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Abstract

Beta-catenin is amultifunctional protein with critical rolesin cell-cell adhesion, Wnt-signaling
and the centrosome cycle. Whereas the roles of $-catenin in cell-cell adhesion and Wnt-signaling
have been studied extensively, the mechanism(s) involving p-catenin in centrosome functions are
poorly understood. B-Catenin localizes to centrosomes and promotes mitotic progression. NIMA-
related protein kinase 2 (Nek2), which stimulates centrosome separation, binds to and
phosphorylates -catenin. -Catenin interacting proteins involved in Wnt signaling such as APC,
Axin and GSK3p, are also localized at centrosomes and play rolesin promoting mitotic
progression. Additionally, proteins associated with cell-cell adhesion sites, such as dynein,
regulate mitotic spindle positioning. These roles of proteins at the cell cortex and Wnt signaling
that involve B-catenin indicate a cross-talk between different sub-cellular sitesin the cell at
mitosis, and that different pools of B-catenin may co-ordinate centrosome functions and cell cycle
progression.

What is the major role of centrosomes throughout the cell cycle?

In mammalian cells, the centrosome is the major organizer of the microtubule cytoskeleton
[1]. A centrosome consists of two cylindrical microtubule-based structures termed
centrioles, which recruit a matrix of associated pericentriolar material. During interphase,
the centrosome coordinates an astral array of microtubules that participates in fundamental
cellular functions including intracellular trafficking, cell motility, cell adhesion and cell
polarity [2]. During mitosis, a pair of centrosomes coordinates the formation of the spindle,
which separates the chromosomes to the daughter cells.

At the beginning of the cell cycle (G1) cells have one centrosome. Duplication of the
centrioles in preparation for mitosis occurs only once per cell cycle at a specific cell cycle
stage and site in the cell [3]. Asaresult of this duplication, the two centrioles contrast in age
and maturity each with different functions. For example, the older of the two centrioles,
termed the mother centriole, can initiate the polymerization of aciliary axoneme at its distal
end to form the primary cilium, a nexus for growth factor signaling pathways [4]. The
centrosome also coordinates the GL/S transition, entry into mitosis, anaphase onset,
cytokinesis and mitotic spindle formation [1]. The mitotic spindle is the macromolecular
machine that segregates the chromosomes to two daughter cells during mitosis. The major
structural elements of the spindle are microtubule polymers, whose intrinsic polarity and
dynamic properties are critical for bipolar spindle organization and function [5,6].
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Abnormalities in centrosome duplication and spindle organization lead to a variety of
diseases, most notably cancer.

B-Cateninis also a component of the centrosome [7,8], in addition to arole in mediating
cell-cell adhesion and Wnt signaling [9]. We hypothesize that 3-catenin accumulates during
mitosis via interactions with kinases and other regulatory proteins and utilizes the
centrosome as a platform to coordinate the formation of the bipolar spindle during mitosis.

What are B-catenin functions in cell-cell adhesion and Wnt signaling?

B-Cateninis amultifunctional protein that plays an essential role in tissue organization, gene
expression during development [9], and bipolar spindle formation[8]. p-Catenin localizes to
cell-cell contacts [9], the nucleus, cytosol [10] and at centrosomes [7,8]. B-Catenin plays a
significant role in the structural and functional organization of the Adherens junction and
cell-cell adhesion, by linking the cytoplasmic domain of Type | cadherin cell-cell adhesion
proteins at the cell membrane to the actin binding protein a-catenin [11]. The catenin-
cadherin complex is stabilized by serine/threonine phosphorylation of -catenin [12] or E-
cadherin [13]. In contrast, tyrosine phosphorylation of 3-catenin disrupts the complex,
causing areduction or loss of cell-cell adhesion and increased levels of cytoplasmic f-
catenin [14].

Regulation of the cytoplasmic pool of -catenin is the central switch in controlling the
transcriptional activity of f-catenin in the Wnt signaling pathway [10]. The canonical Wnt
pathway plays akey role in development and tissue homeostasis, and unregulated Wnt
signaling leads to cancer progression [10]. In the absence of Wnt, cytosolic levels of 3-
catenin are kept low by a destruction complex, which consists of the scaffold proteins
adenomatous polyposis coli (APC) and Axin which bind p-catenin, and glycogen synthase
kinase 3beta (GSK 3p3). GSK 3 and the priming kinase casein kinase 1 (CK1) phosphorylate
the N-terminus of -catenin at residues S33/S37/T41 and 45, respectively [15,16], leading
to the binding of the E3 ligase - TrCP which marks -catenin for ubiquitination and
degradation by the proteasome [15,16]. Conversely, in the presence of Wnt which binds the
transmembrane receptor Frizzled (frz), phosphorylation of -catenin by the destruction
complex isinhibited, causing the accumulation of f-catenin in the cytoplasm. This stable
pool of B-catenin is translocated to the nucleus and interacts with T cell factor/lymphoid
enhanced factor (Tcf/Lef) to stimulate transcription of specific target genes [10,17-19]
(Figure 1).

What role does B-catenin play in regulating centrosome function?

The initial evidence that f-catenin isinvolved in centrosome regulation came from
experiments in which B-catenin over-expression led to centrosome disorganization and loss
of cortical anchoring of microtubules [20]. Normally, 3-catenin levelsin the cytoplasm and
nucleusincreasein S phase, reach amaximum level at late G2/M and then abruptly decrease
as cellsre-enter G1 after mitosis [21]. Manipulating p-catenin levels, particularly in G2,
affects centrosome maturation and function, indicating roles for -catenin in the centrosome
[21].

During G2, centrosomes mature and accumulate high amounts of y-tubulin and other
centrosome proteins that are required for increased microtubule nucleation and spindle
assembly [22]. Depletion of $-catenin inhibits microtubule nucleation from centrosomes
[23], and B-catenin-null neuronal progenitor cells do not have y-tubulin-containing
centrosomes or a microtubule network [24]. However, these 3-catenin-null neuronal
progenitor were only analyzed for the presence of y-tubulin, and it is not clear whether
rudimentary centrosomes containing centrioles and other centrosome proteins remained. In
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addition, stabilizing mutations in the CK1/GSK 3 phosphorylation sitesin the N-terminus of
j-catenin, which occur in cancer, increase the mobile fraction of y-tubulin at centrosomes
[25]. These results support arole for p-catenin in recruiting at least y-tubulin, and potentially
other proteins to centrosomes that result in centrosome maturation and full functionality.

B-Cateninis also involved in the establishment of a bipolar mitotic spindle [8]. During
interphase, $-catenin colocalizes with the centriolar linker proteins Rootletin and C-Napl
[8]. Thisinteraction regulates 3-catenin localization at centrosomes during interphase [7].
During mitosis 3-catenin relocalizes from the centriolar linker to mitotic spindle poles and
eventually to the mid-body. Reduction of 3-catenin levels by RNAI leads to inhibition of
centrosome separation and an increased number of cells with monopolar spindles[8], which
consist of centrosomesin very close proximity and surrounded by chromosomes.

Does phospho-B-catenin also play a role at centrosomes?

The N-terminal domain of B-catenin contains phosphorylation sites for two serine/threonine
kinases, GSK3p and CKI [15,16]. Phosphorylation by these kinases results in the subsequent
ubiquitination and targeting of 3-catenin for degradation by the proteasome [15,16].
Interestingly, immunofluorescence with an antibody that recognizes p-catenin
phosphorylated at those sites (S33/S37/T41) indicates that phospho-p-catenin accumulates at
the centrosome [23] and that during cell division phospho-p-catenin is preferentially
segregated into one of the daughter cells [26]. Phospho-f-catenin localizes mainly to the
mother centrosome during interphase and is recruited to the daughter centrosome in mitosis
[23]. A phospho-mimetic B-catenin mutant can rescue disruption of microtubule
organization and inhibition of microtubule assembly caused by depletion of -catenin,
although some of the cells over-expressing phospho-mimetic 3-catenin have multiple
centrosomes [23]. The effects of p-catenin depletion cannot by rescued by a phospho-mutant
of p-catenin (S'T->A; also termed a‘ stabilized’ form of -catenin) [23], which resultsin
increased centrosome splitting [ 7], and extra non-microtubul e nucl eating structures that
include y-tubulin and centrin, but not polo-like kinase 4 (PIk4), SAS-6 or pericentrin [25].

Decreased centrosomal levels of S33/S34/T41 phosphorylated -catenin are associated with
mitotic spindle defects and centrosomal and microtubule defects [24]. Neuronal progenitor
cellsin mice expressing only phospho-mutant (S/'T->A) B-catenin have defectsin
microtubules and polarity, similar to -catenin loss-of-function neuronal progenitor cells
[24]. Interestingly, Axin2 binds to CNapl and promotes phosphorylation of Ser33/S37/T41
residues of centrosomal B-catenin [27]; Axinlisinvolved in microtubule nucleation by
forming a complex with y-tubulin at the centrosome [28].

Taken together, these results imply arole for phospho-B-catenin at centrosomesin spindle
and microtubule dynamics. However, thereis no direct biochemical evidence to show how
phosphorylated B-catenin is regulated at the centrosome, or how it promotes centrosome
cohesion. Some recent studies have implied that GSK 3 phosphorylates the S33/S34/T41
sites on 3-catenin at centrosomes, which results in p-catenin stabilization at centrosomes
[24,27] rather than targeting 3-catenin for degradation. However, all of these data are based
on immunofluorescence studies with an antibody that recognizes 3-catenin phosphorylated
at those sites (S33/S37/T41), without complementary biochemical analyses. Furthermore,
broad claims have been made based on inferences from what is known about the -catenin
degradation pathway. Important questions that should be addressed biochemically are: how
does inhibition of GSK 3B affect S33/S34/T41 phosphorylated p-catenin levels and
interactions at centrosomes; since CK 1 priming is normally required for GSK3p
phosphorylation of -catenin, isthere an increase in $S45 phosphorylated p-catenin staining
at the centrosome at the onset of mitosis; is GSK3p the (only) kinase that phosphorylates
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these residues on p-catenin at centrosomes? Additional biochemical and genetic studies are
needed to elucidate the downstream signaling pathway involving -catenin at the
centrosome, and address how [3-catenin promotes mitotic progression and proper bipolar
spindle formation.

Which proteins are the key B-catenin interactors at the centrosome?

Biochemical experiments demonstrate that 3-catenin is a binding partner and substrate of
Nek2 [7]. Nek2 is a serine/threonine protein kinase that phosphorylates the centrosome
linker proteins Rootletin and C-Napl resulting in centrosome separation and bipolar spindle
formation [29]. Nek2 activity is cell cycle regulated and peaks at the G2/M boundary [29],
coincident with p-catenin localization to centrosomes [ 7]. Whereas Nek2 phosphorylation of
Rootletin and C-Nap removes them from centrosomes, the level of B-catenin at centrosomes
increases [7,30,31]. Aninactive form of Nek2 affects centrosome disjunction, spindle
formation and chromosome segregation [32]. Significantly, cytoplasmic levels of Nek2 and
[3-catenin are increased in invasive ductal carcinomain situ suggesting that abnormal
expression of Nek2 and B-catenin might be involved in tumor proliferation [33].

Although B-catenin has been identified as a component of the inter-centrosomal linker [7]
and arole for f-catenin during mitosis has been established, how [-catenin stability and
function are regulated during mitosis remains undetermined. Furthermore, the role of Nek2
in regulating p-catenin stability during mitosis has yet to be characterized. Nek2 kinase
activity isregulated by PLK1, a central mitotic kinase that regulates centrosome maturation
including the recruitment of y-tubulin and other centrosome components at G2/M [22,34].
At later stagesin mitosis, PLK1 also regulates the interaction between dynein-dynactin and
astral microtubules at the cell cortex and hence proper mitotic spindle positioning. The
cortical localization of dynein is negatively regulated by spindle pole proximity resulting in
spindle oscillations that center the spindle within the cell [35,36]. Most of -catenin isalso
localized at the cortex where it mediates cell-cell adhesion in a complex with E-cadherin
[11]. p-Catenin may be involved in cortical anchoring of interphase microtubulesin a
complex with dynein [ 7] and mitotic spindle positioning, since reduced levels of B-cateninin
neuronal progenitor cells causes defects in the orientation of the mitotic spindle and
increased asymmetric cell divisions [24].

These somewhat disparate observations on f3-catenin functions raise the interesting question
whether the pathways regulating spindle formation and orientation not only share PLK1 asa
common regulator but also f-catenin as a common effector (Figure 2). Further work is
needed to answer this question.

Do Wnt pathway regulators have additional roles in mediating centrosome
function and mitotic progression?

-Catenin interactors and effectors in the Wnt signaling pathway have been linked to the
regulation of the centrosome and mitosis. For example, activation of the Wnt signaling
pathway in C. elegans ensures the timing and orientation of spindle rotation during
developmentally regulated cell divisions [24,37,38]. Recent in vitro experiments have shown
directly that a spatially restricted Wnt signal orients the plane of mitotic division and directs
asymmetric inheritance of centrosomes [39]. Additionally, Wnt signals lead to abnormal
mitotic progression and missegreation of chromosomes [40,41]. Lastly, Chibby (Cby), a
highly conserved antagonist of the Wnt/p-catenin pathway, islocalized at the distal end of
the mother centriole and is essential for assembly of the primary cilium[42].
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APC, ascaffold protein in the p-catenin destruction complex, localizes to the mother
centriole [43]. Loss and/or truncation of APC causes mitotic spindle defects that trigger
aneuploidy upon somatic inactivation of other known chromosomal instability genes
including spindle and cell cycle checkpoint genes, DNA repair, telomere maintenance [44].
APC istargeted to multiple subcellular sites, and there is recent evidence linking novel
protein interactions and functions of APC in the nucleus, at centrosomes and in
mitochondria[45]. Axin2, which binds to APC and regulates -catenin levels, islocalized to
the centrosome and regul ates centrosome cohesion [27,46]. While these results are
intriguing, additional studies are needed to understand whether these proteins control
centrosome cycle by locally regulating p-catenin interactions at the centrosome, or whether
they have functions independent of those of B-catenin. Finally, it iswell known that
hyperactivation of the Wnt pathway mediated by stabilization of 3-catenin is acommon
cause of cancer, and that centrosome and spindle defects lead to genomic instability and
tumorigenesis [47].

The discovery that 3-catenin localizes to centrosomes, that it is regulated by the centrosomal
kinase Nek2, and that decreased f3-catenin levels cause defects in microtubule nucleation and
spindle formation indicates a third function for 3-catenin at centrosomes in addition to its
rolesin cell-cell adhesion and transcription. Therefore, mutations in B-catenin that are
commonly observed in cancer may contribute in novel and previously unexpected waysto
cancer progression [25]. This brings into question how much cross-talk is occurring between
these three 3-catenin pools and the global role f-catenin playsin the cell. As mentioned
earlier there is evidence of proteins at the cortex that mediate cell cycle progression [35,36].
Additionally, contact inhibition has been shown to block cell cycle progression [48]. Though
there is no evidence of adirect role for cortical 3-catenin in mitotic regulation, thisis an area
that deserves further study.

Conclusions and Outlook

In addition to its well characterized rolesin cell-cell adhesion and Wnt signaling, p-catenin
isalso localized to the centrosome and promotes cell cycle progression. A pool of 3-catenin
phosphorylated at the S33/S37/T41 residues has al so been observed at centrosomes and
appears to be involved in spindle and microtubule dynamics. B-Catenin interacts with known
centrosomal proteins and mitaotic regulators, including CNAPL, Rootletin and Nek2. Thereis
also evidence of Wnt signaling proteins that interact with -catenin being involved in cell
cycle regulation. Future studies of f-catenin at the centrosome need to address how it
promotes centrosome cohesion. What is 3-catenin’s function to ensure proper bipolar spindle
formation? Does it need to be phosphorylated at the S33/S37/T41 residues in order to carry
out its function? Which kinase is phosphorylating those sites and are there additional
centrosomal B-catenin interactors required for its stabilization and regulation? Additionally,
the study of centrosomal -catenin should broaden to experiments of the destruction
pathway and other Wnt signaling proteins that are present at the centrosome and address the
guestions, are these proteins interacting with 3-catenin at the centrosome and are those
interactions regulating mitotic spindle dynamics?
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Figure 1.

B-Catenin is amultifunctiona protein that localizes at cell-cell contacts, the nucleus, cytosol
and centrosomes. Cortical proteins and Wnt signaling components have been implicated in
regulating cell cycle progression. Additionally, p-catenin destruction pathway proteins
(APC, Axin, GSK3p) are also located at the centrosome and are involved in similar
functions as 3-catenin suggesting a cross-talk between these 3 distinct cellular pools of
proteins.
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Figure 2.
PLK1 isupstream of Nek2 in promoting removal of the centriolar linker at the G2/M

transition. PLK1 also negative regulates the dynein-dynactin complex at the cell cortex in
order to ensure proper spindle positioning. These processes promote mitotic spindle
formation and centrosome separation during cell division.
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