time. The ratio FpT676(GFP+)/FpT676(GFP–) was 
calculated for 25 such cell pairs, and the data are presented in a box and whisker diagram. Here 
and in all other cases, boxes indicate lower and upper quartiles, a the marker in the box (–) 
indicates the median, and the whiskers represent minimum and maximum values for each series; 
p value was determined by unpaired t test. (C, D) Asynchronously growing HeLa cells were 
transfected with either control (siCon) or Cetn3-specific siRNA (siCetn3) for 68 h and then 
labeled with BrdU for 4 h and analyzed by IIF with Mps1 pT676 and an antibody against 
γ-tubulin. (C) Representative images of BrdU-positive (blue) HeLa cells with weak, moderate, and 
strong pT676 staining (green) at centrosomes (γ-tub, red). Bar, 5 μm. (D) Bar graph showing the 
percentages of BrdU-positive HeLa cells with the indicated level of centrosomal Mps1 pT676–
staining bars. Values represent mean ± SD for three independent experiments, for which at least 
75 cells were counted per replicate.
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In addition to excess centrioles, we observed long, linear struc-
tures that contained Cetn2, CP110, and microtubules but only 
lightly stained for γ-tubulin in a small percentage of Cetn3-depleted 
cells. This phenotype is reminiscent of the elongated centriole phe-
notype recently described in avian DT40 cells overexpressing POC5 
(Dantas et al., 2013). Those POC5-dependent linear structures also 
contained Cetn2, and of the three avian centrins, only Cetn2 could 
support their assembly. We also saw abnormal mitotic cells in HU-
arrested, Cetn3-depleted cells. It seems unlikely that this aberrant 
cell cycle progression of S phase– arrested cells is related to the el-
evated Mps1 activity in Cetn3-depleted cells because Mps1 activity 
promotes cell cycle arrest in response to DNA damage (Wei et al., 
2005; Yeh et al., 2009). Instead, it seems likely that Cetn3 has a role 
in cell-cycle regulation after HU-induced replication stress, similar to 
the role of Cetn2 in DNA damage control. Such a role for Cetn3 
could be mechanistic, like the role of Cetn2 in DNA repair (Araki 
et al., 2001; Thompson et al., 2006; Klein and Nigg, 2009; Dantas 
et al., 2011), or regulatory, such as the recently documented role for 
Cetn2 in the expression of the Xenopus FGF8 and FGFR1a genes 
(Shi et al., 2015).

This study uses overexpression and depletion studies to further 
elucidate the role of Cetn3 in centrosome duplication in human 
cells. Overall our data suggest that Cetn3 is a biological inhibitor of 
Mps1 that functions at the centrosome, indirectly modulating the 
incorporation and function of Cetn2 by inhibiting Mps1. Our study 
emphasizes the notion that although the two centrin families have 
high sequence similarity, they are not functionally redundant and 
appear to play distinct roles at centrosomes. This study also high-
lights a model in which Cetn3 has an inhibitory effect (likely driven 
through inhibition of Mps1 activity) on the incorporation of Cetn2 
into centrioles.

MATERIALS AND METHODS
Cell culture
HeLa S3, HEK 293, Tet-inducible HeLa GFP-Cetn2, and Tet-induc-
ible HeLa GFP-Mps1∆12/13 (Kasbek et al., 2009; Yang et al., 2010) 
cell lines were cultured in DMEM (Hyclone, Logan, UT, or Corning, 
Manassas, VA) supplemented with 10% fetal bovine serum (Atlanta 
Biologicals, Flowery Branch, GA), 100 U/ml penicillin G, and 
100 μg/ml streptomycin (Invitrogen, Carlsbad, CA) at 37°C in 5% 
CO2. The expression of GFP-Cetn2 was induced by the addition of 
1 μg/ml doxycycline (Fisher Scientific, Pittsburgh, PA).

Plasmids
Previously described plasmids that were used for the present study 
are as follows: pHF64 pGEX-6P1-GST-Mps1 and pHF80 pECE-GFP-
Cetn2 (Fisk et al., 2003); pHF188 pDEST17-His-Cetn2, pHF289 
pDEST17-His-Cetn3, pHF251 pECE-GFP-Cetn2DDD, and pHF294 
pECE-GFP-Cetn3 (Yang et al., 2010); and pHF286 pECE-GFP and 
pHF287 pECE-GFP-Mps1, which contain the β-globin intron 
(Majumder and Fisk, 2013).

Plasmids created for this study are as follows: pHF301 pECE-
mCherry was created using PCR to flank the mCherry open reading 
frame (ORF; a kind gift of Roger Tsien, University of California, San 
Diego, La Jolla, CA) with a SalI site at its 5′ end and a KpnI site at its 
3′ end and cloning into the SalI and KpnI sites of pECE plasmid. 
pHF302 pECE-mCherry-Cetn3 was created using PCR to flank the 
Cetn3 ORF from pHF289 with a KpnI site at its 5′ end and a EcoRI 
site at its 3′ end and cloning into the KpnI and EcoRI sites of 
pHF301. pHF298 pECE-GFP-Mps1KD was created by cloning the 
β-globin intron into pHF56 pECE-GFP-Mps1KD (Fisk et al., 2003). 
pHF303 pECE-GFP-biotin, pHF304 pECE-GFP-biotin-Mps1, and 

Mps1 kinase activity at centrosomes. Biochemically, Cetn3 binds to 
Mps1 and prevents it from phosphorylating Cetn2 in vitro but does 
not prevent the binding of Cetn2 to Mps1. Instead, the ability of 
Cetn3 to decrease Mps1 autophosphorylation generally and the 
transphosphorylation of the Mps1 kinase domain at pT676 specifi-
cally suggests that Cetn3 acts as a specific allosteric inhibitor of 
Mps1. One interesting possibility to explain the mechanism of inhi-
bition is that Cetn3 might bind preferentially to inactive (or partially 
inactive) Mps1 to prevent its activation, inducing a conformational 
change that disrupts the dimeric interaction between an active 
Mps1 monomer and an inactive Mps1 monomer (Chu et al., 2008, 
2010; Hewitt et al., 2010). In the cellular environment, Cetn3 might 
also change the susceptibility of pT676 to Mps1 phosphatases, al-
though this would not explain our in vitro findings. Taken together, 
our observations that Cetn3 inhibits both a specific Mps1 auto-
phosphorylation event and phosphorylation of both the specific 
substrate Cetn2 and the generic substrate MBP over a wide range 
of concentrations suggest that Cetn3 is an allosteric Mps1 inhibitor 
that regulates Mps1 autoactivation in vitro, and it will be interesting 
to determine whether Cetn3 or a functionally related protein regu-
lates the activity of Mps1 in the spindle assembly checkpoint.

Of interest, Cetn3 overexpression prevents the incorporation of 
Cetn2 into excess centrioles in cells expressing the nondegradable 
Mps1∆12/13 but did not prevent Mps1∆12/13 from generating excess 
CP110-containing structures. Although this seemingly contradicts a 
role for Cetn3 as a general inhibitor of Mps1, there are several pos-
sible explanations for the apparent discrepancy. The production of 
excess CP110-containing structures may depend on noncatalytic 
functions of Mps1 that are not sensitive to Cetn3, or perhaps the 
twofold reduction in Mps1 activity at centrosomes caused by over-
expression of Cetn3 is sufficient to inhibit Cetn2-dependent func-
tions of Mps1 but not other centrosomal Mps1 functions. Alterna-
tively, the interaction of Cetn3 with Mps1 may be temporally or 
spatially restricted so that it cannot interact with a pool of Mps1 that 
promotes the production of excess centrioles but can interact with a 
pool that drives incorporation of Cetn2 into these excess centrioles. 
This latter possibility is supported by the observation that Cetn3 
binds to a minor form of Mps1.

Overexpression of Cetn3 also prevents accumulation of Cetn2 at 
newly assembled centrioles during the canonical centriole assembly 
cycle but does not inhibit canonical centriole biogenesis per se, as 
other centriole markers such as HsSAS-6 and CP110 were unaf-
fected. Nonetheless, several observations support a role for Cetn3 
in centriole assembly. First, Cetn3 depletion leads to the production 
of excess centrioles in S phase–arrested HeLa cells, suggesting that 
endogenous Cetn3 acts to restrain centriole assembly. Second, 
overexpression of Cetn3 blocks centrosome reduplication in U2OS 
cells. The observation that codepletion of Cetn2 and Cetn3 does 
not prevent Plk4-dependent centriole overproduction in U2OS cells 
(Kleylein-Sohn et al., 2007) contributed to the current understand-
ing that Cetn2 is dispensable for centriole assembly. Although sev-
eral subsequent studies support that conclusion (Strnad et al., 2007; 
Yang et al., 2010; Dantas et al., 2013), data presented here suggest 
that by relieving the inhibitory effect of Cetn3, codepletion of Cetn2 
and Cetn3 may have masked the effect of depleting Cetn2 alone. 
Third, overexpressed Cetn3 blocks Cetn2-dependent centriole 
overproduction, which requires Mps1 activity (Yang et al., 2010). We 
assume that Cetn3 overexpression similarly affects centriole assem-
bly through Mps1, because overexpressed Cetn3 caused a twofold 
reduction in markers of Mps1 activity at centrosomes and the inhibi-
tory effect of Cetn3 is bypassed by mimicking phosphorylation of 
Mps1 sites within Cetn2.
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PBS-Mg, followed by the addition of secondary antibodies in block-
ing buffer B at room temperature. For transient siRNA knockdown 
experiments, cells were fixed with methanol and processed as 
described.

BrdU staining for formaldehyde-fixed cells was carried out as de-
scribed previously (Yang et al., 2010). Briefly, cells were fixed with 
4% formaldehyde in PBS for 10 min at room temperature and 
washed four times with PBS-Mg. The cells were then permeabilized 
with freshly made 0.3% Triton X-100 for 15 min at room tempera-
ture, washed four times with PBS-Mg, and then incubated at 37°C 
for 1 h with 0.4 U/μl DNaseI in PBS with 4 mM MgCl2. The coverslips 
were washed three times with PBS-Mg, and the procedure de-
scribed for formaldehyde staining was followed using rat anti-BrdU 
(Abcam, Cambridge, MA) and Alexa 350–conjugated anti-rat sec-
ondary antibodies.

BrdU staining of methanol fixed cells was accomplished as previ-
ously described (Majumder et al., 2012). Briefly, after incubation 
with primary antibodies to centrosomal proteins followed by sec-
ondary antibodies in blocking buffer A, cells were fixed again in 
methanol, treated with 2 N HCl for 30 min at room temperature, 
neutralized using 1 M Tris-HCl, pH 8.0, for 5 min, incubated with 
blocking buffer A for 30 min, and then stained with rat anti-BrdU and 
Alexa 350–conjugated donkey anti-rat antibodies.

For EdU staining, cells were fixed with 4% formaldehyde pre-
pared in PBS-Mg and 0.2% Triton X-100 for 10 min, followed by 
blocking in blocking buffer (1% BSA in PBS) for 40 min at room 
temperature. The cells were incubated in EdU Click-IT solution pre-
pared according to manufacturer's protocol (Invitrogen) for 30 min 
at room temperature and washed four times with 1% BSA in PBS-
Mg solution, and the formaldehyde/Triton X-100 procedure for IIF 
described earlier was used for antibody incubations.

The primary antibodies used for IIF were as follows: mouse anti–
HsSAS-6 (Santa Cruz Biotechnology, Santa Cruz CA), rabbit Mps1 
pT676 (Tyler et al., 2009), rabbit anti-Cetn2 (Yang et al., 2010), rabbit 
anti-CP110 (this study), mouse anti–γ-tubulin (GTU-88; Sigma-Al-
drich), rabbit anti–γ-tubulin (Sigma-Aldrich), goat anti–γ-tubulin 
(Santa Cruz Biotechnology), rabbit anti-Cep135 (Abcam), mouse 
anti–acetylated tubulin (Ac-tub; Sigma-Aldrich), DM1A mouse anti–
α-tubulin (Sigma-Aldrich), pan Mps1 (H00007272-M02; Novus Bio-
logicals, Littleton, CO), rat anti-BrdU (Abcam), and mouse anti-GFP 
(Life Technologies, Carlsbad, CA). The intensity of total centrosomal 
Mps1 protein (pan Mps1 antibody MO2) or centrosomal Mps1 activ-
ity (phosphospecific Mps1 antibody pT676) was measured in 25 
cells for each sample as previously described (Majumder et al., 
2012; Majumder and Fisk, 2014). A rabbit antibody against Cetn3 
was generated by injecting 6-histidine (His)-Cetn3 into rabbits 
(Lampire Biologicals, Pipersville, PA), and then affinity purification of 
serum against His-Cetn3 bound to Affigel 15 (Bio-Rad, Hercules, 
CA) was performed as previously described for Cetn2 (Yang et al., 
2010). The CP110 antibody used here is similar to that described by 
Chen et al. (2002) and was generated by injecting GST fused to 
CP110 amino acids 1–150 into rabbits (Lampire Biologicals) and 
affinity purification of serum against the immunogen.

Pull-down assays, immunoprecipitation, 
and Western blotting
HEK 293 cells were transfected with GFP-biotin, GFP-biotin-Mps1, 
or GFP-biotin-Mps1KD expression constructs and then arrested with 
4 mM HU for 24 h and lysed in cell lysis buffer composed of 50 mM 
Tris-HCl (pH 8.0), 150 mM NaCl, 5 mM MgCl2, and 1% NP-40. Pull 
downs were carried out using Dynabeads MyOne Streptavidin T1 
(Invitrogen). The isolated complexes were separated by SDS–PAGE 

pHF305 pECE-GFP-biotin-Mps1KD containing the β-globin intron 
upstream of the GFP ORF and the biotin tag 3′ of and in-frame with 
GFP were created by inserting a 234–base pair DNA fragment en-
coding a peptide that is biotinylated in vivo (Tagwerker et al., 2006; 
Mukherjee et al., 2014; a kind gift from Dan Schoenberg, The Ohio 
State University, Columbus, OH) into pHF286, pHF287, and pHF298 
using the In-fusion HD cloning kit (Clontech, Mountain View, CA). 
pHF306 pGEX-6P1-Mps1515-794KD was created by cloning an 840–
base pair DNA fragment encoding the catalytically inactive kinase 
domain of Mps1 from pHF56 into pGEX-6P1 vector. The sequences 
of primers used for PCR are available on request.

siRNA and plasmid transfection
Plasmids (1 μg each) were transfected into human HeLa or HEK 293 
cells using Jetprime (Polyplus, New York, NY) or TansIT 2020 (Mirus, 
Madison, WI). The sequence of a previously described siRNA 
(Kleylein-Sohn et al., 2007) that binds to the junction of the Cetn3 
ORF and 3′ untranslated region was used to generate a Cetn3-spe-
cific silencer select siRNA (Invitrogen). LaminA/C siRNA (Dharmacon, 
Fisher Scientific, Pittsburgh, PA) was used as a negative control. 
These siRNAs were transfected at a final concentration of 20 nM in 
HeLa cells using Lipofectamine RNAiMAX (Invitrogen). The efficiency 
of siRNA knockdown was determined by immunoblotting.

S phase arrest and BrdU/EdU incorporation assay
HeLa S3, HeLa GFP-Cetn2, or HeLa GFP-Mps1∆12/13 cells were ar-
rested in S phase by treatment with 4 mM HU (Sigma-Aldrich, St. 
Louis, MO) 24 h after transfection, as previously described (Kasbek 
et al., 2007). Cells were synchronized with a 24-h HU treatment, 
which was considered time 0 h of S phase arrest, and then main-
tained in S phase arrest in the continued presence of HU for 48 h. 
Coverslips were fixed and processed for indirect immunofluores-
cence (IIF) with different centriolar markers as will be described. For 
S phase pulse labeling, 40 μM 5-BrdU was added to HeLa or HeLa 
GFP-Cetn2 cells 44 h after transfection, and BrdU incorporation and 
centriole number were assessed by IIF at 48 h after transfection. In 
some experiments, BrdU was removed after the 4-h pulse, and 
BrdU-labeled cells were chased for an additional 4 h in fresh me-
dium lacking BrdU, then fixed and processed for IIF at 52 h post-
transfection as previously described (Yang et al., 2010). Pulse-chase 
labeling with 10 μM EdU was carried out in HeLa cells using a similar 
procedure.

Indirect immunofluorescence
For overexpression experiments, cells were fixed with either metha-
nol or formaldehyde and processed for IIF as described previously 
(Fisk and Winey, 2001; Fisk et al., 2003). For methanol fixation, cells 
were fixed in methanol for 10 min at −20°C, washed four times 
with phosphate-buffered saline (PBS) containing 0.5 mM MgCl2 
(PBS-Mg), blocked for 1 h at room temperature with blocking buffer 
A (3% bovine serum albumin [BSA] and 0.1% Triton X-100 in PBS), 
and then incubated overnight at 4°C with primary antibodies in 
blocking buffer A. On the next day, the cells were washed four times 
in PBST (PBS containing 0.05% Triton X-100), and then stained for 
1 h with secondary antibodies and Hoechst 33258 in blocking buffer 
A at room temperature, washed four times in PBST, and mounted 
on slides. For formaldehyde fixation, cells were fixed with 4% form-
aldehyde prepared in PBS-Mg and 0.2% Triton X-100 for 10 min at 
room temperature, washed four times, and then blocked in block-
ing buffer B (5% fetal bovine serum, 200 mM glycine, 0.5 mM 
MgCl2, and 0.1% Triton X-100 in PBS) and stained overnight at 4°C. 
On the next day, the cells were washed four times for 5 min each in 
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siCetn3, and arrested in S phase for 48 h as described. Cells in the 
chamber slides were fixed overnight at 4 ºC in 2% glutaraldehyde in 
0.05 M cacodylate buffer (pH 7.4). After fixation, cells were pro-
cessed at the Ohio State University Campus Microscopy and Imag-
ing Facility as previously described (Yang et al., 2010).

In-cell Western procedure
HeLa cells were transfected with different plasmids and then plated 
onto a 96-well dish. After a 48-h S phase arrest, cells were fixed in 
fixing solution containing 3.7% formaldehyde and 0.2% Triton X-100 
in 1× PBS for 10 min at room temperature. The cells were washed 
four times with PBS-Mg, blocked with Odyssey blocking buffer 
(LI-COR) for 1.5 h, incubated for 1 h with primary antibodies diluted 
in Odyssey blocking buffer or blocking buffer alone (to correct for 
background staining), washed four times with PBS-Mg, and then 
incubated for 1 h at room temperature in secondary antibodies 
diluted in blocking buffer. After removal of secondary antibodies, 
cells were washed four times in PBS-Mg, and the 96-well dish was 
then imaged on the LI-COR Odyssey scanner. Primary antibodies 
were mouse anti-Cetn3 (Novus Biologicals) and rabbit anti–γ-tubulin 
(Sigma-Aldrich). Secondary antibodies were Alexa 680–conjugated 
donkey anti-mouse/rabbit and IRDye800-conjugated donkey anti-
mouse/rabbit.

and transferred to nitrocellulose membrane (Millipore, Billerica, 
MA). IRDye800-conjugated streptavidin (1:1000) was used to detect 
bound GFP-biotin, GFP-biotin-Mps1, or GFP-biotin-Mps1KD. Cetn2 
and Cetn3 binding were verified using rabbit anti-Cetn2 (1:2000; 
Yang et al., 2010) and mouse anti-Cetn3 (1:1000; Novus Biologi-
cals). Secondary antibodies were Alexa 680–conjugated donkey 
anti-mouse/rabbit (Invitrogen) and IRDye800-conjugated donkey 
anti-mouse/rabbit (Rockland, Gilbertsville, PA) or horseradish per-
oxidase–conjugated goat anti-mouse/rabbit at 1:10,000 dilutions 
(Santa Cruz Biotechnology). Secondary antibodies were detected 
using the LI-COR Odyssey scanner (LI-COR, Lincoln NE) as previ-
ously described (Majumder et al., 2012) or by using SuperSignal 
West Femto Chemiluminescent Substrate (Thermo Scientific, 
Waltham, MA).

Endogenous Cetn3 or Mps1 were immunoprecipitated using 
rabbit anti-Cetn3 (this study) or rabbit anti-Mps1 MDS (Kasbek et al., 
2009) from HU-arrested HeLa or HEK 293 cells. Lysates were first 
precleared by the addition of protein G beads to remove proteins 
that nonspecifically bound to beads. Antibodies were then bound 
to fresh protein G beads, which were added to the precleared ly-
sates. Immune complexes were precipitated, washed four times in 
lysis buffer, and then subjected to SDS–PAGE and transferred to ni-
trocellulose. Coimmunoprecipitation of Mps1, Cetn2, or Cetn3 was 
revealed by immunoblotting with mouse anti-Mps1 N1 (Invitrogen), 
rabbit anti-Cetn2 (Yang et al., 2010, or Biolegend, San Diego, CA) or 
mouse anti-Cetn3 (Novus Biologicals) antibodies.

Kinase assays
Kinase assays with bacterially expressed recombinant proteins were 
performed as described previously (Kasbek et al., 2007; Yang et al., 
2010) using 1 μg of His-Cetn2, 1 μg of GST-Mps1KDD, 0.1 μg of GST-
Mps1, and various amounts of His-Cetn3. The concentration of the 
proteins was estimated by Sypro Ruby staining of an SDS–PAGE gel 
and comparison of band intensity to known amounts of BSA or ly-
sozyme protein standards. Kinase assay samples containing 10 μM 
ATP and 10 μCi of [γ32P]ATP (GE Healthcare, Pittsburgh, PA) were 
assembled in a 1× kinase assay buffer containing 50 mM Tris HCl 
(pH 7.4), 0.5 mM dithiothreitol (Fisher Scientific), 1× protease inhibi-
tor (Invitrogen), 2 μM AEBSF-HCl (Invitrogen), and 10 mM MgCl2 
and incubated for a total time of 1 h at 30°C, then analyzed by 
SDS–PAGE, followed by autoradiography of dried Coomassie-
stained gels. In specified experiments, Mps1 was preincubated with 
Cetn2 or Cetn3 for 30 min before addition of additional centrin 
proteins for a further 30 min. In nonradioactive experiments, kinase 
assays using 2 mM ATP were preformed, and samples were ana-
lyzed by immunoblotting using pT675, pT676, or pT686 rabbit 
antibodies.

In vitro binding assay
GST or GST-Mps1 bound to glutathione Sepharose beads as bait 
protein was incubated with 0.05 μg of recombinant His-Cetn2 and/
or 0.06 μg of recombinant His-Cetn3 (which was precleared using 
glutathione beads) in kinase assay buffer in the presence or absence 
of 2 mM ATP and the presence or absence of 5 mM MgCl2 or 2 mM 
CaCl2 for 1 h at 30°C. The proteins were then incubated at room 
temperature for 2 h on a shaking platform. After recovery of the 
beads, bound proteins were extracted with 2× SDS–PAGE sample 
buffer and analyzed by immunoblotting.

Serial-section electron microscopy
HeLa cells were plated onto four-well Lab-Tek chamber slides (Fisher 
Scientific), transfected with either siLamin A/C (control siRNA) or 
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