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ABSTRACT B-Catenin is a multifunctional protein with critical roles in cell-cell adhesion, Wnt
signaling, and the centrosome cycle. Whereas the regulation of B-catenin in cell-cell adhesion
and Whnt signaling are well understood, how B-catenin is regulated at the centrosome is not.
NIMA-related protein kinase 2 (Nek2), which regulates centrosome disjunction/splitting,
binds to and phosphorylates B-catenin. Using in vitro and cell-based assays, we show that
Nek2 phosphorylates the same regulatory sites in the N-terminus of B-catenin as glycogen
synthase kinase 3f (GSK3f), which are recognized by a specific phospho-$33/537/T41 anti-
body, as well as additional sites. Nek2 binding to B-catenin appears to inhibit binding of the
E3 ligase B-TrCP and prevents B-catenin ubiquitination and degradation. Thus B-catenin
phosphorylated by Nek2 is stabilized and accumulates at centrosomes in mitosis. We further
show that polo-like kinase 1 (Plk1) regulates Nek2 phosphorylation and stabilization of B-
catenin. Taken together, these results identify a novel mechanism for regulating p-catenin
stability that is independent of GSK3p and provide new insight into a pathway involving Plk1,
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Nek2, and B-catenin that regulates the centrosome cycle.

INTRODUCTION

B-Catenin is a multifunctional protein that plays essential roles in
cell-cell adhesion and Wnt signaling (Nelson and Nusse, 2004), as
well as in bipolar spindle formation (Kaplan et al., 2004). Phosphory-
lation of B-catenin by different kinases plays key roles in regulating
the level, localization, and function of B-catenin in these different
cellular processes.

B-Catenin plays an important role in the structural and functional
organization of adherens junctions in cell-cell adhesion. B-Catenin
binds tightly to the cytoplasmic domain of type | cadherins at the
plasma membrane and to the actin-binding protein o-catenin (Weis
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and Nelson, 2006). The catenin-cadherin complex is regulated by
serine/threonine phosphorylation of B-catenin (Bek and Kemler,
2002) and E-cadherin (Aberle et al., 1994), which leads to stabiliza-
tion of the cadherin—catenin complex. In abnormal or disease states,
tyrosine phosphorylation of B-catenin disrupts the cadherin—catenin
complex, causing reduction and/or loss of cell-cell adhesion and
increase in cytoplasmic B-catenin (Roura et al., 1999; Piedra et al.,
2003)

B-Catenin plays a key role in the canonical Wnt signaling path-
way (Nelson and Nusse, 2004). Regulation of the level of cytoplas-
mic B-catenin is the central switch in the Wnt pathway. In the ab-
sence of Wnt, cytoplasmic levels of B-catenin are low due to
degradation by the destruction complex. The destruction complex
consists of the scaffold proteins adenomatous polyposis coli (APC)
and axin, which bind B-catenin and glycogen synthase kinase 3
(GSK3B). GSK3p and its priming kinase, casein kinase 1 (CK1), phos-
phorylate B-catenin at residues S33/537/T41 and S45, respectively,
leading to binding of the E3 ligase B-TrCP, which marks B-catenin for
ubiquitination and then degradation by the proteasome (Hart et al.,
1999). Conversely, Wnt binding to the transmembrane receptor
frizzled inhibits B-catenin phosphorylation by the destruction com-
plex, causing B-catenin to accumulate in the cytoplasm. This stable
pool of B-catenin is translocated to the nucleus and binds to the
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T-cell factor/lymphoid enhanced factor (Tcf/Lef) to induce transcrip-
tion of specific target genes (Morin et al., 1997; Arias et al., 1999;
Huelsken and Behrens, 2002; Logan and Nusse, 2004).

In addition to these roles in Wnt signaling and cell-cell contact,
B-catenin is a component of the centrosome (Kaplan et al., 2004). In
mammalian cells, the centrosome is the major organizer of the mi-
crotubule cytoskeleton (Azimzadeh and Bornens, 2007). During in-
terphase, the centrosome coordinates an astral array of microtu-
bules that participate in intracellular trafficking, cell motility, cell
adhesion, and cell polarity (Azimzadeh and Bornens, 2007). B-
Catenin localizes to centrosomes in interphase and mitosis and
functions to ensure proper centrosome disjunction and bipolar spin-
dle formation (Kaplan et al., 2004; Bahmanyar et al., 2008). Deple-
tion of B-catenin leads to an increase in monopolar spindles (Kaplan
et al., 2004), which consist of centrosomes in close proximity sur-
rounded by the chromosomes. These data identified a novel role for
B-catenin in promoting centrosome disjunction (Kaplan et al., 2004).
A stabilized form of B-catenin, with alanine substitutions of GSK3p/
CK1 phosphorylation sites (533/537/T41 and S45; B-catenin*), also
localizes to centrosomes and has a decreased turnover compared
with wild-type B-catenin at centrosomes in interphase cells
(Bahmanyar et al., 2008, 2010). Stabilization of B-catenin results in
premature centrosome disjunction (Bahmanyar et al., 2008) and the
formation of extra non-microtubule-nucleating structures (Kuriyama
et al., 2009; Bahmanyar et al., 2010). Neuronal progenitor cells in
mice that express only this phospho-mutant -catenin have defects
in microtubule organization and cell polarity, similar to the pheno-
type in B-catenin loss-of-function neuronal progenitor cells (Chilov
et al., 2011). Decreased centrosomal levels of phospho-S33/537/
T41 B-catenin are associated with reduced y-tubulin at centrosomes
and reduced microtubules (Chilov et al., 2011). Taken together,
these results indicate that B-catenin stability may be sufficient for
some functions (e.g., centrosome disjunction), and phospho sites
may be required for others (e.g., microtubule organization).

It has been concluded that GSK3B phosphorylates S33/537/T41
sites on B-catenin at centrosomes, resulting in the stabilization of 8-
catenin at centrosomes (Hadjihannas et al., 2010; Chilov et al.,
2011), even though this is the opposite effect of the well-character-
ized role of GSK3B phosphorylation in destabilizing B-catenin by
targeting it for degradation (Hart et al., 1999). These conclusions on
the role of GSK3p in regulating centrosomal B-catenin have been
based on immunofluorescence studies with the antibody that rec-
ognizes the phospho-533/S37/T41 peptide.

In addition to GSK3p, the NIMA-related kinase 2 (Nek2) binds
to and phosphorylates B-catenin (Bahmanyar et al., 2008). Struc-
turally, the Nek family of proteins contains an N-terminal catalytic
kinase domain and a C-terminal regulatory domain. Nek kinases
play important roles in cell cycle progression, ciliogenesis, and mi-
crotubule organization (Quarmby and Mahjoub, 2005). Nek2 is a
core component of the centrosome throughout the cell cycle, but
its kinase activity is regulated during the cell cycle and peaks in
mitosis (Fry, 2002). Nek2 localizes to nucleoli during interphase
(White and Quarmby, 2008), on condensed chromatin in mitotic
and meiotic cells (Fujioka et al., 2000; Ha Kim et al., 2002), at kine-
tochores (Merle et al., 2005), and at the midbody of dividing cells
(Ha Kim et al., 2002). Nek2 kinase activity is regulated by polo-like
kinase 1 (Plk1), an important mitotic kinase that regulates cen-
trosome maturation, including the recruitment of y-tubulin and
other centrosome components at G2/M (Mardin et al., 2011; Wang
et al., 2013). Nek2 is required for centrosome disjunction and bi-
polar spindle formation (Faragher and Fry, 2003). A kinase-dead
form of Nek2 (KD Nek2) causes formation of monopolar spindles
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and abnormal spindle formation and chromosome segregation
(Faragher and Fry, 2003).

Similar to Nek2, B-catenin localizes to centrosomes throughout
the cell cycle, and B-catenin localization to interphase centrosomes
is mediated by the linker proteins rootletin and C-Nap1 (Bahmanyar
et al., 2008). Nek2 activity is regulated during the cell cycle and
peaks at the G2/M boundary (Fry, 2002) when B-catenin localization
to centrosomes becomes independent of rootletin and C-Nap!
(Bahmanyar et al., 2008). The centrosome linker proteins rootletin
and C-Nap1 are phosphorylated by Nek2 and, as a consequence,
are removed from centrosomes, resulting in centrosome disjunction
(Fry et al., 1998; Bahe et al., 2005; Bahmanyar et al., 2008). Thus the
peak of Nek2 activity at the G2/M boundary (Fry, 2002) coincides
with a linker-protein independent increase of B-catenin at cen-
trosomes (Bahmanyar et al., 2008).

Given the proposed role for phospho-B-catenin in centrosomes
cohesion, we sought to dissect how this specific pool of B-catenin
was regulated. Using in vitro and cell-based assays, we show that
Nek2 directly phosphorylates B-catenin at S33/537/T41 and addi-
tional sites. Of interest, Nek2 blocks B-catenin interaction with -
TrCP, thereby inhibiting B-catenin ubiquitination and degradation
and resulting in the accumulation of Nek2-phosphorylated B-catenin
at centrosomes. Finally, we show that Nek2, not GSK3p, regulates
phospho-S33/S37/T41 reactivity and B-catenin at spindle poles
downstream of Plk1.

RESULTS

Nek2 directly phosphorylates p-catenin at known GSK3p
sites (533/5S37/T41) and additional amino acids

B-Catenin was shown to be a substrate for Nek2 (Bahmanyar et al.,
2008). To identify the amino acids in B-catenin phosphorylated by
Nek2, we performed liquid chromatography-tandem mass spec-
trometry (LC-MS/MS) on purified B-catenin that had been expressed
and purified from bacteria and then phosphorylated in vitro with
purified Nek2 in the presence of ATP. As a control, we analyzed a
sample of B-catenin incubated with Nek2 in the absence of ATP. The
Nek2 phosphorylation sites identified in B-catenin were S23, S29,
$33,T102, T556, S675, and amino acids within S37-T42 (Figure 1A,
LC-MS/MS results in | Supplemental Figure S1 and Supplemental
Table S1); note that the GSK3B phosphorylation sites are S33, S37,
and T41.

To test whether Nek2 directly phosphorylated S33/S37/T41 of
B-catenin, we used an antibody specific for the phospho-533/
S37/T41 peptide. We performed in vitro phosphorylation assays
with glutathione S-transferase (GST)-tagged B-catenin N-terminal
domain (@amino acids 1-133) and histidine (His)-tagged Nek2; as a
positive control, N-terminal B-catenin was also incubated with
GSK3pB and CK1 (Figure 1, B and C). Western blotting showed a
strong signal for phospho-S33/S37/T41 B-catenin in the presence
of either Nek2 (Figure 1C, lane 4, asterisk) or GSK3p/CK1
(Figure 1C, lane 2, asterisk). Note that B-catenin phosphorylated
by Nek2 (Figure 1, B and C, lane 4) migrated more slowly in SDS—
PAGE than B-catenin phosphorylated by GSK3B/CK1 (Figure 1, B
and C, lane 2), which is likely due to the additional Nek2 phos-
phorylation sites in the B-catenin N-terminus (Figure 1A and Sup-
plemental Figure S1). These results show that Nek2, like GSK3B,
directly phosphorylated sites in the N-terminus of B-catenin that
are recognized by the phospho-5S33/537/T41 antibody. Although
we could not definitively identify the Nek2 phosphorylation site(s)
in the region of S37-T42 of B-catenin, recognition of Nek2-phos-
phorylated B-catenin by an antibody made against a synthetic
phospho-S33/S37/T41 peptide of this region indicates that Nek2
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phosphorylation of B-catenin. Cell lysates
were Western blotted with antibodies spe-
cific for phospho-S33/537/T41, B-catenin,
and Nek2 (Figure 1D).

Some phospho-S33/S37/T41 B-catenin
was detected in lysates from cells trans-
fected with GFP—B-catenin and treated with
GSK3p and CK1oinhibitors (Figure 1, D and
E); this might be due to residual activity of
endogenous GSK3B and CK1a or another
endogenous kinase such as Nek2 (note that

GST - - - asT + - - - e . .
GST N-Term GST N-Term inhibitors specific for Nek2 are not avail-
B-catenin + + + p-catenin + + + Py .
GSK3p/Ckla - + - - GSK3p/Ckla - % = = able). Significantly, coexpression of Nek2
Nek2 - - * Nek2 - - + and GFP-B-catenin resulted in a threefold
IB: GST IB: p-S33/S37/T41 * — increase in the level of phospho-S33/537/
55- & 55- Pip— T41 B-'catenin (detected by Western blo'f-
2 ting with the phospho-S33/S37/T41 anti-
B body) compared with its level in cells in the
—— absence of exogenous Nek2 (Figure 1, D
and E). In contrast, coexpression of KD Nek2
D & p-catenin - 4+ 4+ 4+ - E resulted in a significant reduction in the
Nek2 - - 4+ - 4+ 5 level of phospho-S33/S37/T41 B-catenin
GFP g_%a’;l:,ﬁ* oD T + sao i compared with its levels in the absence or
> presence of exogenous Nek2 (Figure 1, D
IB: p-S33/837/T41 g and E). We hypothesize that the reduction
117- —1 | 2 in the background signal of phospho—3-
c o
= catenin in the presence of KD Nek2 occurs
'g because KD Nek2 binds to B-catenin and
IB: p-catenin § 40 thereby competes with endogenous ki-
& nases, reducing phosphorylation at that
174 -y - S site. The expression of neither Nek2 nor KD
a Nek?2 affected the level of GFP—B-catenin in
9 cells (Figure 1D).
S i -
IB: Nek2 As a nggatlve control,. ljekZ was coex
55- - - 0l i pressed with GFP-B-catenin* containing ala-
GFP p-catenin -  + + + - nine substitutions of $33, S37, T41, and S45;
. ”\\jleg = = + = + this mutant cannot be phosphorylated by
GFP pcatenin® - - - * 3 GSK3B/CK1a at these sites and is insensi-

FIGURE 1: Nek2 phosphorylates B-catenin at known GSK3p $33/537/T41 sites and additional
residues. (A) Schematic representation of -catenin, with the armadillo repeats highlighted in
blue (not to scale). The phosphorylated amino acids identified by nano-LC/MS/MS are shown
only for the sample incubated with ATP. As a control, an identical sample without ATP was also
analyzed. Known GSK3p phosphorylation sites are highlighted in red. The bracketed residues
indicate a region of the peptide in which specific phospho site(s) could not be distinguished.

(B, C) In vitro phosphorylation assay of GST protein and GST-N-terminal B-catenin (amino acids
1-133) purified from bacteria and incubated with recombinant kinases as indicated for 60 min in
the presence of ATP, separated by SDS-PAGE, and Western blotted with an antibody to GST
(B) or an antibody to the phospho-S33/537/T41 epitope (C); phosphorylated B-catenin is marked
by an asterisk, degradation products by a square, and GST by a triangle. (D) HEK293 cells
cotransfected as indicated and treated for 4 h with GSK3 inhibitor (20 pM SB21673), extracted
with 1% SDS, and immunoblotted with antibodies to detect phospho-533/537/T41 B-catenin
and Nek2. (E) Quantitation of phospho-B-catenin band intensity normalized for total GFP-§3-
catenin (AU, arbitrary units); error bars, SEM of three independent experiments.

phospho sites comprise the same sites that are phosphorylated
by GSK3p.

We used a cell-based assay to test whether Nek2 phosphory-
lated S33/537/T41 sites in B-catenin in whole cells. HEK293 cells
were transiently cotransfected with green fluorescent protein
(GFP)-tagged B-catenin and with Nek2 or KD Nek2. Cells were
treated with the GSK3p inhibitor SB216763 and the CK1a inhibitor
D4476 (MaclLaine et al, 2008) to distinguish Nek2-specific
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tive to degradation by the proteasome
(Barth et al., 1999). Western blotting showed
that the level of phospho-S33/S37/T41 in
GFP-B-catenin* (Figure 1, D and E, lane 5)
was close to the background in nontrans-
fected cells (Figure 1, D and E, lane 1), indi-
cating that there is no detectable phospho-
rylation of B-catenin* at those sites and
confirming that this antibody is specific for
phospho-533/537/T41 in Nek2-phosphory-
lated B-catenin.

Taken together, the results of these in
vitro and cell-based assays demonstrate
that Nek2 phosphorylates B-catenin at S33/
S37/T41 and at least five additional sites.
Furthermore, phosphorylation of the S33/
S37/T41 sites by Nek2 is independent of GSK3B and CKla
activities.

Nek2 phosphorylation results in B-catenin stabilization

It is well known that GSK3 phosphorylation of B-catenin at S33/
S37/T41 targets B-catenin for ubiquitination by the E3 ligase, B-
TrCP, and subsequent degradation by the proteasome (Hart
et al., 1999). To test whether Nek2 phosphorylation of B-catenin

Nek2 regulates B-catenin at centrosomes | 979
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FIGURE 2: Nek2 stabilizes B-catenin. (A) HEK293 cells were cotransfected as indicated and
extracted with NP40, and proteins were immunoprecipitated with polyclonal GFP antibody and
immunoblotted with a monoclonal antibody to HA, a polyclonal antibody to GFP, or a
monoclonal antibody to Nek2. (B) Quantitation of HA-ubiquitin band intensity (AU, arbitrary
units); error bars, SEM of three independent experiments. (C) HEK293 cells were cotransfected
as indicated and extracted with NP40, and proteins were immunoprecipitated with a Myc

antibody and immunoblotted with antibodies specific for phospho-S33/537/T41, B-catenin, GFP,

and Myc. Whole-cell lysates were immunoblotted for GFP. (D) HEK293 cells cotransfected as
indicated and treated for 4 h with proteasome inhibitor (25 uM MG132) and GSK3 inhibitor

(20 uM SB21673) as indicated. Cell lysates were extracted with NP40, immunoprecipitated with
a B-catenin antibody, and then immunoblotted for B-catenin and Myc. Whole-cell lysates were

immunoblotted for Myc.

at those sites affected levels of ubiquitinated B-catenin, we
cotransfected HEK293 cells with GFP-B-catenin, hemagglutinin
(HA)-ubiquitin and either Nek2 or KD Nek2. GFP—B-catenin was
immunoprecipitated with a GFP antibody, separated by SDS-
PAGE, and Western blotted with HA- and GFP-specific antibod-

ies (Figure 2A).
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GFP immunoprecipitation of lysates from
cells expressing GFP—B-catenin resulted in
the coimmunoprecipitation of B-catenin and
bound HA-ubiquitin (Figure 2, A, lane 2, and
B); HA-ubiquitin was not immunoprecipi-
tated with the GFP antibody in the absence
of GFP-B-catenin (Figure 2, A, lane 1, and
B). Expression of Nek2 or KD Nek2 resulted
in 50 and 33% decrease, respectively, in
level of HA-ubiquitin-bound B-catenin com-
pared with control (Figure A, lanes 3 and 4
vs. lane 2, and B). Ubiquitination of B-catenin
was confirmed by treating immunoprecipi-
tates with the deubiquitinating enzyme
Usp2 before protein separation by SDS-
PAGE, which resulted in significantly re-
duced levels of HA-ubiquitin bound to B-
catenin (Supplemental Figure S2).

Western blotting of GFP-B-catenin im-
munoprecipitates with a Nek2 antibody re-
vealed that Nek2 and KD Nek2 coimmuno-
precipitated with GFP-B-catenin (Figure 2A,
Nek2 blot). Thus the interaction of Nek2 and
B-catenin does not require Nek2 activity, oc-
curs in the absence of B-catenin phosphory-
lation, and decreases the level of ubiquit-
inated B-catenin. This last is opposite to the
effect of phosphorylation of B-catenin by
GSK3p, which results in increased levels of
ubiquitinated B-catenin (Liu et al., 2002).

B-Catenin is ubiquitinated by binding the
E3 ligase B-TrCP (Hart et al., 1999). There-
fore we tested whether the lack of ubiquit-
ination of B-catenin in the presence of Nek2
reflected a block in B-TrCP binding to B-
catenin. HEK293 cells were cotransfected
with either GFP—B-catenin* or GFP—B-catenin
and Myc—B-TrCP. Myc—B-TrCP was immuno-
precipitated with a Myc antibody, and im-
munoprecipitates were Western blotted for
phospho-S33/S37/T41, Myc, B-catenin, and
GFP (Figure 2C). GFP-B-catenin* was not
coimmunoprecipitated  with  Myc-B-TrCP
(Figure 2C, lane 3), as expected due to the
absence of phospho-S33/S37/T41 sites.
However, GFP—B-catenin, which contains the
phospho-S33/S37/T41 sites, was coimmu-
noprecipitated with Myc—B-TrCP (Figure 2C,
lane 4). In the presence of Nek2 or KD Nek2,
however, levels of total GFP-B-catenin and
phospho-S33/S37/T41 B-catenin decreased
by 53% in Myc—B-TrCP immunoprecipitates
(Figure 2C, compare lanes 5 and 6 to
lane 4).

To test whether B-TrCP binding to en-
dogenous B-catenin was affected by ex-

pressing Nek2, we cotransfected HEK293 cells with Myc—B-TrCP
and either Nek2 or KD Nek?2 and then treated them with MG132 to
inhibit the proteasome. B-Catenin immunoprecipitates were West-
ern blotted with Myc or B-catenin antibodies (Figure 2D). The level
of B-TrCP coimmunoprecipitated with B-catenin was highest in the

presence of MG132 (Figure 2D, lane 4). Addition of the GSK3p
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FIGURE 3: Phospho-B-catenin is located at mitotic centrosomes. (A) HCT116 187254 cells were
synchronized in mitosis. Centrosomes were enriched in a sucrose gradient, and fractions were
immunoblotted for phospho-S33/537/T41, Aurora A, B-catenin, and y-tubulin. (B) Centrosomes
from an asynchronous population of HCT116 18745 cells were enriched and immunoblotted as
described in A. (C, D) Indicated protein bands from blots in A and B were quantified (square in
top blots indicate HMW protein(s), and triangle in top mitotic blot indicates phospho-533/537/
T41 B-catenin; double bands of phospho-533/537/T41 B-catenin and Aurora A were combined
for quantitation). Distributions are presented on the same graph, but levels (AU) of proteins are
not comparable, as different antibodies were used for each protein. (E) Centrosome-positive
fractions (*13/14) and centrosome-negative fractions (21/22) from mitotic and asynchronous
centrosome preparations, respectively, were immunoprecipitated with phospho-533/537/T41
antibody (p-S33/537/T41 IP) and immunoblotted (IB) with antibodies to phospho-$33/37/T41
(p-S33/537/T41) and B-catenin. Levels of immunoglobulin heavy chain (IgG) in the
immunoprecipitations are shown as a control (IB: IgG in E). Part of the original fractions of the
sucrose gradients shown in A and B that were used for immunoprecipitations were combined
into one immunoblot for comparison of total B-catenin levels in these fractions (total fractions in
E, immunoblotted for B-catenin).

inhibitor SB21673 decreased binding of B-TrCP to endogenous -
catenin (Figure 2D, compare lane 3 to lane 4), as expected, since
B-TrCP specifically binds to GSK3B-phosphorylated S33/S37/T41
sites on B-catenin (Orford et al., 1997; Wu et al., 2003). In the pres-
ence of Nek2 or KD Nek2, B-TrCP binding to endogenous B-catenin
was reduced to background levels (Figure 2D, compare lanes 5 and

6 to lanes 3 and 4).
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Taken together, these results show that
B-TrCP binding to B-catenin is reduced in
the presence of either Nek2 or KD Nek2.
These results indicate that Nek2 competes
with B-TrCP for binding to B-catenin inde-
pendent of Nek2 activity, although addi-
tional experiments are needed to test this
mechanism directly.

Phospho-B-catenin is located at mitotic
centrosomes

Because the interaction of Nek2 and f-
catenin was originally identified at cen-
trosomes (Bahmanyar et al., 2008), it was
important to determine whether phospho-
rylation of S33/S37/T41 on PB-catenin oc-
curred at centrosomes. Previous immuno-
fluorescence studies with the phospho-S33/
S37/T41 antibody were interpreted as evi-
dence that the level of centrosomal phos-
pho-S33/S37/T41 B-catenin was GSK3P de-
pendent and increased at the onset of
mitosis (Huang et al., 2007; Hadjihannas
et al., 2010).

To test directly whether GSK3p caused
S33/S37/T41 B-catenin phosphorylation at
centrosomes during mitosis, we used vari-
ants of the HCT116 cell line in which the
wild-type B-catenin allele had been de-
leted and the other B-catenin allele con-
tained an in-frame deletion of serine
45 (187/454%) (Kim et al., 2002a); AS45 in-
hibits GSK3B-specific phosphorylation of
S33/S37/T41 on B-catenin because the
CK1a priming phosphorylation on S45 is
deleted (Supplemental Figure S4; Liu et al.,
2002). Cells were collected from either an
asynchronous population or a population
synchronized for collection in mitosis, and
centrosomes were enriched in a sucrose
gradient (Bornens et al., 1987; Supplemen-
tal Figure S3, A and B). All gradient frac-
tions from mitotic and asynchronous popu-
lations were analyzed by Western blotting
for known centrosome marker proteins
(Figure 3A). Phospho-S33/S37/T41  B-
catenin from mitotic cells (Figure 3A, tri-
angle) was enriched in fractions 13/14
(*13/14 in Figure 3A), which contained
peaks in the distributions of y-tubulin and
the mitotic centrosome marker Aurora A
(Figure 3, A and C). Double bands were
sometimes observed for phospho-S33/
S37/T41 B-catenin and Aurora A (Figure 3A,
triangle) that might be due to phosphory-

lation or partial degradation. In addition to B-catenin, the phos-
pho-S33/S37/T41 antibody also recognized a high-molecular
weight (HMW) protein in some fractions (Figure 3, A and B,
square). However, this HMW protein did not appear to cofraction-
ate with phospho-S33/S37/T41 B-catenin or the centrosome
marker proteins (*13/14 in Figure 3, A and C). Centrosome-

enriched fractions from asynchronous cells (*13/14 in Figure 3B)
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contained B-catenin and y-tubulin but neither phospho-S33/537/
T41 B-catenin nor Aurora A (Figure 3, B and D), demonstrating
that the presence of phospho-533/537/T41 B-catenin was specific
for mitotic centrosomes.

To confirm the identity of phospho-B-catenin in mitotic cen-
trosome fractions, we immunoprecipitated phospho-S33/S37/T41-
reactive protein(s) from centrosome-enriched peak fractions (*13/14;
defined by the peak of y-tubulin in the gradient) and fractions that
were not enriched for centrosomes (21/22) from mitotic and asyn-
chronous cells, respectively. The immunoprecipitates were Western
blotted with antibodies for B-catenin and phospho-S33/S37/T41
(Figure 3E), and the original fractions (i.e., before immunoprecipita-
tion) were also blotted for B-catenin to verify that total levels of B-
catenin were equivalent. Phospho-S33/537/T41 B-catenin was im-
munoprecipitated from mitotic centrosome-enriched fractions
(Figure 3E); a weak signal of a phospho-533/537/T41-reactive HMW
protein was also detected when the Western blot was overexposed
(Supplemental Figure S3C). Very little phospho-S33/537/T41 -
catenin was detected in phospho-533/S37/T41 antibody immuno-
precipitates from centrosome-enriched fractions prepared from
asynchronous cells (Figure 3E).

These results indicate that phospho-S33/537/T41 B-catenin is
present in centrosomes during mitosis. Because we used a cell line,
HCT116 1874545, expressing only AS45 B-catenin for the centrosome
preparations, we conclude that phosphorylation of S33/S37/T41 B-
catenin at mitotic centrosomes is not caused by GSK3B activity (see
also Figure 4 and Supplemental Figure S4).

Deletion of the CK1 phosphorylation-priming site (AS45) for
GSK3p phosphorylation in B-catenin does not affect the
majority of phospho-S33/537/T41 reactivity at spindle poles
Phospho-S33/537/T41 reactivity at spindle pole bodies was ob-
served by immunofluorescence in previous studies (Huang et al.,
2007; Hadjihannas et al., 2010; Chilov et al., 2011). Using HCT116
cells with different combinations of wild-type and mutant -catenin
alleles, we could test directly whether CK1 priming of the S45 resi-
due is required for phospho-533/S37/T41 reactivity at spindle poles.
We used the following three cell lines: 1) parental HCT116 cells con-
taining a wild-type B-catenin allele and a B-catenin mutant allele
with an in-frame deletion of serine 45 (ParV1/454%): 2) HCT116 cells
containing the mutant B-catenin allele and a deletion of the wild-
type B-catenin allele (1872%); and 3) HCT116 cells containing a
wild-type B-catenin allele and a deletion of the mutant B-catenin
allele (85W~; Kim et al., 2002a). Compared to the parental line
ParWT/4845 total levels of B-catenin were lower (30-40%) in 85T/~
with only wild-type B-catenin and approximately the same in 18774545
with only stabilized B-catenin (Supplemental Figure S4; Bahmanyar
etal., 2010).

To determine the total amount of phospho-S33/537/T41 reactiv-
ity at spindle pole bodies, we measured the mean fluorescence in-
tensity at spindle poles in mitotic cells stained with the phospho-
S$33/S37/T41 antibody, the microtubule marker a-tubulin, and the
centrosome marker y-tubulin. Phospho-533/S37/T41 reactivity colo-
calized with y-tubulin-labeled centrosomes in mitotic cells in all
three HCT116 cells lines, including 187254 cells, which were com-
pletely deficient of the CK1-priming site for GSK3B phosphorylation
on B-catenin (Figure 4A). Phospho-S33/S37/T41 reactivity was in-
creased at spindle poles in cells that have wild-type B-catenin com-
pared with 1872545 cells (Figure 4B: ParV/45%5 21% higher than
18774585, **p < 0.01; 85"/~ 34% higher than 1874545, ***p < 0.001);
this could be regulated by GSK3p activity (Hadjihannas et al., 2010).
The total level of B-catenin was decreased at spindle poles of 85T~
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cells compared with 187254 cells (45% lower than 1874545, ***p <
0.001; Figure 4C), consistent with our previous result (Bahmanyar
et al, 2010) that phospho-mutant B-catenin* is stabilized at
centrosomes.

To test whether the majority of phospho-S33/537/T41 reactivity
at spindle poles is independent of GSK3B, we used three different
inhibitors of GSK3B and measured the fluorescence intensity of
phopsho-S33/S37/T41 reactivity at mitotic spindle poles in the
HCT116 lines (Figure 4D for parental HCT116 cells ParVT/4545; Syp-
plemental Figure S4, B and C, for 1874545 and 85"~ cells; and
Figure 4E). The activity of these inhibitors was confirmed by show-
ing overall reduction in MG132-stabilized phospho-533/537/T41 B-
catenin levels in whole-cell SDS extracts from asynchronous HCT116
ParVT/2545 nopulations (Supplemental Figure S4). Significantly, we
did not detect a statistically significant difference in fluorescence
intensity levels of phospho-533/537/T41 reactivity at spindle poles
in HCT116 ParWT/as45 18-/4%45 or 85WT/~ cells that were treated with
0.2% dimethyl sulfoxide (DMSO), 20 uM SB21673 (Thotala et al.,
2008), or 5 uM 6-bromoindirubin-3” oxime (GSK3 inhibitor IX; Meijer
et al., 2003; Figure 4D and Supplemental Figure S4, B and C). Only
ParVT/a545 and 85T~ cells treated with 20 mM LiCl had a small
(~20%) reduction in fluorescence intensity of phospho-533/S37/T41
reactivity at mitotic spindle poles (Figure 4E), which could be caused
by inhibition of GSK3B phosphorylation of wild-type B-catenin in
these cells (Hadjihannas et al., 2010).

As expected, mitotic spindle poles in 187454 cells had no reduc-
tion of phospho-533/S37/T41 reactivity in the presence of all three
GSK3B inhibitors (Figure 4E) and also showed no overall GSK3p-
dependent accumulation of phospho-S33/537/T41 B-catenin after
MG132 treatment (Supplemental Figure S4; Liu et al., 2002). Be-
cause 187454 cells expressed phospho-533/537/T41 B-catenin at
mitotic centrosomes (Figure 3), we conclude that phosphorylation of
these sites in B-catenin is predominantly GSK3f independent at mi-
totic centrosomes.

Nek2 activity is required for phospho-S33/537/T41
reactivity at spindle poles
We showed that Nek2 phosphorylates within the S33/37/T41 resi-
dues of B-catenin (Figure 1) and that the phospho-pool of B-catenin
at mitotic centrosomes (Figure 3) is not regulated by GSK38
(Figure 4). Therefore we sought to determine whether Nek2 activity
directly affected levels of phospho-S33/S37/T41 reactivity at mitotic
spindle poles. U20S cells transiently expressing HA-KD Nek2 or
HA-WT-Nek2 were synchronized at the onset of mitosis. KD Nek2
caused the formation of monopolar spindles (Figure 5, A and C), as
described previously (Faragher and Fry, 2003). We immunostained
cells for B-catenin and the centrosomal marker y-tubulin and then
measured the mean fluorescence intensity of B-catenin at spindle
poles of bipolar metaphase spindles or monopolar spindles induced
by KD Nek2 (Figure 5, A and B). Compared to control levels, total
B-catenin levels at spindle poles were not affected in monopolar
spindles formed in the presence of KD Nek2 (Figure 5, A and B).

Spindle poles of monopolar spindles induced by overexpression
of KD Nek2 had a statistically significant decrease (~60%) in mean
fluorescence intensity of phospho-S33/S37/T41 reactivity compared
with control bipolar spindle poles (Figure 5, C and D). Note that the
level of phospho-S33/S37/T41 reactivity was likely reduced even
more than that measured because the individual spindle poles could
not be resolved and measured separately in most of these monopo-
lar spindles.

In contrast, transfection with HA-WT-Nek2 did not affect the
levels of phospho-S33/S37/T41 reactivity at the poles of bipolar
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FIGURE 4: GSK3p activity is not required for phospho-5S33/537/T41 reactivity at spindle poles. (A) Spindles derived
from three HCT116 lines expressing wild-type B-catenin and AS45 B-catenin (ParV1/454%), only AS45 B-catenin (187/45%%), or
only wild-type B-catenin (85V~) were stained for DNA with DAPI and immunostained with antibodies as indicated.
Images were taken at identical exposure times and identically contrast enhanced for each stain. Scale bar, 5 um.

(B) Quantitation of phospho-S33/537/T41 reactivity and (C) total B-catenin levels at spindle poles of cell lines in A. Error
bars, SEM of 220 spindle poles; ***p < 0.001; **p < 0.01; *p < 0.05. Original unmodified images taken at identical
exposure times were measured for the three cell lines (AU, arbitrary units). HCT116 187/2545 cells had significantly more
B-catenin but less phospho-533/537/T41 reactivity at spindle poles than parental ParVT/4545 and 85WT~ cells (*p < 0.05;
**p < 0.01; ***p < 0.001). (D) HCT116 ParV1/454 cells were treated with 2% DMSO as a control or with different GSK3
inhibitors (20 uM SB21673, 5 pM GSK3 Inhibitor IX, or 20 mM LiCl) for 4 h and then processed for immunofluorescence
of mitotic spindles with antibodies as indicated and costained with DAPI for DNA (blue in merge). For presentation of
control spindles and different treatments, images were taken at identical exposure times and identically contrast
enhanced for each stain. Scale bar, 5 um. (E) Phospho-5$33/537/T41 reactivity at spindle poles in different HCT116 lines
described in A, untreated (same as in graph 4B), or treated as described in D (AU, arbitrary units). Error bars, SEM of
>18 spindle poles; ***p < 0.001 and **p < 0.01. Original unmodified images taken at identical exposure times were
measured for controls and different treatments. The data are representative of two independent experiments done with
all cell lines under identical conditions.
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Nek2 activity is required for phospho-533/537/T41 reactivity at spindle poles (A, C) U20S cells were
synchronized in mitosis by double-thymidine block and release, transfected with HA-KD Nek2 or HA-WT Nek2, and
immunostained with antibodies as indicated. For presentation of control spindles and different treatments, images were
taken at identical exposure times and identically contrast enhanced for each stain. Scale bar, 10 pm. (B, D) Levels of
f-catenin (B) and phospho-533/537/T41 immunofluorescence (D; AU, arbitrary units) at spindle poles of untreated U20S
cells or cells treated as described in A and C. Error bars, SEM of 215 spindle poles for B and SEM of 215 spindle poles
for D per experiment from two experiments; ***p < 0.001. Original unmodified images taken at identical exposure

times were measured for controls and transfected cells.

spindles compared with control spindles, indicating that maximal
phospho-S33/S37/T41 reactivity is obtained by endogenous
Nek2 activity and cannot be further increased by overexpressing
Nek2. These results also show that the reduction of phospho-S33/
S37/T41 reactivity in HA-KD-Nek2-transfected cells is specific for
KD-Nek2 and not induced by synchronization or transfection
protocols.

These results show that Nek2 activity is required for the majority
of phospho-533/537/T41 reactivity at mitotic spindle poles and has
little or no effect on total B-catenin levels. Thus B-catenin localized
at these poles independently of phosphorylation (see Discussion
and schematic in Figure 8C later in the article).

Plk1 activity regulates levels of phospho-S33/537/T41
reactivity at spindle poles

Nek2 activity at centrosomes is regulated by Plk1 at the onset of
mitosis (Mardin et al., 2011). To test whether Plk1 regulates phos-
pho-S33/S37/T41 reactivity at spindle poles, we synchronized U20S
cells in mitosis by double-thymidine block and release in the pres-
ence of Plk1 inhibitor BI2536 (Lenart et al., 2007, Steegmaier et al.,
2007) or, as controls, in the presence of DMSO, the Eg5 kinesin in-
hibitor monastrol (Kapoor et al., 2000), or GSK3 inhibitor SB21673.
Mitotic cells were immunostained for B-catenin or phospho-S33/37/
T41 and coimmunostained for the microtubule marker o-tubulin
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and centrosomal marker y-tubulin. We measured the mean fluores-
cence intensity of B-catenin and phospho-S33/537/T41 at bipolar
spindle poles of cells treated with DMSO or GSK3p inhibitor and at
monopolar spindle poles induced by Plk1 inhibitor or Eg5 inhibitor
(Figure 6).

Plk1 inhibition significantly reduced y-tubulin localization to the
centrosome and reduced microtubule minus-end focusing at the
pole (Figures 6 and 7), which is consistent with a previous study
(Haren et al., 2009). Localization of PCM component pericentrin was
less affected (Figure 7), indicating that PCM structure is not fully dis-
rupted. The level of B-catenin at the spindle poles was not affected
by Plk1 inhibition (Figure 6, B, second from top, and C), whereas
there was a statistically significant decrease in phospho-S33/537/
T41 reactivity (~49%) compared with control bipolar spindle poles
(Figure 6, D, second from top, and E). Note that immunofluores-
cence staining of individual spindle poles could not be measured
separately in most of the monopolar spindles in the presence of the
Plk1 because individual poles were not resolved, which likely masked
the overall reduction in phospho-533/5S37/T41 reactivity. However,
the decrease in phospho-S33/S37/T41 reactivity at Plk1-inhibited
monopolar spindle poles did not cause a corresponding decrease in
total B-catenin levels, indicating that B-catenin localized at these
poles independently of phosphorylation (see Discussion and sche-
matic in Figure 8C).
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Plk1 activity regulates phospho-S33/S37/T41 reactivity at spindle poles. (A) Pathways
for regulation of centrosome separation by Plk1 at the onset of mitosis. (B, D) U20S cells
synchronized in mitosis by double-thymidine block and release were treated with control (2%
DMSO), Plk1 inhibitor (100 nM BI2536), Eg5 inhibitor (100 pM monastrol), or GSK3 inhibitor
(20 uM SB21673) for the last 9 h of the second release, stained for DNA with DAPI, and
immunostained with antibodies as indicated. For presentation of control spindles and different
treatments, images were taken at identical exposure times and identically contrast enhanced for
each stain. Scale bar, 10 ym. (C, E) Graphs show levels of B-catenin (C) and phospho-533/537/
T41 immunofluorescence (E; AU, arbitrary units) at spindle poles of untreated U20S cells or cells
treated as described in B and D. Error bars, SEM of 216 spindle poles for C and SEM of
>10 spindle poles for E; ***p < 0.001. Original unmodified images taken at identical exposure
times were measured for controls and different treatments. The data are representative of two
independent experiments done with all cell lines under identical conditions.

The levels of total B-catenin and phospho-533/537/T41 reac-
tivity increased at the poles of monopolar spindles induced by
Eg5 inhibitor monastrol (Figure 6, B and D, second from bottom,
and C and E) compared with bipolar control spindle poles. Similar
to Plk1-induced monopolar spindles, poles in most of the monas-
trol-induced monopolar spindles could not be measured sepa-
rately, which likely caused the less-than-twofold increase in inten-
sities compared with the single poles of bipolar spindles. Inhibition
of Eg5 kinesin with monastrol does not affect Nek2 activity at
spindle poles (Mardin et al., 2010) and therefore did not inhibit
B-catenin localization or phosphorylation at spindle poles in our
experiments.
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DNA Bipolar spindles treated with the GSK3
inhibitor SB21673 did not have a statistically
significant decrease of B-catenin or phos-
pho-S33/S37/T41 reactivity compared with
control spindles (Figure 6, B and D, bottom,
and C and E).

Taken together, these results show that
Plk1 activity is required for the majority of
phospho-533/S37/T41 reactivity at mitotic
spindle poles and confirm in a different cell
line that GSK3p activity does not have a ma-
jor effect on levels of phospho-S33/537/T41
reactivity at mitotic spindle poles.

Overexpression of Nek2 rescues Plk1
reduction of levels of phospho-S33/
S$37/T41 reactivity at spindle poles
Because Plk1 regulated levels of phospho-
S33/S37/T41 reactivity at mitotic spindle
poles, we tested whether Plk1 regulation is
upstream of Nek2. We tested this possibility
by determining whether overexpression of
Nek2 could rescue phospho-S33/537/T41
levels at spindle poles in Plk1-inhibited
HCT116 187454 cells synchronized in mito-
sis. Mitotic cells were coimmunostained with
the phospho-533/37/T41 antibody and anti-
bodies to o-tubulin and the centrosome
marker y-tubulin, and the mean fluorescence
intensity of phospho-533/S37/T41 reactivity
was measured at spindle poles. Plk1-inhib-
ited cells transiently transfected with Nek2
showed a statistically significant increase in
the mean fluorescence intensity of phospho-
S33/S37/T41 reactivity compared with un-
transfected Plk1-inhibited cells (Figure 7, A,
second from bottom, and B). In addition, we
observed a small increase in the distance
between the spindle poles. Expression of
KD Nek2 in Plk1-inhibited cells did not af-
fect the mean fluorescence intensity of
phospho-533/S37/T41 reactivity compared
with untransfected Plk1-inhibited cells
(Figure 7, A, bottom, and B). In summary,
overexpression of active but not KD Nek2
rescued the level of phospho-S33/S37/T41
reactivity at mitotic spindle poles in Plk1-in-
hibited cells.

C-Nap1 is phosphorylated by Nek2
and removed from centrosomes at the
G2/M transition when Nek2 activity is increased (Fry et al., 1998).
Therefore we used C-Nap1 removal at mitotic spindle poles to
verify that expression of Nek2 indeed rescued the effects of Plk1
inhibition. In control cells treated with 0.2% DMSO, C-Nap1 was
not detected at mitotic spindle poles (Figure 7C, top). In Plk1-
inhibited cells, C-Nap1 levels remained high at mitotic spindle
poles and at the poles of monopolar spindles (Figure 7C, sec-
ond from top; Mardin et al.,, 2011). In Plk1-inhibited cells tran-
siently transfected with Nek2, the poles of monopolar spindles
did not contain C-Nap1 (Figure 7C, second from bottom),
indicating that Nek2 rescue had occurred. However, Nek2 res-
cue was not complete, as there was only partial separation of
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FIGURE 7: Nek2 rescues Plk1 inhibition of phospho-533/537/T41 reactivity at spindle poles.
(A) HCT116 187/45% cells were synchronized in mitosis by double-thymidine block and release
and were transfected as indicated. Cells were treated with control (2% DMSO) or Plk1 inhibitor
(100 nM BI2536) for 6 h, processed for immunofluorescence with antibodies as indicated, and
stained for DNA with DAPI. For presentation of control spindles and different treatments,
images were taken at identical exposure times and identically contrast enhanced for each stain.
Scale bar, 10 ym. (B) Quantitation of phospho-533/537/T41 reactivity at spindle poles (AU,
arbitrary units); error bars, SEM of 215 spindle poles (***p <0.001; **p < 0.01) per experiment
from two experiments. Original unmodified images taken at identical exposure times were
measured for controls and different treatments. (C) HCT116 18774545 cells treated as described
in A were processed for immunofluorescence with antibodies as indicated. Images were taken
and prepared as described for A. Scale bar, 10 pm. (D) Quantitation of C-Nap1 levels at
spindle poles; error bars, SEM of >15 spindle poles per experiment from two experiments
(***p < 0.001). Original unmodified images taken at identical exposure times were measured
for controls and different treatments.

spindle poles, which may be due to the inability of Nek2 overex-
pression to rescue Plk1-induced Eg5 localization to spindles
(Mardin et al., 2011). Expression of KD Nek2 in Plk1-inhibited
cells also failed to remove C-Nap1 from mitotic spindle poles
(Figure 7C, bottom). Thus Plk1 is upstream of Nek2 regulation of
centrosome disjunction at the G2/M transition and the increased
levels of phospho-S33/S37/T41 reactivity at mitotic spindle
poles.

activity.
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Plk1 activity regulates levels of
phospho-S33/37/T41 B-catenin

To determine whether Plk1 is involved in the
regulation of the phosphorylation of -
catenin at S33/537/T41, we used the phos-
pho-S33/37/T41 antibody to immunoprecip-
itate proteins from HCT116 18725 cells
synchronized in mitosis and treated with ei-
ther DMSO or the Plk1 inhibitor BI2536. Im-
munoprecipitates were immunoblotted with
B-catenin and phospho-S33/S37/T41 specific
antibodies (Figure 8). The level of phospho-
B-catenin immunoprecipitated from mitotic
cells was 70% higher than the level from
asynchronous cells, although the level of B-
catenin in whole-cell lysates was the same
(Figure 8, A and B). Significantly, there was a
decrease in phospho-S33/37/T41 B-catenin
levels immunoprecipitated from lysates of
Plk1-inhibited mitotic cells compared with
untreated mitotic cells (Figure 8, A and B).
We conclude that -catenin phosphorylation
at $33/537/T41 in mitotic cells requires Plk1
activity.

DISCUSSION
B-Catenin is a multifunctional protein and
has been studied extensively in the context
of its roles in cell-cell adhesion and Wnt sig-
naling (Nelson and Nusse, 2004). However,
there is accumulating evidence for a role of
B-catenin in centrosome disjunction and bi-
polar spindle formation (Kaplan et al., 2004;
Bahmanyar et al., 2008; Chilov et al., 2011).
In this study, we sought to dissect mech-
anisms that regulate B-catenin at cen-
trosomes during mitosis. Our analysis fo-
cused on a key step in the regulation of
B-catenin levels that involves phosphoryla-
tion of S33/S37/T41 in the N-terminus of B-
catenin. Normally, phosphorylation of these
sites by GSK3P results in B-catenin ubiquit-
ination and degradation by the proteasome
(Hart et al., 1999). However, it has been con-
cluded from immunofluorescence studies
that levels of phospho-S33/S37/T41 B-
catenin increase rather than decrease at mi-
totic spindle poles (Huang et al., 2007). We
resolved this contradiction by showing that
Nek2 activity, not GSK3P activity, is required
for the majority of phospho-S33/S37/T41
reactivity and for phospho-S33/S37/T41 B-
catenin at mitotic spindle poles. Further-
more, we showed that Nek2 inhibits binding

of the E3 ligase, B-TrCP, to B-catenin and hence inhibits B-catenin
ubiquitination and degradation and that Nek2 regulation of phos-
pho-S33/S37/T41 reactivity at spindle poles is downstream of Plk1

$33/S37/T41 and at least five additional residues in B-catenin are
specifically phosphorylated by Nek2, based on LC-MS/MS of B-
catenin phosphorylated in vitro by Nek2 and recognition by the
phospho-533/S37/T41 antibody. Nek2 phosphorylation of S33/537/
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FIGURE 8: Plk1 activity regulates phospho-533/537/T41 B-catenin levels. (A) HCT116 1874545
cells were synchronized in mitosis and treated with control (2% DMSO) or Plk1 inhibitor (100 nM
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B-catenin is detectable only after concentrating it by immunoprecipitation (30 pl of total lysate/
lane vs. immunoprecipitate from 500 pl of total lysate/lane was loaded). (B) Quantitation of
phospho—B-catenin band intensities as measured in the immunoblots of B-catenin
coimmunoprecipitated with the phospho-533/537/T41 antibody (AU, arbitrary units); error bars,
SEM of three independent experiments (**p < 0.008). (C) Model for regulation of Nek2 by Plk1
at the onset of mitosis, which results in removal of centrosomal linker proteins C-Nap1 and
rootletin and activation of phospho-533/537/T41 B-catenin. Localization of B-catenin to
interphase centrosomes is mediated by the linker proteins C-Nap1 and rootletin. At the onset
of mitosis, activation of Plk1 and Nek2 at centrosomes leads to phosphorylation of the linker
proteins and B-catenin. The linker proteins are removed from centrosomes, whereas phospho-
B-catenin (p-B-cat) remains associated with the spindle poles. In monopolar spindles caused by
inhibition of Plk1 the linker proteins are not removed and continue to provide binding sites for
nonphosphorylated B-catenin at the spindle pole.

T41 is surprising since previous results implied that Nek2 stabilizes
B-catenin at centrosomes (Bahmanyar et al., 2008), whereas S33/
S37/T41 phosphorylation by GSK3p results in B-catenin ubiquitina-
tion and degradation (Hart et al., 1999). However, we found that the
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level of ubiquitinated B-catenin in cells over-
expressing Nek2 is reduced. Surprisingly,
we found the same effect with KD Nek2, al-
though other kinases have not been shown
to bind directly to B-catenin independently
of phosphorylation (Piedra et al., 2001; Gao
et al., 2002; Zhang et al., 2003; Hino et al.,
2005; Kim et al., 2010). Significantly, since
both Nek2 and KD Nek2 coimmunoprecipi-
tated with B-catenin, a multiprotein scaffold-
ing interaction (Mardin et al., 2011) or direct
binding of these proteins could block bind-
ing of the E3 ligase, B-TrCP, to B-catenin,
consistent with B-catenin not being ubiquit-
inated or degraded. However, further work
is needed to fully test this model.

To test directly whether GSK3B-
independent S33/S37/T41 phosphorylation
of B-catenin occurred at centrosomes, we
enriched centrosomes from HCT 116 18/4545
cells in which the wild-type B-catenin allele
was deleted and the other allele contained
a B-catenin mutant with the in-frame dele-
tion of S45; S45 is the CK1 priming site re-
quired for subsequent GSK3p phosphoryla-
tion of S33/S37/T41 (Liu et al., 2002). We
observed a significant increase in levels of
phospho-533/S37/T41-B-catenin  in  cen-
trosomes from mitotic HCT116 187454 cells
compared with asynchronous cells. This re-
sult confirmed that B-catenin is phosphory-
lated at S33/S37/T41 sites at centrosomes
during mitosis and that GSK3p activity can-
not be involved. In addition, we showed in
two independent cell lines (HCT116 187454
and U20S) that GSK3 inhibition had no ef-
fect on phospho-S33/S37/T41 reactivity at
spindle poles but that Nek?2 activity was re-
quired. In summary, our data show that
phospho-533/S37/T41 B-catenin is enriched
at mitotic centrosomes and that the majority
of phospho-533/537/T41 reactivity at spin-
dle poles is generated by Nek?2 activity and
not GSK3.

Centrosome enrichment from cell lysates
requires depolymerization of microtubules.
Thus phospho-B-catenin that cofraction-
ated with mitotic centrosomes was associ-
ated with centrosomes independently of
microtubules. We observed a high-molecu-
lar weight protein in Western blots for phos-
pho-S33/S37/T41 in sucrose gradient frac-
tions from mitotic and asynchronous cells.
This protein did not peak with Aurora A, y-
tubulin, or B-catenin (Figure 3, A and B), in-
dicating that it was not closely associated
with B-catenin or centrosomes, although it is
possible that microtubule depolymerization

affected the interaction of this protein with centrosomes. We also
observed additional high-molecular weight protein(s) in Western
blots of mitotic extracts and microtubule-dependent reactivity at
spindle poles with the phospho-S33/537/T41 antibody (M.B. and

| 987



A.LLM.B., unpublished results). Thus the phospho-533/S37/T41 anti-
body may react with similar epitopes in other mitotic and/or spindle
pole proteins in addition to phospho-533/537/T41 B-catenin. Fur-
ther studies are needed to identify these additional proteins.

We confirmed that Nek2 phosphorylates S33/537/T41 in B-
catenin by inhibiting Nek2 activity with Plk1. This inhibition did not
affect total B-catenin levels but decreased the level of phospho-S33/
S37/T41 B-catenin in extracts from mitotic HCT116 187254 cells and
decreased phospho-S33/537/T41 reactivity at spindle poles. In ad-
dition, overexpressed Nek2 rescued this phenotype by accumulat-
ing phospho-S33/S37/T41 reactivity at spindle poles during mitosis
and initiating centrosome disjunction. Centrosome separation was
only partially rescued by Nek2 because there is a parallel Plk1-de-
pendent pathway mediated by Eg5, which does not require Nek2
and is required for formation of bipolar spindles (Mardin et al.,
2011). Thus we conclude that Plk1 is upstream of Nek2 in increas-
ing phospho-S33/S37/T41 reactivity at spindle poles and the level
of phospho-5$33/537/T41 B-catenin in mitotic cells (Figure 8C).

Our previous results (Bahmanyar et al., 2008) indicated that there
are two mechanisms of B-catenin localization to centrosomes:
1) B-catenin localization to interphase centrosomes is mediated by
the linker proteins rootletin and C-Nap1; and 2) at the onset of mi-
tosis, B-catenin localization becomes independent of these linker
proteins but dependent on Nek2 activity (Bahmanyar et al., 2008;
Figure 8C). The linker is not removed from poles of monopolar spin-
dles in cells overexpressing KD Nek2 or treated with Plk-1 inhibitor
(Figure 7; Mardin et al., 2011). Therefore linker-protein—dependent
localization of B-catenin is likely preserved at these poles. This ex-
plains why total B-catenin levels are little affected by inhibition of
Nek2 or Plk1 activity, although B-catenin phosphorylation is inhib-
ited (see schematic in Figure 8C).

In summary, we identified a novel signaling pathway at mitotic
spindle poles that is involved in promoting centrosome disjunction.
We showed that Nek2 is the main regulator of B-catenin at cen-
trosomes and that B-catenin phosphorylation is independent of
GSK3B. We showed a Nek2-mediated mechanism for centrosome
disjunction by retaining B-catenin at the centrosome during mitosis
rather than removing it, as is the case of C-Nap1 and rootletin
(Faragher and Fry, 2003). It remains unclear how B-catenin promotes
centrosome disjunction or what role the phosphorylated stabilized
pool of B-catenin plays at centrosomes. It is also not clear whether
Nek2 phosphorylation mainly protects B-catenin against the desta-
bilizing phosphorylation by GSK3B/CK1 or whether the Nek2 phos-
pho sites are more directly required for B-catenin function. Previ-
ously published results indicate that expression of phospho-mutant
B-catenin is sufficient to induce centrosome disjunction (Bahmanyar
et al., 2008; Hadjihannas et al., 2010). However, expression of phos-
pho-mimic B-catenin is required in neuronal progenitors to maintain
v-tubulin and microtubules at centrosomes (Chilov et al., 2011). This
indicates that B-catenin stability may be sufficient for some func-
tions, such as removal of the linker proteins cNap-1 and rootletin,
and that phospho sites may be required for others, such as y-tubulin
recruitment and centrosome maturation. APC and other B-catenin
interactors are present at centrosomes (Louie et al., 2004; Hadjihan-
nas et al., 2006, 2010), but they have been studied only in the con-
text of phosphorylation by GSK3B/CK1 and not Nek2. B-Catenin
has additional Nek2 phosphorylation sites that may affect the inter-
action of B-catenin with binding partners differently than phospho-
rylation by GSK3B/CK1. In summary, B-catenin may regulate cen-
trosome disjunction at the onset of mitosis by more than one
mechanism that probably involves changes in its interaction with
centrosome multiprotein complexes. Future experiments to modify
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the pathway regulating B-catenin phosphorylation at mitotic cen-
trosomes, combined with biochemical analysis of B-catenin protein
complexes in enriched mitotic centrosome preparations, will allow
us to further characterize the role of B-catenin phosphorylation by
Nek2 in centrosome disjunction.

MATERIALS AND METHODS

Cell lines and inhibitors

HEK293T cells were grown in DMEM supplemented with 10% fetal
bovine serum (FBS). U20S cells were grown in McCoy’s 5A medium
(Life Technologies, Gibco, Grand Island, NY) supplemented with
10% FBS. U20S have been described previously (Chang and
Stearns, 2000; Bahmanyar et al., 2008). HCT116 parental line and
HCT116 cell lines derived from these by somatic cell gene targeting
were a gift from Todd Waldman (Georgetown University School of
Medicine, Washington, DC) and grown as described (Kim et al.,
2002a,b). For transient transfection of cDNAs, Lipofectamine 2000
reagent was used as described by the manufacturer (Life Technolo-
gies, Invitrogen, Grand Island, NY). For experiments in Figure 1D,
HEK293T cells were transfected with GFP-B-catenin or GFP—3-
catenin and HA-Nek2 or HA-KD—Nek2. At 48 h after transfection,
cells were extracted with 1% SDS buffer, and equivalent amounts of
protein were subjected to SDS-PAGE and Western blotting. For ex-
periments in Figure 4, HCT116 cell lines were cultured for 24 h on
collagen-coated coverslips, fixed, and stained as described later, or
treated for 4 h before fixation with 0.2% DMSO or the following
GSK3 inhibitors: 20 uM SB216763 (Sigma-Aldrich, St. Louis, MO),
5 uM GSK-3 inhibitor IX (EMD Chemicals, Billerica, MA), or 20 mM
LiCl (Sigma-Aldrich). For experiments shown in Figures 5-7, cells
were incubated with 2.5 mM thymidine for 16-18 h (HCT116 cells)
or 24 h (U20S cells), then thymidine was washed out three times,
and cells were incubated without thymidine for 5 h (HCT116) or 10 h
(U20S); cells were reincubated with 2.5 mM thymidine for another
16-18 h (HCT116 cells) or 20 h (U20S cells). Thymidine was washed
out, and cells were plated onto coverslips for another 5 h (HCT116
cells) or 12 h (U20S cells) for release into mitosis. DMSO (0.2%), the
Plk1 inhibitor Bl 2536 (100 nM; ChemieTek, Indianapolis, IN), the
Eg5 inhibitor monastrol (100 pM; Sigma-Aldrich), or the GSK3 in-
hibitor SB 21673 (20 pM) was added to some of the synchronized
U20S cells for 9 h at the end of the second release. For experiments
shown in Figure 8, HCT116 1877254 cells were synchronized in G2/M
with the Cdk1 inhibitor RO-3306 (9 pM) for 18 h and released for
2 h with or without Plk1 inhibitor Bl 2536 (100 nM) for the last 6 h.

DNA constructs

GFP—-B-catenin and GFP-B-catenin with S33/S37/T41/S45 — A mu-
tations were described previously (Bahmanyar et al., 2010). HA-WT
and KD-Nek2 (Eto et al., 2002) constructs were a gift from D. Brauti-
gan (University of Virginia, Charlottesville, VA). HA-ubiquitin (Deng
et al., 2000) was a gift from Zhijian Chen at University of Texas South-
western Medical Center (Dallas, TX). The Myc—3-TrCP plasmid (Ohta
and Xiong, 2001) was obtained from Addgene (Cambridge, MA,
Addgene plasmid 20718). GST-N-terminal-B-catenin construct was
a gift from W. Weis (Stanford University, Stanford, CA). GST and
GST-N-terminal-B-catenin were prepared as described previously
(Huber et al., 1997).

Cell fixation, antibodies, and fluorescence quantitation

Cells were fixed in —20°C methanol as described previously (Louie
et al., 2004). The following antibodies were used: rabbit polyclonal
B-catenin, 1:200 (Nathke et al., 1994); mouse monoclonal y-tubulin
clone GTU88, 1:50 (Sigma-Aldrich); rabbit polyclonal pericentrin,
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1:200 (Covance, Princeton, NJ); mouse monoclonal C-Nap1, 1:200
(BD Transduction Laboratories, San Jose, CA); mouse monoclonal
Nek2, 1:200 (BD Transduction Laboratories); rabbit anti-phospho-
S33/S37/T41 B-catenin, 1:200 (overnight incubation; 9561; Cell Sig-
naling Technology, Danvers, MA); and rat anti-o-tubulin YL1/2,
1:2000 (SC-53029; Santa Cruz Biotechnology, Dallas, TX). The phos-
pho-S33/S37/T41 antibody was raised against a phospho-533/S37/
T41 peptide and has been used in a large number of studies by
many laboratories. The antibody recognizes N-terminal amino acids
in B-catenin that are directly phosphorylated by GSK3f. This is sup-
ported by work from our laboratory: 1) the antibody does not recog-
nize a mutant B-catenin containing alanine substitutions of S33/537/
T41/S45 (GFP-B-catenin* in Figure 1D; Harris and Nelson, 2010;
2) the antibody does not recognize B-catenin that has been treated
with A-phosphatase (Harris and Nelson, 2010); and 3) specific inhibi-
tion of GSK3P results in loss of phospho-533/537/T41 antibody rec-
ognition of B-catenin (Supplemental Figure S4). Secondary antibod-
ies against rabbit, rat, or mouse immunoglobulin G (IgG) with
minimal species cross-reactivity and coupled to fluorescein isothio-
cyanate (FITC), rhodamine, Alexa 647, or Cy5 were used at a dilution
of 1:200 for FITC and rhodamine, 1:100 for Cy5, and 1:100 for Alexa
647 (111-295-144, 111-095-144, 111-605-144, or 111-175-144 goat
anti-rabbit; 112-095-167, 112-295-167, or 112-605-167 goat anti-
rat; and 115-295-166, 115-095-166 or 115-605-166 goat anti-mouse;
Jackson ImmunoResearch Laboratories, West Grove, PA). These
antibodies were used for triple or quadruple costains in combination
with 4’,6-diamidino-2-phenylindole (DAPI) as a DNA stain.

Epifluorescence was analyzed using a Zeiss Axioplan micro-
scope (Carl Zeiss Meditec, Dublin, CA) with the following filter set:
DAPI (Chroma 31000v2), FITC (Omega XF22), rhodamine (Omega
XF37), Cy5 (Chroma 41008), as described elsewhere (Louie et al.,
2004). Epifluorescence of metaphase spindle poles or of monopo-
lar spindle poles were analyzed, and fluorescence intensity at
spindle pole bodies was measured as described before for inter-
phase centrosomes (Bahmanyar et al., 2010). Briefly, images were
recorded using identical exposure times for each fluorescence
staining and analyzed using ImageJ (National Institutes of Health,
Bethesda, MD). Mean fluorescence intensity was measured at
spindle poles marked by costaining with y-tubulin and corrected
for background fluorescence intensity of an equivalent area next
to each spindle pole. For statistical evaluation of fluorescence
quantitations by Mann-Whitney test, LiCl-treated cells were com-
pared with untreated cells, and cells treated with inhibitors in
DMSO (SB21673, GSK3 inhibitor IX, PLK1 inhibitor BI2536) were
compared with cells treated with equivalent concentrations of
DMSO.

Immunoprecipitation of B-catenin, ubiquitin, B-TrCP, and
phospho-S33/537/T41 B-catenin

HEK293T cells (transfected with GFP-f-catenin in the case of B-
catenin/ubiquitin/Nek2 coimmunoprecipitations) were extracted in
cold lysis/IP buffer (20 mM Tris-HCI, pH 7.5, 120 mM NaCl, 1 mM
EDTA, 1 mM ethylene glycol tetraacetic acid [EGTA], 1 mM dithio-
threitol [DTT], and 0.5% NP-40 containing Complete EDTA-free Pro-
tease Inhibitor Cocktail [Roche Diagnostics GmbH, Mannheim, Ger-
many] and phosphatase inhibitor cocktails 1 and 2 [Sigma-Aldrich]),
and lysed using a Dounce homogenizer. Nuclei and unbroken cells
were pelleted, and the postnuclear supernatant was precleared by
incubation with protein A (rabbit antibody) or protein G (mouse an-
tibody) Sepharose 4B (GE Healthcare Biosciences, Uppsala, Swe-
den) and rabbit or mouse serum. For Usp2 treatments of immuno-
precipitates, antibody-protein complexes isolated on protein A
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(rabbit antibody) or protein G (mouse antibody) Sepharose 4B beads
in IP buffer were incubated with Usp2 (5 pg; Baker et al., 2005) at
37°C for 30 min to remove HA-ubiquitin. Beads were washed four
times using lysis/IP buffer with 500 mM NaCl and denatured in
Laemmli sample buffer. Precipitated proteins were separated using
SDS-PAGE and analyzed by Western blotting. The same protocol
was followed for the B-catenin/B-TrCP/Nek2 coimmunoprecipita-
tions using anti-Myc 9E10 or polyclonal B-catenin antibody.
Phospho—B-catenin was immunoprecipitated from NP40 extracts
from asynchronous or synchronized HCT116 187454 cells with phos-
pho-S33/S37/T41 B-catenin antibody (rabbit anti-phospho-S33/
S37/T41 B-catenin 561; Cell Signaling Technology) by overnight
incubation at 4°C and coupling to protein A Sepharose 4B
(GE Healthcare). Immunoprecipitates were washed four times in IP
buffer and centrifuged at 3000 rpm for 2 min and then denatured in
Laemmli sample buffer. Precipitated proteins were separated by
SDS-PAGE and analyzed by Western blotting.

Kinase assays

For kinase assays, 100 ng of GSK3B/CK1a (a gift of W. Weis) were
incubated with 300 nM recombinant GST-N-terminal-B-catenin,
150 nCi/nmol [32P]JATP with a total ATP concentration of 100 nM,
and 50 nM microcystin in kinase buffer (50 mM Tris-HCI, pH 7.7,
10 mM MgCl,, 1 mM DTT, and a protease inhibitor cocktail). Kinase
reactions were incubated for 60 min at 30°C and denatured in
Laemmli sample buffer, followed by SDS-PAGE, and analyzed by
Western blotting. Kinase assays using recombinant His-Nek2 were
performed as described but with 200 ng of recombinant His-Nek2
(BPS Bioscience, San Diego, CA) per reaction as the source of kinase
and 300 nM recombinant GST-N-terminal B-catenin (Huber et al.,
1997) as substrate or 300 nM GST as a control substrate.

Centrosome isolation, immunoprecipitation of centrosomal
B-catenin, and identification of phospho-f-catenin
Centrosome-enriched fractions were prepared as described previ-
ously (Bornens et al., 1987) with modifications as described. HCT116
1877254 cells were treated with Cdk1 inhibitor RO-3306 (9 uM) for
18 h (Vassilev et al., 2006) and released for 90 min in the presence
of 10 pg/ml nocodazole and 5 pg/ml cytochalasin. Cells were
washed and lysed in 0.5% NP-40 buffer, and lysates were loaded
onto a discontinuous sucrose gradient as described previously
(Bornens et al., 1987). After centrifugation, 24 fractions (500 pm
each) were collected from the sucrose gradients, and pairs of frac-
tions were pooled (1+2, 3+4, etc. = 12 fractions), mixed with 8x SDS
Laemmli sample buffer, and subjected to SDS-PAGE. Centrosome-
containing fractions and noncentrosome fractions were solubilized
in IP buffer (20 mM Tris-HCI, pH 7.7, 120 mM NaCl, 1 mM EDTA,
1 mM EGTA, 1 mM DTT, and protease inhibitor cocktail) and pre-
cleared by incubation with protein A (rabbit antibody) or protein G
(mouse antibody) Sepharose 4B (GE Healthcare) and rabbit or
mouse serum. Phospho—B-catenin was immunoprecipitated from
the fractions with rabbit phospho-S33/537/T41-specific antibody
(9561; Cell Signaling Technology) as described for HCT116 18774545
lysates.

Immunoblotting and quantitation of protein levels

The following antibodies and dilutions were used: rabbit anti-GFP
antibody, 1:1000 (Invitrogen); mouse GFP antibody, 1:1000 (Clontech
Laboratories, Mountain View, CA); mouse monoclonal anti—B-
catenin, 1:1000 (BD Transduction Laboratories); rabbit polyclonal
B-catenin 1:1000 (Nathke et al., 1994); y-tubulin clone GTUS88,
1:1000 (Sigma-Aldrich); mouse monoclonal HA.11, 1:1000
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(Covance); mouse monoclonal myc 9E10, 1:500 (Santa Cruz
Biotechnology); Nek2 mouse monoclonal, 1:500 (BD Transduction
Laboratories); rabbit anti-phospho-533/537/T41 B-catenin, 1:500
(overnight incubation; 9561; Cell Signaling Technology); and Aurora
A rabbit polyclonal, 1:2000 (ab1287; Abcam, Cambridge, MA). Sec-
ondary antibodies against mouse or rabbit IgG with minimal cross-
reactivity were coupled to either IRDye 800CW (LI-COR, Lincoln,
NE) or Alexa Fluor 680 (Invitrogen) and used at a dilution of 1:30,000.
Immunoblots were scanned at 680 and 800 nm using an Odyssey
infrared imaging system (Li-COR) and quantified with Odyssey soft-
ware and ImageJ. To quantify B-catenin phosphorylation (S33/537/
T41), the intensity of the bands was normalized to the total GFP-B-
catenin intensity (Figure 1) and total B-catenin intensity (Figure 7).
For ubiquitinated B-catenin, the entire lane starting at the asterisk of
the HA blot was quantified and normalized to the total GFP-B-
catenin intensity. For the centrosome fractions, the intensity of the
band of each fraction was measured. Significance was calculated
using the Mann-Whitney test. Resulting images of entire blots were
adjusted using ImageJ and cropped only after all adjustments were
performed.

Mass spectrometry

Samples for LC-MS/MS analysis were prepared as follows. Purified
B-catenin incubated with Nek2, either with ATP or without for con-
trol purposes, was buffer exchanged into 100 mM ammonium bicar-
bonate with a 30-kDa molecular-weight cutoff spin filter (Millipore)
and concentrated into 25 pl. Tryptic digestion was performed in the
presence of 25 pl of trifluoroethanol (Sigma-Aldrich) and 2.5 pl of
DTT (Sigma-Aldrich). The sample was heated at 90°C for 20 min to
denature the protein. Then 10 pl of 200 mM iodoacetamide was
added and incubated for 1 h in the dark. we added 300 pl of water
and 100 pl of 100 MM ammonium bicarbonate to dilute denaturant.
Sequencing-grade trypsin (Promega Corporation, Madison, WI) was
added at a ratio of 1:40 and incubated at 37°C overnight. The pep-
tide analysis was performed in positive mode using an Agilent 6520
LC/MS QTOF system equipped with an HPLC-Chip source (Agilent
Technologies, Santa Clara, CA).

An Agilent 1200 CapPump was used to load peptides onto the
Agilent 1200 ChipCube. An Agilent 1200 NanoPump was used to
generate gradient nanoflow at 400 nl/min using typical mobile
phases of 0.1% formic acid in MS-grade water (solvent A) and 0.1%
formic acid in acetonitrile (solvent B). The peptide mixtures were
separated on a 75 pm x 43 mm C18 column. The gradient for
separation was 3% B for the first 2 min, 3-45% B over 18 min, and
45-85% B over 2 min, with a hold at 85% B for 3 min, followed by
a 85-3% B drop over the last 30 s. The nanoelectrospray voltage
was set to 1750 V, with a nitrogen drying gas of 5 I/min at 365°C.
The fragmentor voltage was 175V, and the skimmer voltage was
65 V. Data were acquired at 2 GHz in extended dynamic range
mode.

BioConfirm Software (Agilent Technologies) was used to search
the MS/MS data against a protein sequence database generated
from calculated theoretical masses of the tryptic phosphopeptides.
Phosphopeptides were considered to be the result of Nek2 phos-
phorylation if present in the sample that included ATP but not phos-
phorylated without ATP.
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