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Abstract

Most human cancers arise from epithelial tissues, which are apical-basally polarized and possess 

intercellular adhesive junctions. Epithelial cells grow to characteristic densities, often from 

proliferative progenitors, which arrest as they mature. Homeostatic mechanisms can maintain this 

characteristic density if it is exceeded (crowding) or is too low (e.g., in response to wounding). 

During tumor initiation and progression this homeostatic mechanism is lost. Some aspects of cell 

polarity are also lost, although many carcinomas retain intercellular junctions and even apical 

domains. In other cases, and particularly in recurrent tumors, however, the cells become 

predominantly mesenchymal. A major question, still only incompletely answered, is whether the 

proteins that determine cell polarity function as tumor suppressors or tumor promoters. Here we 

discuss recent advances in understanding the role of polarity proteins and homeostasis in cancer.
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Introduction

Epithelial cells either in culture or in situ can continue to proliferate even when attached to 

neighboring cells by intercellular junctions, but they arrest when they have achieved a 

characteristic density (Figure 1). Squamous epithelial cells usually arrest at a lower density 

than columnar epithelia, for example. In some cases, as in the intestine, proliferating stem 

cells generate transit amplifying cells that stop dividing when they differentiate, while in 

other tissues such as the kidney there is no clear hierarchy of stem to progenitor to mature 

cells, and during development the epithelial cells proliferate as needed to expand the surface 

area of the organ [1–3].

Mechanical forces play a key role in determining epithelial cell density. So, for instance, 

stretching an epithelial sheet can trigger cells to enter mitosis [4]; while compression can 

induce cell extrusion and apoptosis [5] (Figure 1). An early step in cancer initiation is a loss 
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of homeostatic control, so that cells no longer respond to density signals and continue to 

proliferate. Hyperplasia within the epithelial sheet can inappropriately generate multi-

layered structures through extrusion induced by over-crowding, or by cell migration, or 

misorientation of the division plane. One can conceive of apoptosis (or anoikis) of extruded 

cells as a fail-safe mechanism to eliminate epithelial cells that are not correctly positioned 

and have escaped the organizational constraints of the epithelial sheet. If apoptosis is 

inhibited, however, then cells that are extruded can survive to form disorganized tissue 

masses. In tubular organs such as the breast this can result in occlusion of the lumens, as 

occurs with ductal carcinoma in situ [6,7].

The central role of apical/basal polarity in epithelia raises the question of whether 

homeostatic control of cell density is linked to the polarity machinery, and if polarity 

proteins function as tumor suppressors. One key mechanism of density control is the Hippo 

signaling pathway, which controls the YAP/TAZ transcriptional co-activators and is 

intimately linked to the cell polarity machinery [8]. There are also examples where loss of 

polarity proteins such as PAR3 clearly promote tumor growth and metastasis, but other 

examples in which the data are ambiguous, or where polarity proteins can promote 

tumorigenesis [9].

This review will discuss recent progress in untangling these issues, and identify areas where 

further studies are required.

Polarity proteins and Hippo signaling in epithelial homeostasis

The Hippo signaling pathway involves a protein kinase cascade, the downstream effectors of 

which are the YAP/TAZ transcriptional co-activators. When the Hippo kinase cascade is 

activated, YAP/TAZ are phosphorylated and retained in the cytoplasm, promoting their 

degradation and inhibiting function. Inactivation of Hippo signaling permits nuclear 

accumulation of YAP/TAZ and stimulates cell proliferation. Hippo signaling has many 

inputs, and YAP/TAZ localization can be determined not just by phosphorylation but also by 

sequestration to the cell cortex [8]. Perhaps unexpectedly, the polarity machinery plays a 

central role in Hippo regulation, with multiple levels of interaction between the two 

pathways, and it is likely that there is still much to learn about the intricacies and meaning of 

these interactions.

If one considers the polarity machinery in epithelial cells to be divided into four parts, 

comprising an apical complex (CRUMBS, PALS1, PATJ), the PAR complex (PAR3, PAR6, 

aPKC), a lateral cluster (SCRIB, LLGL, DLG), and a fourth, partially cytoplasmic group 

(PAR4/LKB1, PAR1/MARK, PAR5/14–3-3) it is surprising to realize that all of them 

associate with components of the Hippo pathway in one way or another (Figure 1).

In Drosophila, the apical polarity protein Crumbs associates with Expanded, a member of 

the FERM domain protein family distantly related to NF2 and other family members. 

Expanded in turn binds directly to the fly version of YAP (called Yorkie), recruiting it to the 

apical membrane and blocking nuclear accumulation [10]. Loss of Crumbs or Expanded 

results in tissue hyperproliferation in Drosophila [11]. However, mammals do not have a 
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clear homolog of Expanded, and Crumbs3 loss is not associated with overgrowth in 

mammalian epithelia. Nonetheless, Crumbs3 expression during proximal airway 

development results in a similar recruitment of YAP to the apical cortex as occurs in 

Drosophila, and this YAP retention mechanism is required for normal airway cell 

differentiation [12]. The PALS1 polarity protein, which associates with PATJ at tight 

junctions, interacts with another Hippo regulator, NF2 (Merlin), that forms a complex with 

Angiomotin (AMOT) and YAP. At least in over-expression studies using HEK293 cells, this 

complex can regulate activity of the small GTPase RAC1 [13]; and phosphorylation of 

AMOT at Ser176 retains the complex at tight junctions, inhibiting YAP function, while 

dephosphorylation permits nuclear accumulation of AMOT-YAP to promote cell 

proliferation [14]. Notably, NF2 is a known tumor suppressor the loss of which is closely 

linked to neurofibromatosis, sporadic meningiomas, ependymomas, schwannomas, and 

pleural mesotheliomas [15].

Within the PAR complex, activation of the apical polarity protein aPKCζ induces YAP 

activation and subsequent over-proliferation and multilayering in MDCK cells [16]. KIBRA, 

which in many cell types is an upstream activator of Hippo signaling, binds to and inhibits 

aPKCζ, displacing PAR3, but the biological function of this inhibition remains unclear [17].

Another polarity protein that affects Hippo signaling is DLG5 (Discs Large 5), which 

localizes to lateral membranes. DLG5 serves as a scaffold for interaction of upstream Hippo 

kinases MST1/2 and the MARK3 protein, which inhibits MST1/2 kinase activity, and DLG5 

KO mice have increased Hippo signaling activity [18]. Why this specific isoform of DLG 

and not others is linked to Hippo remains unclear. A second lateral polarity protein is SCRIB 

(Scribble), which has also been implicated in Hippo regulation, and has been reported to 

bind to TAZ in an inhibitory complex with the LATS and MST kinases [19]. Interestingly, 

yet another polarity protein, LKB1 (PAR4) kinase, acts through one of its substrates, the 

PAR1/MARK polarity kinase, to regulate Scribble localization and the activity of the Hippo 

pathway [20]. A key question for the future is how all these interactions work together to 

regulate epithelial Hippo signaling in a coherent manner. It will also be important to 

determine how Hippo signaling regulates apical-basal cell polarity.

Hippo-independent cell density control through polarity proteins

Despite the apparent ubiquity of Hippo signaling in epithelial growth control there are 

several mechanisms that appear to function through the polarity machinery independently of 

YAP/TAZ or their upstream regulators. For example, loss of the latero-basal polarity proteins 

Llgl1 and Llgl2 results in the over-proliferation of epithelial cells at high density, but not at 

low density. These two proteins appear to act redundantly in this homeostatic process, but 

not through Hippo. Instead, Llgl1/2 inhibit the multimeric CRL4 E3-ligase complex, by 

sequestering VprBP away from this complex. The CRL4 complex is necessary for 

degradation of the cell cycle kinase inhibitor p27, so loss of Llgl1/2 results in VprBP 

binding to and activating CRL4, which degrades p27 and allows the cell cycle to proceed 

even at high cell densities (Figure 1). Intriguingly, Llgl1/2 binding of VprBP increases with 

increasing cell density, suggesting a regulated mechanism. However, the molecular basis for 

this mechanism remains to be elucidated. Although phosphorylation of Llgl2 by aPKC 
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decreases Llgl1/2 binding of VprBP and increases proliferation, this phosphorylation is 

independent of cell density [21].

Interestingly, CRL4DCAF1 (DDB1- and CUL4-associated factor 1) has been reported to 

ubiquitylate and inhibit the Hippo-pathway Lats1/2 kinases in the nucleus, and NF2 binds to 

and suppresses CRL4 function [22]. The Cullin that forms the platform for this multimeric 

E3 ligase is amplified in many types of solid tumors. It seems possible, therefore, that this 

pathway is somehow linked to Llgl1/2 to control cell density-dependent proliferation.

Polarity proteins as tumor suppressors

Perturbation of cell polarity is thought to be an early event in the progression of 

tumorigenesis, and apical–basal polarity has been described as a barrier to carcinogenesis 

[9,23]. Conversely, loss of cell polarity is often considered a ‘precondition’ and a hallmark 

for cancer [24]. However, there are different definitions of cell polarity, which often 

confuses this issue. For example, if the PAR3 polarity protein is silenced in MDCK cells 

aPKC becomes mislocalized, but apical proteins such as podocalyxin, and tight junction 

proteins are unperturbed [25], so one could conclude that these cells either retain cell 

polarity or have lost it, depending on the chosen markers. In many solid cancers some 

polarity proteins are mislocalized or show reduced expression, but these correlations do not 

necessarily signify loss of polarized cell morphology, and do not address causality. 

Moreover, carcinomas frequently retain epithelial characteristics and continue to express 

polarity proteins, so it remains in many cases unclear if loss of any aspect of polarity is a 

cause or a consequence of tumorigenesis.

Polarity proteins were first implicated as tumor suppressors when early studies in Drosophila 
larvae revealed massive tissue overgrowth in response to loss-of-function mutations in 

polarity genes Discs large (dlg), Lethal Giant larvae (llgl) and Scribble (scrib) [26–29]. 

Deletion of several Hippo components gives a similar phenotype, but it is unclear whether 

Llgl, Dlg or Scrib work through this pathway in Drosophila. Recently, Scrib knockdown in 

wing imaginal discs was reported to induce overgrowth as a result of mitochondrial 

dysfunction and fission, through Drp-1 upregulation [30]; and Llgl can activate Notch 

through JNK signaling [31].

Despite the early identification of these tumor suppressor genes in flies, there seemed to be 

no functional correspondence with the mammalian homologs, and until recently it was 

controversial as to whether polarity genes were of any importance in human cancer. 

Nonetheless, a few cases demonstrated that some polarity proteins have a strong impact on 

cancer progression (Figure 2). PAR3 depletion in the murine mammary gland promotes 

tumor growth and metastasis in multiple oncogene models, for example [32,33]. More 

recently, loss of PAR3 in keratinocytes was found to promote malignant melanoma through a 

cell non-autonomous mechanism that creates a permissive niche for melanocyte 

transformation [34]. Additionally, loss of PAR3 in the prostate gland causes high grade 

intraepithelial neoplasia [35]. The underlying mechanism appears to involve Hippo signaling 

– disassembly of a PAR3/NF2/LATS1 complex prevents phosphorylation of LATS1, leading 

to YAP/TAZ activation. However, the same authors report elsewhere that PAR3 also acts as a 
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prostatic tumor promoter, through a PAR3/aPKC/KIBR complex that inactivates Hippo 

signaling [36]. Clearly, further work is required to resolve these apparent contradictions.

As described above, loss of DLG5 also results in the activation of YAP/TAZ. YAP is also 

known to be a driver of spindle cell carcinoma, an aggressive subtype of squamous cell 

carcinoma, and synergizes with loss of epithelial cell polarity [37]. SCRB deficiency has 

been reported to enhance liver tumor growth in vivo, and over-expression can suppress 

growth of Hepatocellular carcinoma cells in culture [38]. A mechanism was proposed in 

which Scrib disrupts a positive feed-back loop between YAP1 and c-MYC in HCC cells, and 

simultaneously regulates the MAPK/ERK and Hippo signaling pathways [38]. In the 

mammary gland, depletion of SCRB results in luminal filling, decreased apoptosis and over-

proliferation of mammary epithelial cells [39].

Polarity proteins as tumor promoters

Despite the links described above, the relationship of polarity proteins to cancer is not 

straightforward, because in several instances these proteins seem able to promote rather than 

suppress tumorigenesis. In Drosophila, for example, aPKC can behave as an oncogene, 

causing neoplastic growth in eye imaginal disc epithelia by disrupting the Hippo signaling 

pathway [40], and depletion of mammalian PKCζ inhibits invasion and metastasis of breast 

cancer cells in mice [41]. On the other hand, PAR3 seems able to function in both pro-

oncogenic and tumor repressor capacities. Using a mouse skin tumorigenesis model, Iden 

and colleagues demonstrated that loss of PAR3 reduced papilloma formation and growth, 

suggesting a tumor promoting activity; but the PAR3-deficient mice were also more 

susceptible to keratoacanthomas [42].

Most interestingly, Llgl2 was recently demonstrated to be a tumor promoter in breast cancers 

[43]. Llgl2 (but not a second isoform, Llgl1) is over-expressed in the majority of ER+ breast 

cancers and high expression is associated with poor prognosis and resistance to endocrine 

treatment. Llgl2 is induced in response to estradiol, and Llgl2 depletion reduced cell 

proliferation. Remarkably, Llgl2 forms a trimeric complex with a leucine transporter, 

SLC7A5, and with the SNARE protein YKT6, a regulator of membrane fusion, to increase 

surface levels of SLC7A5 and promote leucine uptake. The increased availability of leucine 

stimulates cell proliferation and confers resistance to anti-estrogen treatment [43].

Summary and outlook

Recent years have dramatically expanded our understanding of the numerous links between 

the polarity machinery and Hippo signaling, and their involvement in epithelia homeostasis. 

It has also become increasingly clear that failure to regulate homeostasis is a key early 

attribute of carcinoma. However, the relationship of cell polarity to cancer is much more 

complicated than was initially appreciated. Polarity proteins can function as either tumor 

suppressors or tumor promoters depending on context, and closely related isoforms can 

display quite different functions.
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Figure 1. Apico-basal polarity proteins play a critical role in homeostatic control of cell density.
If cell density is too low or too high, epithelial cells return to homeostatic density by 

proliferation or by cell extrusion and death, respectively (depicted by light blue arrows). If 

cells fail to respond to density signals, they continue to proliferate and cause hyperplasia 

(red arrow). Polarity proteins (shown in green) control density-dependent proliferation via 

different mechanisms, including Hippo signaling pathway and CRL4 ubiquitin E3 ligase 

complex.
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Figure 2: The mechanism of Mammalian polarity proteins in tumorigenesis.
PAR3 (red), DLG5 (blue) and SCRIB (green) usually function as tumor suppressors, 

preventing tumorigenesis via regulation of the RAC, HIPPO and MAPK/ERK pathways. 

LLG2 (purple) and APKCζ (orange) are tumor promoters. LLG2 promotes 

hyperproliferation via the amino acid transport pathway and aPKCζ can promote metastasis 

via NFκB signaling.
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