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Abstract

Mitotic spindle bipolarity defines a unique division plane that promotes the successful
transmission of genetic material during cytokinesis. The positioning and orientation of the spindle
determines the symmetry of cell division and the relative location of daughter cells, which regulate
cell fate decisions that contribute to embryonic development and tissue differentiation. Recent
studies have identified integrins as regulators of spindle positioning and orientation, as well as
spindle bipolarity and cytokinesis. This review summarizes and discusses the current effort
focused on understanding how integrins regulate these mitotic events.

Introduction

The proper assembly and function of the mitotic spindle is essential for the segregation and
transmission of genetic material [1]. Defects in chromosome segregation can lead to lethal
errors that result in birth defects and contribute to tumor development. The assembly of the
mitotic spindle is a complex process involving tightly regulated centrosome duplication,
enhanced microtubule (Mt) nucleation, increased Mt dynamics, and the association of Mts
with the cell cortex and kinetochores [2—4]. Spindle bipolarity is important for chromosome
congression in metaphase and segregation in anaphase and contributes to cytokinesis by
regulating the assembly of the contractile ring and the ingression of the cleavage furrow [5].
The positioning and orientation of the mitotic spindle are also important as they define the
division plane, which contributes to embryonic development and tissue differentiation by
determining the relative location of daughter cells and the differential inheritance of
cytoplasmic determinants.

Increasing interest has focused on integrins as regulators of mitotic events. Integrins form a
large family of a/p heterodimeric receptors that mediate cell adhesion to components of the
extracellular matrix [6]. Integrin-mediated adhesion activates signals that regulate a number
of cellular processes including cell migration, proliferation, and differentiation [6-8].

Integrin B subunit cytoplasmic domains (f tails) are central to integrin function. Integrin
activity is conformationally regulated by proteins that bind to the @ tail [9]. The adhesive
function of integrins requires their ability to form transmembrane links with the actin

cytoskeleton and B tails mediate this connection [10-13]. Additionally, integrins activate
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intracellular signaling proteins, such as the cytoplasmic tyrosine kinases FAK and Src, the
Rho family of GTPases, including RhoA, Racl, and Cdc42, and the lipid kinase,
phosphatidylinositol-3-OH kinase (Pl 3-kinase). p tails regulate signaling by many of these
proteins [14-17], which are also known to control the actin and Mt cytoskeletons [18].

Here, we review recent studies linking integrins to the mitotic machinery, providing a new
paradigm for integrin signaling. Our discussion aims to provide a framework to understand
how integrins can influence the assembly and positioning of the mitotic spindle, as well as
cytokinesis.

Spindle Positioning and Orientation

The identification of mechanisms that control the positioning and orientation of the mitotic
spindle has interested biologists for decades. The ability of integrins to regulate cortical cues
that position the mitotic spindle was first suggested by studies in NRK cells [19*]. In these
cells, the spindle axis aligns parallel to the long axis of the cell. When cell shape (and
therefore cell adhesion) was experimentally changed during mitosis, the spindle was
repositioned in the direction of new long axis. These results indicated that NRK cells
continually monitor the position of their spindles relative to changes in cortical cues and
suggested a role for integrins, as they are known to regulate cell shape. Spindle repositioning
was also shown to require astral Mts, as well as the motor protein dynein, which is thought
to provide the pulling forces on astral Mts at the cortex [19*]. Astral Mts, dynein, and the
cell cortex have also been implicated in the regulation of spindle positioning in
Saccharomyces ceriviesae, Caenorhabditis elegans, and Drosophila melanogaster [20-22],
suggesting that these mechanisms are evolutionarily conserved.

A correlation between cell shape and spindle orientation was also demonstrated using the
integrin ligand fibronectin (Fn) to generate differently micropatterned substrata [23**].
When individual HeLa cells in interphase were adhered to a disc, spindles were randomly
oriented in mitosis, but on a rectangular or triangular substratum, the spindle aligned with
the long cell axis or the hypotenuse, respectively. Importantly, when cell shape was
maintained, but areas of adhesion to Fn were restricted, the spatial distribution of adhesion
sites dictated the position of the spindle. Regions of cell adhesion during interphase
controlled the Src-dependent cortical localization of the actin-binding proteins cortactin and
ezrin, which became associated with retraction fibers and remained localized marking the
location of spindle poles as cells entered mitosis. Thus, the position of the spindle can be
determined by adhesion-regulated cortical cues set during interphase [23**].

A direct role for integrins was demonstrated both /i vivoand in cell culture [24*,25**].
Inhibiting B1 integrin expression or function dramatically affected the orientation of the
spindle in HelLa cells [25**]. On Fn, spindle axes were parallel to the adhesion plane, but
were randomly oriented on the non-integrin ligand poly-L lysine. A similar phenotype was
observed when B1 integrin function was inhibited with RGD peptides, function-blocking
antibodies, or sSiRNA [25**]. Integrins regulated spindle orientation by a mechanism that
required astral Mts and actin polymerization.

The identification of integrin-regulated cortical cues is critical to understand how cell-matrix
adhesion controls the orientation and positioning of the spindle. The localization of cortactin
and ezrin correlated with the position of the spindle poles; however, it is not yet known
whether these proteins directly contribute to these processes. Recently,
phosphatidylinositol-3,4,5-triphosphate (P1(3,4,5)P3) was shown to localize at the midcortex
in metaphase when HeLa cells were adhered to Fn [26**]. Preventing the accumulation of
P1(3,4,5)P3 by inhibiting PI 3-kinase induced spindle misorientation. Importantly, disrupting
B1 integrin-mediated adhesion inhibited P1 3-kinase activity and the midcortical
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accumulation of PI(3,4,5)P3 during mitosis. Thus, integrins regulate the production and
localization of PI1(3,4,5)P3, which acts as a cortical cue to direct the orientation of the
spindle. These results lead to the speculation that integrin signals from the basal cell surface
to the midcortex are involved in a positive feedback loop similar to that establishing
PI1(3,4,5)P3 polarity during cell migration [27,28].

Local concentrations of P1(3,4,5)P3 can also be regulated by lipid phosphatases, such as
PTEN (phosphatase and tensin homologue) [29]. Inhibiting the expression of PTEN in HeLa
cells caused the dispersion of PI(3,4,5)P3 throughout the cortex and spindle misorientation
[26**]. Thus, spatial inactivation of P1(3,4,5)P3 is also critical in directing the position of
the spindle. It will be interesting to learn whether integrins regulate the localization of PTEN
activity.

P1(3,4,5)P3 regulates signaling pathways by recruiting proteins containing pleckstrin
homology domains (PH domains) to the plasma membrane [29]. At mitosis, dynein-dynactin
motor complexes were found to concentrate at the midcortex by a P1(3,4,5)P3-dependent
mechanism; however, P1(3,4,5)P3 was not required for their membrane association. These
results suggest that an unidentified PH-domain containing protein provides a platform to
concentrate these motor complexes at the midcortex [26**]. Learning the identity of this
protein is an important future goal.

Many questions remain concerning how integrins regulate the orientation and positioning of
the mitotic spindle. Current data suggest that integrin signaling is important at mitosis to
direct the spindle parallel to the adhesion plane, whereas adhesive and contractile forces
during interphase contribute to the positioning of the spindle with the long cell axis [19*,
23** 26**,30]. Thus, in addition to identifying integrin signaling pathways and their cortical
targets that control the cellular location of the spindle, it will be interesting to determine
whether different sets of cues direct the orientation of the spindle parallel to the adhesion
plane and its alignment with the long cell axis.

Integrin Signaling and Astral Microtubules

The interaction of astral Mts with specific regions of the cell cortex contributes to
positioning the spindle at mitosis. The mechanisms involved may be similar to those used by
integrins to regulate Mt dynamics during cell migration [31]. EB1 (end-binding proteinl)
and APC (adenomatous polyposis coli) bind to the plus end of Mts to promote their growth
and association with the cell cortex during both processes [25**,32,33]. The interaction of
APC with Mts is inhibited when it becomes phosphorylated by glycogen synthase-3
(GSK-3p [32]. Thus, the local inhibition of GSK-3p can regulate Mt dynamics at the cortex.
In migrating cells, integrin-dependent regulation of Cdc42 inhibits GSK-3p through the
activation of the Par6-PKCC complex [34,35]. Integrins also inhibit GSK-3p by activating
the PI 3-kinase-AKT pathway [36]. Thus, spindle positioning could be regulated by the
integrin-dependent inhibition of GSK-3p at specific cortical sites by either mechanism.

Integrins can regulate Mt dynamics by additional pathways involving Rho GTPases. RhoA
promotes the association and stabilization of Mts with the leading edge through an mDia-
EB1-APC pathway [37,38]. Racl and Cdc42 can both promote Mt growth by activating the
p21-activated serine-threonine kinase PAK1, which in turn phosphorylates and contributes
to the inactivation of oncoprotein 18/stathmin [39,40], a protein that promotes MT
depolymerization [41]. These pathways may similarly enhance the growth and cortical
association of astral Mts at mitosis. Furthermore, integrins can promote the surface
expression of lipid rafts [37,42], which may also contribute to the localization of cortical
cues needed for spindle positioning.
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Bipolar Spindle Assembly and Cytokinesis

In a recent study, CHO cells expressing chimeric integrins that mediate adhesion to
fibrinogen (Fg) [10,43] were used as a model system to demonstrate that the integrin —1
cytoplasmic tail regulates cell division [44**]. A tyrosine to alanine substitution in the
membrane-proximal NP1'Y motif of the 1 tail (Y783A) known to perturb integrin function
[45] dramatically inhibited the formation of the bipolar spindle and cytokinesis [44].
Importantly, these phenotypes were not cell type- or integrin-specific and were prevented
when cells were adhered by endogenous integrins or by treatment of the mutant integrin
with an activating antibody [44**].

The vast majority of cells adhered by the mutant integrin formed incomplete or multipolar
spindles during the first mitosis on Fg (Fig. 1 and [44**]). In addition, Mt growth from the
centrosome and spindle poles was inhibited by the Y783A mutation. Previous studies by
others have suggested that the inhibition of centrosome function or the misregulation of
centrosome duplication during interphase can cause mitotic defects, including mulitpolar
spindles [46,47], suggesting that some of the mitotic defects caused by the Y783A mutation
may be inherited from interphase. Furthermore, when cells adhered by their endogenous
integrins were arrested at mitosis with nocodazole, washed and replated on Fg, the Y783A
mutation also resulted in spindle and cytokinesis defects (CG Reverte unpublished data,
[44**]). Taken together these results suggest that integrins affect spindle assembly by
regulating events both during interphase and mitosis (Fig. 2).

Studies to identify targets and mechanisms of integrin function inhibited by the Y783A
mutation that contribute to the mitotic phenotypes are in progress. At present, it is known
that the mutant integrin is defective in FAK/ Src signaling, the assembly of focal adhesions
and actin stress fibers, and that activating the mutant integrin restores these processes (B
Nieves, CW Jones, CG Reverte unpublished data, [44**]). It is not yet known whether
restoring focal adhesion formation and/or FAK/Src signaling will be sufficient to restore
centrosome function, bipolar spindle formation, and cytokinesis, or whether additional
pathways are involved. In this regard, Mt growth can be restored in cells adhered by the
mutant integrin with the addition of phorbol 12-myristate 13-acetate (PMA) by a mechanism
involving the activity of PKC8 (CG Reverte, unpublished data). Furthermore, the focal
adhesion proteins PAK1, HEF1, and ILK have recently been shown to regulate spindle
assembly and other mitotic events [48-51]; it will be important to determine whether their
mitosis-associated activities are inhibited by the mutant integrin.

Studies described above analyzing the role of cell adhesion in regulating spindle assembly
and positioning/orientation suggest that the requirement for integrin function in specific
mitotic events depends upon the activation of other surface receptors. In cells adhered to Fn
in serum-containing medium, the inhibition of —1 integrins resulted in spindle misorientation
without significant defects in spindle assembly [25**]. In contrast, spindle assembly and
cytokinesis were both inhibited in cells adhered to Fg by the mutant integrin in a serum-free,
growth-promoting medium [44**]. Similar results were observed when cells were plated in
a serum-free growth medium in the absence of Fn [52]. Additional investigation is needed to
define how B1 integrins cooperate with other cell surface receptors to regulate bipolar
spindle assembly, positioning and cytokinesis.

In Vivo Models

Currently, there are two examples in which the integrin-regulation of the mitotic machinery
in mammalian cells has physiological consequences. In mouse chondrocytes, the conditional
deletion of the B1 gene resulted in the accumulation of binucleated chondrocytes with age,
suggesting defects in cytokinesis; these mice also developed chondrodysplasia [53*].
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Conditional deletion of the p1 gene in basal keratinocytes caused defects in spindle
positioning. In these cells, the mitotic spindle normally assembles perpendicular to the
basement membrane to promote an asymmetric cell division that generates a proliferative
daughter cell that continues to adhere to the basement membrane and a committed
suprabasal cell [24*]. Disrupting p1 integrin expression inhibited the correct orientation of
the spindle and the proper differentiation of the epidermis [24*]. Interestingly, in
Drosophila, the differentiation of the ovarian follicular simple epithelium requires integrins
to promote the alignment of the spindle parallel to the basement membrane ensuring that
each daughter remains adhered to the basement membrane to prevent inappropriate
stratification [54]. Since the potential contribution of spindle defects to integrin-null
phenotypes in mice has not been extensively analyzed, a re-examination of integrin-
knockouts that lead to defects in differentiation events may prove interesting.

Conclusions and Perspectives

The identification of integrins as regulators of mitotic events provides a new paradigm in
integrin signaling. The mechanisms by which integrins regulate these events are just
beginning to be unraveled. Most progress has been made in understanding how integrins
regulate spindle positioning and orientation. Dissecting the mechanisms by which integrins
promote spindle bipolarity may not be a trivial task as this process is more complex.
Furthermore, integrins may initiate several signaling events during interphase that converge
on a number of different pathways activated by other receptors to regulate various steps in
bipolar spindle assembly.

Interestingly, both the activation and inactivation of integrin signaling may be required at
mitosis. The observation that many cells in culture loosen their attachment to the matrix and
round during mitosis suggests that integrin activity and signaling is downregulated [55].
Consistent with this idea, the tyrosine phosphorylation of FAK, p130Cas and paxillin,
critical to the assembly of integrin signaling complexes, is inhibited at mitosis [56-58].
However, many mitotic cells maintain regions of adhesion on their basal surface in addition
to retractions fibers, suggesting that a small subset of integrins remain activated. Further
investigation is needed to determine how integrin signaling is regulated during mitosis.
Perhaps, sophisticated imaging of the adhesion plane for the presence of organized adhesion
structures containing activated integrin signaling proteins will be instructive.

Importantly, the finding that perturbing integrin function results in the generation of
multipolar spindles has important implications for cancer biology, as multipolar spindles and
the resulting aneuploidy are thought to contribute to tumorigenesis and metastasis [59-61].
Thus, understanding the mechanisms by which integrins promote spindle bipolarity may
provide new therapeutic targets.
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Figure 1. Perturbingintegrin function inhibitsthe bipolar spindle assembly

CHO cells expressing recombinant Fg receptors containing either the wild type p1 tail (WT)
or the mutant f tail containing a tyrosine to alanine substitution in the membrane-proximal
NPIY motif (Y783A) cells were serum-starved and then replated on Fg-coated coverslips in
the serum-free growth promoting medium CCM1. After 15-18 h, cells were immunostained
as indicated. The percentage of cells with each major phenotype is indicated below a
representative image. The results are the mean of three independent experiments + SD and
show that approximately 85% and 7.5% of cells adhered by the WT and Y783A mutant
integrins, respectively, formed normal bipolar spindles. Images (100x) were collected as z-
series for all three channels, similarly processed and deconvolved to generate 3D images.
Bar: 5 um. (Taken from Reverte et al (2006) Journal of Cell Biology 174: 491-497)
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Figure. 2. Model for the Regulation of Spindle Assembly by Integrins

(A) The wild-type integrin containing an intact NPI'Y motif in the B1 tail is in the active
conformation adhered to Fg, thereby activating signals that promote the nucleation of MT
assembly from the centrosome and a radial MT network at interphase and the formation of
the bipolar spindle at mitosis, ensuring the successful completion of cytokinesis. (B) The
Y783A mutant (NPIA) suppresses cell adhesion on Fg and signaling to centrosomes, leading
to the inhibition of MT assembly from the centrosome, bipolar spindle formation and
cytokinesis. Current evidence suggests that integrin signaling both during interphase and
mitosis impacts spindle assembly. It is not yet known whether perturbing integrin function
can inhibit cytokinesis subsequent to spindle assembly. (C) Activating antibodies
circumvent the requirement for a wild-type NPI'Y motif to regulate integrin conformation
and restore integrin signaling pathways to promote centrosome function and spindle
assembly in a NPIY-independent manner.

Curr Opin Cell Biol. Author manuscript; available in PMC 2012 August 13.



