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Summary
Mitotic spindle orientation can influence tissue organization and vice versa. Cells orient their spindles by rotating them parallel or
perpendicular to the cell – and hence the tissue – axis. Spindle orientation in turn controls the placement of daughter cells within a
tissue, influencing tissue morphology. Recent findings implicating tumor suppressor proteins in spindle orientation bring to the
forefront a connection between spindle misorientation and cancer. In this Commentary, we focus on the role of three major human
tumor suppressors – adenomatous polyposis coli (APC), E-cadherin and von Hippel-Lindau (VHL) – in spindle orientation. We discuss
how, in addition to their better-known functions, these proteins affect microtubule stability and cell polarity, and how their loss of
function causes spindles to become misoriented. We also consider how other cancer-associated features, such as oncogene mutations,
centrosome amplification and the tumor microenvironment, might influence spindle orientation. Finally, we speculate on the role of
spindle misorientation in cancer development and progression. We conclude that spindle misorientation alone is unlikely to be
tumorigenic, but it has the potential to synergize with cancer-associated changes to facilitate genomic instability, tissue disorganization,
metastasis and expansion of cancer stem cell compartments.
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Introduction
Mitosis does more than segregate the chromosomes; it can also
decide cell fate and tissue architecture. During mitosis, the spindle
forms through the disassembly of microtubules and their reassembly
into a highly ordered bipolar structure (for a review, see Mitchison
and Salmon, 2001). Duplicated centrosomes become the spindle
poles and a burst of microtubule polymerization creates the spindle.
Some microtubules extend inward to form interpolar or kinetochore
microtubules, and these two microtubule populations are
responsible for aligning and segregating the chromosomes
(Mitchison and Salmon, 2001).
A third population of microtubules – astral microtubules – extend
outward from the spindle poles towards the cell cortex. These
microtubules position and orient the entire spindle within the cell
(Giansanti et al., 2001; O’Connell and Wang, 2000). Spindles can be
positioned in the geometric center of the cell, as is seen in some
cultured cells, or in an eccentric location, as is seen in early
embryogenesis and in the well-studied Drosophila neuroblast system
(Gönczy et al., 1999; Green et al., 2005; Kim et al., 1997; O’Connell
and Wang, 2000; Roegiers et al., 2001; Wright and Hunter, 2003).
Spindle displacement away from the cell center can be used to
generate daughter cells of unequal sizes (Kaltschmitdt et al., 2000).
Astral microtubules can also help rotate the spindle into a
defined orientation relative to the cell axis (Giansanti et al., 2001;
O’Connell and Wang, 2000; Palmer et al., 1992). The spindle
determines the plane of cytokinesis, and spindle orientation thus
has important consequences for the distribution of the cellular
contents to the daughter cells, as well as the relative placement of
the daughter cells within the tissue (i.e. side by side versus one on
top of the other) (Giansanti et al., 2001; Glotzer, 2004; Rappaport,
1997). Spindle position and orientation play an important role in
determining whether cell division is symmetric (producing identical

daughter cells) or asymmetric (resulting in different daughter cell
contents, placements or fates) (Betschinger and Knoblich, 2004;
Neumüller and Knoblich, 2009). Appropriate daughter cell
placement is crucial for tissue morphogenesis and homeostasis
(Baena-López et al., 2005).
Cancer can arise from mutations in oncogenes, which act
dominantly, or in tumor suppressor genes, for which loss of function
is tumorigenic. Germline tumor suppressor mutations produce
familial cancer syndromes with specific patterns of tumor
development, and sporadic tumors often arise from somatic
mutations of the same genes (Al-Sukhni et al., 2008; Dunbier and
Guilford, 2001; Kim et al., 2010; Nakamura et al., 1991; Santoro
et al., 1993). The tissue specificity of these mutations might be
explained by their tissue-specific functions or by the occurrence of
additional tissue-specific mutations. Whether spindle orientation is
more important in some tissues compared with others is unknown.
Tumors of epithelial cells make up the vast majority of human
cancers (Miller et al., 2005), and the tumor suppressors we discuss
with roles in spindle orientation all prevent epithelial tumorigenesis
(Gnarra et al., 1994; Hajra and Fearon, 2002; McCartney and
Näthke, 2008; Nyhan et al., 2008; Senda et al., 2007). Our
Commentary will therefore focus on spindle orientation
mechanisms and consequences for epithelial tumors, although they
might be relevant for other tumor types as well. We first present
an overview of the spindle orientation process, followed by a
description of the roles of the tumor suppressor mutations in
spindle misorientation. We then speculate on the potential
consequences of spindle misorientation for cancer development.
Patterns of spindle orientation
In most epithelia, the common pattern of spindle orientation is
planar, in which the spindle is aligned along the tissue plane,
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parallel to the apical and basal surfaces of the cell (FernándezMiñán et al., 2007; Fischer et al., 2006; Fleming et al., 2007; Lu
et al., 2001) (Fig. 1). Planar spindle orientation leads to the
establishment of a cytokinetic furrow that bisects the apical and
basal cell surfaces, thereby generating daughter cells that are side
by side in the tissue. Both daughter cells retain or re-establish
contact with the extracellular matrix (ECM), and they attach to
each other along their lateral surfaces (Jinguji and Ishikawa, 1992).
Because daughter cells inherit identical contents and ECM
attachments, planar spindle orientation can result in symmetric cell
division (Fig. 2A). Loss of planar orientation in tumors could
disrupt epithelial tissue morphology by placing daughter cells one
on top of the other, creating vertical tissue expansion.
Although planar spindle orientation can result in symmetric cell
division, it can also lead to asymmetric cell division. For example,
in the developing mammalian brain, dividing cells can show planar
spindle orientation, but partition cellular components – such as the
apical surface and the basal process connecting it to the ECM,
unequally – resulting in asymmetric cell division (Kosodo et al.,
2004; Kosodo et al., 2008; Siller and Doe, 2009). Uneven distribution
of microenvironmental factors, such as gradients of growth factors,
could also influence the fates of daughter cells. This might be the
case in intestinal crypts, where we found planar spindle orientation
in dividing crypt cells, but as the crypt axis is itself polarized from
base to apex, the daughter cell that is placed farther up the crypt–
villus axis might be exposed to a different microenvironment that
could affect crypt homeostasis (Fleming et al., 2007).
The other major pattern of spindle orientation is apico-basal, in
which the spindle is aligned along the apico-basal cell axis,
perpendicular to the tissue plane (Fig. 2B). The cytokinesis furrow
in this case generates one daughter cell on top of the other. The
apical daughter cell inherits the apical cytoplasm and cell cortex,
and the basal daughter cell inherits the basal components. This
asymmetric distribution of cell contents and daughter cell placement
results in asymmetric cell division, and can generate divergent
daughter cell fates (Cabernard and Doe, 2009). Apico-basal spindle
orientation is important in developmental processes and in
homeostasis within stem cell populations (Caussinus and Gonzalez,
2005; Deng and Lin, 1997; Gonzalez, 2007; Sousa-Nunes et al.,
2010; Yamashita, 2009; Yamashita et al., 2003).
The tissue environment can affect spindle orientation. For
example, in neural retina explants, most spindles show planar
orientation, but the presence of the underlying retinal pigment
epithelium biases this towards apico-basal orientation (Cayouette
et al., 2001; Tibber et al., 2004). Another interesting example
occurs in mammalian heart development, where epicardial lining
cells show planar spindle orientation, which then converts to apicobasal orientation during an epithelial to mesenchymal transition
(EMT, discussed later), in which these cells invade the myocardium
to become fibroblasts and vascular smooth muscle cells (Wu et al.,
2010). Shifts between planar and apico-basal orientation could
impact the growth and differentiation of precancerous and tumor
tissues, by altering the relative placement of daughter cells and the
microenvironments to which individual tumor cells are exposed
(Gonzalez, 2007; Morrison and Kimble, 2006; Neumüller and
Knoblich, 2009).
The size of stem cell populations might also be controlled
through spindle orientation. Stem cells have been observed to be
capable of dividing symmetrically or asymmetrically in fly and
mammalian neuroepithelia (Buchman and Tsai, 2007; Chenn and
McConnell, 1995; Egger et al., 2007; Egger et al., 2010; Knoblich,

Fig. 1. Mammalian epithelial cells show planar spindle orientation.
Confocal immunofluorescence images of (A) mouse mammary duct
epithelium and (B) small intestinal crypt epithelium. Spindle microtubules are
green, DNA is blue and polymerized actin is red. The apical cell surfaces that
line the duct and crypt lumens are at the top of the frames. The dividing cells
shown are in early anaphase, with the spindle located near the apical cell
surface, and aligned parallel to the apical surface and hence to the tissue plane.
Contrast was digitally altered to show all features of the image optimally.
Scale bar: 10m.

2008; Shen et al., 2002; Xie and Chin, 2008; Yamashita, 2009).
Asymmetric division of stem cells could produce one replacement
stem cell and one differentiating cell, which could maintain the
overall size of the stem cell compartment (Fig. 2B). Fly germline
stem cells are an example in which stem cell homeostasis is
associated with asymmetric cell division (Yamashita, 2009;
Yamashita et al., 2003). By contrast, mammalian skin stem cells
divide symmetrically during development to increase the skin
surface area and subsequently orient their spindles apico-basally to
produce stratified skin (Lechler and Fuchs, 2005). Recently, two
groups have presented evidence that symmetric cell division plays
a fundamental role in intestinal stem cell populations (LopezGarcia et al., 2010; Snippert et al., 2010). On the basis of these
observations, we expect that specific regulatory patterns will be
found in the stem cell compartments of other tissues.
The effect of spindle orientation on the size of a stem cell
population is highly relevant to cancer, because many tumors are
thought to contain cancer stem cells analogous to somatic stem
cells, with a prominent hierarchical role in tumor composition
(Alison et al., 2010; Mani et al., 2008). Mutation of the APC tumor
suppressor in colon cancer stem cells results in rapid adenoma
formation, whereas APC mutation in the more short-lived transit
amplifying cell (TAC) compartment does not, suggesting that stem
cells might be the cell of origin in colon cancer (Barker et al.,
2009). We imagine that cancer stem cells can also divide
asymmetrically or symmetrically, by analogy to non-cancerous
stem cells. This idea is consistent with the observation that
heterozygosity for APC mutation in intestinal stem cells alters the
ratio between spindles with apico-basal orientation and those with
planar orientation (discussed further in the section on APC) (Quyn
et al., 2010). It is possible that tumor-associated spindle orientation
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Fig. 2. Patterns of spindle orientation influence daughter cell placement
within the tissue. (A)Planar orientation. The spindle is oriented parallel to the
tissue axis. This produces a cell division plane that divides the cell vertically,
resulting in daughter cells that are placed side by side along the ECM (shown
as a hatched bar underneath the cells). Division of these cells can be
symmetric or asymmetric, depending on the partitioning of cellular
components. In a cancer stem cell population, planar spindle orientation with
symmetric cell division could increase the number of cancer stem cells by
producing identical daughter cells with cancer stem cell phenotypes.
(B)Apico-basal orientation. The spindle is oriented perpendicular to the tissue
axis. This produces a cell division plane that divides the cell into daughter cells
one on top of the other, resulting in asymmetric division. Apico-basal spindle
orientation would be expected to maintain the size of a cancer stem cell
population by generating one replacement stem cell and one differentiating
cell. Nuclei are blue; the colors of the cytoplasm represent components that
differ between daughter cells.

defects could contribute to such a shift from asymmetric to
symmetric cell division in cancer stem cells, thereby enhancing
cancer stem cell-associated tumor growth, metastasis and recurrence
(Neumüller and Knoblich, 2009).
Regulation of spindle orientation
The two patterns of spindle orientation described above depend
on specific regulatory mechanisms. Primitive eukaryotes, such as
yeast, flies and worms, have provided major insights into the
proteins involved; many of these proteins were later confirmed to
be present in vertebrates. Details of their roles have been
extensively described in many excellent reviews (Cowan and
Hyman, 2004; Knoblich, 1997; LaFlamme et al., 2008; Neumüller
and Knoblich, 2009; Roegiers and Jan, 2004; Segalen and
Bellaïche, 2009; Siller and Doe, 2009; Toyoshima and Nishida,
2007b; Wodarz, 2005). Here, our goal is to highlight two major
components of the spindle orientation process that are likely to be
altered in human tumors: the establishment of polarity with the
associated generation of cortical cues, and the extension of astral
microtubules to the cell cortex, which allows them to interact with
cortical sites.
The establishment of epithelial polarity is associated with the
formation of cell–cell junctions and cell–ECM interactions (Nelson
et al., 1991; Vega-Salas et al., 1987). Thus, factors such as integrins
at sites of ECM contact, junctional proteins at sites of cell–cell
contact and diffusible molecules all have the potential to contribute
to the generation of polarity cues that could be useful for orienting
spindles.
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A current model posits that, in polarized epithelial cells, adherens
junctions (AJs) and, by implication, their associated proteins are
the site of interaction between the cell cortex and astral
microtubules, based on their location and the observation of
microtubule plus ends ending in the AJ region (Bellett et al., 2009;
Ligon and Holzbaur, 2007; Ligon et al., 2001; Meng et al., 2008)
(Fig. 1). Whether the actual junction is required for generating the
alignment cue is not clear. In cultured epithelial cells, ligation of
the AJ protein E-cadherin on the basal cell surface results in partial
spindle rotation towards this surface, suggesting that E-cadherin
could play a major role in generating alignment cues (den Elzen et
al., 2009). Further experiments using disruption of AJ-associated
proteins and higher-resolution imaging techniques might be helpful
in determining whether AJs are necessary and sufficient for planar
spindle orientation. The disruption of AJs or the loss of associated
cortical proteins might be a mechanism underlying spindle
misorientation in cancer.
Astral microtubules link cortical cues to the spindle (Giansanti
et al., 2001; O’Connell and Wang, 2000; Palmer et al., 1992).
These microtubules must be able to extend to the cell cortex,
which might be a considerable distance, depending on the geometry
of the cell. Thus, their extension might require stabilizing factors,
and loss of these stabilizing factors could be a potential mechanism
of spindle misorientation in cancer (Hernandez and Tirnauer, 2010).
The factors responsible for mediating microtubule stability and
microtubule–cell cortex interactions in epithelial cells might include
the tumor suppressors discussed in the following section and the
force-generating motor protein cytoplasmic dynein (Faulkner et
al., 2000; Green et al., 2005; O’Connell and Wang, 2000;
Toyoshima and Nishida, 2007a).
Contributions of tumor suppressor mutations to
spindle misorientation
Although misoriented spindles have been seen in several tumor
models, not all tumors show spindle misorientation (Fleming et al.,
2009). Rather, it seems that only certain mutations affect the spindle
orientation process. Notably, these include mutations in the tumor
suppressors APC, E-cadherin and VHL (Caldwell et al., 2007; den
Elzen et al., 2009; Fleming et al., 2009; Quyn et al., 2010; Thoma
et al., 2009). All three of these tumor suppressor proteins possess
the dual functions of regulating epithelial polarity and stabilizing
microtubules, perhaps suggesting biological connections between
these two functions and highlighting their interplay in epithelial
cells (Calzada et al., 2006; Piepenhagen and Nelson, 1998; Shi et
al., 2004; Wollner and Krzeminski, 1992).
APC

In the familial adenomatous polyposis (FAP) syndrome, patients
inherit a germline mutation of the APC tumor suppressor from one
parent and develop colon cancer associated with loss of
heterozygosity for the wild-type APC allele (Al-Sukhni et al.,
2008; Fodde and Smits, 2001). The majority of sporadic colon
cancers are also attributed to APC mutations (Kinzler and
Vogelstein, 1996). Most APC mutations result in the expression of
a truncated protein, although complete loss of APC is also highly
tumorigenic (Cheung et al., 2010; Dihlmann et al., 1999). APC
mutations impair the ability of APC to downregulate canonical
Wnt/-catenin signaling, which in turn increases cell proliferation
and reduces apoptosis (for a review, see Bienz and Clevers, 2000).
They also abolish binding sites for cytoskeletal proteins, which
leads to decreased cell migration and reduced fidelity of
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chromosome segregation (Fodde et al., 2001; Kaplan et al., 2001;
Kawasaki et al., 2003; Kroboth et al., 2007; Mahmoud et al., 1997;
Sansom et al., 2004; Wong et al., 1996).
In addition to these functions, APC is the best-studied tumor
suppressor with regard to its role in spindle orientation. This role
has been demonstrated in several model systems and in human
cancers (Caldwell et al., 2007; Fleming et al., 2009; Lu et al.,
2001; Quyn et al., 2010). Interestingly, the mechanisms used by
APC to orient spindles appear to depend on the model system.
APC knockdown by RNA interference (RNAi) or transfection of a
dominant-negative APC fragment in HEK293 cells show dramatic
spindle misorientation due to the complete destabilization of astral
microtubules. This is mediated by the loss of the interaction
between APC and its binding partner EB1, a microtubule-plus-end
tracking protein (+tip) (Green et al., 2005; Schuyler and Pellman,
2001). This is consistent with several studies that demonstrate a
role for APC in microtubule stabilization through its binding to
microtubules and EB1 (Munemitsu et al., 1994; Nakamura et al.,
2001; Smith et al., 1994; Wen et al., 2004; Zumbrunn et al., 2001).
Other studies have shown roles for APC in cell polarization,
suggesting that its mutation could also cause spindle misorientation
by altering cortical cues (Etienne-Manneville et al., 2005; Prosperi
et al., 2009; Shi et al., 2004; Watanabe et al., 2004). These roles
could be mediated by interactions between APC and components
of the actin cytoskeleton or the AJ-associated protein -catenin, as
both of these interactions are lost with cancer-associated mutations
(Nathke, 2005). In line with this role for APC, we found that
heterozygous and homozygous APC mutation in mouse tissues
causes spindle misorientation without eliminating astral
microtubules (Fleming et al., 2009). The lack of an effect on astral
microtubule length in vivo might be due to the inherently greater
microtubule stability of polarized epithelial cells in intact tissues
compared with less polarized cultured cells (Musch, 2004). Thus,
APC might control spindle orientation through effects on astral
microtubule stabilization, cell cortex polarization, or both.
Beyond this general role for APC in spindle orientation, a
specific role for APC in regulating spindle orientation in stem cells
has recently generated interest (Quyn et al., 2010). This study
analyzed spindle orientation in distinct crypt compartments (stem
cell versus TAC) in premalignant tissues that are heterozygous for
an APC mutation (Quyn et al., 2010). In wild-type animals, most
TACs have planar spindle orientation, whereas the majority of
stem cells show apico-basal orientation (Quyn et al., 2010),
although the apparent differences between this result and those
suggested by other groups have not been completely reconciled
(Lopez-Garcia et al., 2010; Snippert et al., 2010). In the study by
Quyn et al., stem cells from mice and human patients that are
heterozygous for APC mutations show planar spindle orientation
(Quyn et al., 2010). This switch from apico-basal to planar spindle
orientation in intestinal stem cells could be responsible for
increasing the pool of premalignant stem cells that specifically
harbor the APC mutation. Further studies of the role of APC in
intestinal stem cell spindle orientation and its alterations in intestinal
cancer should prove informative.
E-cadherin

Patients with a germline E-cadherin mutation develop familial
diffuse gastric cancer (FDGC), a syndrome that includes gastric
and lobular breast cancers (Dunbier and Guilford, 2001). These
tumors show major reductions in cell–cell attachment and
metastasize early (Humar and Guilford, 2009). Sporadic lobular

breast cancer and its precursor lesion lobular carcinoma in situ
(LCIS), as well as many other sporadic tumor types, also show
reduced or absent E-cadherin expression (Hajra and Fearon, 2002;
Strathdee, 2002; Vos et al., 1997). E-cadherin is the major
component of AJs in epithelial cells and is thus a major controller
of the formation of epithelial cell–cell attachments (Capaldo and
Macara, 2007). E-cadherin mutation might release its binding
partner -catenin from AJs, leading to cancer-promoting effects on
gene transcription, apoptosis signaling and angiogenesis (Ceteci et
al., 2007; Derksen et al., 2006; Onder et al., 2008).
In addition to its tumor suppressor function, E-cadherin plays a
major role in preventing tumor metastasis. Loss of E-cadherin has
been noted at the edge of tumors, suggesting a relationship between
its loss and cell egress from the tumor front (Brabletz et al., 2001;
Hsu et al., 2007; Wang et al., 2009). Forced expression of Ecadherin prevents invasive phenotypes in vitro and is able to block
the transition from adenoma to invasive carcinoma in a mouse
model of pancreatic cancer (Perl et al., 1998; Vleminckx et al.,
1991). Suppression of E-cadherin by RNAi, but not merely the
loss of cell–cell adhesion, increases metastasis, demonstrating that
the metastasis-preventing role of E-cadherin goes beyond that of
AJ formation (Onder et al., 2008). This further role for E-cadherin
might be its ability to block aspects of the EMT, a phenotypic
transformation in which non-motile cells adopt a fibroblastic
morphology and increase their motility, migration and invasion
capacity (for reviews, see Lombaerts et al., 2006; Thiery et al.,
2009; Yang et al., 2004). EMT is associated with reduced expression
of E-cadherin and increased expression of N-cadherin, which,
despite its overall similarity to E-cadherin, is unable to support the
same functions (such as the strength of cell–cell attachments) (Chu
et al., 2005; Nieman et al., 1999; Rieger-Christ et al., 2004).
E-cadherin has been recently shown to play a role in spindle
orientation in polarized epithelial cells (den Elzen et al., 2009).
Here, reduction of E-cadherin by either RNAi or expression of a
dominant-negative version of the protein impairs spindle orientation
(den Elzen et al., 2009). As discussed for APC, potential
mechanisms by which E-cadherin mutation could misorient spindles
include reduced cell polarization and destabilization of astral
microtubules (through reduced microtubule interactions with cell
junctions or an EMT) (Chausovsky et al., 2000; Dugina et al.,
1995; Shtutman et al., 2008; Stehbens et al., 2009). A third possible
mechanism of spindle misorientation seems to be loss of cortically
localized APC in cells subjected to E-cadherin RNAi, suggesting
a possible shared role for APC and E-cadherin in spindle orientation
(den Elzen et al., 2009).
VHL

Patients who inherit a germline mutation of the VHL tumor
suppressor develop von Hippel-Lindau syndrome, characterized
by benign cysts and malignant tumors in several organs, perhaps
highlighting distinct roles for VHL in tissue morphogenesis and
tumorigenesis (for reviews, see Friedrich, 1999; Maher and Kaelin,
1997). The best-appreciated tumor suppressor function of VHL is
its role as a key component of an E3 ubiquitin ligase that targets
hypoxia-inducible factor (HIF) for degradation, thus controlling
the response of a cell to local oxygen tension (Epstein et al., 2001;
Ivan et al., 2001; Jaakkola et al., 2001; Kaelin, 2008; Nyhan et al.,
2008). Reduced HIF degradation and loss of HIF-independent
functions of VHL increase cell proliferation and angiogenesis,
prevent cell death and reduce cell–cell adhesion (Kaelin, 2008;
Krishnamachary et al., 2006; Nyhan et al., 2008; Ohh, 2006).
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VHL also plays a role in spindle orientation (Thoma et al.,
2009). VHL RNAi in HeLa cells causes spindle misorientation by
eliminating astral microtubules, similar to findings with APC in
cultured cells (Green et al., 2005; Thoma et al., 2009), and is
consistent with the known contribution of VHL to microtubule
stability (Hergovich et al., 2003; Hergovich et al., 2006; Lolkema
et al., 2007). However, as HeLa cells are tumor-derived cells that
fail to form AJs, it is not known whether loss of VHL function
causes a similar defect in vivo or whether the roles of VHL in cell
polarity might be of greater importance (Stöffler et al., 1998). VHL
also mediates expression of E-cadherin in some systems and its
mutation could thus contribute to spindle misorientation by reducing
E-cadherin levels (Esteban et al., 2006; Evans et al., 2007;
Krishnamachary et al., 2006). The VHL target HIF1 was also
recently shown to repress APC expression, suggesting that reduction
of APC levels might be another potential mechanism by which
VHL mutation could cause spindle misorientation and potentially
linking all three of these tumor suppressors in the spindle orientation
process (Newton et al., 2010).
Other mechanisms of spindle misorientation in
cancer
There are several other cancer-associated changes that might also
result in spindle misorientation, but for which there are less
experimental data on human cancers. These include mutations of
oncogenes, tumorigenic mutations in flies that affect centrosome
number, and alterations in the microenvironment that might affect
the spindle orientation process, as described below.
Mutations of oncogenes

Unlike tumor suppressor inactivation, a clear link between oncogene
activation and spindle misorientation is lacking. Some oncogenic
signaling pathways have been implicated in the spindle orientation
process, but rather than promoting spindle misorientation, they seem
to be required for appropriate spindle orientation. For example,
phosphoinositide 3-kinases (PI3Ks), which are activated by growth
factor stimulation, are required for appropriate spindle orientation
that is mediated by integrin engagement in HeLa cells (Toyoshima
et al., 2007). This is notable because inhibition of PI3K signaling is
being considered as a cancer treatment strategy (Courtney et al.,
2010). Blocking oncogenic activation of PI3K might cause spindle
misorientation as a side effect, although it is not clear whether the
role of PI3K in spindle orientation would also be seen in polarized
epithelial cells in vivo (Toyoshima et al., 2007).
Mutations that affect centrosome function and cell polarity
in flies

Another intriguing connection between tumorigenesis and spindle
misorientation is seen with mutations that induce centrosome
amplification (Basto et al., 2008; Castellanos et al., 2008). Several
mutations that increase centrosome number in flies are found to
produce extensive growth and metastasis of tumor implants, along
with prominent spindle misorientation (Basto et al., 2008;
Castellanos et al., 2008). Centrosome amplification is a feature of
many human tumors, but most studies in mammalian systems have
focused on its contribution to the development of aneuploidy rather
than to spindle misorientation (Fukasawa et al., 1996; Lingle et al.,
1998; Mayer et al., 2003; Tutt et al., 1999). It is not clear which
factors determine whether centrosome abnormalities predominantly
cause chromosome missegregation, spindle misorientation or both,
and whether these differences are species-dependent. It will be
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interesting to see whether homologs of these genes are mutated in
human tumors and, if so, whether their mutation is associated with
spindle misorientation.
Alterations in the microenvironment

In addition to gene mutations, the role of the microenvironment,
which includes infiltrating cells, secreted growth factors and altered
matrix components, is being increasingly recognized in tumor
biology (for reviews, see Calorini and Bianchini, 2010; Chiodoni
et al., 2010; McAllister and Weinberg, 2010). We imagine that
spindle orientation could be sensitive to microenvironmental
changes. For example, spindle axis is altered in polarized MadinDarby canine kidney (MDCK) cells that are exposed to hepatocyte
growth factor (HGF, also known as scatter factor), which is
overexpressed in some tumors and is implicated in the cancerassociated EMT (Behrens et al., 1991; Savagner et al., 1997; Yu et
al., 2003). Altered ECM composition or stiffness, and the resulting
changes in integrin expression, are another example of a
microenvironmental change that could affect spindle orientation,
as integrin engagement regulates spindle orientation in cultured
cells (Toyoshima and Nishida, 2007a). A future challenge will be
to determine whether the tumor microenvironment affects spindle
orientation in vivo and, if so, whether these effects can be
manipulated pharmacologically.
The role of spindle misorientation in cancer –
correlation, causation or contribution?
Some of the abnormalities seen in tumors merely reflect phenotypic
changes that play no causative role in the tumor, but in the case of
spindle misorientation, we interpret the specific association of this
phenomenon with the mutations described above to suggest that
spindle misorientation does contribute to cancer in some way.
Does spindle misorientation alone cause cancer? Or is it more
likely to contribute to the evolution of aggressive cancer phenotypes
in conjunction with conventional changes in tumor suppressor
genes?
Testing a direct tumorigenic role for spindle misorientation is
difficult, as tools to disrupt spindle orientation without affecting
other spindle functions are lacking. For example, manipulations
that affect astral microtubules, such as mutation of APC or treatment
with a microtubule-destabilizing drug, are likely to affect both
astral and kinetochore microtubules, and hence are likely to impair
spindle orientation and chromosome segregation (Green et al.,
2005). The tumor suppressors mentioned above also have crucial
functions in limiting cell growth and survival, making it difficult
to separate the contribution of spindle misorientation from these
other effects. True separation-of-function alleles of the tumor
suppressors that control spindle orientation and the genes involved
in regulating centrosome number would be extremely useful in this
regard.
In the meantime, we believe there is reasonable evidence
suggesting that spindle misorientation alone is not tumorigenic.
This is based on the finding that mice with polycystic kidney
disease caused by germline deletion of the transcription factor
hepatocyte nuclear factor 1  (HNF1) or the ciliary kinesin KIF3a
show spindle misorientation and associated morphological changes
in affected kidneys, but these animals are not tumor prone (Fischer
et al., 2006; Patel et al., 2008). Other mutations that result in
polycystic kidney disease and loss of planar cell polarity do not
show increased cancer rates, although spindle orientation has not
been specifically assayed in these cases (Bergmann et al., 2008;
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Ross et al., 2005; Yates et al., 2010). These studies suggest that
spindle misorientation might affect tissue morphology during
development, but does not cause tumors. Rather, we believe that
spindle misorientation has the potential to play a substantial
synergistic role with other changes that occur at various stages of
tumor development and progression. Below, we discuss three
possible means by which spindle misorientation could affect tumor
evolution: increasing aneuploidy, facilitating tissue disorganization
and metastasis, and expanding the cancer stem cell pool.

(Fig. 3B). This has been demonstrated for APC in experiments in
which spindle misorientation induced by RNAi of APC also causes
a failure of cytokinesis, resulting in tetraploidy (Caldwell et al.,
2007). Tetraploidization is also detected in tissues of APC mutant
mice and could set the stage for further genetic changes (Caldwell
et al., 2007). The contribution of these two mitotic abnormalities to
cancer is likely to be further amplified by the rapid cell proliferation
seen in most tumors, through increases in the number of mitotic
events and decreases in the time available to correct mitotic errors.

Increasing aneuploidy

Disorganization of tissue morphology and promotion of
metastasis

Aneuploidy (abnormal chromosome number) is a major component
of many human tumors (Chandhok and Pellman, 2009; Weaver
and Cleveland, 2006). Although there might not be a simple answer
as to whether aneuploidy causes cancer, a preponderance of
evidence suggests that it can accelerate genetic changes, which
leads to cancer in many settings (Chandhok and Pellman, 2009;
Hahn and Weinberg, 2002; Hanahan and Weinberg, 2000).
Spindle misorientation and aneuploidy are connected in two
ways. First, spindle orientation and appropriate chromosome
segregation both require the end-on interactions of a subset of
microtubules with other cellular structures, although the
permanence or transience of these attachments might differ
significantly. Many of the same microtubule plus-end tracking
proteins (+TIPS) and their associated factors that affect spindle
orientation (such as EB1 and APC) also affect the fidelity of
chromosome segregation (Green et al., 2005; Vallee et al., 2001).
Thus, alteration of these microtubule plus end regulators in cancer
would be expected to cause aneuploidy and spindle misorientation
simultaneously.
Second, spindle misorientation might worsen or even facilitate
the development of aneuploidy through its effects on cytokinesis

As mentioned earlier, planar spindle orientation results in both of
the daughter cells maintaining proximity or contact with the ECM.
By contrast, when the spindle is misoriented, one daughter cell
could physically separate its sister from the ECM. This might lead
to several possible outcomes (Fig. 3C). The unattached daughter
cell could die as a result of extrusion and loss of anchorage, but
the loss of appropriate apoptotic mechanisms typical of cancer
cells might prevent this (Slattum et al., 2009). Alternatively, it
could adhere to the cell below it, resulting in vertical tissue
expansion and tissue hyperplasia, which is considered a
premalignant change (Fitzgibbons et al., 1998; Jones and Young,
1994; Tobi, 1999). Finally, if the tissue geometry favored the
creation of a lumen, it might result in the formation of a new gland.
Although this has not been shown in vivo, studies using threedimensional culture show that spindle misorientation correlates
with altered epithelial organization, such as multiple lumen
formation (Jaffe et al., 2008; Qin et al., 2010; Zheng et al., 2010).
Thus, tissue morphology could be dramatically altered as a result
of spindle misorientation and in a way that promotes the
propagation of cells with abnormal genomes.

A
1N

1N

1N

1N

Planar

1N

1N

1N

Euploid, monolayer

B
1N

1N

Misoriented

1N

1N

2N

1N

Tetraploid

C

Hypertrophy

Misoriented

Inappropriate placement

Metastasis or dissemination

Gland formation

Fig. 3. Potential effects of spindle
misorientation on the organization of a
precancerous tissue or tumor.
(A)Appropriate planar spindle orientation
in an epithelium would produce euploid
daughter cells in a simple monolayer.
(B)Aneuploidy. Spindle misorientation
associated with loss of astral microtubules
could cause failure of cytokinesis, which
would prevent cell division and lead to
tetraploidization. The resulting single
tetraploid daughter cell (black nucleus
with twice the appropriate number of
chromosomes, designated 2N) might
more easily acquire further genetic
changes that promote tumorigenesis.
(C)Tissue disorganization and metastasis.
Loss of planar spindle orientation in an
epithelium could result in daughter cells
being placed inappropriately one on top
of the other. Several possible outcomes
could include tissue hypertrophy, new
gland formation (with generation of a
new lumen) and shedding of the apically
placed daughter cell, which could
contribute to dissemination in fluid
compartments, such as ascites and
effusions. The scalloped section on the
apical surface of the cells represents the
brush border.
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Spindle misorientation has also been proposed to facilitate
metastasis. In a cell culture study in which spindle misorientation
is induced by overexpression of the Rho GTPase, daughter cells
that lack ECM contact float away in the culture media without
loss of viability and re-adhere to the dish at another site (Vasiliev
et al., 2004). Although this system fails to recapitulate many
aspects of lymphovascular metastasis from solid tumors, it might
reflect some aspects of metastasis, such as loss of cell–cell
contacts, and might cause tumor dissemination in fluid
compartments, such as tumor-associated ascites or effusions (Fig.
3C). Alternatively, basal protrusion of a daughter cell could lead
to metastasis (Slattum et al., 2009). Mutations that couple spindle
misorientation with aspects of an EMT could be especially potent
in promoting metastasis.
The relationship between tissue disorganization and spindle
misorientation could also be bidirectional. Just as spindle
misorientation might lead to tissue disorganization, the loss of
normal polarity cues in disorganized tissues could result in further
spindle misorientation. On the basis of our previous studies, we
suspect that tumor formation by itself is insufficient to misorient
spindles (Fleming et al., 2009). However, tumors with certain
mutations or altered microenvironments might develop misoriented
spindles along with other defects, resulting in a feedback loop
between spindle misorientation and an altered microenvironment
in premalignant tissues and tumors.
Expansion of the cancer stem cell compartment.

Cancer stem cells seem to play important roles in metastasis and
drug resistance, and the number of cancer stem cells in a tumor
might thus influence its aggressiveness and treatability (Alison et
al., 2010; Rosen and Jordan, 2009). As noted earlier, heterozygosity
for an APC mutation results in the loss of apico-basal spindle
orientation in intestinal stem cells (Quyn et al., 2010), raising the
possibility that spindle misorientation could alter the balance
between asymmetric and symmetric division of cancer stem cells
(Fig. 2).
To date, most of the experiments that address the role of spindle
orientation in increasing the number of cancer stem cells have been
done in flies. These show that alteration of genes involved in
spindle orientation in larval neuroblasts [a type of progenitor cell
(Knoblich, 2008)] causes tumor development and aneuploidy. This
highlights potentially overlapping roles for these genes in multiple
spindle functions and raises the possibility that spindle
misorientation in stem (or progenitor) cells could contribute to
tumor development and expansion (Betschinger et al., 2006;
Caussinus and Gonzalez, 2005; Lee et al., 2006). These findings
are of significant interest as they underscore the possibility that
spindle misorientation in mammalian precancerous or cancerous
stem cells could similarly increase the proportion of cancer stem
cells in a human tumor. The occurrence of spindle misorientation
in cancer stem cells, its impact on symmetric versus asymmetric
cell division, and its role in tumorigenesis and progression are key
questions for the future.
Conclusions and perspectives
Spindle orientation is a feature of three-dimensional tissue growth
that profoundly affects tissue geometry, morphogenesis and
function. Like the composition of the ECM or other features of the
microenvironment, it alone is probably insufficient to initiate
tumorigenesis, but its contribution to tumor development and
behavior should not be ignored. Future studies of the mechanisms
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of spindle misorientation in cancer might clarify how tumorassociated mutations regulate this process, and whether they act
independently or through a common pathway. It will be particularly
interesting to see whether the roles of tumor suppressors and genes
that control centrosome duplication in spindle orientation are
separable from their other functions, including that of preventing
aneuploidy.
Despite the complexity of spindle orientation regulation, it might
be possible to correct spindle misorientation in cells of some
premalignant tissues or tumors. Strategies to do so might include
those that restore cell–cell junctions, cell polarity and microtubule
stability in these cells. Correcting spindle orientation abnormalities
could lower rates of aneuploidy, improve tissue organization, reduce
metastasis and limit the proportion of cancer stem cells in a tumor,
all worthy targets for biologically based therapies.
We thank Timothy Mitchison, Vladimir Rodionov, Steve King and
anonymous reviewers for comments on the manuscript. This work was
funded in part by the Neag Cancer Center at the University of
Connecticut Health Center.
References
Alison, M. R., Shahriar, I. and Wright, N. A. (2010). Stem cells in cancer: instigators
and propagators? J. Cell Sci. 123, 2357-2368.
Al-Sukhni, W., Aronson, M. and Gallinger, S. (2008). Hereditary colorectal cancer
syndromes: familial adenomatous polyposis and lynch syndrome. Surg. Clin. North Am.
88, 819-844.
Baena-López, L. A., Baonza, A. and García-Bellido, A. (2005). The orientation of cell
divisions determines the shape of Drosophila organs. Curr. Biol. 15, 1640-1644.
Barker, N., Ridgway, R. A., van Es, J. H., van de Wetering, M., Begthel, H., van den
Born, M., Danenberg, E., Clarke, A. R., Sansom, O. J. and Clevers, H. (2009).
Crypt stem cells as the cells-of-origin of intestinal cancer. Nature 457, 608-611.
Basto, R., Brunk, K., Vinadogrova, T., Peel, N., Franz, A., Khodjakov, A. and Raff,
J. W. (2008). Centrosome amplification can initiate tumorigenesis in flies. Cell 133,
1032-1042.
Behrens, J., Weidner, K. M., Frixen, U. H., Schipper, J. H., Sachs, M., Arakaki, N.,
Daikuhara, Y. and Birchmeier, W. (1991). The role of E-cadherin and scatter factor
in tumor invasion and cell motility. EXS 59, 109-126.
Bellett, G., Carter, J. M., Keynton, J., Goldspink, D., James, C., Moss, D. K. and
Mogensen, M. M. (2009). Microtubule plus-end and minus-end capture at adherens
junctions is involved in the assembly of apico-basal arrays in polarised epithelial cells.
Cell Motil. Cytoskeleton 66, 893-908.
Bergmann, C., Fliegauf, M., Brüchle, N. O., Frank, V., Olbrich, H., Kirschner, J.,
Schermer, B., Schmedding, I., Kispert, A., Kränzlin, B. et al. (2008). Loss of
nephrocystin-3 function can cause embryonic lethality, Meckel-Gruber-like syndrome,
situs inversus, and renal-hepatic-pancreatic dysplasia. Am. J. Hum. Genet. 82, 959-970.
Betschinger, J. and Knoblich, J. A. (2004). Dare to be different: asymmetric cell division
in Drosophila, C. elegans and vertebrates. Curr. Biol. 14, R674-R685.
Betschinger, J., Mechtler, K. and Knoblich, J. A. (2006). Asymmetric segregation of the
tumor suppressor brat regulates self-renewal in Drosophila neural stem cells. Cell 124,
1241-1253.
Bienz, M. and Clevers, H. (2000). Linking colorectal cancer to Wnt signaling. Cell 103,
311-320.
Brabletz, T., Jung, A., Reu, S., Porzner, M., Hlubek, F., Kunz-Schughart, L. A.,
Knuechel, R. and Kirchner, T. (2001). Variable beta-catenin expression in colorectal
cancers indicates tumor progression driven by the tumor environment. Proc. Natl. Acad.
Sci. USA 98, 10356-10361.
Buchman, J. J. and Tsai, L. H. (2007). Spindle regulation in neural precursors of flies
and mammals. Nat. Rev. Neurosci. 8, 89-100.
Cabernard, C. and Doe, C. Q. (2009). Apical/basal spindle orientation is required for
neuroblast homeostasis and neuronal differentiation in Drosophila. Dev. Cell 17, 134141.
Caldwell, C. M., Green, R. A. and Kaplan, K. B. (2007). APC mutations lead to
cytokinetic failures in vitro and tetraploid genotypes in Min mice. J. Cell Biol. 178,
1109-1120.
Calorini, L. and Bianchini, F. (2010). Environmental control of invasiveness and
metastatic dissemination of tumor cells: the role of tumor cell-host cell interactions.
Cell Comm. Signal. 8, 24.
Calzada, M. J., Esteban, M. A., Feijoo-Cuaresma, M., Castellanos, M. C., NaranjoSuárez, S., Temes, E., Méndez, F., Yánez-Mo, M., Ohh, M. and Landázuri, M. O.
(2006). von Hippel-Lindau tumor suppressor protein regulates the assembly of
intercellular junctions in renal cancer cells through hypoxia-inducible factor independent
mechanisms. Cancer Res. 66, 1553-1560.
Capaldo, C. T. and Macara, I. G. (2007). Depletion of E-cadherin disrupts establishment
but not maintenance of cell junctions in Madin-Darby canine kidney epithelial cells.
Mol. Biol. Cell 18, 189-200.

Journal of Cell Science

1014

Journal of Cell Science 124 (7)

Castellanos, E., Dominguez, P. and Gonzalez, C. (2008). Centrosome dysfunction in
Drosophila neural stem cells causes tumors that are not due to genome instability. Curr.
Biol. 18, 1209-1214.
Caussinus, E. and Gonzalez, C. (2005). Induction of tumor growth by altered stem-cell
asymmetric division in Drosophila melanogaster. Nat. Genet. 37, 1125-1129.
Cayouette, M., Whitmore, A. V., Jeffery, G. and Raff, M. (2001). Asymmetric segregation
of Numb in retinal development and the influence of the pigmented epithelium. J.
Neurosci. 21, 5643-5651.
Ceteci, F., Ceteci, S., Karreman, C., Kramer, B. W., Asan, E., Götz, R. and Rapp, U.
R. (2007). Disruption of tumor cell adhesion promotes angiogenic switch and progression
to micrometastasis in RAF-driven murine lung cancer. Cancer Cell 12, 145-159.
Chandhok, N. S. and Pellman, D. (2009). A little CIN may cost a lot: revisiting
aneuploidy and cancer. Curr. Opin. Genet. Dev. 19, 74-81.
Chausovsky, A., Bershadsky, A. D. and Borisy, G. G. (2000). Cadherin-mediated
regulation of microtubule dynamics. Nat. Cell Biol. 2, 797-804.
Chenn, A. and McConnell, S. K. (1995). Cleavage orientation and the asymmetric
inheritance of Notch1 immunoreactivity in mammalian neurogenesis. Cell 82, 631-641.
Cheung, A. F., Carter, A. M., Kostova, K. K., Woodruff, J. F., Crowley, D., Bronson,
R. T., Haigis, K. M. and Jacks, T. (2010). Complete deletion of Apc results in severe
polyposis in mice. Oncogene 29, 1857-1864.
Chiodoni, C., Colombo, M. P. and Sangaletti, S. (2010). Matricellular proteins: from
homeostasis to inflammation, cancer, and metastasis. Cancer Metastasis Rev. 29, 295307.
Chu, Y. S., Eder, O., Thomas, W. A., Simcha, I., Pincet, F., Ben-Ze’ev, A., Perez, E.,
Thiery, J. P. and Dufour, S. (2005). Prototypical type I E-cadherin and type II
cadherin-7 mediate very distinct adhesiveness through their extracellular domains. J.
Biol. Chem. 281, 2901-2910.
Courtney, K. D., Corcoran, R. B. and Engelman, J. A. (2010). The PI3K pathway as
drug target in human cancer. J. Clin. Oncol. 28, 1075-1083.
Cowan, C. R. and Hyman, A. A. (2004). Asymmetric cell division in C. elegans: cortical
polarity and spindle positioning. Annu. Rev. Cell Dev. Biol. 20, 427-453.
den Elzen, N., Buttery, C. V., Maddugoda, M. P., Ren, G. and Yap, A. S. (2009).
Cadherin adhesion receptors orient the mitotic spindle during symmetric cell division
in mammalian epithelia. Mol. Biol. Cell 20, 3740-3750.
Deng, W. and Lin, H. (1997). Spectrosomes and fusomes anchor mitotic spindles during
asymmetric germ cell divisions and facilitate the formation of a polarized microtubule
array for oocyte specification in Drosophila. Dev. Biol. 189, 79-94.
Derksen, P. W., Liu, X., Saridin, F., van der Gulden, H., Zevenhoven, J., Evers, B.,
van Beijnum, J. R., Griffioen, A. W., Vink, J., Krimpenfort, P. et al. (2006). Somatic
inactivation of E-cadherin and p53 in mice leads to metastatic lobular mammary
carcinoma through induction of anoikis resistance and angiogenesis. Cancer Cell 10,
437-449.
Dihlmann, S., Gebert, J., Siermann, A., Herfarth, C. and von Knebel Doeberitz, M.
(1999). Dominant negative effect of the APC1309 mutation: a possible explanation for
genotype-phenotype correlations in familial adenomatous polyposis. Cancer Res. 59,
1857-1860.
Dugina, V. B., Alexandrova, A. Y., Lane, K., Bulanova, E. and Vasilie, J. M. (1995).
The role of the microtubular system in the cell response to HGF/SF. J. Cell Sci. 108,
1659-1667.
Dunbier, A. and Guilford, P. (2001). Hereditary diffuse gastric cancer. Adv. Cancer Res.
83, 55-65.
Egger, B., Boone, J. Q., Stevens, N. R., Brand, A. H. and Doe, C. Q. (2007). Regulation
of spindle orientation and neural stem cell fate in the Drosophila optic lobe. Neural Dev.
2, 1.
Egger, B., Gold, K. S. and Brand, A. H. (2010). Notch regulates the switch from
symmetric to asymmetric neural stem cell division in the Drosophila optic lobe.
Development 137, 2981-2987.
Epstein, A. C., Gleadle, J. M., McNeill, L. A., Hewitson, K. S., O’Rourke, J., Mole,
D. R., Mukherji, M., Metzen, E., Wilson, M. I., Dhanda, A. et al. (2001). C. elegans
EGL-9 and mammalian homologs define a family of dioxygenases that regulate HIF by
prolyl hydroxylation. Cell 107, 43-54.
Esteban, M. A., Tran, M. G., Harten, S. K., Hill, P., Castellanos, M. C., Chandra, A.,
Raval, R., O’Brien, T. S. and Maxwell, P. H. (2006). Regulation of E-cadherin
expression by VHL and hypoxia-inducible factor. Cancer Res. 66, 3567-3575.
Etienne-Manneville, S., Manneville, J. B., Nicholls, S., Ferenczi, M. A. and Hall, A.
(2005). Cdc42 and Par6-PKCzeta regulate the spatially localized association of Dlg1
and APC to control cell polarization. J. Cell Biol. 170, 895-901.
Evans, A. J., Russell, R. C., Roche, O., Burry, T. N., Fish, J. E., Chow, V. W., Kim, W.
Y., Saravanan, A., Maynard, M. A., Gervais, M. L. et al. (2007). VHL promotes E2
box-dependent E-cadherin transcription by HIF-mediated regulation of SIP1 and snail.
Mol. Biol. Cell 27, 157-169.
Faulkner, N. E., Dujardin, D. L., Tai, C.-Y., Vaughan, K. T., O’Connell, C. B., Wang,
Y.-l. and Vallee, R. B. (2000). A role for the lissencephaly gene LIS1 in mitosis and
cytoplasmic dynein function. Nat. Cell Biol. 2, 784-791.
Fernández-Miñán, A., Martín-Bermudo, M. D. and González-Reyes, A. (2007). Integrin
signaling regulates spindle orientation in Drosophila to preserve the follicular-epithelium
monolayer. Curr. Biol. 17, 683-688.
Fischer, E., Legue, E., Doyen, A., Nato, F., Nicolas, J. F., Torres, V., Yaniv, M. and
Pontoglio, M. (2006). Defective planar cell polarity in polycystic kidney disease. Nat.
Genet. 38, 21-23.
Fitzgibbons, P. L., Henson, D. E. and Hutter, R. V. (1998). Benign breast changes and
the risk for subsequent breast cancer: an update of the 1985 consensus statement.
Cancer committee of the College of American Pathologists. Arch. Pathol. Lab. Med.
122, 1053-1055.

Fleming, E. S., Zajac, M., Moschenross, D. M., Montrose, D. C., Rosenberg, D. W.,
Cowan, A. E. and Tirnauer, J. S. (2007). Mitotic spindle imaging reveals planar cell
polarity in the mammalian small intestine. J. Histochem. Cytochem. 48, 592-598.
Fleming, E. S., Temchin, M., Wu, Q., Maggio-Price, L. and Tirnauer, J. S. (2009).
Spindle misorientation in tumors from APCmin/+ mice. Mol. Carcinog. 48, 592-598.
Fodde, R. and Smits, R. (2001). Disease model: familial adenomatous polyposis. Trends
Mol. Med. 7, 369-373.
Fodde, R., Kuipers, J., Rosenberg, C., Smits, R., Kielman, M., Gaspar, C., van Es, J.
H., Breukel, C., Wiegant, J., Giles, R. H. et al. (2001). Mutations in the APC tumour
suppressor gene cause chromosomal instability. Nat. Cell Biol. 3, 433-438.
Friedrich, C. A. (1999). Von Hippel-Lindau syndrome. A pleomorphic condition. Cancer
86, 2478-2482.
Fukasawa, K., Choi, T., Kuriyama, R., Rulong, S. and Vande Woude, G. F. (1996).
Abnormal centrosome amplification in the absence of p53. Science 271, 1744-1747.
Giansanti, M. G., Gatti, M. and Bonaccorsi, S. (2001). The role of centrosomes and
astral microtubules during asymmetric division of Drosophila neuroblasts. Development
128, 1137-1145.
Glotzer, M. (2004). Cleavage furrow positioning. J. Cell Biol. 164, 347-351.
Gnarra, J. R., Tory, K., Weng, Y., Schmidt, L., Wei, M. H., Li, H., Latif, F., Liu, S.,
Chen, F., Duh, F. M. et al. (1994). Mutations of the VHL tumour suppressor gene in
renal carcinoma. Nat. Genet. 7, 85-90.
Gönczy, P., Pichler, S., Kirkham, M. and Hyman, A. A. (1999). Cytoplasmic dynein is
required for distinct aspects of MTOC positioning, including centrosome separation, in
the one cell stage Caenorhabditis elegans embryo. J. Cell Biol. 147, 135-150.
Gonzalez, C. (2007). Spindle orientation, asymmetric division and tumour suppression in
Drosophila stem cells. Nat. Rev. Genet. 8, 462-472.
Green, R. A., Wollman, R. and Kaplan, K. B. (2005). APC and EB1 function together
in mitosis to regulate spindle dynamics and chromosome alignment. Mol. Biol. Cell 16,
4609-4622.
Hahn, W. C. and Weinberg, R. A. (2002). Rules for making human tumor cells. N. Eng.
J. Med. 347, 1593-1603.
Hajra, K. M. and Fearon, E. R. (2002). Cadherin and catenin alterations in human
cancer. Genes Chromosomes Cancer 34, 255-268.
Hanahan, D. and Weinberg, R. A. (2000). The hallmarks of cancer. Cell 100, 57-70.
Hergovich, A., Lisztwan, J., Barry, R., Ballschmieter, P. and Krek, W. (2003).
Regulation of microtubule stability by the von Hippel-Lindau tumour suppressor protein
pVHL. Nat. Cell Biol. 5, 64-70.
Hergovich, A., Lisztwan, J., Thoma, C. R., Wirbelauer, C., Barry, R. E. and Krek, W.
(2006). Priming-dependent phosphorylation and regulation of the tumor suppressor
pVHL by glycogen synthase kinase 3. Mol. Biol. Cell 26, 5784-5796.
Hernandez, P. and Tirnauer, J. S. (2010). Tumor suppressor interactions with
microtubules: keeping cell polarity and cell division on track. Dis. Model. Mech. 3, 304315.
Hsu, Y. M., Chen, Y. F., Chou, C. Y., Tang, M. J., Chen, J. H., Wilkins, R. J., Ellory,
J. C. and Shen, M. R. (2007). KCl cotransporter-3 down-regulates E-cadherin/betacatenin complex to promote epithelial-mesenchymal transition. Cancer Res. 67, 1106411073.
Humar, B. and Guilford, P. (2009). Hereditary diffuse gastric cancer: a manifestation of
lost cell polarity. Cancer Sci. 100, 1151-1157.
Ivan, M., Kondo, K., Yang, H., Kim, W., Valiando, J., Ohh, M., Salic, A., Asara, J. M.,
Lane, W. S. and Kaelin, W. G. J. (2001). HIFalpha targeted for VHL-mediated
destruction by proline hydroxylation: implications for O2 sensing. Science 292, 464468.
Jaakkola, P., Mole, D. R., Tian, Y.-M., Wilson, M. I., Gielbert, J., Gaskell, S. J., von
Kriegsheim, A., Hebestreit, H. F., Mukherji, M., Schofield, C. J. et al. (2001).
Targeting of HIF-alpha to the von Hippel-Lindau ubiquitylation complex by O2regulated prolyl hydroxylation. Science 292, 468-472.
Jaffe, A. B., Kaji, N., Durgan, J. and Hall, A. (2008). Cdc42 controls spindle orientation
to position the apical surface during epithelial morphogenesis. J. Cell Biol. 183, 625633.
Jinguji, Y. and Ishikawa, H. (1992). Electron microscopic observations on the maintenance
of the tight junction during cell division in the epithelium of the mouse small intestine.
Cell Struct. Funct. 17, 27-37.
Jones, E. C. and Young, R. H. (1994). The differential diagnosis of prostatic carcinoma.
Its distinction from premalignant and pseudocarcinomatous lesions of the prostate
gland. Am. J. Clin. Pathol. 101, 48-64.
Kaelin, W. G., Jr (2008). The von Hippel-Lindau tumour suppressor protein: O2 sensing
and cancer. Nat. Rev. Cancer 8, 865-873.
Kaltschmitdt, J. A., Davidson, C. M., Brown, N. H. and Brand, A. H. (2000). Rotation
and asymmetry of the mitotic spindle direct asymmetric cell division in the developing
central nervous system. Nat. Cell Biol. 2, 7-12.
Kaplan, K. B., Burds, A. A., Swedlow, J. R., Bekir, S. S., Sorger, P. K. and Nathke, I.
S. (2001). A role for the Adenomatous Polyposis Coli protein in chromosome segregation.
Nat. Cell Biol. 3, 429-432.
Kawasaki, Y., Sato, R. and Akiyama, T. (2003). Mutated APC and Asef are involved in
the migration of colorectal tumour cells. Nat. Cell Biol. 5, 211-215.
Kim, J. J., Rini, B. I. and Hansel, D. E. (2010). Von Hippel Lindau syndrome. Adv. Exp.
Med. Biol. 685, 228-249.
Kim, N. H., Chung, K. S. and Day, B. N. (1997). The distribution and requirements of
microtubules and microfilaments during fertilization and parthenogenesis in pig oocytes.
J. Reprod. Fertil. 111, 143-149.
Kinzler, K. W. and Vogelstein, B. (1996). Lessons from hereditary colorectal cancer. Cell
87, 159-170.

Journal of Cell Science

Spindle misorientation in cancer
Knoblich, J. A. (1997). Mechanisms of asymmetric cell division during animal
development. Curr. Opin. Cell Biol. 9, 833-841.
Knoblich, J. A. (2008). Mechanisms of asymmetric stem cell division. Cell 132, 583-597.
Kosodo, Y., Röpera, K., Haubensakac, W., Marzesco, A.-M., Corbeil, D. and Huttner,
W. B. (2004). Asymmetric distribution of the apical plasma membrane during neurogenic
divisions of mammalian neuroepithelial cells. EMBO J. 23, 2314-2324.
Kosodo, Y., Toida, K., Dubreuil, V., Alexandre, P., Schenk, J., Kiyokage, E., Attardo,
A., Mora-Bermúdez, F., Arii, T., Clarke, J. D. et al. (2008). Cytokinesis of
neuroepithelial cells can divide their basal process before anaphase. EMBO J. 27, 31513163.
Krishnamachary, B., Zagzag, D., Nagasawa, H., Rainey, K., Okuyama, H., Baek, J.
H. and Semenza, G. L. (2006). Hypoxia-inducible factor-1-dependent repression of Ecadherin in von Hippel-Lindau tumor suppressor-null renal cell carcinoma mediated by
TCF3, ZFHX1A, and ZFHX1B. Cancer Res. 66, 2725-2731.
Kroboth, K., Newton, I. P., Kita, K., Dikovskaya, D., Zumbrunn, J., WatermanStorer, C. M. and Näthke, I. S. (2007). Lack of adenomatous polyposis coli protein
correlates with a decrease in cell migration and overall changes in microtubule stability.
Mol. Biol. Cell 18, 910-918.
LaFlamme, S. E., Nieves, B., Colello, D. and Reverte, C. G. (2008). Integrins as
regulators of the mitotic machinery. Curr. Opin. Cell Biol. 20, 576-582.
Lechler, T. and Fuchs, E. (2005). Asymmetric cell divisions promote stratification and
differentiation of mammalian skin. Nature 437, 275-280.
Lee, C. Y., Wilkinson, B. D., Siegrist, S. E., Wharton, R. P. and Doe, C. Q. (2006). Brat
is a Miranda cargo protein that promotes neuronal differentiation and inhibits neuroblast
self-renewal. Dev. Cell 10, 441-449.
Ligon, L. A. and Holzbaur, E. L. (2007). Microtubules tethered at epithelial cell junctions
by dynein facilitate efficient junction assembly. Traffic 8, 808-819.
Ligon, L. A., Karki, S., Tokito, M. and Holzbaur, E. L. (2001). Dynein binds to betacatenin and may tether microtubules at adherens junctions. Nat. Cell Biol. 3, 913-917.
Lingle, W. L., Lutz, W. H., Ingle, J. N., Haihle, N. J. and Salisbury, J. L. (1998).
Centrosome hypertrophy in human breast tumors: implications for genomic stability
and cell polarity. Proc. Natl. Acad. Sci. USA 95, 2950-2955.
Lolkema, M. P., Mans, D. A., Snijckers, C. M., van Noort, M., van Beest, M., Voest,
E. E. and Giles, R. H. (2007). The von Hippel-Lindau tumour suppressor interacts with
microtubules through kinesin-2. FEBS Lett. 581, 4571-4576.
Lombaerts, M., van Wezel, T., Philippo, K., Dierssen, J. W., Zimmerman, R. M.,
Oosting, J., van Eijk, R., Eilers, P. H., van de Water, B., Cornelisse, C. J. et al.
(2006). E-cadherin transcriptional downregulation by promoter methylation but not
mutation is related to epithelial-to-mesenchymal transition in breast cancer cell lines.
Br. J. Cancer 94, 661-671.
Lopez-Garcia, C., Klein, A. M., Simons, B. D. and Winton, D. J. (2010). Intestinal stem
cell replacement follows a pattern of neutral drift. Science 330, 822-825.
Lu, B., Roegiers, F., Jan, L. Y. and Jan, Y. N. (2001). Adherens junctions inhibit
asymmetric division in the Drosophila epithelium. Nature 409, 522-525.
Maher, E. R. and Kaelin, W. G. J. (1997). von Hippel-Lindau disease. Medicine
(Baltimore) 76, 381-391.
Mahmoud, N. N., Boolbol, S. K., Bilinski, R. T., Martucci, C., Chadburn, A. and
Bertagnolli, M. M. (1997). Apc gene mutation is associated with a dominant-negative
effect upon intestinal cell migration. Cancer Res. 57, 5045-5050.
Mani, S. A., Guo, W., Liao, M. J., Eaton, E. N., Ayyanan, A., Zhou, A. Y., Brooks, M.,
Reinhard, F., Zhang, C. C., Shipitsin, M. et al. (2008). The epithelial-mesenchymal
transition generates cells with properties of stem cells. Cell 133, 704-715.
Mayer, F., Stoop, H., Sen, S., Bokemeyer, C., Oosterhuis, J. W. and Looijenga, L. H.
(2003). Aneuploidy of human testicular germ cell tumors is associated with amplification
of centrosomes. Oncogene 22, 3859-3866.
McAllister, S. S. and Weinberg, R. A. (2010). Tumor-host interactions: a far-reaching
relationship. J. Clin. Oncol. 28, 4022-4028.
McCartney, B. M. and Näthke, I. S. (2008). Cell regulation by the Apc protein: Apc as
master regulator of epithelia. Curr. Opin. Cell Biol. 20, 186-193.
Meng, W., Mushika, Y., Ichii, T. and Takeichi, M. (2008). Anchorage of microtubule
minus ends to adherens junctions regulates epithelial cell-cell contacts. Cell 135, 948959.
Miller, S. J., Lavker, R. M. and Sun, T. T. (2005). Interpreting epithelial cancer biology
in the context of stem cells: tumor properties and therapeutic implications. Biochim.
Biophys. Acta 1756, 25-52.
Mitchison, T. J. and Salmon, E. D. (2001). Mitosis: a history of division. Nat. Cell Biol.
3, E17-E21.
Morrison, S. J. and Kimble, J. (2006). Asymmetric and symmetric stem-cell divisions
in development and cancer. Nature 441, 1068-1074.
Munemitsu, S., Souza, B., Muller, O., Albert, I., Bubinfeld, B. and Polakis, P. (1994).
The APC gene product associates with microtubules in vivo and promotes their assembly
in vitro. Cancer Res. 54, 3676-3681.
Musch, A. (2004). Microtubule organization and function in epithelial cells. Traffic 5, 19.
Nakamura, M., Zhou, X. Z. and Lu, K. P. (2001). Critical role for the EB1 and APC
interaction in the regulation of microtubule polymerization. Curr. Biol. 11, 1062-1067.
Nakamura, Y., Nishisho, I., Kinzler, K. W., Vogelstein, B., Miyoshi, Y., Miki, Y., Ando,
H., Horii, A. and Nagase, H. (1991). Mutations of the adenomatous polyposis coli
gene in familial polyposis coli patients and sporadic colorectal tumors. Princess
Takamatsu Symp. 22, 285-292.
Nathke, I. S. (2005). Relationship between the role of the adenomatous polyposis coli
protein in colon cancer and its contribution to cytoskeletal regulation. Biochem. Soc.
Trans. 33, 694-687.

1015

Nelson, W. J., Hammerton, R. W. and McNeill, H. (1991). Role of the membranecytoskeleton in the spatial organization of the Na,K-ATPase in polarized epithelial cells.
Soc. Gen. Physiol. Ser. 46, 77-87.
Neumüller, R. A. and Knoblich, J. A. (2009). Dividing cellular asymmetry: asymmetric
cell division and its implications for stem cells and cancer. Genes Dev. 23, 2675-2699.
Newton, I. P., Kenneth, N. S., Appleton, P. L., Näthke, I. and Rocha, S. (2010). APC
and HIF-1{alpha} have an antagonistic connection. Mol. Biol. Cell 21, 3630-3638.
Nieman, M. T., Prudoff, R. S., Johnson, K. R. and Wheelock, M. J. (1999). N-cadherin
promotes motility in human breast cancer cells regardless of their E-cadherin expression.
J. Cell Biol. 147, 631-644.
Nyhan, M. J., O’Sullivan, G. C. and McKenna, S. L. (2008). Role of the VHL (von
Hippel-Lindau) gene in renal cancer: a multifunctional tumour suppressor. Biochem.
Soc. Trans. 36, 472-478.
O’Connell, C. B. and Wang, Y. L. (2000). Mammalian spindle orientation and position
respond to changes in cell shape in a dynein-dependent fashion. Mol. Biol. Cell 11,
1765-1774.
Ohh, M. (2006). Ubiquitin pathway in VHL cancer syndrome. Neoplasia 8, 623-629.
Onder, T. T., Gupta, P. B., Mani, S. A., Yang, J., Lander, E. S. and Weinberg, R. A.
(2008). Loss of E-cadherin promotes metastasis via multiple downstream transcriptional
pathways. Cancer Res. 68, 3645-3654.
Palmer, R. E., Sullivan, D. S., Huffaker, T. and Koshland, D. (1992). Role of astral
microtubules and actin in spindle orientation and migration in the budding yeast,
Saccharomyces cerevisiae. J. Cell Biol. 119, 583-593.
Patel, V., Li, L., Cobo-Stark, P., Shao, X., Somlo, S., Lin, F. and Igarashi, P. (2008).
Acute kidney injury and aberrant planar cell polarity induce cyst formation in mice
lacking renal cilia. Hum. Mol. Genet. 17, 1578-1590.
Perl, A. K., Wilgenbus, P., Dahl, U., Semb, H. and Christofori, G. (1998). A causal role
for E-cadherin in the transition from adenoma to carcinoma. Nature 392, 190-193.
Piepenhagen, P. A. and Nelson, W. J. (1998). Biogenesis of polarized epithelial cells
during kidney development in situ: roles of E-cadherin-mediated cell-cell adhesion and
membrane cytoskeleton organization. Mol. Biol. Cell 9, 3161-3177.
Prosperi, J. R., Becher, K. R., Willson, T. A., Collins, M. H., Witte, D. P. and Goss, K.
H. (2009). The APC tumor suppressor is required for epithelial integrity in the mouse
mammary gland. J. Cell Physiol. 220, 319-331.
Qin, Y., Meisen, W. H., Hao, Y. and Macara, I. G. (2010). Tuba, a Cdc42 GEF, is
required for polarized spindle orientation during epithelial cyst formation. J. Cell Biol.
189, 661-669.
Quyn, A. J., Appleton, P. L., Carey, F. A., Steele, R. J., Barker, N., Clevers, H.,
Ridgway, R. A., Sansom, O. J. and Näthke, I. S. (2010). Spindle orientation bias in
gut epithelial stem cell compartments is lost in precancerous tissue. Cell Stem Cell 6,
175-181.
Rappaport, R. (1997). Cleavage furrow establishment by the moving mitotic apparatus.
Dev. Growth Differ. 39, 221-226.
Rieger-Christ, K. M., Lee, P., Zagha, R., Kosakowski, M., Moinzadeh, A., Stoffel, J.,
Ben-Ze’ev, A., Libertino, J. A. and Summerhayes, I. C. (2004). Novel expression of
N-cadherin elicits in vitro bladder cell invasion via the Akt signaling pathway. Oncogene
23, 4745-4753.
Roegiers, F. and Jan, Y. N. (2004). Asymmetric cell division. Curr. Opin. Cell Biol. 16,
195-205.
Roegiers, F., Younger-Shepherd, S., Jan, L. Y. and Jan, Y. N. (2001). Two types of
asymmetric divisions in the Drosophila sensory organ precursor cell lineage. Nat. Cell
Biol. 3, 58-67.
Rosen, J. M. and Jordan, C. T. (2009). The increasing complexity of the cancer stem cell
paradigm. Science 324, 1670-1673.
Ross, A. J., May-Simera, H., Eichers, E. R., Kai, M., Hill, J., Jagger, D. J., Leitch, C.
C., Chapple, J. P., Munro, P. M., Fisher, S. et al. (2005). Disruption of Bardet-Biedl
syndrome ciliary proteins perturbs planar cell polarity in vertebrates. Nat. Genet. 37,
1135-1140.
Sansom, O. J., Reed, K. R., Hayes, A. J., Ireland, H., Brinkmann, H., Newton, I. P.,
Batlle, E., Simon-Assmann, P., Clevers, H., Nathke, I. S. et al. (2004). Loss of Apc
in vivo immediately perturbs Wnt signaling, differentiation, and migration. Genes Dev.
18, 1385-1390.
Santoro, M., Sabino, N., Ishizaka, Y., Ushijima, T., Carlomagno, F., Cerrato, A.,
Grieco, M., Battaglia, C., Martelli, M. L., Paulin, C. et al. (1993). Involvement of
RET oncogene in human tumours: specificity of RET activation to thyroid tumours. Br.
J. Cancer 68, 460-464.
Savagner, P., Yamada, K. M. and Thiery, J. P. (1997). The zinc-finger protein slug
causes desmosome dissociation, an initial and necessary step for growth factor-induced
epithelial-mesenchymal transition. J. Cell Biol. 137, 1403-1419.
Schuyler, S. and Pellman, D. (2001). Microtubule “plus-end-tracking proteins”: the end
is just the beginning. Cell 105, 421-424.
Segalen, M. and Bellaïche, Y. (2009). Cell division orientation and planar cell polarity
pathways. Semin. Cell Dev. Biol. 20, 972-977.
Senda, T., Iizuka-Kogo, A., Onouchi, T. and A. S. (2007). Adenomatous polyposis coli
(APC) plays multiple roles in the intestinal and colorectal epithelia. Med. Mol. Morphol.
40, 68-81.
Shen, Q., Zhong, W., Jan, Y. N. and Temple, S. (2002). Asymmetric Numb distribution
is critical for asymmetric cell division of mouse cerebral cortical stem cells and
neuroblasts. Development 129, 4843-4853.
Shi, S. H., Cheng, T., Jan, L. Y. and Jan, Y. N. (2004). APC and GSK-3beta are involved
in mPar3 targeting to the nascent axon and establishment of neuronal polarity. Curr.
Biol. 14, 2025-2032.
Shtutman, M., Chausovsky, A., Prager-Khoutorsky, M., Schiefermeier, N.,
Boguslavsky, S., Kam, Z., Fuchs, E., Geiger, B., Borisy, G. G. and Bershadsky, A.

Journal of Cell Science

1016

Journal of Cell Science 124 (7)

D. (2008). Signaling function of alpha-catenin in microtubule regulation. Cell Cycle 7,
2377-2383.
Siller, K. H. and Doe, C. Q. (2009). Spindle orientation during asymmetric cell division.
Nat. Cell Biol. 11, 365-374.
Slattum, G., McGee, K. M. and Rosenblatt, J. (2009). P115 RhoGEF and microtubules
decide the direction apoptotic cells extrude from an epithelium. J. Cell Biol. 186, 693702.
Smith, K. J., Levy, D. B., Maupin, P., Pollard, T. D., Vogelstein, B. and Kinzler, K. W.
(1994). Wild-type but not mutant APC associates with the microtubule cytoskeleton.
Cancer Res. 54, 3672-3675.
Snippert, H. J., van der Flier, L. G., Sato, T., van Es, J. H., van den Born, M., KroonVeenboer, C., Barker, N., Klein, A. M., van Rheenen, J., Simons, B. D. et al. (2010).
Intestinal crypt homeostasis results from neutral competition between symmetrically
dividing Lgr5 stem cells. Cell 143, 134-144.
Sousa-Nunes, R., Cheng, L. Y. and Gould, A. P. (2010). Regulating neural proliferation
in the Drosophila CNS. Curr. Opin. Neurobiol. 20, 50-57.
Stehbens, S. J., Akhmanova, A. and Yap, A. S. (2009). Microtubules and cadherins: a
neglected partnership. Front. Biosci. 14, 3159-3167.
Stöffler, H.-E., Honnert, U., Bauer, C. A., Höfer, D., Schwarz, H., Müller, R. T.,
Drenckhahn, D. and Bähler, M. (1998). Targeting of the myosin-I myr 3 to intercellular
adherens type junctions induced by dominant active Cdc42 in HeLa cells. J. Cell Sci.
111, 2779-2788.
Strathdee, G. (2002). Epigenetic versus genetic alterations in the inactivation of Ecadherin. Semin. Cancer Biol. 12, 373-379.
Thiery, J. P., Acloque, H., Huang, R. Y. and Nieto, M. A. (2009). Epithelial-mesenchymal
transitions in development and disease. Cell 139, 871-890.
Thoma, C. R., Toso, A., Gutbrodt, K. L., Reggi, S. P., Frew, I. J., Schraml, P.,
Hergovich, A., Moch, H., Meraldi, P. and Krek, W. (2009). VHL loss causes spindle
misorientation and chromosome instability. Nat. Cell Biol. 11, 994-1001.
Tibber, M. S., Kralj-Hans, I., Savage, J., Mobbs, P. G. and Jeffery, G. (2004). The
orientation and dynamics of cell division within the plane of the developing vertebrate
retina. Eur. J. Neurosci. 19, 497-504.
Tobi, M. (1999). Polyps as biomarkers for colorectal neoplasia. Front. Biosci. 4, D329D338.
Toyoshima, F. and Nishida, E. (2007a). Integrin-mediated adhesion orients the spindle
parallel to the substratum in an EB1- and myosin X-dependent manner. EMBO J. 26,
1487-1498.
Toyoshima, F. and Nishida, E. (2007b). Spindle orientation in animal cell mitosis: roles
of integrin in the control of spindle axis. J. Cell. Physiol. 213, 407-411.
Toyoshima, F., Matsumura, S., Morimoto, H., Mitsushima, M. and Nishida, E. (2007).
PtdIns(3,4,5)P3 regulates spindle orientation in adherent cells. Dev. Cell 13, 796-811.
Tutt, A., Gabriel, A., Bertwistle, D., Connor, F., Paterson, H., Peacock, J., Ross, G.
and Ashworth, A. (1999). Absence of Brca2 causes genome instability by chromosome
breakage and loss associated with centrosome amplification. Curr. Biol. 9, 1107-1110.
Vallee, R. B., Tai, C. and Faulkner, N. E. (2001). LIS1: cellular function of a diseasecausing gene. Trends Cell Biol. 11, 155-160.
Vasiliev, J. M., Omelchenko, T., Gelfand, I. M., Feder, H. H. and Bonder, E. M.
(2004). Rho overexpression leads to mitosis-associated detachment of cells from
epithelial sheets: a link to the mechanism of cancer dissemination. Proc. Natl. Acad.
Sci. USA 101, 12526-12530.
Vega-Salas, D. E., Salas, P. J., Gundersen, D. and Rodriguez-Boulan, E. (1987).
Formation of the apical pole of epithelial (Madin-Darby canine kidney) cells: polarity
of an apical protein is independent of tight junctions while segregation of a basolateral
marker requires cell-cell interactions. J. Cell Biol. 104, 905-916.
Vleminckx, K., Vakaet, L. J., Mareel, M., Fiers, W. and van Roy, F. (1991). Genetic
manipulation of E-cadherin expression by epithelial tumor cells reveals an invasion
suppressor role. Cell 66, 107-119.

Vos, C. B., Cleton-Jansen, A. M., Berx, G., de Leeuw, W. J., ter Haar, N. T., van Roy,
F., Cornelisse, C. J., Peterse, J. L. and van de Vijver, M. J. (1997). E-cadherin
inactivation in lobular carcinoma in situ of the breast: an early event in tumorigenesis.
Br. J. Cancer 76, 1131-1133.
Wang, X., Zhang, J., Fan, M., Zhou, Q., Deng, H., Aisharif, M. J. and Chen, X. (2009).
The expression of E-cadherin at the invasive tumor front of oral squamous cell
carcinoma: immunohistochemical and RT-PCR analysis with clinicopathological
correlation. Oral Surg. Oral Med. Oral Pathol. Oral Radiol. Endod. 107, 547-554.
Watanabe, T., Wang, S., Noritake, J., Sato, K., Fukata, M., Takefuji, M., Nakagawa,
M., Izumi, N., Akiyama, T. and Kaibuchi, K. (2004). Interaction with IQGAP1 links
APC to Rac1, Cdc42 and actin filaments during cell polarization and migration. Dev.
Cell 7, 871-883.
Weaver, B. A. and Cleveland, D. W. (2006). Does aneuploidy cause cancer? Curr. Opin.
Cell Biol. 18, 658-667.
Wen, Y., Eng, C. H., Schmoranzer, J., Cabrera-Poch, N., Morris, E. J. S., Chen, M.,
Wallar, B. J., Alberts, A. S. and Gundersen, G. G. (2004). EB1 and APC bind to
mDia to stabilize microtubules downstream of Rho and promote cell migration. Nat.
Cell Biol. 6, 820-830.
Wodarz, A. (2005). Molecular control of cell polarity and asymmetric cell division in
Drosophila neuroblasts. Curr. Opin. Cell Biol. 17, 475-481.
Wollner, D. A. and Krzeminski, K. A. (1992). Remodeling the cell surface distribution
of membrane proteins during the development of epithelial cell polarity. J. Cell Biol.
116, 889-899.
Wong, M., Hermiston, M. L., Syder, A. J. and Gordon, J. I. (1996). Forced expression
of the tumor suppressor adenomatous polyposis coli protein induces disordered cell
migration in the intestinal epithelium. Proc. Natl. Acad. Sci. USA 93, 9588-9593.
Wright, A. J. and Hunter, C. P. (2003). Mutations in a beta-tubulin disrupt spindle
orientation and microtubule dynamics in the early Caenorhabditis elegans embryo. Mol.
Biol. Cell 14, 4512-4525.
Wu, M., Smith, C. L., Hall, J. A., Lee, I., Luby-Phelps, K. and Tallquist, M. D. (2010).
Epicardial spindle orientation controls cell entry into the myocardium. Dev. Cell 19,
114-125.
Xie, Z. and Chin, L. S. (2008). Molecular and cell biology of brain tumor stem cells:
lessons from neural progenitor/stem cells. Neurosurg. Focus 24, E25.
Yamashita, Y. M. (2009). Regulation of asymmetric stem cell division: spindle orientation
and the centrosome. Front. Biosci. 14, 3003-3011.
Yamashita, Y. M., Jones, D. L. and Fuller, M. T. (2003). Orientation of asymmetric
stem cell division by the APC tumor suppressor and centrosome. Science 301, 15471550.
Yang, J., Mani, S. A., Donaher, J. L., Ramaswamy, S., Itzykson, R. A., Come, C.,
Savagner, P., Gitelman, I., Richardson, A. and Weinberg, R. A. (2004). Twist, a
master regulator of morphogenesis, plays an essential role in tumor metastasis. Cell 117,
927-939.
Yates, L. L., Schnatwinkel, C., Murdoch, J. N., Bogani, D., Formstone, C. J., Townsend,
S., Greenfield, A., Niswander, L. A. and Dean, C. H. (2010). The PCP genes Celsr1
and Vangl2 are required for normal lung branching morphogenesis. Hum. Mol. Genet.
19, 2251-2267.
Yu, W., O’Brien, L. E., Wang, F., Bourne, H., Mostov, K. E. and Zegers, M. M.
(2003). Hepatocyte growth factor switches orientation of polarity and mode of
movement during morphogenesis of multicellular epithelial structures. Mol. Biol. Cell
14, 748-763.
Zheng, Z., Zhu, H., Wan, Q., Liu, J., Xiao, Z., Siderovski, D. P. and Du, Q. (2010).
LGN regulates mitotic spindle orientation during epithelial morphogenesis. J. Cell Biol.
189, 275-288.
Zumbrunn, J., Kinoshita, K., Hyman, A. A. and Nathke, I. S. (2001). Binding of the
Adenomatous polyposis coli protein to microtubules increases microtubule stability and
is regulated by GSK3 beta phosphorylation. Curr. Biol. 11, 44-49.

