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The establishment of an apical–basal axis of polarity is essential

for the organization and functioning of epithelial cells.

Polarization of epithelial cells is orchestrated by a network of

conserved polarity regulators that establish opposing cortical

domains through mutually antagonistic interactions and

positive feedback loops. While our understanding is still far

from complete, the molecular details behind these interactions

continue to be worked out. Here, we highlight recent findings

on the mechanisms that control the activity and localization of

apical–basal polarity regulators, including oligomerization and

higher-order complex formation, auto-inhibitory interactions,

and electrostatic interactions with the plasma membrane.
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Introduction
Cell polarity lies at the heart of the establishment of proper

cellular architecture and function. To be able to form selec-

tively permeable barriers, epithelial cells polarize along an

apical–basal axis and establish molecularly and functionally

distinct apical, basal and lateral membrane domains. At the

interface between apical and lateral domains, adherens junc-

tions (AJs) provide mechanical strength and cohesion, while

occluding junctions — tight junctions (TJs) in vertebrates

and septate junctions (SJs) in invertebrates — prevent the

passage of molecules between cells and help maintain the

segregation of apical and basolateral membrane components.

Epithelial polarization and morphogenesis are controlled by

an epithelial polarity program, in which polarity proteins,

protein trafficking, membrane lipid regulators, and actomy-

osin and microtubule cytoskeletons all contribute important

roles [1,2]. The establishment of opposing cortical domains is

the resultofacomplex web of interactionsbetween aseriesof
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evolutionarily conserved polarity proteins, most of which

were identified through genetic studies in Caenorhabditis
elegans and Drosophila melanogaster (Figure 1) [3,4]. Members

of the Partitioning defective (Par) and Crumbs complexes

functiontogether inasemi-redundantfashiontoestablishthe

apical domain and position cell junctions at the apical/lateral

border, while basolateral identity is promoted by the Scribble

group proteins, the kinase PAR-1, and the phospho-protein

interacting 14-3-3 protein Par5. More recent studies

in Drosophila added the band 4.1-Ezrin-Radixin-Moesin

(FERM) domain proteins Yurt and Coracle, and the mem-

brane proteins Neurexin IV (Nrx-IV) and Na+K+-ATPase to

the roster of proteins regulating epithelial polarity. In this

review, we will highlight recent advances in our understand-

ing of the molecular mechanisms that underpin the interac-

tions that result in the correct spatial segregation of these

components.

The apical polarity network
Apical domain identity is established by the coordi-

nated activities of Par proteins and the Crumbs com-

plex [2,3]. The apical PAR proteins include Par3

(Bazooka or Baz in Drosophila) and Par6, the small

GTPase Cdc42, and the atypical protein kinase

C (aPKC) [5]. The Crumbs complex consists of the

transmembrane protein Crumbs (Crb in Drosophila,
CRB1-3 in mammals), the intracellular binding partner

Stardust (Sdt, known as protein associated with

Lin-7 — PALS1 — in vertebrates), and the Sdt binding

partners PATJ (protein associated with tight junctions)

and Lin-7 [6]. The proteins in these groups engage in

complex and interdependent interactions, and together

form an apical polarization network (Figure 2). Par6,

aPKC, and the Crumbs proteins co-localize at the apical

membrane domain. Par3 engages in transient interac-

tions with Sdt and with Par6–aPKC to mediate their

apical localization [7–9]. However, in mature Drosophila
epithelia and in mammalian epithelial cells, the bulk of

Par3/Baz segregates to the apical/lateral border, where

it plays an essential role in the positioning and assembly

of AJs in Drosophila and TJs in mammalian cells [10,11].

Cdc42 plays a central role in the recruitment of

Par6–aPKC, but has many other effector proteins

important in epithelial morphogenesis, and its activity

is controlled by numerous regulatory proteins [12].

The kinase activity of aPKC is central to the mutual

antagonism between cortical polarity regulators, and a

major role of the apical polarity proteins is to tightly

control aPKC localization and activity. aPKC is

complexed with the adapter protein Par6, which mediates
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Figure 1
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Cell polarity is established and maintained by a complex web of interactions between apical and basolateral polarity regulators. Solid lines indicate physical

interactions. Dashed lines indicate phosphorylation events. Canonical domain organizations are shown. Abbreviations: FERM, 4.1-Ezrin-Radixin-Moesin;

FA, FERM-adjacent (FA) domain; EGF, epidermal growth factor domain; L27, Lin-2 and Lin-7 domain; SH3, SRC homology 3 domain; GUK, guanylate

kinase-like; FBD, FERM binding domain; PBM, PDZ domain-binding motif; PB1, Phox and Bem1 domain; Crib, Cdc42-interactive and Rac-interactive

binding motif; CR1, CR3, conserved region 1 and 3; LBD, lipid binding domain; KA1, kinase associated domain; WD, WD40 repeat; LLGL, lethal giant

larvae specific domain; WH1/EVH1, Enabled/VASP homology 1; LLR, leucine rich repeat domain; PSr, pseudosubstrate region of aPKC.
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Figure 2
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The apical domain is established by coordinated interactions between proteins of the Par and Crumbs complexes.
most of the physical interactions that localize aPKC. In

addition, Par6 controls the kinase activity of aPKC. It is

still unclear, however, whether Par6 acts as an activator or

an inhibitor, as studies into the effects of Par6 on aPKC

kinase activity have yielded conflicting results

[13,14�,15].

The localization of Par6–aPKC to the apical membrane is

mediated by physical interactions with Par3, the active

GTP-bound version of Cdc42, and Crumbs [11]. The

Par3–Par6–aPKC complex is thought to be inactive,

which would help to prevent inappropriate phosphoryla-

tion of target proteins by aPKC [13,16,17��,18,19]. Inhi-

bition of aPKC was reported to be mediated by formation

of high affinity interactions of two motifs within the Par3

conserved region 3 (CR3) with the aPKC kinase domain,

blocking substrate access [18]. However, the effects on

catalytic activity and its relevance in vivo are a point of

contention [20,21]. As discussed below, Par3 is an aPKC

substrate itself, and its phosphorylation is required for

junctional localization. How to reconcile roles of Par3 as

both an inhibitor and a substrate of aPKC is an important

future challenge.

The Par3–Par6 association was reported to involve a non-

canonical interaction between the Par3 PDZ1 domain

and Par6 Crib-PDZ domains [19,22,23]. However, recent

data indicate that, at least in Drosophila and mammals, the

Par3–Par6 association is mediated by interaction of the

Par3 PDZ1 and PDZ3 domains with a PDZ binding motif

(PBM) at the N-terminus of Par6 [24]. Par3 could interact

simultaneously with two Par6 proteins, potentially facili-

tating higher order complex formation, though this has

not been shown to occur in vivo. The PBM domain is

absent from C. elegans PAR-6 [24], and hence the mode of

the Par3–Par6 interaction is not fully resolved.
www.sciencedirect.com 
At least two mechanisms can contribute to membrane

localization of Par3. First, the N-terminal conserved

region (CR1) mediates homo-oligomerization of

Par3/Baz, which promotes the formation of cortical

Par3–Par6–aPKC clusters and has been reported to

be essential for Par3 localization [17��,25,26,27��,28].
Second, a C-terminal lipid binding (LB) domain pro-

motes membrane localization through binding to phos-

pholipids [29–31]. Recent studies in Drosophila indicate

that oligomerization and phospholipid binding can con-

tribute redundantly to the membrane association of Baz

[32,33]. How Par3 is transported apically is not

completely clear. Dynein-mediated transport is impor-

tant for Baz positioning in Drosophila epithelia

and oocytes [34–36], but based on other systems

reaction–diffusion processes and advective transport

play roles as well [37]. It is also not clear yet to what

extent Par6–aPKC is transported apically in a complex

with Par3, versus being recruited from the cytoplasm by

previously localized Par3.

At the apical domain, the release of Par3/Baz from

Par6–aPKC and Sdt critically depends on phosphoryla-

tion of Par3 by aPKC on a conserved Serine residue

within the conserved region three (CR3), which reduces

the affinity of Par3 for aPKC and Sdt [8,9,38–40]. Phos-

phorylation by aPKC alone is, however, not sufficient for

the segregation of Par3 from Par6–aPKC, possibly due to

the association of Par3 with Par6, and further depends on

interactions of Par6 with GTP-Cdc42 and with Crb

[8,9,34,38,41��]. GTP-Cdc42 may outcompete Par3 for

binding to Par6, and furthermore induces a conforma-

tional switch in the Par6 PDZ domain that greatly

increases the affinity for the C-terminal PBM in Crumbs

[42–44]. In a recent study, Nunes de Almeida et al. used a

series of Par6 alleles that specifically disrupt binding to
Current Opinion in Cell Biology 2020, 62:1–8
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Cdc42, Crb, or aPKC to investigate the order of events in

Drosophila photoreceptor cells and follicle epithelium

[41��]. Their results support a model, in which recruit-

ment of Par6–aPKC by GTP-Cdc42 promotes the

subsequent binding of Par6 to Crb, which results in

mutual stabilization of both Par6–aPKC and Crb at the

apical membrane.

The shuttling of aPKC between an inactive Par3 complex

that promotes localization and a Par3-independent active

complex appears to be a common feature of polarized cells.

In the one-cell C. elegans embryo, PKC-3 shuttles between

an inactive PAR-3/PAR-6/PKC-3 complex that promotes

anterior segregation, and an active CDC-42/PAR-6/PKC-3

complex [17��,26,45,46]. An important difference however

is the role of aPKC. While in Drosophila epithelia aPKC

phosphorylates Par3/Baz to promote its release from the

complex, in C. elegans aPKC activity was required to couple

the behavior of PAR-3 and PAR-6/PKC-3 [17��]. A similar

observation was recently made in Drosophila neuroblasts,

where acute inhibition of aPKC resulted in uncoupling of

the localizations of Baz and aPKC–Par6 [47]. These

observations may reflect differences between epithelial

cells and asymmetrically dividing cells. For example, in

non-epithelial cells which lack apical junctions, phosphor-

ylation of Par3 by aPKC is not essential. However, it may

also reflect an incomplete understanding of a common

underlying mechanism.

The relative importance of the interactions with

Par6–aPKC described above are cell context dependent.

For example, in the follicular epithelium and adult mid

gut epithelium, Baz is dispensable for the localization of

Par6 [48,49��], while in the follicular cells of stage 10

Drosophila embryos, Crb is not required for apical enrich-

ment of aPKC [50]. In these cells, direct recruitment of

Par6–aPKC by Cdc42 may be the dominant mechanism.

However, in the C. elegans embryonic epidermis, Cdc42

was found to be dispensable for polarization and for apical

localization of PAR-6, indicating that Cdc42 is not essen-

tial under all conditions [51�]. Interestingly, a recent

preprint proposes an alternative localization mechanism

for Drosophila and mammalian aPKC, based on direct

binding of a polybasic domain within the aPKC pseudo-

substrate region to the membrane lipids PI4P and PIP2

[14�]. This interaction did not require Cdc42, but does

depend on binding to Par6, which the authors postulate

induces an allosteric change that exposes the polybasic

domain [14�]. The same study also finds that the binding

of Crb activates the kinase activity of aPKC, although this

cannot represent a general mechanism as aPKC is also

active in cell types that do not express Crumbs.

A recent study in MDCK cells points to yet another

mechanism that may contribute to the apical segregation

of Par6–aPKC [52]. In these cells, apical activation of

Cdc42 stimulates actomyosin contractility, while aPKC
Current Opinion in Cell Biology 2020, 62:1–8 
inhibits actomysosin contractility at the level of cell

junctions, potentially setting up a contractility gradient.

Interfering with apical actomyosin contractility blocked

the separation of Par3 from Par6–aPKC, suggesting that

cortical contractility mediates the segregation of

Par6–aPKC. How cortical contractility promotes Par3

segregation in this cell type, however, is unclear [52].

Taken together, it is evident that the localization and

activation of aPKC can be controlled by several

mechanisms that may act together or play specific roles

in particular cell types.

Basolateral polarity regulators
The main basolateral determinants are the PAR-1/MARK

serine/threonine kinases, which mediate exclusion of

proteins from the basolateral domain through phosphor-

ylation, and the Scribble group proteins Scribble (Scrib),

Discs large (Dlg) and Lethal giant larvae (Lgl), which

exclude apical proteins from the basolateral domain by

virtue of the ability of Lgl to inhibit aPKC [53–56]. In

addition, the Scribble module may regulate the polarized

trafficking of proteins. In Drosophila, the Scribble module

was shown to regulate trafficking of Crumbs and other

cargo from early endosomes to the Golgi system through

the retromer pathway [57]. In the C. elegans intestine, the

Scrib homolog LET-413 acts as a Rab5 effector, to

promote the activation of RAB-10 and endocytic recy-

cling [58]. Scrib, Dlg, and Lgl each contain multiple

protein–protein interaction domains, and scaffold a bewil-

dering array of proteins linked to many processes besides

cell polarity, including tissue growth, differentiation, and

cell migration [53].

In Drosophila, the Scribble proteins are dependent on

each other for their localization and act in a common

pathway to restrict apical determinants to the apical

domain, control AJ formation and regulate cell growth

[56]. With respect to its role in junction formation, a

recent preprint unexpectedly identified a very early role

in organizing AJs in the developing Drosophila embryo,

upstream of other polarity regulators including Baz/par3

[59]. Recently, the hierarchy in the relationships between

Scrib, Dlg, and Lgl was elucidated in the midgut of adult

Drosophila, a tissue, in which the Scribble proteins are

present at septate junctions but not essential for polari-

zation [49��]. In these cells, Scrib recruits Dlg to the

septate junctions, which in turn recruits Lgl. In C. elegans
and mammalian systems, the Scribble proteins also play

key roles in cell polarity, but the importance of their

contribution varies, and the proteins often only partially

overlap in localization [54]. Unlike the apical polarity

determinants, few physical interactions have been iden-

tified within the Scribble module. In mammalian cells,

Lgl2 directly interacts with the GUK domain of Dlg4

when phosphorylated by aPKC on one of three conserved

serine residues [60]. In the synapses of Drosophila neu-

rons, Dlg was also shown to indirectly associate with Scrib
www.sciencedirect.com
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through the linker protein GUK-holder (Gukh) [61].

Recently, the Scrib PDZ1 domain was shown to interact

with a PDZ binding motif in C-terminus of Gukh [62].

The same study also provides evidence for a broader role

for Gukh in controlling epithelial polarity, and it will be

important to investigate the role of Gukh homologs in

other organisms in epithelial morphogenesis.

Mechanisms of mutual exclusion
The major mutual antagonistic interactions in epithelial

cells are mediated by the kinases aPKC and PAR-1, and

by Lgl. aPKC phosphorylates PAR-1, Par3, and Lgl to

mediate their exclusion from the apical domain [15].

Conversely, Lgl inhibits aPKC by binding to Par6–aPKC,

which competes with Par3 binding, inhibits aPKC kinase

activity, and prevents membrane association of

Par6–aPKC [53,54]. Crumbs has also been shown to be

a target for phosphorylation by aPKC [63], but the impor-

tance of this is unclear as mutating the aPKC target sites

does not appear to affect Crb localization, epithelial

polarization, or viability in Drosophila [64]. In the baso-

lateral domain, the main target of PAR-1 is Par3. PAR-1

phosphorylates Baz/Par3 on two conserved serine resi-

dues, which prevents oligomerization, creates a binding

site for the 14-3-3 protein Par5, and prevents binding of

aPKC, all of which contribute to the exclusion of Baz/Par3

from the basolateral domain [65,66]. The combined

activities of aPKC and PAR-1 thus position Par3 at the

apical/lateral border, which is critical for the correct

positioning and assembly of junctional complexes.

The mechanism of exclusion of Lgl is now well estab-

lished. Several aPKC target proteins, including Lgl, the

cell fate regulators Mira and Numb, and the C. elegans
polarity protein PAR-2, localize to the plasma membrane

via electrostatic interactions between basic and hydro-

phobic (BH) motifs and phospholipids [67,68]. Phosphor-

ylation of aPKC consensus sites within BH motifs is

thought to prevent membrane association by neutralizing

positive charges [67,68]. Recent studies on C. elegans
LGL-1 and human Lgl2 confirm this model and further

show that aPKC phosphorylation counteracts formation of

a membrane-binding a-helix conformation of the BH

motif [69�,70]. In mitotic divisions of epithelial cells,

the cell-cycle kinases Aurora A and B also phosphorylate

Lgl on target sites within the BH motif to induce a

complete loss from the cortex [71,72]. At the end of

mitosis, when cells need to repolarize, the phosphatase

PP1 dephosphorylates these sites [73�].

The mechanisms that mediate plasma membrane locali-

zation and exclusion of PAR-1 are also becoming increas-

ingly clear. PAR-1 proteins contain a kinase domain, a

linker region that harbors a conserved aPKC phosphory-

lation site, and a C-terminal kinase associated (KA1)

domain that can mediate membrane association by bind-

ing to acidic phospholipids [55]. Phosphorylation by
www.sciencedirect.com 
aPKC results in exclusion from the membrane by creating

a binding site for the 14-3-3 protein Par5, and has also

been reported to reduce PAR-1 kinase activity [74–77]. A

second level of control over PAR-1 activity is exerted by

the KA1 domain, which had been suggested to form an

auto-inhibitory interaction with the kinase domain [55].

Recent investigations of the human PAR-1 kinase

MARK1 revealed that the KA1 domain can indeed bind

to the kinase domain, blocking substrate access, thereby

rendering the kinase inactive [78�,79]. Binding of

MARK1 to the plasma membrane via the KA1 domain

releases this interaction, resulting in kinase activation

[78�,79]. Recent data in C. elegans confirm an inhibitory

role for the KA1 domain and furthermore indicate that

inhibition of PAR-1 activity by aPKC/PKC-3 and the KA1

domain act in parallel to restrict PAR-1 activity to the

posterior domain [80].

In addition to aPKC, PAR-1, and Lgl, the FERM domain

protein Yurt plays a role in determining apical and baso-

lateral domain sizes in Drosophila, zebrafish and cultured

mammalian cells [81–86]. Yurt physically interacts with

and negatively regulates Crumbs and aPKC, and is itself a

target for inactivation by aPKC [81–83,85]. In developing

Drosophila embryos, Yurt displays a dynamic localization

and activity pattern, initially preventing Crumbs localiza-

tion to the basolateral domain, and later acting at the

apical domain to limit Crumbs activity and prevent apical

overexpansion [82,83,85]. How Yurt inhibits aPKC is not

known, but the binding to Crumbs was recently shown to

depend on Yurt oligomerization [87�]. Phosphorylation of

Yurt by aPKC prevents this oligomerization, explaining at

least in part how aPKC counteracts Yurt [87�].

Finally, aPKC may not be the only kinase involved in

excluding proteins from the apical domain. A recent study

reported that, in the Drosophila follicular epithelium, the

kinase Pak1 may act redundantly with aPKC downstream

of Cdc42, and phosphorylates an overlapping set of sub-

strates [88]. Inhibition of Pak1 also resulted in polarity

defects in mammalian cell cultures, indicating that the

role of Pak1 may be conserved [88].

Conclusion
The past couple of years have seen great progress in our

understanding of the regulatory interactions between

polarity proteins, and several novel mechanisms of control

have emerged. It is clear that polarity proteins are regu-

lated at multiple levels, as shown by the dual control over

PAR-1 activity by aPKC and membrane association, the

redundant control over Baz/Par3 membrane association

by oligomerization and phospholipid binding, and the

multiple mechanisms involved in targeting aPKC to the

apical domain. While we have highlighted commonalities,

the organization of cell polarity is not the same in all

tissues and organisms. In Drosophila, C. elegans, and mouse

embryos the requirements for Par3, Par6, Cdc42, aPKC
Current Opinion in Cell Biology 2020, 62:1–8
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and Crumbs all vary between epithelial tissues

[48,51�,89–93], and recent investigations in the Drosophila
midgut point to polarization mechanisms that do not rely

on Par or Crumbs proteins at all [49��]. For the future, it

will be important to clarify how conserved and generally

used each mechanism of regulation is in different organ-

isms and polarized cell types.
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Yamahara M, Kretz O, Küttner V, Suleiman H, Kollipara L et al.: The
FERM protein EPB41L5 regulates actomyosin contractility and
focal adhesion formation to maintain the kidney filtration
barrier. Proc Natl Acad Sci U S A 2017, 114:E4621-E4630.

87.
�

Gamblin CL, Parent-Prévost F, Jacquet K, Biehler C, Jetté A,
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