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Most human cancers arise either from epithelial cells or their progenitors.

Epithelial cells possess a distinctive apical–basal polarity and loss of polarity

is frequently assumed to be a common feature of cancer progression. In par-

ticular, cancer cell dissemination to ectopic sites, and metastatic growth at

those sites, is often considered to require a mesenchymal transition in

which the transformed epithelial cells lose their apical–basal polarity. How-

ever, many cancers retain epithelial characteristics, and until recently there

has been little conclusive evidence for an involvement of the cell polarity

machinery in tumour growth and metastasis. In this article, we discuss evi-

dence that polarity proteins can be potent invasion suppressors but that loss

of epithelial character is not essential either for tumour growth and invasion,

or metastatic colonization.
1. Introduction
Epithelial tissues consist of sheets of cells that adhere to one another and possess

plasma membranes with distinct apical and basolateral domains. Stratified

epithelia consist of multiple layers, whereas in simple, single-layered epithelia,

the apical membranes are unattached to other cells and face lumens that connect

directly or indirectly to the external environment. The sheets can invaginate

or fold into tubes to create diverse structures that grow in extent through cell div-

isions in the plane of the epithelial sheet. The majority of our organs are built from

epithelial cells and most human cancers arise from these cells or their precursors.

Acquisition of oncogenic mutations, and/or loss of tumour suppressor genes

disrupts not only growth control but also the ability of cells to communicate

appropriately with their neighbours. For this reason, the transformed cells

cannot organize correctly into tissue structures, even though each individual

cell might retain many normal epithelial characteristics. Epithelial cells can also

lose cell–cell communication and apical/basal polarity through a process

called the epithelial–mesenchymal transition (EMT), which occurs during both

normal development and in tumorigenesis [1]. Thus, cancer can be considered

a disease of intercell behaviour.

Many epithelial tissues arise from, and are maintained by, stem cells that self-

renew while generating daughter cells that can also differentiate into a variety of

fates. Daughter cells are allocated to specific lineages, often through progenitor

stages that have more limited plasticity and controlled by transcriptional pro-

grammes that are not yet fully understood. Epithelial cancer cells are also

believed to arise from progenitors or stem cells [2], and the intratumoural hetero-

geneity that is found in many epithelial cancers likely occurs in part from defects

in lineage allocation. Furthermore, tumour initiation in different populations

along the differentiation pathway may give rise to distinct cancer subtypes.

This is best understood in the breast, where different breast cancer molecular sub-

types have gene expression profiles that resemble different populations of cells

along the stem, progenitor and differentiated cell spectrum [3]. This is directly

supported by the finding that basal-like breast cancers of women with BRCA1
mutations have an enriched luminal progenitor population [4] and that targeted

deletion of Brca1 in luminal progenitors in mice generated tumours with a
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histology that resembles human BRCA1 breast cancers,

whereas targeting other lineages did not [5].

Some stem cells give rise to differentiated daughters through

asymmetric cell divisions, but it remains unclear whether all

epithelial stem cells use this mechanism or not [6]. For example,

while epidermal stem cells can divide asymmetrically, Lgr5þ
intestinal epithelial stem cells use a population asymmetry

rather than a cell-autonomous asymmetry during mitosis [6].

Defects in asymmetric cell divisions might also be important

for the progression of some cancers. In Drosophila, failure of

embryonic neuroblasts to divide asymmetrically results in

hyperplasia [7]. Murine oligodendrocyte progenitor cells also

normally undergo asymmetric cell divisions, a property that is

lost in gliomas [8]. Moreover, isolated mammary stem cells

have been reported to divide asymmetrically in spheroid sus-

pension cultures, but similar cells divide symmetrically when

isolated from p53-null or ErbB2 breast cancer mouse models

[9]. Therefore, disruption of asymmetric cell divisions might

contribute to enhanced tumorigenesis by increasing the

number of highly plastic stem cells.
12
2. Par polarity proteins in cancer progression
Neuronal stem cells in Drosophila embryos use a conserved set

of polarity genes ( par genes) to drive asymmetric mitoses, and

the same set of genes is also required for the apical/basal

polarity of epithelial cells throughout the animal kingdom

[7,10]. This group of proteins includes Par1, 3, 4, 5 and 6,

plus atypical protein kinase C (aPKC), and the Cdc42

GTPase. However, it remains ambiguous as to whether the

par genes are necessary for asymmetric stem cell divisions in

mammals, in the few cases where such divisions have been

documented. For example, Par3 plays a role in radial glial pro-

genitors [11] but is not required for stem cell maintenance in

mammary glands [12], and aPKC is entirely dispensable for

haematopoietic stem cell function [13]. It has also been unclear

whether the Par genes play any role in cancer initiation or pro-

gression, despite the general assumption that defects in cell

polarity occur during epithelial tumorigenesis.

Until recently, only Par4, a protein kinase also known as

LKB1, had been identified as a bona fide tumour suppressor

in mammals [14] and it remains uncertain whether carcinogen-

esis in patients with mutant LKB1 is caused by loss of its

polarity function or is instead a result of perturbations in

other downstream signalling processes, including metabolism.

Par4/LKB1 is a master kinase that can phosphorylate and acti-

vate a group of 13 distinct but related downstream protein

kinases that includes AMP-activated protein kinase (AMPK),

which controls energy homoeostasis, and Par1, another

polarity protein, which functions in microtubule stability and

cell fate specification [15]. Which of these multiple signalling

pathways—known and unknown—contribute to tumour sup-

pression remains to be understood and is likely to be context-

specific. In the pancreas, loss of LKB1 initiates precancerous

lesions independently of AMPK, whereas in the intestine

AMPK does appear to be involved [16]. Moreover, the

LKB1–AMPK axis can act in tumour promotion rather than

tumour suppression, by protecting cancer cells from oxidative

stress [17]. In a c-Myc breast cancer model, loss of lkb1 pro-

motes tumorigenesis and disrupts epithelial organization

and polarity and basement membrane integrity, suggesting

that LKB1 polarity functions are important [18]. Loss of lkb1
was also found to promote tumorigenesis in an ErbB2/neu

breast cancer model with changes in metabolic signalling,

implying that altered metabolism is important [19]. A closer

examination of polarity and metabolism in both models

would help to resolve whether the effects of loss of lkb1 are

tumour-type dependent or, more likely, that multiple effectors

of LKB1 contribute to tumorigenesis.

This context-dependent duality of effects is not unique to

Par4/LKB1. Two forms of aPKC occur in vertebrates, aPKCz

and aPKC l/i, which appear to have opposing effects in

cancer. The aPKC l/i isoform has been proposed to function

as a tumour promoter in non-small cell lung cancer [20] and

pancreatic cancer, and also stimulates epithelial–mesenchy-

mal transitions. By contrast, the closely related isoform

aPKCz behaves as a tumour suppressor, through effects on

glutamine metabolism [21]. As described below, the Par3

polarity protein also behaves as either an oncogene or

tumour suppressor, depending on the tumour type.

Recently, three groups addressed the question of whether

another Par polarity protein, Par3, functions in tumorigenesis

(figure 1). The Collard group used a conditional knock-out

mouse and a classical two-stage skin cancer model in

which K-Ras mutations are induced by application of a carci-

nogen, DMBA, and tumour outgrowth is promoted by

addition of phorbol esters [22]. Surprisingly—as the Par3

protein is likely necessary for the oriented cell divisions

that occur during epidermal differentiation—deletion of the

pard3 gene in the epidermis had no obvious phenotype.

Loss of Par3 did, however, cause a substantial reduction in

the number and size of papillomas, mediated by mislocaliza-

tion of aPKC away from cell–cell junctions, which resulted in

increased apoptosis and reduced cell proliferation (figure 1a)

[22]. Increased apoptosis in response to loss of Par3 has also

been reported previously for mammary glands [12].

These data would support a role for Par3 as a tumour pro-

moter. However, the few papillomas that formed in the skin

of mice deleted for Par3 were highly invasive and rapidly

formed keratoacanthomas, an aggressive cancer that only

rarely occurs in wild-type mice [22]. Paradoxically, therefore,

Par3 functions as a tumour suppressor for keratoacanthomas.

The cause for these opposing functions of Par3 is not known

but could be owing to differences in stem or progenitor cells

of origin for different forms of skin cancer.

The downstream signalling events involved in the pro-

motion of keratoacanthomas remain unknown. However,

in a mammary tumour model, loss of Par3 strongly promo-

tes invasion and metastasis through an aPKC-dependent

activation of Jak/Stat3 signalling, which induces expression

of a metalloproteinase, MMP9 (figure 1b), with subsequent

destruction of the extracellular matrix and invasion [23].

Silencing of Stat3 blocked lung colonization and expression

of a constitutively active Stat3 mutant stimulated invasive

behaviour even in the presence of Par3. Strikingly, human

breast cancers frequently exhibit loss of Par3 expression,

which correlates closely with increased aPKC and Stat3

phosphorylation [23]. This pathway seems to depend on onco-

genic activation, because although loss of Par3 is in itself

sufficient to cause mislocalization of aPKC, the kinase is not

activated except in transformed cells. The molecular link

between aPKC activation and Jak/Stat3 activation remains to

be discovered.

A third study, by Muthuswamy and co-workers [24],

investigated Par3 function in an ErbB2 model of breast
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Figure 1. Tumorigenic functions of Par3 in skin and breast cancer. (a) Par3 has both oncogenic and tumour-suppressive functions in the skin. Loss of Par3 reduces
papilloma induced by H-Ras and TPA (12-O-tetradecanoylphorbol-13-acetate) in mouse skin. Alternatively, loss of Par3 promotes formation of the highly aggressive
keratoacanthomas. (b,c) In breast, loss of Par3 promotes invasion and metastasis. Loss of Par3 mislocalizes aPKC and cooperates with oncogenic Notch intracellular
domain (NICD) to activate Jak/Stat signalling and induction of matrix metalloproteinases to degrade the extracellular matrix, and enable invasion and metastasis (b).
Loss of Par3 can also delocalize the Rac-GEF Tiam to hyperactivate Rac1, which can cooperate with ErbB2 to promote invasion by altering cell – cell adhesions (c).
(Online version in colour.)
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cancer and also found that loss of Par3 potentiated metasta-

sis, but in this case in the absence of increased primary

tumour growth. They ascribed the increased invasiveness of

the tumours to reduced adhesive activity by E-cadherin,

mediated through constitutive activation of the Rac GTPase

(figure 1c). Par3 is known to regulate an exchange factor for

Rac, called Tiam1, and in most situations—both in mammals

and Drosophila—restricts its activity [25,26]. Loss of Par3 leads

to Rac hyperactivation through the inappropriate activation/

mislocalization of Tiam1. This effect is apparently context

dependent because in MDCK kidney epithelial cells, loss of

Par3 disturbs tight junction formation but has little effect on

adherens junctions [27]. Nonetheless, there is evidence from

genomic sequencing of various human cancers that Rac acti-

vation might be an important driver of transformation [28],

and early studies had shown that active Rac mutants could

transform NIH 3T3 fibroblasts in vitro [29].

It remains to be established whether in any of these

models, the loss of Par3 alters the ability of skin or mammary

stem cells to undergo asymmetric cell divisions or alters

self-renewal capacity. However, we know that Par3, in con-

junction with leucine-guanine-asparagine (LGN), is required

for spindle orientation during division of polarized epithelial

cells [30]. Moreover, Par3 has also been reported to control
the direction of basal cell mitoses [31,32]. Basal cells are pro-

genitors for keratinocytes, generated by vertical divisions,

perpendicular to the basal layer, whereas horizontal divisions

provide self-renewal of the basal population. Nonetheless,

deletion of Par3 from keratin-14 positive cells in the skin

does not cause any phenotype [22]. Presumably, therefore,

this polarity protein is not essential for basal cell function—

or a compensatory mechanism rescues normal development

in its absence.
3. Other polarity proteins in cancer
Certain groups of polarity proteins, such as Scribble and

Crumbs, are less widely expressed than the Par proteins

and are predominantly associated with epithelia [10,33].

Interestingly, although the Drosophila Scribble is essential

for apical/basal polarity, in mammals there is little evidence

of any such linkage [34], and instead the protein seems to be

important in planar cell polarity and perhaps in Hippo sig-

nalling [35]. Loss of Scribble can promote primary tumour

growth in a c-myc mouse model [36]. Additionally, misloca-

lization of Scribble has been linked to prostate cancer, and in

a mouse model deletion of Scribble can predispose the
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animals to intra-epithelial neoplasia and cooperates with

oncogenic K-ras to drive tumorigenesis, but the absence of

Scribble from human prostate cancers does not correlate

with poor prognosis [37].

Loss of Scribble also cooperates with Ras in fly models

of cancer. Flies possess a quality control system called cell com-

petition, through which defective cells are killed by their

neighbours and replaced through compensatory proliferation.

Mutation of polarity proteins, for instance in the eye

epithelium, can trigger cell competition, resulting in JNK-

dependent apoptosis of the mutant cells, which is activated

through a TNF-a mediated inflammatory mechanism [38,39].

Strikingly, however, the coexpression of an oncogene, for

instance Ras, within the mutant cells switches the response

from apoptosis to hyperproliferation, resulting in the formation

of metastatic tumours [39,40]. Even more remarkably, the same

effect can occur even if Ras is expressed not in the mutant

cell but in a neighbouring cell [41]. There are fascinating

parallels to the effects of Par3 depletion in breast cancer,

because overgrowth of the Scrb-mutant eye cells in the fly is

triggered through a Jak/Stat pathway just as occurs in

NICD-transformed mammary cells. However, while there is

some evidence that cell competition can occur in mammalian

cells [42], the underlying mechanisms are not fully understood

and it remains to be determined whether this process plays any

role in human cancers.
4. Epithelial – mesenchymal transition and
metastasis

A widely accepted paradigm for cancer progression is that

epithelial cells undergo a mesenchymal transition, during

which they lose apical/basal polarity and intercellular adhe-

sions, become highly migratory, and express a characteristic

set of mesenchymal genes, such as N-cadherin and vimentin

[43,44]. Single mesenchymal cells—which in some ways

resemble stem cells—penetrate the basement membrane,

cross the endothelium and enter the lymphatic system or

bloodstream through which they are rapidly disseminated.

At ectopic sites in the body, the cells extravasate and colonize

surrounding tissue to form metastases. Control of the EMT

involves multiple transcription factors and micro-RNAs.

Snail, Slug, Twist, Prrx1 and Zeb1 are potent inducers of

EMT in some epithelial cell types and are induced by signal-

ling pathways that can activate EMT. For example, TGF-b

induces Zeb1 expression [45]. In turn, Zeb1 suppresses a

pro-epithelial miRNA, miR-200, which through a negative

feedback look suppresses Zeb1 expression [46,47]. An array

of epithelial polarity genes, including E-cadherin, Crumbs,

Patj and Lgl are shut down by Zeb1. Most intriguingly, sev-

eral recent studies have implicated EMT in the generation

of cancer stem cells or tumour-initiating cells (TICs) [48].

Such cells are important for the outgrowth of metastases

and are often considered to be resistant to chemotherapy.

Breast cancer TICs express low levels of miR-200, for instance,

which promotes expression of the stem-cell marker Bmi-1

[49], and Slug has been shown to induce a TIC phenotype

[50]. Moreover, TICs isolated from mammary carcinomas

express EMT markers.

There are, however, some concerns about this view of

cancer progression through EMT, particularly in connection

with breast cancer. First, and most importantly, normal
mammary basal/myoepithelial cells—which are believed to

arise with luminal epithelial cells from a common progeni-

tor—lack E-cadherin and express mesenchymal markers

such as vimentin and Slug [51]. In addition, mammary pro-

genitor cells reside within the myoepithelial population.

Therefore, it seems quite likely that the so-called mesenchy-

mal cancer stem cells are in fact derived from or have

reverted to basal cells. Another critical issue is that stem

cell differentiation is plastic and is perturbed by experimental

manipulations. In adult mice, lineage tracing shows that ker-

atin-14 positive (i.e. myoepithelial) mammary cells are not

multi-potent and give rise only to myoepithelial cells,

whereas keratin-8 positive luminal progenitor cells only

give rise to luminal cells [52]. However, the keratin-14 posi-

tive cells, when isolated from adult mammary glands and

transplanted into recipient mice, are multi-potent and give

rise to both luminal and myoepithelial cell types. This differ-

ence could arise if a different, dormant population of stem

cells is activated by transplantation, or if the keratin-14 posi-

tive cells dedifferentiate into an embryonic multi-potent state

during transplantation. This plasticity might be triggered by

the inflammatory response caused by transplantation surgery

or may reflect the presence of active and reserve stem cell

pools within the mammary gland. Stem cell plasticity

might extend to cancer cells, highlighted by recent findings

that cells with EMT properties also have stem cell properties

and that cancer cells can interconvert between more and less

differentiated phenotypes [53]. Therefore, careful interpret-

ation of in vivo assays used for quantifying stem cells from

isolated, dissociated tumour tissues is necessary.

An additional complication arises from observations that,

in spite of the belief that EMT is necessary for metastasis,

mesenchymal cells are in fact very inefficient at colonizing

ectopic sites to form metastases, and often are impoverished

in TICs [54]. In a human cancer cell line model, epithelial

tumour subpopulations were highly metastatic while

expression of Snail induced EMT and suppressed metastasis

[54]. Consistent with these observations, the overexpression of

miR-200, which promotes epithelialization, increases rather

than decreases metastasis. Moreover, the expression of Prrx1,

an EMT-inducing transcription factor, inhibits proliferation,

strongly reduces the efficiency of lung colonization in a

mouse cancer model and reduces TIC frequency [55]. The loss

of Prrx1—which promotes epithelialization—is, additionally,

coupled to the acquisition of cancer stem cell properties and cor-

relates with poor prognosis in breast and lung cancer patients.

The studies on Prrx1, and an independent study using an

inducible Twist expression model of skin cancer [56], suggest,

however, that EMT can potentiate the initial dissemination of

cancer cells, even though such cells do not efficiently colonize

ectopic sites. Yet, EMT is not essential for dissemination.

Tumour cells can migrate through three-dimensional matrices

by collective migration while retaining epithelial markers.

Indeed, epithelial cells are well known to migrate into wounded

areas as sheets rather than as individual mesenchymal-like

cells. We found that loss of the Par3 polarity protein strongly

promotes invasion of transformed mammary epithelial cells

through collagen or Matrigel but does not induce EMT [23],

and the cells migrate as clusters that retain E-cadherin-based

adhesions, rather than as individual cells (figure 2).

Collective migration, however, is not unique to epithelia:

mesenchymal cells express cell adhesion molecules, including

cadherins, and can migrate collectively. Neural crest cells, for
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example, undergo EMT, but then collectively migrate as

chains of cells in vivo [57,58]. In an important recent study,

human-circulating tumour cells were captured from breast

cancer patients and analysed for several epithelial and

mesenchymal markers [59]. Although one conclusion was

that such circulating cells are highly enriched for the

mesenchymal phenotype, in fact those from lobular type can-

cers were predominantly epithelial, whereas those from

triple-negative cancers (which possess a basal/myoepithelial

cell phenotype) were—unsurprisingly—mostly mesenchy-

mal. Strikingly, disease progression was highly correlated

with mesenchymal cell clusters, not single cells. However,

HER2þ tumours also generated mesenchymal cells in the
circulation, suggesting that EMT might be important for dis-

semination of this class of cancers. Taken together, these data

suggest that tumours can access multiple mechanisms for dis-

semination, including but not limited to EMT, and that loss of

epithelial character is not a necessary event during cancer

progression and metastasis.
5. Questions for the future
Several questions still remain regarding the relationship

between cell polarity, stem cells and cancer progression. A

major unknown is how the microenvironment, or niche, regu-

lates stem cell behaviour in mammalian epithelia. The niche of

epithelial stem cells often is comprised of polarized epithelial

cells. In cases, such as the intestine, where stem cells divide

symmetrically then stochastically migrate away from the

niche, do the niche cells control this? Also, what effect does

loss of cell polarity in niche cells have on stem-cell regulation?

Is loss of asymmetry in stem cell division an important com-

ponent of human tumorigenesis? Although EMT-inducing

programmes indeed disrupt apical–basal cell polarity, disrupt-

ing cell polarity does not induce EMT, in either normal or

transformed cells. If EMT occurs during tumour cell dissemina-

tion, how and why does the reverse process, MET, occur at

metastatic sites? A better understanding of cell autonomous

and non-cell autonomous mechanisms that regulate stem cell

renewal, differentiation and plasticity, and EMT will not only

provide a deeper understanding of different stem and progeni-

tor cell populations within a tissue, but also their deregulation

and transformation in cancer progression, which may lead to

enhance therapeutic opportunities.
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