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Abstract

Cell polarization is an evolutionarily conserved process that facilitates asymmetric distribution of
organelles and proteins, is an evolutionarily conserved property that is modified dynamically
during physiological processes such as cell division, migration, and morphogenesis. The plasticity
with which cells change their behavior and phenotype in response to cell intrinsic and extrinsic
cues is an essential feature of normal physiology. In disease states such as cancer, cells lose their
ability to behave normally in response to physiological cues. A molecular understanding of
mechanisms that alter the behavior of cancer cells is limited. Cell polarity proteins are an
recognized class of molecules that can receive and interpret both intrinsic and extrinsic signals to
modulate cell behavior. In this review, we discuss how cell polarity proteins regulate a diverse
array of biological processes and how they can contribute to alterations in the behavior of cancer
cells.
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INTRODUCTION

Cells in all organs possess an asymmetric distribution of proteins along their membranes and
within their intracellular spaces. The ability to develop and maintain spatial asymmetry is an
evolutionarily conserved property observed from yeast to human. Among the multiple cell
types in humans, columnar epithelia display a highly sophisticated type of membrane
asymmetry referred to as apical-basal polarity. The apical membrane, in contact with the
luminal space, displays surface modifications such as microvilli and cilia and is involved in
functions including secretion, absorption, and excretion. The basolateral membrane
scaffolds the epithelial tissue to the underlying connective tissue and has cell junctions,
including tight junctions (TJs), adherens junctions (AJs) gap junctions, desmosomes, and
hemidesmosomes. These junctional complexes regulate communication between cells and
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with the extracellular matrix (ECM) and also limit the paracellular permeability of fluid and
ions between the lumen and the interstitium (Handler 1989). The ability of columnar
epithelial cells to maintain normal apical-basal polarity is essential for their normal
physiological functions and tissue integrity. In addition to apical-basal polarity, epithelial
cells engage in different types of cell polarization events during homeostasis and during
periodic tissue-remodeling events, such as those observed in colon or breast epithelia.
Dividing epithelial cells regulate the plane of cell division to retain or release the daughter
cell from the basement membrane, a process controlled by spindle orientationa and referred
to as spindle polarity. Cell migration associated with tissue remodeling and morphogenesis
involves the alignment of intracellular organelles and proteins to control the direction of cell
migration, a process referred to as front-rear polarity. In addition, epithelia align with their
neighbors and engage in long-range patterning to maintain tissue order, a process referred to
as planar cell polarity (PCP) (Zallen 2007). During both development and normal
homeostasis, epithelial cells interact with each other and with the surrounding environment,
including the ECM, to maintain tissue organization and function (Figure 1a).

Cancer: Back to the Future

Cancerous growth is associated with an increase in cell number and loss of normal tissue
organization. The mechanisms that initiate a cancerous growth may be a result of either
genetic and epigenetic events in target cells or to changes in the microenvironment and
tissue organization. The cause-and-effect relationship between genetic/epigentic changes
and disruption of tissue structure is not clear, because normal tissue exists in an equilibrium
of proliferation, morphogenesis, and differentiation. Changes to this equilibrium can result
in unregulated proliferation, which in turn can activate adaptive stress pathways that induce
changes to the genome of the cells. Thus, disruption of tissue integrity likely can create a
permissive environment that allows cells to accumulate genetic aberrations and gain the
ability to divide uncontrollably. The dynamic relationship between tissue order and
uncontrolled proliferative state, in which one begets the other, makes it challenging to
distinguish clearly the cause from the effect, and the effect can seem like the cause.

The mechanisms that initiate cancerous growth haven been a topic of debate for more than
100 years. Between 1894 and 1895, Hugo Ribbert, a histopathologist, reported that tumors
result when the balance between the cell and surrounding tissue is disturbed (Triolo 1964).
He proposed that epithelial cells resume proliferation upon loss of a restrictive influence
from their surrounding connective tissue and referred to this idea as the tissue-tension
hypothesis (Triolo 1964). Several alternative/competing hypotheses for the origin of cancer
were proposed during the 1890s and the early part of twentieth century. The most prominent
among those, which continues to significantly influence cancer research today, is the cell
autonomy hypothesis proposed by Hauser, Adami, and Ewing between 1895 and 1907
(Triolo 1964). Although this view dominated cancer research for several decades, there is a
resurgence of interest in the domineering role of microenvironment on cancer cell biology,
which is fueled by compelling evidence using animal models and cell culture studies (Bissell
& Radisky 2001).
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Cancer as a Disease of Dysregulated Morphogenesis

Normal tissue homeostasis is maintained by a dynamic equilibrium between processes such
as cell proliferation, cell death, tissue morphogenesis, and differentiation. Loss of this
equilibrium will initiate disease states including cancer. Studies on cultured epithelial cells
grown in a 3D matrix have provided surprising new insights into the relationship between
cell proliferation and higher-order tissue organization. In contrast to cells grown in
monolayer cultures, contact inhibition cannot explain the proliferation control observed
during 3D morphogenesis of organoid structures. For example, tumor-derived epithelial cell
lines that retain expression of the cell-cell adhesion protein, E-cadherin, and have
cobblestone morphology in monolayer cultures undergo confluency-induced proliferation
arrest in monolayer cultures. Furthermore, reexpression of E-cadherin in E-cadherin--
negative cell lines is sufficient to confer an epithelial phenotype and regain the ability to
undergo contact inhibition (McNeill et al 1990), which suggests that E-cadherin--mediated
cell-cell junctions are necessary and sufficient to mediate contact inhibition in monolayer
cultures. However, cancer-derived cell lines, whether or not they express E-cadherin, fail to
form proliferation-arrested organoids when grown in 3D culture (Debnath & Brugge 2005,
Kenny et al. 2007, Petersen et al. 1992) demonstrating that E-cadherin-mediated adhesion is
not sufficient for confer proliferation-arrest in 3D organoids. Although it can promote cell
proliferation, overexpression of cyclin D1, a known oncogene in breast cancer, is not
sufficient to overcome contact inhibition of human mammary epithelial cells in monolayer
cultures. However, the same cells, when grown in a 3D matrix, fail to undergo proliferation
arrest (Debnath et al. 2003b). Transgenic mouse models overexpressing cyclin D1 in the
mammary epithelium are poor at inducing tumorigenesis, which suggests that signals that
drive proliferation by deregulating proliferation control, although they may be necessary for
the cancer process, are certainly not sufficient to initiate cancer (Wang et al. 1994).
Furthermore, genes differentially expressed in cells undergoing proliferation arrest in
monolayer represent pathways that are not shared by the genes differentially expressing
during prolfieration arrest in 3D culture demonstrating that the mechanism by which cells
undergo prolfieration arrest during morphogenesis is likely to be distinct from those used
during contact-inhibition (Yu et al 2012).

Dysregulation of cell polarity is an important step during transformation of 3D organized
epithelial structures. In contrast to overexpression of cyclin D1, activation of ErbB2, a
receptor tyrosine kinase that is amplified and overexpressed in 30% of breast cancers, was
sufficient to reinitiate proliferation and disrupt 3D epithelial organization in proliferation-
arrested 3D acini (Muthuswamy et al. 2001). ErbB2 requires an interaction with the Par cell
polarity complex to transform 3D organized epithelial structures. Inhibition of the ErbB2-
Par pathway failed to transform normal acini-like structures into multiacinar structures;
however, it was not required for ErbB2 to induce cell proliferation (Aranda et al. 2006),
which demonstrates that transformation of 3D organized epithelial structures requires a
cooperative interaction between the loss of cell polarity and induction of cell proliferation.

Thus, carcinoma should be viewed as a consequence of a combined effect of dysregulated
morphogenesis and uncontrolled proliferation and not simply as a consequence of an
increase in cell number.
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Cell Polarity and Control of Cell Behavior

Whereas the importance of cell proliferation in cancer is well recognized, the role cell
polarity plays is only beginning to be appreciated. If cell proliferation and death are
analogous to acceleration and brakes in a car, and metabolism is analogous to fuel, cell
polarity can be compared with the steering wheel, which controls direction and maintains
spatial relationships in traffic. Improper steering can result in significant damage even to a
nonspeeding car, and conversely, proper steering can prevent damage to a speeding car.
similarly, we posit that loss of control over cell polarity can disrupt normal cell behavior and
lead to initiation and progression of cancer. In this review, we will discuss how cell polarity
can integrate extrinsic and intrinsic regulators of cell behavior during establishment and
maintenance of normal tissue structure (Figure 1b).

CELL POLARITY PROTEINS AND THEIR ALTERATIONS IN CANCER

The general steps of cell polarity, including its establishment and maintenance, are highly
conserved through evolution from bacteria to humans. Over the past few decades, genes
responsible for the regulation of cell polarity have been identified using genetic screening in
Caenorhabditis elegans and Drosophila melanogaster. Please see Tepass (2012) in this
volume for a comprehensive summary of polarity studies in Drosophila. Here, we focus on
studies that relate to mammalian epithelial cells and highlight those polarity proteins that are
altered in cancer cells.

The proteins that regulate cell polarity can be grouped, for the sake of simplicity, into
protein complexes according to their known localization: the subapically localized Par and
Crumbs complexes, the basolaterally localized Scribble complex, and the planar polarizing
Vang and Frizzled complexes.

PAR Complex

The par (partitioning defective) genes were identified as proteins required for asymmetric
division during early embryogenesis in C. elegans; mutations in par genes lead to defects in
cell cleavage (Kemphues et al. 1988). The products of par genes have diverse biological
function: PAR-1 [MARK2 (microtubule-affinity-regulating kinase)] and Par4 (also known
as LKBL1 in human, official gene name STK11) are serine/threonine protein kinases, Par3
(PARD3) and Par6 (isoforms, PARD6A, PARD6B, and PARD6G) are scaffold proteins
containing (post synaptic density 95; discs large; Zonula occludens-1 (PDZ) domain, Par2
(human homolog unknown) is a RING finger protein that may function as an E3-ubiquitin
ligase (Hao et al. 2006, Moore & Boyd 2004), and Par5 is a 14-3-3 protein. In mammalian
epithelia, PARD3, PARDS, and atypical protein kinase C (aPKC) form a Par complex that
localizes to apical TJs and regulates apical junction formation (Hirose et al. 2002). Par6
binds to aPKC through its Phox Bem 1 (PB1) domains and functions both as an inhibitor of
aPKC kinase activity and as a targeting subunit to recruit aPKC substrates, including
PARD3 (Hirano et al. 2005). Recruitment of CDC42-GTP to the PARD6/aPKC complex
activates aPKC kinase activity (Joberty et al. 2000) towards its subtrates PARD3 (Izumi et
al. 1998, Nagai-Tamai et al. 2002). Phosphorylated PARD3 is excluded from the apical
domain and localizes to AJs, in which it functions independently from PARD6 and aPKC
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(Morais-de-Sa et al. 2010). Phosphorylation of Par3 can also negatively regulate aPKC to
prevent its ectopic activation (Lin et al. 2000) (Figure 2a).

An emerging body of evidence implicates Par-complex proteins in cancer biology. PARD6B
is amplified and overexpressed in breast cancer (Nolan et al. 2008).. PARDS interacts with
the oncogenic receptor tyrosine HER2/ErbB2 in human mammary epithelial cells (Aranda et
al. 2006), and associates with TGFBRI and regulates epithelial to mesenchymal transition
(EMT) (Viloria-Petit et al. 2009); the PARD6/PARD3 complex interacts with discoidin
domain receptor 1 to regulate collective migration of cancer cells (Hidalgo-Carcedo et al.
2011). Zen et al. (2009) recently showed that PARD3 was deleted frequently in esophageal
cancer cells. Overexpression of aPKC is observed in multiple cancers, including
hepatocellular carcinoma, pancreatic adenocarcinoma, and breast cancer (Huang &
Muthuswamy 2010), and it correlates with poor clinical prognosis in ovarian cancer (Eder et
al. 2005).

Crumbs Complex

Another apical module, the Crumbs complex, comprises a transmembrane protein, Crumbs
(isoforms CRB1-3); Pals1 (MPP5); and Pals1-associated TJ protein (PATJ, official gene
name INADL) (Figure 2b). During polarization, the Crumbs complex specifies apical
identity by recruiting actin cytoskeleton regulators Moesin and  H-spectrin (Medina et al
2002). In Drosophila, embryos with crumbs mutation fail to assemble or stabilize a zonula
adherens junction from a spot AJ, which leads to breakdown of the epithelial structure and
extensive cell death (Tepass et al. 1990). Downregulation of CRB3 was required for
transformation of immortal baby mouse kidney cells (Karp et al. 2008), which suggests that
CRB3 may function as a tumor suppressor.

Scribble Complex

The Scribble complex is composed of three proteins, Scribble (SCRIB), Discs Large
(isoforms, DLG1-5), and Lethal(2) giant larvae (Lgl) (isoforms, LLGL1 and 2). Scribble
associates indirectly with DIg via a linker protein called guanylate kinase (GUK) Holder
(Mathew et al. 2002) and binds directly to LLGL2 via SCRIB’s LRR (leucine-rich repeat)
domain. The Scribble complex localizes to the lateral domain and is required for restricting
the apical domain by antognizing the apical Par complex (Figure 2) (St Johnston & Sanson
2011). In Drosophila, mutations of Scrib cause a broad defect in the epithelial organization
and lead to embryo lethality (Bilder & Perrimon 2000). In addition to complete loss,
mislocalization of SCRIB inactives protein function (Audebert et al 2004). Consistently,
SCRIB, DLG and LLGL are lost of mislocalized in multiple cancers, including lung,
prostate, breast, and colon and downregulation of Scribble results in transformation of
mammary epithelial and prostate epithelial cells (Huang & Muthuswamy 2010). Aberrant
splicing of LLGL1 and expression of the truncated protein is associated with poor
differentiation and large tumor size of hepatocellular carcinoma (Lu et al. 2009).

Planar Cell Polarity Complex

Two classes of molecules, the core planar cell polarity (PCP) proteins and other modulators
of PCP, regulate planar cell polarization. The core PCP regulators include Vang-like protein
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(isoforms, VANGL1 and 2); a four-pass transmembrane protein that binds to its cytoplasmic
partner Prickle (isoforms PRICKLE1-3) at the proximal end of the cell. A complex
containing seven-pass transmembrane protein, Frizzled (isoforms, FZD 1-10) and its ligand,
the noncanonical Wnts (WNT5A, 4, and 11); and an Fzd cytoplasmic binding protein,
Dishevelled (DSH) form at the distal end of the cell. Normal proximal — distal orientation of
these complexes is required for the distal orientation of hair in the Drosophila wing..
However, other core PCP regulators such as Flamingo/Starry night (isoforms CELSR1, 2,
and 3), a seven-pass transmembrane atypical cadherin, localizes to both ends (Strutt & Strutt
2009) of the proximal — distal axis. In mammals, CELSR1 interacts with VANGL?2 and
FZD6 to recruit them to the cell membrane (Devenport et al. 2011). WNT5a interacts with
receptor tyrosine-like orphan receptor 2 (ROR2), which activates a noncanonical Wnt
pathway and synergistically regulates convergent extension movements during planar
polarization (Oishi et al. 2003). VANGL2 can be phosphorylated and activated by this
WNT5a/ROR?2 interaction in a WNT5a concentration--dependent manner to regulate
chondrocyte polarity along the proximal-distal axis during limb bud elongation (Gao et al.
2011) (Figure 2d).

Other modulators of PCP include the large protocadherins Fat (Ft, four isoforms, FAT1-4),
which have 34 cadherin repeats that interact with Dachsous (Ds, two isforms, DCHS1 and 2)
and a cadherin molecule in the adjacent cell to regulate planar polarization (Ishikawa et al.
2008, McNeill 2010). In Drosophila, Ft interacts with a transcriptional corepressor,
Atrophin (human homolog ATN1) (Fanto et al. 2003), and represses expression of four
jointed (FJX1), a Golgi complex localized kinase that phosphorylates Ds (Ishikawa et al.
2008) to reduce its affinity for Ft (Brittle et al. 2010) in order to form an autoregulatory
loop. The relationship between Ft/Ds and the core PCP proteins is unknown.

PCP proteins are altered widely in cancer. Loss of VANGL2 promotes migration and
metalloproteinase-dependent invasion in cancer cells (Cantrell & Jessen 2010).
Downregulation of PRICKLEL1 is associated with high p-catenin activity and increased cell
proliferation in hepatocellular carcinoma cells, which suggests that PRICKLEL is a putative
tumor suppressor (Chan et al. 2006). WNT5a and ROR2 are implicated in multiple cancers,
including melanoma, prostate, and breast (O’Connell et al. 2010, Ren et al. 2011, Yamamoto
et al. 2010). Among the FATSs, FAT1 is overexpressed and mislocalized in melanoma cells
and breast cancers (Kwaepila et al. 2006, Sadegzadeh et al. 2011) and FAT4 is deleted or
silenced in breast cancers (Qi et al. 2009).

Cross Talk Between Polarity Complexes

During the establishment and maintenance of cell polarity, polarity complexes interact with
each other. PARDG interacts with CRUMBS during establishment of TJs (Lemmers et al.
2004) and regulates exclusion of PARD3 from the subapical domain during photoreceptor
remodeling (Walther & Pichaud 2010). SCRIB, LLGL and DLG restrict the activity of the
Crumbs complex to the apical domain (Bilder & Perrimon 2000). Thus, the basolateral
Scribble complex and the apical Par and Crumbs complexes antagonize each other during
establishment of cell polarity (Figure 3a).
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During establishment of apical-basal polarity, all PCP proteins are located apically, which
suggests that apical-basal and PCP pathways are intertwined. For example, in Drosophila
eyes, the TJ protein dPatj binds the cytoplasmic tail of Fz1 and recruits aPKC, which in turn
phosphorylates and inhibits Fz1 (Courbard et al. 2009). During PCP signaling, aPKC/dPatj
is downregulated, whereas the PARD3 (Bazooka) levels are elevated (Djiane et al. 2005). In
Xenopus oocytes, aPKC binds to a maternal PCP core protein, VANGLZ2, to promote
asymmetric distribution of post-Golgi complex-v-SNARE protein, VAMP1, and acetylated
microtubules required for embryonic patterning (Cha et al. 2011). Basolateral polarity
protein SCRIB can bind to PCP component VANGL2 through its PDZ3 domain and
cooperate with VANGL2 in PCP establishment (Courbard et al. 2009).

The above studies demonstrate the complex network of interactions that occur during cell
polarization and highlight the need for understanding how polarity proteins induce cell
polarization as well as how they engage in both cooperative and antagonistic interactions
between each other to establish and maintain cell polarization. A better understanding of the
mechanisms that regulate polarization also is necessary to elucidate how cells modulate
behavioral plasticity during tissue morphogenesis.

CELL POLARITY PROTEINS AS INTEGRATORS OF INTRINSIC AND
EXTRINSIC SIGNALS

Establishment and maintenance of cell and planar polarity is regulated by both cell-intrinsic
and cell-extrinsic factors. We highlight how some of the cell-intrinsic factors, such as
protein trafficking and microtubule and actin dynamics, and the cell extrinsic factors, such
as cell-cell and cell-matrix interaction, regulate the polarization process and how polarity
proteins in turn affect these processes.

Intrinsic Factor: Protein Trafficking

Protein trafficking is highly regulated in polarized epithelial cells. Epithelial cells use both
exocytic (transport of newly synthesized proteins) and endocytic (recycling of membrane
proteins) mechanisms during establishment and maintenance of cell polarity (Nelson &
Yeaman 2001). Proteins targeted to the plasma membrane are first transported from the
endoplasmic reticulum to the Golgi apparatus by the coatmer protein complex 11 (COPII), a
coat protein complex that initiates budding from the endoplasmic reticulum. Proteins are
then transported through the Golgi compartments by COPI, a protein complex that initiates
budding of vesicles from the Golgi. Proteins use both intrinsic sorting signals and the
adaptor protein (AP) complex for transport between the trans-Golgi network (TGN) and the
plasma membrane. The AP complex recognizes the sorting signals in the cytoplasmic
domain of membrane proteins and facilitates their assembly into vesicles that are sorted to
apical or basolateral membranes. Apical sorting signals include glycosylphosphatidylinositol
(GPI)-anchor, N- or O-linked glycosylation, a specialized transmembrane domain, and
cytoplasmic determinants. Basolateral sorting signals include tyrosine-based cytoplasmic
domains, dileucine and monoleucine motifs, pleomorphic sequences, and juxtamembrane
sequences (Mellman & Nelson 2008). In general, the basolateral signals are dominant over
apical signals. AP-1B and AP4 are involved in sorting proteins to the basolateral membrane;
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in particular, AP-1B is the only AP-1 complex that sorts basolateral proteins in epithelia
(Mellman & Nelson 2008). There is limited evidence for interaction between cell polarity
proteins and the members of the AP complex. However, mutation of Nak, a protein that
interacts with the AP-1 and AP-2 complex, and mutation of the proteins that are part of the
AP-2a subunit complex induce mislocalization of DIg from the basolateral membrane in the
Drosophila salivary gland (Peng et al. 2009).

Vesicles containing sorted proteins then dock and fuse with the plasma membrane through
the involvement of SNARE proteins. Syntaxins (STX), members of the SNARE family, act
as target membrane receptors and display distinct membrane domain specificity. STX1A
and STX1B are present only in intracellular structures; STX2 is found in both the apical and
basolateral surface, whereas STX3 and 4 are restricted to the apical or basolateral domains,
respectively (Low et al. 1996). LLGL1 binds to STX4, but not to STX2 or 3, to target
vesicles to the basolateral domain (Musch et al. 2002, Zhang et al. 2005). In addition, both
SCRIB and DLG interact with STX4 in mammalian cells (Massimi et al. 2008). Mutations
in Drosophila Avalance (homolog of human STX7 and STX12) result in basolateral
localization of Crumbs by regulating endocytic trafficking (Lu & Bilder 2005). Although
these initial evidences demonstrate the existence of a relationship between cell polarity
proteins and the vesicle targeting machinery, they most importantly, highlight the gap in our
knowledge of how cell polarity and vesicle trafficking machinery interact to generate
intracellular asymmetry.

Another important class of vesicular trafficking regulators is the Rab GTPases. There are
eleven Rabs in yeast and more than 60 in mammals. Rabs have a large number of effectors
and have been implicated in all the steps in protein trafficking. Among them, RAB8 and
RAB11 have a direct link to polarity establishment and lumen formation. RAB11 regulates
recycling endosome trafficking and is required for junctional maintenance of E-cadherin and
Crumbs as well as lumen formation (Desclozeaux et al. 2008, Roeth et al. 2009). RAB8 and
RAB11 target PARD3 to the apical membrane in Madin-Darby canine kidney (MDCK) cells
by interacting with the exocyst complex (Bryant et al. 2010). A significant body of evidence
demonstrates a role for Rabs in cancer, in which they are thought to function as tumor
suppressors, oncogenes, or regulators of cell migration and invasion (Stenmark 2009);
however, little is known about the relationship between Rabs and cell polarity proteins.

Retromer is a protein complex involved in retrograde transport of transmembrane proteins
from endocytic vesicles to the trans-Golgi network for recycling (Bonifacino & Hurley
2008). Recent studies demonstrate a role for retromers in regulation of cell polarity and
possible cancer processes. Crumbs interacts with VPS35, a component of the retromer
complex, and loss of function mutation of VPS35 leads to loss of Crumbs and phenocopies
crb mutation in Drosophila follicular epithelia (Pocha et al. 2011). Interestingly, a
comparative genomics study identified GOLPHS3, a retromer-interacting protein, as
overexpressed in cancers of the lung, ovary, prostate, breast, and skin, which highlights a
potential role for retromer biology in cancer (Scott et al. 2009). GOLPH3 can activate
mammalian target of rapamycin (mTOR), which in turn can promote cell growth.
Overexpression of GOLPH3 can also promote retromer mediated endosome to golgi
trafficking of transmembrane proteins by interacting VPS35 a member of the retromer
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complex. Consistent with this possibility, VPS35 is mutated frequently in colorectal and
gastric cancers (An et al. 2011). However, there is little known about the relationship
between retromer vesicle trafficking, cell polarity, and cancer initiation and progression.

Intrinsic Factors: Microtubules and Golgi Orientation

Microtubules are comprised of a- and B-tubulin polymers and several microtubule-
associated proteins. The tubulin subunits are organized in a polarized manner, with a fast-
growing plus end and a slow-growing minus end. Most of the microtubules in a cell are
generated by the microtubule organizing center (MTOC), which is composed of two
centrioles and a p-tubulin cloud. In many cell types, the minus ends are attached to the
MTOC, and the plus ends radiate toward the cell periphery. In columnar epithelial cells, the
microtubule ends are released from the centrosome after nucleation (Keating et al. 1997).
The microtubules then form bundles along the apical-basal axis, with the plus ends oriented
toward the basal side and the minus ends oriented toward the apical side of the cell. Proper
microtubule organization is essential for the polarized structure, because it serves as tracks
for transporting organelles, determining cell segregation axes during division, directing cell
migration, and forming axoneme organelles such as cilia or flagella.

With the exception of apical-basal polarized epithelial cells, other cell types organize Golgi
complexes around centrosomes. Microtubule-disrupting drugs such as colchicine and
vinblastine induce fragmentation of stacks of Golgi cisternae into ministacks, which disperse
throughout the cytoplasm. Removal of the drugs restores microtubules and restored
organization to Golgi stacks (Moskalewski et al. 1975). Direct contact between Golgi
complex and microtubule were obtained using cells expressing vesicular stomatitis virus
glycoprotein (VSVG) as a marker for the Golgi complex where Golgi stacks were shown to
associate with microtubules during reassembly (Rogalski & Singer 1984)..

We now know that Golgi complex elements interact directly with microtubule motors,
including dynein and kinesin. Dynein is a minus end—directed, microtubule-binding motor
protein complex composed of heavy, intermediate, and light chains and an AAA ATPase
domain that hydrolyze ATP and generate energy for movement (Hirokawa 1998).
Microinjection of antidynein antibody disrupts Golgi complex organization, which provides
the initial demonstration of a role for microtubule motors in Golgi organization (Vaisberg et
al. 1996, Lippincott-Schwartz et al. 1995). Either homozygous loss or downregulation of
dynein heavy chain 1 results in fragmentation of Golgi stacks, which demonstrates that
dynein motors mediate formation of Golgi stacks. The dynein complex interacts with
dynactin, a protein complex that increases dynein processivity on microtubules (King &
Schroer 2000, Schroer 2004). Actin related protein 1 (Arpl), a component of the dynactin
complex, interacts with Golgi complex--associated pl11 spectrin and facilitates an interaction
between Golgi membranes and the dynein-dynactin microtubule motor complex. Kinesins
(14 isoforms, KIF 1-14) are plus end--directed motors that are heteroteramers of two kinesin
heavy chains and two light chains. Loss of KIFC3 induces Golgi fragmentation under
cholesterol depletion conditions (Xu et al. 2002). Formation of Golgi stacks involves a
dynein-dynactin complex to mediate minus end--directed transport of ministacks, which
then assemble into the ribbonlike network proximal to the centrosome. Overexpression of
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dynamitin disrupts the dynactin protein complex and induces fragmentation of Golgi stacks
(Burkhardt et al. 1997), which demonstrates a direct role for the dynactin complex in Golgi
complex compaction.

In polarized epithelial cells, the Golgi complex is positioned in juxtaposition to the face of
the nuclei proximal to the apical membrane (Barr & Egerer 2005, Lacy 1957) (Figure 3a).
Golgi fragmentation does not significantly affect general vesicle transport but significantly
impairs polarized secretion of VSVG particles to the apical membrane (Yadav et al. 2009).
In migrating cells, the MTOC and the Golgi complex orient toward the direction of
migration (Kupfer et al. 1987) (Figure 3b). This directional orientation facilitates the
polarized, microtubule-dependent exocytosis toward the cell membranes at the leading edge
of migrating cells (Schmoranzer et al. 2003). Golgi reassembly and stacking proteins and
golgins play important roles during assembly of the Golgi complex (Ramirez & Lowe
2009). Golgins are coiled-coil proteins present in the cytoplasmic phase of the Golgi
membrane, and loss of golgins GMAP210 and golgin-160 induces Golgi fragmentation and
impairs directional cell migration as well as wound healing (Rios et al. 2004, Yadav et al.
2009). This evidence suggests a role for normal Golgi complex stacking in cell polarization
and directional migration.

Polarity proteins are emerging as key regulators of microtubule dynamics and Golgi
complex dynamics. MARKZ2, binds to and phosphorylates microtubule-associated protein,
which leads to microtubule destabilization (Drewes et al. 1998). During gastrulation in
Drosophila, aPKC maintains the symmetrical organization of AJs by promoting microtubule
dissociation with the centrosome and by reaching microtubule/actin balance at AJs. aPKC
might accomplish this by promoting release of AJ/Bazooka from dynein. Without aPKC,
AJs form atypical planar-polarized puncta at gastrulation (Harris & Peifer 2007). In
migrating cells, PARD3 interacts directly with dynein light intermediate chain (LIC2) and
microtubule ends at cell-cell contact (Schmoranzer et al. 2009), whereas DLG1 and CDC42
control dynein association with microtubules by scaffold protein GKAP (Manneville et al.
2010). Both mechanisms converge to serve as a cortical factor for assisting proper
positioning of the centrosome at the cell center. CRB3 associates with PARD3, PARDSG, and
aPKC to regulate ciliogenesis, which is mediated by microtubular motor KIF3/kinesin-11
(Fan et al. 2004).

Drugs that dysregulate microtubule dynamics are used widely to treat cancer patients, and
they may also induce Golgi fragmentation (Wehland et al. 1983) and dysregulation of
vesicle trafficking in cancer cells (Sonee et al. 1998). Consistent with this notion, there is an
emerging body of evidence on the role of Golgi complex in cancer, in particular the
relationship between cell division and regulation of Golgi complex dynamics. Although
mammalian cells in interphase maintain an intact Golgi stack structure, they are
disassembled upon cell cycle entry and reassembled during cytokinesis (Roth 1999).
Cancer-derived cell lines such as MCF-7 and primary colon cancers have fragmented Golgi
organization (Kellokumpu et al. 2002). The relationship between cell polarity proteins and
Golgi organization and orientation during cancer initiation and progression is an under-
studied area of cancer cell biology.
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Intrinsic Factor: Actin

Actin microfilaments are critical components of the cytoskeletal network. Actin filament (F-
actin) turnover and dynamic regulation of actin cytoskeleton architecture are critical for cell
morphology and behavior, particularly for cell adhesion and protrusion, processes that play

very important roles in cancer.

In epithelial cells, both AJs and TJs associate with the actin cytoskeleton, and maturation
and stabilization of the junctions involve reorganization of the actin cytoskeleton. PARD3 is
required for TJ formation by binding and inhibiting LIMKZ2, which phosphorylates and
inactivates the F-actin-severing protein, cofilin (Chen & Macara 2006). Cofilin-dependent
depolymerization of actin is associated with TJ disassembly (Ivanov et al. 2004, Nagumo et
al. 2008), which suggests that PARD3 regulates actin dynamics by inhibiting actin-severing
proteins. Paradoxically, PARD3 inhibits the activation of Rac, a promoter of actin
polymerization, by interacting with and inhibiting a Rac-GEF, TIAML, at cell contacts
(Chen & Macara 2005). Thus, PARD3 is likely to promote TJ biogenesis by maintaining a
balance between positive and negative regulators of actin dynamics (Figure 3a). In addition,
CDC42, PARDSG, and aPKC are required for AJ stability via regulating WASP and Arp2/3-
mediated endocytosis (Georgiou et al. 2008). In migrating cells, the segregation of CDC42
and RAC at the leading edge from RHOA in the trailing edge leads to a different
cytoskeleton structure (Figure 3b). CDC42 and RAC1 promote actin nucleation mainly
nucleation of highly branched to induce membrane protrusion, whereas RHOA activates
ROCKT1 to induce F-actin and induce actomyosin contraction and tail formation (Heasman
& Ridley 2008, Iden & Collard 2008). When cells attach to ECM, focal adhesions provide
the main sites for cell adhesion, and associate with actin stress fibers to control cell
movement. Assembly of stress fibers and focal adhesions is regulated by RHOA-mediated
downstream effectors such as mDial/2 and ROCK1. PARD3 interacts with focal adhesion
kinase (FAK), and depletion of PARD3 inhibits adhesion-induced activation of FAK, which
suggests that PARD3 functions to link focal adhesion, actin reorganization, and cell
migration (Itoh et al. 2010). Whereas the role played by actin dynamics in the migration and
invasion of cancer cells is well known, the mechanisms by which cell polarity proteins
regulate actin dynamics are only beginning to be understood. A better understanding of how
cell polarity proteins regulate actin dynamics is likely to provide insights into behavior of
tumor epithelial cells during processes such as metastasis.

Extrinsic Factor: Neighboring Cells

Evidence for cell-cell interactions regulating cell polarization can be observed during early
development. In the 8-cell stage of mouse embryonic development, cell-cell interaction
induces cell surface asymmetry, and such asymmetry is required for further development of
the outer trophectoderm and inner cell mass in blastocysts (Johnson & Ziomek 1981,
Ziomek & Johnson 1980). Inhibition of E-cadherin junctions using an anti--E-cadherin
antibody blocks proper polarization and produces blastocysts without an inner cell mass
(Shirayoshi et al. 1983). Blocking cell-cell contact in the MDCK monolayer by using an E-
cadherin antibody disrupts apical-basal polarity demonstrating a critical role for cell-cell
contact during establishment of apical-basal polarity (Imhof et al. 1983). MDCK cells in
suspension culture form a polarized epithelium in which the apical membrane faces the
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growth medium and the basolateral membrane faces the central lumen (Wang et al. 1990),
which suggests that adhesion between cells is sufficient to generate a free apical surface and
initiate polarization. E-cadherin initiates polarity by orienting junction microtubules for
targeting basolateral vesicles to the cell-cell contacts (Nejsum & Nelson 2007). However,
studies in Drosophila cells during cellularization demonstrate that apical polarization of
Par-3 can occur in the absence of Drosophila E-cadherin, which suggests the presence of E-
cadherin--independent mechanisms of initiation of polarization (Harris & Peifer 2004,
McGill et al. 2009).

TJs form a tight seal between adjacent cells and also demarcate the apical and basolateral
membrane domains of a cell. This precise localization of TJ proteins, including ZO-1 and
occludin, is regulated by the microtubule cytoskeleton, and vesicle trafficking machinery
(Cereijido et al. 1998, Decaens & Cassio 2001, Subramanian et al. 2007). Crumbs and Par
polarity protein complexes are essential for the apical TJ formation (Hurd et al. 2003, Shin
et al. 2006). Although TJs may be dispensable for the initial establishment of membrane
polarity, they are involved in maintaining cell polarity. Expression of mutant junctional
adhesion molecule A (F11R), an integral membrane protein at TJs, leads to loss of apical-
basal polarity and impairs cyst formation in MDCK cells (Rehder et al. 2006). In addition,
TJs are likely to play important roles in regulating growth control. ZONAB, a TJ-associated
transcription factor, is sequestered at sites of cell-cell contact in confluent monolayers,
whereas, in subconfluent cultures that lack TJs, ZONAB translocates to the nucleus to
induce expression of ERBB2 (Du et al. 2010) and also interacts with cyclin-dependent
kinase 4 (CDK4) to promote cell proliferation (Sourisseau et al. 2006).

Cell polarity proteins are thought to play an active role in the establishment of cell-cell
junctions; however, our understanding of the mechanisms by which this occurs is poor.
Following the E-cadherin engagement, SCRIB is recruited to the junction site (Navarro et al.
2005), where it is thought to stabilize E-cadherin-catenin association and promotes cell
adhesion (Qin et al. 2005, Yoshihara et al. 2011). Phosphorylation of SCRIB at Ser1601
excludes it from E-cadherin junctions and likely to interfere with its function at cell
junctions. PARD3 associates directly with TJ proteins F11R, nectins, and afadin/AF-6
(RASSF5) at nascent junctions and promotes junction formation (Ebnet et al. 2001, Ooshio
et al. 2007, Takekuni et al. 2003). PARD3 also binds to and inhibits regulators or TJ
biogenesis such as Rac exchange factor, TIAM1, and cofilin kinase LIMK2 (Chen &
Macara 2005, 2006; Mertens et al. 2005).

Loss of E-cadherin at cell-cell junctions is associated strongly with metastasis of multiple
carcinomas, including that of the breast, colon, lung, prostate, and thyroid. Loss of cadherins
or cell-cell adhesion molecules likely decreases cell-cell cohesion (Foty & Steinberg 1997).
Although silencing of E-cadherin gene expression and aberrant cadherin endocytosis are
observed in metastatic cancer cells, tumor epithelia likely have additional mechanisms that
compromise E-cadherin--based cell-cell interactions, because a large number of metastatic
tumor cells still express normal levels of E-cadherin at the cell surface. It is possible that
these metastatic tumor epithelia have decreased cell-cell cohesion strength and hence have
gained the ability to leave the primary site (Coman 1944). Neither the mechanisms that
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regulate cell-cell cohesion nor the role cell polarity proteins play in modulating E-cadherin
function are well understood.

Intercellular communication by direct passing of molecules and ions between cells is
mediated by gap junctions that are composed of homo- or heterohexamers of connexins. In
polarized epithelial cells, connexin43 (CX43) and CX45 bind directly to the TJ molecule
Z0-1 and colocalize with the TJ at the apical border, whereas CX32-containing gap
junctions are scattered throughout the lateral membrane (Guerrier et al. 1995, Kausalya et al.
2001). Although the role played by connexins during establishment of apical-basal polarity
is unknown, loss of CX43 impairs reorientation of MTOC and the Golgi complex during
directional migration of mouse embryo fibroblasts in a CX43 tubulin-binding domain--
dependent manner (Francis et al. 2011, Giepmans et al. 2001). It is still unclear whether cell
polarity proteins can regulate gap junctions. A bidirectional signaling ligand, EphrinB1,
interacts with CX43 and regulate its distribution and also inhibits TJ formation by
interfering with the interaction between PARD6 and CDC42 (Davy et al. 2006, Lee et al.
2008). If EphrinB1 coordinates a relationship between TJ and gap junctions remains to be
determined. In non-small cell lung cancer, decreases in CX43 protein levels correlate with
loss of ZO-1 and E-cadherin (Jinn & Inase 2010) suggesting existence of mechanisms by
which different cell-cell junction proteins are co-regulated. These observations also
highlight the significant gap in our understanding of the relationship between cell polarity
proteins and cell junctions during normal epithelial organ morphogenesis and cancer.

Extrinsic Factor: Basement Membrane

ECM proteins are assembled into an organized meshwork and associate with the surface of
the cells that produced them. ECM not only provides structural support for tissues, it also
guides cell development and patterning as well as regulates fate decisions (Muschler &
Streuli 2010). Interactions between the epithelia and the ECM play critical roles during the
establishment of cell and tissue polarity. Our understanding of the relationship between cell
polarity pathways and interaction with ECM is poor. Here we highlight the key components
of ECM and the cell surface molecules as well as the initial evidence that demonstrates a
role for a dynamic relationship between cell polarity pathways and cell-ECM interactions
during the establishment and maintenance of cell polarity.

The basement membrane (BM) underlying epithelia contains ECM proteins laminins,
nidogens, perlecan, agrin (AGRN), and collagen IV (Hynes 2009). Laminin is a heterotrimer
of five a, four B, and three -y chains and is required for assembly of BM. Nidogens
(entactins) link laminin and collagen IV and play a vital role in BM stabilization. Agrins and
perlecans provide collateral linkage between laminin, the cell surface, and the underlying
cytoskeleton. Collagen IV is a heterotrimer of one of the six a chains. The most common
collagen 1V variant present in most BMs is a trimer of two a1 and one a2 subunit
(Yurchenco 2011).

Assembly of BM is initiatied by binding of the C-terminal laminin globular domains to cell
surface receptors such as integrins, and dystroglycan. The N-terminal laminin globular
domain also interacts with cell surface integrins to align laminin into a triple helix parallel to
the cell surface. The p and y subunits of laminin interact with other BM proteins such as
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agrins and nidogens, which stabilizes the interactions with Collagen IV and with the cell
surface..

BM receptors, integrins, are required for establishing polarity in different cell substratum:
a2l and p4 are required in collagen, and p1-integrins (a1p1, a2pl, a3p1, a6p1, and
a7p1) in laminins. a2p1 and B4 integrins induce cell polarization in a Rac-dependent
manner. The a3p1 integrins are implicated in positioning of the mitotic spindle in epithelial
cells within a cyst, which is essential for lumen formation (Myllymaki et al. 2011). Changes
in ECM components and receptors play important roles during cell polarization and
development. Heterozygous loss of laminin a1 results in defective polarization of columnar
epiblast epithelia without affecting epiblast differentiation during early mouse development
(Murray & Edgar 2000). Laminin-induced polarization of mammary epithelial cells requires
an interaction with the extracellular domain of dystroglycan (Weir et al. 2006). Thus,
interaction with ECM directs epithelial cell polarization.

Regulators of cell polarity play important roles in remodeling ECM to activate a positive
feedback loop that reinforces establishment and maintenance of cell polarity. Most ECM is
secreted by stromal cells; however, in MDCK cells, the developing epithelium also secrete
laminin and assemble it on the cell surface. This process requires RAC activation, and
expression of a dominant-negative RAC impairs laminin assembly and disrupts cyst
morphogenesis, which can be rescued by exogenous laminin (O’Brien et al. 2001). MARK2
facilitates basolateral laminin assembly by promoting basolateral localization of
dystroglycan, a laminin receptor (Masuda-Hirata et al. 2009). Loss of RASSF5 interferes
with laminin deposition and a6p1 laminin receptor localization, which results in inhibition
of cavitation during mouse embryoid body formation (Komura et al. 2008) demonstrating a
relationship between cell polarity proteins and modulation of cell-matrix interactions.

Loss of the basement membrane is associated with the transition from in situ to invasive
carcinoma (Albrechtsen et al. 1981). In addition to changes in the basement membrane,
tumor tissues possess interstitial matrices, such as type | collagen and fibronectin, as well as
changes in expression of matrix-remodeling enzymes, namely, matrix metalloproteinases
and Isysyl oxidases (Egeblad & Werb 2002). Changes in ECM stiffness are regulated by
lysyl oxidases and matrix metaolloproteases are thought to play important roles during both
normal development and tumor progression (Paszek et al. 2005). While we are beginning to
recognize the importance of ECM in cancer, very little is known about the relationship
between the cell polarity machinery and ECM remodeling.

DYNAMICS OF CELL BEHAVIOR DURING MORPHOGENESIS

Tissue morphogenesis is a highly regulated process. There is a large knowledge gap in our
understanding of the mechanisms that control organ size, diameter of the luminal space, and
size and number of the cells that compose the ducts and acini. Epithelial cells cultured in a
3D ECM, unlike cells grown in monolayer cultures, recapitulate numerous features of
glandular organs seen in vivo, including the formation of acini-like spheroids of defined size
with a hollow lumen, apical-basal polarization of cells composing these acini, and the basal
deposition of basement membrane components collagen 1V and laminin-332 (Debnath &
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Brugge 2005). During 3D morphogenesis, cells use integrins and dystroglycans to contact
the ECM, and they use cadherins and desmosomes to contact their neighbors (O’Brien et al.
2002a, b). As discussed above, these initial contacts are required for polarization of cells to
create a basolateral surface and an apical surface with distinct membrane protein
compositions. Although development of asymmetry can occur in monolayer cultures,
formation of multicellular structures with a hollow central lumen is unique to 3D cultures.
Cells surrounding the lumen point their apical poles toward the lumen. The ability to
polarize is needed for lumen formation, and inhibition of polarization affects laminin
assembly around 3D cysts (O’Brien et al. 2001). The mechanisms by which cells establish
polarization and 3D organization are only beginning to be understood. Cell culture models,
including MDCK and MCF-10A epithelial cells, have been the models of choice for
understanding the dynamics of 3D morphogenesis (Debnath et al. 20033, Elia & Lippincott-
Schwartz 2001). Although almost all aspects of cell biology, including cell proliferation and
cell death, are regulated dynamically during morphogenesis, in this article we discuss the
dynamics of mitotic spindle position and EMT during 3D morphogenesis, two emerging, yet
poorly understood, regulators of morphogenesis.

Spindle Orientation

Oriented cell division can influence the position of daughter cells in a 3D structure and can
influence the size and shape of developing structures. Although epithelial cells in a
monolayer divide parallel to the monolayer, morphogens such as hepatocyte growth factor
can induce spindle repositioning, which forces a cell to change the plane of division with the
possibility of developing branched structures (Yu et al. 2003). Cadherins provide the cortical
cue for positioning of mitotic spindles, and this function of cadherin is thought to be
independent of its role during establishment of cell polarity (den Elzen et al 2009). During
development of the renal tubule, 95% of dividing epithelial cells orient their spindles
parallel to the tubule axis, which mediates tubule elongation (Fischer et al. 2006). The
autosomal recessive form of polycystic kidney disease is characterized by increase in renal
tube diameter and cyst formation, which correlate with more than 70% of cells losing their
ability to orient their division parallel to the axis of the tubule (Figure 1a).

Cell polarity proteins are emerging as important regulators of spindle orientation during
morphogenesis. Development of lumen in the intestinal epithelial cell line Caco-2 requires
spindle positioning perpendicular to the centroid of the cyst; disruption of CDC42 or
PARDG6b randomizes spindle orientation and results in formation of multiple lumens with
normal apical-basal polarization (Durgan et al. 2011, Jaffe et al. 2008). TUBA, a CDC42
GEF, localizes to the apical cortex of dividing cells and regulates orientation of mitotic
spindle and lumen formation. As with CDC42, loss of TUBA results in development of
multilumens (Qin et al. 2010). In addition to functioning at the apical cortex, CDC42 and its
GEF, Intersectin 2 (ITCN2), localize to centrosomes and regulate correct spindle orientation
and lumen formation during morphogenesis (Rodriguez-Fraticelli et al. 2010).
NUMAJ/LGN/Ga i localizes to cortex and is required for spindle orientation during
cystogenesis. Depletion of LGN results in spindle orientiation defects and disruption of
normal lumen formation (Du et al. 2002, Zheng et al. 2010). The NUMA/LGN/Ga. i
functions as a receptor for the dynein-dynactin complex (Gaetz & Kapoor 2004, Merdes et
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al. 2000). LGN localizes to both the apical and basal cortex but is excluded from the middle
of the cell (proximal to the metaphase plate), which facilitates attachment of astral
microtubules and orientation of the mitotic spindle in HeLa cells (Gaglio et al. 1995).
PARDGG is required for spindle orientation during neurulation in zebrafish. Morphogenesis
of the neural tube cavity, the neurocoel, requires PARD6G. Mutations in PARD6G and
CDC42 result in mitotic spindle orientation defects during neural tube morphogenesis
(Kieserman & Wallingford 2009, Munson et al. 2008). These observations demonstrate that
positioning of the mitotic spindle in ductal structures is an ordered process, and they also
highlight the need for better understanding of the molecular interactions that regulate this
process. Furthermore, there is a great deal we do not know; for example, the role of mitotic
spindle positioning during development of branched ducts and during disruption of normal
ductal structure in cancer is not known..

Reversible Mesenchymal Transitions

Stimulation of MDCK cysts with hepatocyte growth factor induces formation of branched,
tubule-like structures, a process that models renal tubulogenesis during embryonic
development. The cells at the branching site adopt a mesenchymal state and switch from
apical-basal polarity to front-rear polarity (Maeshima et al. 2000, Montesano et al. 1991, Yu
et al. 2003, Zegers et al. 2003) (Figure 1a). The front-rear polarized cells have distinctive
organization between the leading edge and the trailing edge, which differ in various
properties including lipid composition and organelle orientation. The leading edge is
enriched with phosphatidylinositol-3,4,5-triphosphate [Ptdins(3,4,5)P3]Jowing to uneven
distribution of PI3K and PTEN in the cells (Funamoto et al. 2002). Polarity proteins act in
concert with small GTPase to regulate cytoskeleton dynamics at the leading edge. PARD3,
aPKC, and V12RAP1 colocalize during V12RAP1 induced polarization of T cells (Gerard et
al 2007). Dlg and Scribble accumulate at the uropod; however, little is known about their
interaction with RhoGTP in migrating cells (Iden & Collard 2008). Re-establishment of
apical-basal polarity and regression of mesenchymal properties during establishment of a
tubule structure at branch point requires a poorly understood sequence of events (Figure 3b).

In addition to branching morphogenesis, all cell ingression events are accomplished by
EMT. For example, during gastrulation, invaginated mesoderm precursor cells undergo
EMT to form mesoderm cells that dissociate, change shape, and occupy space between the
epiblast and the visceral endoderm. The formation of definitive endoderm and
morphogenesis of different organs require the cells to epithelialize, aggregate, and
reestablish cell adhesions and apical-basal polarity (Ferrer-Vaquer et al. 2010). The role cell
polarity proteins play during this process is poorly understood.

EMT is thought to play important roles during the development of metastasis in epithelial-
derived cancers. Transcriptional repressors that induce EMT, ZEB1 and SNAI1/SNAI2,
bind directly to the promoter elements of cell polarity proteins CRB3 and LLGL2 and
repress their mMRNA expression (Davalos et al. 2011). Apart from their direct regulation by
EMT core signals, cell polarity proteins also regulate migration and invasion by modulating
signaling pathways. For example, TGF binds and phosphorylates PARD6A at TJs,
enabling recruitment of the E3 ubiquitin ligase SMURF1 to degrade RHOA. Importantly, in
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mammary gland tumors, blockade of Par6 phosphorylation suppresses metastasis to the lung
(Viloria-Petit et al. 2009). The metastatic cells supposedly revert to an epithelial phenotype
by undergoing a mesenchymal to epithelial transition at the secondary metastatic site. The
plasticity with which epithelial cells transition between the mesenchymal and the epithelial
states is critical for both normal development and cancer progression. The precise
mechanisms that regulate these transitions need to be understood.

Cell Polarity Phenotypic Plasticity

Our recent results show that disruption of multiple polarity proteins in oncogene-naive
epithelial cells induces phenotypic plasticity, in which the cells acquire invasive behavior in
response to a tumorlike microenvironment such as rigid ECM and inflammatory cytokines
(Chatterjee et al 2012). However, the cells behave like epithelial cells under normal growth
factor conditions in a bed of soft ECM. This plastic state may be similar to the previously
described partial-EMT, or metastable or hybrid state (Thiery et al. 2009), which is thought to
allow cells to transition between an epithelial and a mesenchymal phenotype. Tumor
epithelia in basal type, an aggressive form of breast cancer, coexpress both epithelial and
mesenchymal proteins (Sarrio et al. 2008), which suggests that the hybrid state is observed
in human cancers.

The plastic differentiation state can provide a significant advantage for migrating/invading
epithelial cells. Migrating cells need to reorganize their cytoskeleton, and vesicle trafficking
and targeting machinery in order to transit from apical-basal polarity to front-rear polarity
(Nelson 2009). During this transition, polarity proteins function as core signaling proteins
that are retooled and rewired (Nelson 2009). Because many of the cell polarity proteins are
signaling scaffolds, changes in expression or localization of a single polarity protein can
significantly affect multiple downstream effectors and induce changes in cell behavior. In
addition, transient changes in expression of one polarity protein can induce changes in
localization and function of other cell polarity proteins, which together can affect cell
behavior during morphogenesis, development, and cancer metastasis.

Summary and perspectives

Epithelial cells alter their behavior dynamically during development and normal
homeostasis, however, we know little about the mechanisms that regulate the dynamic
plasticity of cell behavior during normal physiology. It is likely that changes in this dynamic
equilibrium will drive changes in cell biological properties associated with cancer. In this
regard, cell polarity proteins are an underexplored class of molecules that integrate diverse
signals to control the behavior of cells during division, migration, and morphogenesis. How
changes in cell polarity proteins alter behavior of epithelial cells and the role that plays in
cancer remains to be investigated.

There is also a significant need to develop ways to define and quantify polarity changes in
cancer. The conventional method of monitoring the localization of membrane proteins such
as E-cadherin, ZO-1 and mucins to monitor apical-basal polarity is misleading and
inconclusive. In fact, there are multiple cancer-derived epithelial cell lines that possess
normal membrane polarity, but lack the ability to undergo normal 3D morphogenesis to
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develop into proliferation-arrested, polarized duct-like structures, and retain the ability to
form tumors in vivo. It is likely that in these cancer-derived cell lines, one or more of the
different types of polarity is dysregulated, and hence demonstrates a need to create and use
more comprehensive ways to define cell polarity changes in cancer. Exploring changes in
the ability of cancer epithelial cells to establish and maintain intracellular organalle polarity
will likely identify new ways of monitoring changes in cell polarity at the level of a single
cell. In addition, to cell polarity, cancer tissues have loss of tissue polarity, however, it is not
clear how changes in tissue organization can be defined and quantified. In this regard,
developing methods to monitor changes in PCP will likely identify novel opportunites to
monitor changes in tissue order.

In this review, we have attempted to summarize the different roles cell polarity proteins play
during normal physiology and identify the initial evidence that supports a role for cell
polarity proteins during the initiation and progression of cancer. We find that most of the
evidence so far either demonstrates a correlation between dysregulation of cell polarity and
cancer, or supports the notion that changes in polarity proteins can function as a cooperating
event during the initiation and progression of cancer. Moving forward, it would be important
to determine if dysregulation of cell polarity proteins is selected-for during cancer initiation
and progression, and if dysregulation of polarity proteins alone can initiate cancer by
directly activating or inactivativing pathways(s) implicated in cancer. Such an understanding
can allow identification of therapeutic opportunities for restoring polarity and promoting
differentiation of cancer epithelia.
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Figurel.
Cell polarity in normal epithelial organs and cancer. (a) Different types of polarity that are likely to regulate morphogenesis of

epithelial structures. Planar cell polarity, used by epithelial cells to coordinate polarity between cells; apical-basal polarity, used
by epithelial cells to asymmetrically distribute proteins along the apical-basal axis; front-rear polarity, used by migrating cells to
maintain directionality; and mitotic spindle polarity, used for controlling position of daughter cells. (b, upper) Cancer is a

consequence of both loss of normal growth control and disruption of normal cell behaviors indicated above. (b, lower) The

immunostaining images of normal human breast and cancer with an apical marker (ZO-1) and a basolateral marker (E-cadherin).
Normal tissue shows the presence of normal apical-basal polarity and overall organization of ducts with a layer of epithelial

cells (tissue polarity); tumor tissue exhibits progressive loss of apical-basal and tissue polarity. Abbreviations: EMT, epithelial
to mesenchymal transition
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Figure 2.
Cell polarity proteins in mammalian epithelia. Shown are the protein diagrams of the (a) subapically localized Par complex, (b)

Crumbs complex, and (c) basolaterally localized Scribble complex and the protein interactions within the complexes, as reported

previously. (a) In the Par complex, Par6 binds to aPKC through its N-terminal PB1 domain, and its PDZ domain binds to Par3.

Par3 also interacts with aPKC through its C-terminal tail. (b) In the Crumbs complex, the cytoplasmic tail of the transmembrane

protein Crumbs contains a PDZ-binding domain that interacts directly with the PDZ domain of PALS1. The interactions

between PALS1 and PATJ involve the binding of the L27 domain of each protein. (c) Scribble associates indirectly with Dlg via
a GUK holder protein. The interaction between Lgl and the rest of the complex is not yet clear. (d) The core PCP molecules

distribute asymmetrically along the proximal-distal axis. VVang-like protein binds to Prickle (Pk) at the proximal end of the cell.

The transmembrane protein Frizzled (Fzd) binds to Dgo and Dsh at the distal end of the cell. CELSR1 localizes to both ends to
recruit VANGL (Vang) or Fzd to the membrane. Abbreviations: Par, partitioning defective; aPKC, atypical protein kinase C;
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Dlg, discs large; Lgl, lethal giant larvae; PATJ, Palsl associated tight junction; PB1, Phox Bem 1; PDZ, Post synaptic density
95/Discs large/Zonula occludens-1; PCP, planar cell polarity; GUK, guanylate kinase.
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Figure3.
The central role of polarity protein complexes is retooled and rewired during cell polarization under different cellular contexts.

The figure illustrates the changes in localization of polarity proteins and regulation of downstream targets during the transition
between (a) apical-basal polarity and (b) front-rear polarity. Abbreviations: aPKC, atypical protein kinase C; Dlg, discs large;
Lgl, lethal giant larvae; ECM, extracellular matrix; PATJ, Pals1 associated tight junction; GSK, glycogen synthase kinase,
PltdIns, phosphatidylinositol; P, phosphorylation.
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