
1 

The Scribble Cell Polarity Module in the Regulation of Cell Signalling in Tissue 

Development and Tumourigenesis 

Rebecca Stephens1, Krystle Lim1, Marta Portela2, Marc Kvansakul1, Patrick O. Humbert1,3,4, 

and Helena E. Richardson1,3,5 

1, Department of Biochemistry and Genetics, La Trobe Institute of Molecular Science, La 

Trobe University, Melbourne, Victoria, Australia. 

2, Department of Molecular, Cellular and Developmental Neurobiology, Cajal Institute 

(CSIC), Avenida Doctor Arce, 37, Madrid 28002, Spain. 

3, Department of Biochemistry & Molecular Biology, 4, Department of Pathology, 5, 

Department of Anatomy & Neurobiology, University of Melbourne, Melbourne, Victoria 3010, 

Australia. 

Summary 

The Scribble cell polarity module, comprising Scribbled (Scrib), Discs-large (Dlg) and Lethal-

2-giant larvae (Lgl), has a tumour suppressive role in mammalian epithelial cancers. The

Scribble module proteins play key functions in the establishment and maintenance of different 

modes of cell polarity, as well as in the control of tissue growth, differentiation and directed 

cell migration, and therefore are major regulators of tissue development and homeostasis. 

Whilst molecular details are known regarding the roles of Scribble module proteins in cell 

polarity regulation, their precise mode of action in the regulation of other key cellular processes 

remains enigmatic. An accumulating body of evidence indicates that Scribble module proteins 

play scaffolding roles in the control of various signalling pathways, which are linked to the 

control of tissue growth, differentiation and cell migration. Multiple Scrib, Dlg and Lgl 

interacting proteins have been discovered, which are involved in diverse processes, however 

many function in the regulation of cellular signalling. Herein, we review the components of the 

Scrib, Dlg and Lgl protein interactomes, and focus on the mechanism by which they regulate 

cellular signalling pathways in metazoans, and how their disruption leads to cancer.  
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Introduction: Cell polarity regulation and tumourigenesis 

Cell polarity involves the asymmetric distribution of macromolecules to specific membrane 

domains, which is essential for normal cellular function and morphogenesis during 

development in multicellular organisms [1-7].  There are four main types of cell polarity: 1) 

apico-basal cell polarity (ABCP, epithelial polarity) [1, 6-8], 2) planar cell polarity (PCP, polarity 

across the plane of an epithelium) [9-11], 3) asymmetric cell division (ACD, which is involved 

in the self-renewal of stem cells and differentiation of the daughter cells) [12, 13], and 4) front-

rear cell polarity (FRCP, involved in directed cell migration) [14-16]. These polarity types are 

defined by the type of cells they regulate and the molecules and mechanisms involved. 

Additionally, specialised cells, such as lymphocytes and neurons, exhibit variations of the four 

main cell polarity mechanisms in order to establish and maintain specialized membrane 

domains for synapse formation, cell migration (eg T cell uropod formation) or asymmetric cell 

division [17-23]. Key to the establishment and maintenance of cell polarity in apico-basal, front-

rear and ACD cell polarity types, are antagonistic interactions between two polarity modules. 

These are the Scribble module, comprising the scaffolding proteins, Scribbled (Scrib), Discs-

large (Dlg) and Lethal-2-giant larvae (Lgl) [24, 25], and the Par module, containing two 

scaffolding proteins, Par3 and Par6, the protein kinase, atypical protein kinase C (aPKC) and 

the small GTPase, Cdc42 [8]. The Scribble module proteins are localized to the basolateral 

cortex in epithelial cells and each protein is required for the others proper localization [26, 27]. 

The Par complex proteins have well-defined direct physical interactions with each other [8, 

28]. Although interactions have been observed between Dlg, Scrib and Lgl in mammalian 

systems [29, 30], this is less clear in other organisms, however in Drosophila an interaction 

between Scrib and Dlg1 (Dlg) has been observed in neural synapses through an adaptor 

protein, GUK-holder (Gukh) [31]. The antagonistic interaction between the Scribble and Par 

modules is mediated by aPKC binding to and phosphorylating Lgl, excluding Lgl from the 

plasma membrane, and conversely, Lgl binding to aPKC inhibits aPKC activity [32-39]. Lgl 

inhibits aPKC activity by binding to Par6 in the aPKC-Par6 complex and competing with the 
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binding of Par3 (Bazooka in Drosophila), as well as preventing membrane accessibility of the 

Par6-aPKC complex [32, 34, 35, 40]. The recruitment of Par3 to the Par6-aPKC complex 

enables aPKC-mediated phosophorylation of Numb (a cell fate determinant) in Drosophila 

neuroblast ACD [40], and presumably is required for aPKC phosphorylation of other 

substrates. E-cadherin-mediated cell-cell adhesion in apico-basal cell polarity in epithelial cells 

is also important in recruiting the Scribble module to the basolateral membrane, and the 

Scribble module is required for restricting the localization of apical proteins to the apical 

domain [26, 41-45]. Additionally, in apico-basal cell polarity in epithelial cells, the Par module 

interacts with another cell polarity module, the Crumbs (Crb) module, consisting of the 

transmembrane protein Crb, the scaffolding proteins, Pals and Patj [46], to regulate apical 

membrane identity [4, 47-49]. Here, a positive feedback loop is initiated, involving aPKC-

mediated phosphorylation of Crb that promotes Crb apical clustering via its extracellular 

domains and prevents Crb endocytosis. In the basolateral domain, Lgl inhibits this positive 

feedback loop, thereby restricting apical determinants to the apical domain [47]. Additionally, 

in Drosophila organogenesis, the FERM-domain proteins, Coracle and Yurt, which form a 

complex with the membrane proteins, Neurexin IV and the Na+/K+-ATPase at basal lateral 

junctions, are involved in apico-basal establishment and exhibit antagonistic interactions with 

Crb [50, 51]. Yurt and aPKC also show antagonistic interactions, which depends on the 

phosphorylation of Yurt by aPKC [52]. Mammalian Yurt orthologs (Ymo1 and EHM2) also bind 

to Crb and Ymo1 is involved in lateral membrane formation in epithelial apico-basal cell 

polarity [50, 51], suggesting that this mode of cell polarity regulation might also be conserved 

in mammalian epithelial cells.   

 

In addition to their role in cell polarity, the Scribble, Par and Crb modules also regulate cellular 

signalling pathways to control cell proliferation, survival and migration, and consistent with 

these roles, these cell polarity proteins are deregulated in cancer [2, 24, 53-60]. In human 

cancer, cell polarity gene expression/function can be perturbed by mutation or deregulated 
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gene expression [57], but also by alteration in protein localization and protein degradation [53, 

54, 60-62]. Indeed, viral oncoprotein-mediated degradation of Dlg and Scrib proteins is 

associated with more aggressive cancers [63-67]. The tumour suppressive functions of the 

Scribble module genes are evolutionarily conserved. Indeed, Lgl, Dlg and Scrib were first 

discovered and characterized in the vinegar fly model organism, Drosophila melanogaster, 

where epithelial and brain tissues mutant in these genes, exhibit many hallmarks of cancer 

[26, 43, 68-76]. Loss of function of Scrib, Dlg or Lgl result in excessive cell proliferation and 

the formation of neoplastic tumours that show aberrant differentiation and cell morphology, 

leading to overgrown larvae unable to properly progress to the pupal stage of development. 

Subsequently, mammalian orthologs of Scribble module genes were shown to complement 

the corresponding Drosophila mutants, highlighting their role as tumour suppressors [77-79]. 

There are four mammalian orthologs of Dlg (Dlg1 (hDlg/SAP97), Dlg2 (PSD-93/Chapsyn-110), 

Dlg3 (NE-Dlg/SAP102) and Dlg4 (PSD-95/SAP90)), two of Lgl (Hugl/Llgl1 and Llgl2), and only 

one of Scrib [80], thus making the analysis of Scrib function in mammalian systems more 

amenable. Analysis of Scrib, Lgl1/2, Dlg1-4 in mammalian cell lines has supported their 

tumour suppressor role, in inhibiting cell proliferation and the epithelial-mesenchymal 

transition (EMT) [24, 25, 53, 80]. In mouse models, scrib knockout is embryonic lethal with 

neural closure defects, consistent with effects on PCP-regulated epithelial sheet migration 

[81]. Tissue specific tissue knockouts of scrib in the adult mouse leads to hyperproliferation 

and cell morphology changes, and predisposes cells to oncogenic-mediated tumourigenesis 

in the prostate, breast, lung and skin epithelial tissues [81-86]. Due to genetic redundancy, the 

analysis of Dlg and Lgl in epithelial tumourigenesis in mouse models has been less clear. 

However, analysis of Lgl1 knockout mice revealed that they develop neural-epithelial 

hyperplasia [87]. Conversely, Dlg1 (Dlgh1) knockout mice exhibited reduced cell proliferation 

and developmental defects in the urogenital system [88], and an independent Dlg1 mutation 

showed hypoplasia of the premaxilla and mandible and a cleft palate [89]. Another study, 

showed that Dlg1 null knockout mice exhibit open neural tube and open eyelids and other 

developmental defects [90], suggesting that Dlg1’s function during development is more 
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important for the regulation of PCP-directed epithelial sheet migration and other PCP 

functions.  

 

In this review, we will discuss the structures of Scribble module proteins, their molecular 

interactions with other proteins and how these are connected to signalling pathway regulation, 

primarily focusing on Drosophila, zebrafish and mammalian systems.  

 

Scribble module protein structure and function 

Although the Scrib, Dlg and Lgl proteins do not have intrinsic enzymatic activity, they all 

contain a number of well-characterized protein-protein interaction domains (described in more 

detail below) that enables them to bind to signalling proteins, such as kinases and 

phosphatases.  Importantly, their function appears to be absolutely dependent on their cellular 

sublocalization. Hence, much of the currently known functions of the Scribble module proteins 

can be attributed to their role as signalling scaffold proteins that regulate site-specific signalling 

within the cell.  

 

Scrib is a large multidomain scaffold protein and belongs to the LAP (LRR and PDZ) protein 

family [43, 91, 92]. It contains 16 Leucine-rich repeats (LRRs), two LAP specific domains 

(LAPSADa and LAPSADb) and four PDZ95, Dlg1, ZO1 (PDZ) domains (Figure 1, Supp Table 

1). The N-terminal LRR domain and four PDZ domains (classified as type 1 PDZ domains) are 

important for proper localization of Scrib to the basolateral membrane of epithelial cells [42, 

93, 94], with both domains key to allow Scrib to interact with a wide range of intracellular 

proteins (see below).  
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Dlg is a member of the membrane-associated guanylate kinase homolog (MAGUK) 

scaffolding protein family, and comprises three PDZ domains, a Src homology 3 (SH3) 

domain, a Hook domain and a guanylate kinase-like (GUK) domain at its C-terminus [69, 95] 

(Figure 2, Supp Table 2). In Drosophila epithelium, the Dlg PDZ2 domain is essential for 

correct localization to basolateral (septate) junctions, whilst the SH3 and Hook domains are 

critical mediators of Dlg localization to the cell membrane [96]. The C-terminal Guanylate 

Kinase (GUK) domain (residues 765-960) is catalytically inactive, however it is involved in 

protein-protein interactions (see below).   

 

Similar to other key polarity regulators, Lgl is also a large multidomain protein comprising an 

N-terminal region featuring WD40 repeats, and a C-terminal region containing a polybasic 

region, harbouring aPKC and Aurora kinase phosphorylation sites [37, 38, 56, 97] (Figure 3, 

Supp Table 3). The structure of the WD40 repeat region of Lgl has not been determined, 

however the corresponding region in the yeast ortholog, Sro7, has been crystallized [98]. In 

Sro7, the WD40 region forms two seven-bladed WD40 β-propellers, with a 60-residue-long 

tail located C-terminally of the two β-propellers that is bound to the surface of the N-terminal 

propeller. Comparison of the Sro7 sequence with Drosophila and mammalian Lgl proteins, 

suggests that they also form the β-propeller structures [56].  

 

Scribble module protein interactors 

In addition to their roles in cell polarity, the Scribble module proteins interact with many 

proteins involved in different cellular processes, such as cell adhesion, membrane trafficking, 

cell migration and cellular signalling (see Figures 1-3, Supp Tables 1-3). Despite their common 

role in regulating cell polarity, Scrib, Dlg and Lgl interact with mostly distinct protein interactors. 

We will highlight below some examples of interacting proteins and the motifs within the Scrib, 

Dlg or Lgl proteins to which they bind.  
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Scrib: The Scrib N-terminal LRR domain has only been documented to interact with a few 

proteins, such as Llgl2, Sgt1/Hsp90, the phosphatase PHLPP1 (Pleckstrin homology and 

leucine rich repeat protein phosphatase) in mammalian cells and the BMP receptors (Tkv, 

Pnt), the BMP transcription factor, Mad, and the early endosomal protein, Rab5, in Drosophila 

[29, 99-101] (Figure 1, Supp Table 1). Conversely, the PDZ domains of Scrib are the major 

sites by which Scrib interacts with a plethora of proteins, including β-PIX and MCC involved in 

cell migration and β-catenin involved in cell adhesion [102-105] (Figure 1, Supp Table 1). How 

these many interactions are coordinated in vivo will be discussed in further detail below. 

 

Dlg: Similar to Scrib, the PDZ domains of Dlg proteins interact with a plethora of proteins 

involved in diverse functions, including Drosophila Vang that regulates PCP [106] and human 

APC involved in cell adhesion [107] (Figure 2, Supp Table 2). By contrast, only a few proteins 

have been shown to interact with Dlg’s SH3 domains, including human β-TrBP, an E3 ubiquitin 

ligase involved in cell adhesion, and human CASK, involved in cell polarity [108, 109]. 

Likewise, the HOOK domain only interacts with a few proteins, such as human band 4.1 

protein involved in cell signalling [110] and Drosophila Dishevelled involved in spindle 

orientation in ACD [111]. The GUK domain interacts with several proteins, including Llgl2 in 

mammalian cells and the adaptor protein, Gukh in Drosophila [30, 31] (Figure 2, Supp Table 

2).  

 

Lgl: The greatest molecular insight on Lgl’s interactions have come from the analysis of the 

yeast ortholog, Sro7. The C-terminal domain of Sro7 interacts with the t-SNARE protein, Sec9, 

via its N-terminal region, to regulate polarized exocytosis [112]. Furthermore, yeast-human 

Sro7-Lgl hybrid proteins can only rescue the yeast Sro7/ Sro77 deletion when the t-SNARE 

binding site is intact, suggesting that this interaction is an evolutionarily conserved function. 
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Interestingly, human Llgl2 also interacts with the SNARE protein, syntaxin-4, in mammalian 

cells [113] (Figure 3, Supp Table 3) and regulates polarized exocytosis, although the 

interaction domains have not been described. In Sro7, the tail segment acts to prevent the 

binding of Sro7 to the Qbc-SNARE region of Sec9, which inhibits the assembly of the SNARE 

complex to regulate polarized exocytosis. However, this tail region is not conserved in higher 

eukaryote Lgl proteins, but only in the Lgl-related protein, Tomosyn, which functions in 

exocytosis. In the regulation of t-SNARE activity, Sro7 is an effector of the Sec4 Rab-GTPase 

[114]. Structure-function analysis has revealed that Sec4 Rab-GTPase interacts with Sro7 via 

a binding site at the interface between the two β-propellers [115]. However, sequence 

comparison suggests that in higher eukaryotes this binding motif is only conserved in the Lgl-

related protein Tomosyn, but not in Lgl [115]. 

 

Analysis of mammalian Lgl interacting proteins has identified the WD40 repeats, which are 

predicted to form the β-propeller structure, to mediate interaction with several proteins (Figure 

3, Supp Table 3). These include Drosophila Par6, involved in cell polarity [35], the mammalian 

RanBPM and USP11 deubiquitining protein, involved in cell migration [116, 117], and the 

mammalian and Drosophila VprBP/Mahjong E3 ubiquitin ligase component, involved in cell 

proliferation [118, 119]. The C-terminal region of Lgl also interacts with several proteins, 

including Drosophila and mammalian Myosin II, which regulates actin-myosin contractility and 

cell migration [33, 120-122], and mammalian N-Cadherin, which regulates cell adhesion [123].  

Moreover, Dlg4 binds to the aPKC phospho-site of Lgl in a phosphorylation-dependent manner 

[30].  

 

General principles in Scribble module protein interactions 

Given the multitude of potential interactions that occur between Scribble module proteins and 

other proteins, a critical question is, how are these interactions regulated in vivo? Molecular 
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analyses has revealed several key regulatory mechanisms that control binding of Scribble 

module proteins to interacting proteins, including affinity of protein binding to a particular 

domain, phosphorylation-dependent binding, and the involvement of multiple domains for 

protein binding. Moreover, the generation of large multi-protein complexes between Scribble 

module proteins and interacting proteins can occur to regulate protein function. Finally, the 

interaction of Scribble module proteins with other proteins can dictate their cellular localization. 

We will highlight these modes of regulation with some examples below. 

 

Regulation of interactions through differential affinity of protein binding: The best characterized 

mode of interaction within the Scribble module is the PDZ domains interaction, and can be 

found in Scrib and Dlg ligand interaction. The PDZ domains consist of 80-90 amino acid 

residues that forms six β strands and two α-helices. The PDZ domains engage C-terminal 

PDZ binding motifs (PBM) in their target ligands through the consensus binding-groove 

consisting of β2, α2 and a GLGF motif embedded within the β1-β2 loop [124-126]. The binding 

of the ligand carboxyl group to the PDZ β1-β2 loop is core to the interaction as the ligand 

positions itself in an anti-parallel manner with the β2 strand. Early studies have classified the 

PDZ domains based on their ligand PBM motif, where Scrib and Dlg PDZ domains were 

classified as Class I that recognises the X-T/S-X-ØCOOH motif (where X can be any amino acid 

residue, and Ø is a hydrophobic residue), as opposed to Class II (X-Ø-X-ØCOOH motif) and 

Class III (X-D/E-X-ØCOOH motif) [127, 128]. 

 

As Scrib and Dlg have multiple PDZ domains, isolated and tandem PDZs have been studied 

through a number of biochemical techniques to identify their direct physical interactors, as well 

as associated proteins that are mediated through adaptor molecules. These include pull down 

assays, co-immunoprecipitation, ELISA, mass spectrometry and large peptide phage-display 

screens. The binding preferences of the PDZs were determined for Scrib’s interactions with 
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the adherens junction protein β-catenin [104], the tight junction protein ZO-2 [129], the 

intermediate filament protein Vimentin [130], the zyxin-family protein TRIP6 [131], the 

hormone receptor TSHR [132], Influenza A virus NS1 [133] and TBEV NS5 [134], as well as 

the interactions between Dlg and Shaker K+ channel [135], HPV-16 and -18 E6 proteins [136, 

137] and Gukh [31]. These studies show that it is not uncommon for each of the Scrib or Dlg 

PDZ domains to show overlapping preference against the same ligand, while maintaining their 

own unique binding profiles. For instance, recombinant Scrib PDZ1, 3 and 4 display affinities 

for HPV E6 PBM, whilst Scrib PDZ2 and 3 interacts with endogeneous Vangl2 protein. In Dlg, 

all PDZs can bind to HPV-18 E6 PBM [136], whilst only PDZ2 recognizes HPV-16 E6 

oncoprotein [137]. Conversely, Scrib PDZ2 binds Gukh PBM, but Dlg PDZ1-2 and PDZ3 do 

not show any detectable affinities towards Gukh [31]. This demonstrates that, whilst Scrib and 

Dlg PDZs appear to be promiscuous binders, they still retain their ligand specificity. How can 

this be achieved? When the interactions between multiple PDZ domains that have affinities 

towards similar ligands were quantitatively examined, a hierarchy of ligand specificity was 

revealed. For instance, Scrib PDZ3 has the strongest affinity for the NMDA receptor subunit 

GluN2A PBM, followed by PDZ2 and PDZ4 with five-fold and twelve-fold weaker binding 

respectively [138]. A similar hierarchy of binding interactions has also been observed for 

Scrib’s PDZ domains and the β-PIX PBM, with PDZ1 the strongest binder, followed by PDZ3 

with four-fold weaker affinity, whilst PDZ2 represent the weakest with twenty-fold less affinity 

[139]. As there are limited studies on Dlg PDZ domains, the precise affinities and hierarchy of 

interactions remain to be deciphered. Thus, the PDZ domains share overlapping binding 

preferences, but are equipped with different affinities towards the same ligand, whilst on the 

other hand, the PDZ domains have distinct binding profiles and a vast range of affinities 

towards other ligands [139-141]. Nonetheless, quantitative studies of Scrib’s and Dlg’s PDZ 

domain-mediated interactions are still required, with competition studies between multiple 

ligands toward the same PDZ domain likely to provide invaluable information in understanding 

Scrib’s and Dlg’s ligand recognition.  
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The ligand binding preferences and affinities of PDZ domains represents at least one tier of 

regulatory mechanisms that controls Scrib and Dlg interactions. Hence, being able to identify, 

not only the hierarchy of PDZ affinities towards each ligand, but also the hierarchy of the 

ligand’s affinities toward each PDZ domain, and the structural and sequence features 

determining affinity, is critical for deciphering PDZ-PDB specificity of interactions. Large-scale 

biochemical screening approaches have been very useful in this regard.  In order to profile the 

PDZ domains, peptide libraries screens using protein microarray and phage-display with Scrib 

PDZ domains, have revealed that in addition to the well-recognised X-T/S-X-ØCOOH motif, the 

residues upstream of the motif are also crucial in determining the PDZ binding specificity [141-

143]. Indeed, emerging structural studies have helped highlight some of the structural basis 

for this. For example, in the case of the Scrib-β-PIX complex, the interaction between β-PIX 

Trp residue located upstream of the four-residual PBM with Scrib PDZ1 and PDZ3 β2-β3 loop 

is critical, with the length and the residues of the β2-β3 loop responsible for the PDZ specificity 

[139]. Indeed, structure guided sequence alignment of human Scrib and Dlg PDZs supports 

this notion, as the length and residues varies in the β2-β3 loop, while the residues within the 

consensus binding groove (β2, α2, β3) is, unsurprisingly, highly conserved. Indeed, swapping 

of the Scrib PDZ1 into the PDZ3 β2-β3 loop could transfer high affinity for β-PIX ligand [139]. 

This infers that through proper manipulation of the PDZ β2-β3 loop, Scrib and Dlg complex 

formation may be controlled and specific interactions engineered.  

 

Moreover, the phosphorylation state of the ligand PBM provides another layer of regulation 

with PDZ interaction. The phosphorylation state of MCC Serine-828 at the C-terminus PBM 

residue position -1 regulates its interaction with Scrib in actively migratory cells, since an 

impaired phosphomimetic mutation disrupted Scrib interaction and impaired lamellipodia 

formation [103, 144]. 
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Regulation of interactions by phosphorylation of the Scribble module: In addition to 

phosphorylation of the PDZ binding ligands, protein phosphorylation of the Scribble-module 

proteins themselves is a major regulatory mechanism in controlling ligand interactions, and 

can affect the cellular localization and function of Scribble module proteins, as well as their 

interacting protein. Indeed, phosphorylation appears to regulate the majority of Dlg and Lgl 

interactions, but to a much lesser extent the Scrib interactions. How phosphorylation regulates 

the interactions of each member of the Scribble module is further elaborated upon below.  

 

The Scrib protein has multiple phosphorylation sites that controls the spatial-temporal 

localization of its ligands and consequently the signalling pathways they regulate. In particular, 

recent work has revealed two KIM docking sites within Scrib where the Ras signalling pathway 

protein kinase, ERK (MAPK), may bind and phosphorylate Scrib. This interaction has been 

proposed as a mechanism to prevent ERK translocation to the nucleus and thus regulate ERK 

signalling [145, 146]. Additionally, Scrib has a PKA protein kinase phosphorylation site close 

to one of the KIM binding site, suggesting that PKA phosphorylation could regulate ERK 

binding to Scrib [145]. Using mouse fibroblasts ectopically expressing E-cadherin, it has also 

been suggested that phosphorylation of Scrib at Serine-1601 could provide a mechanism for 

differential association to the E-cadherin-catenin complexes [147]. Scrib also has a conserved 

PP1γ motif that enables the binding and regulation of the localization of PP1γ, and is important 

for suppressing oncogenic-induced transformation of primary rodent cells [148]. Finally, CD74, 

a subunit of the MHC class II, can also phosphorylate the C-terminus of Scrib, can cause Scrib 

to translocate from the plasma membrane to the cytoplasm, and thus modify Scrib’s function 

[149]. Altogether, these data demonstrate that Scrib phosphorylation can control ligand 

localization, and in turn can influence the formation of the downstream molecular hubs that 

contribute to the regulation of cell signalling pathways.  
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Dlg interactions with various proteins, including the kinases p85-PI3K and MEK2, is also 

regulated by phosphorylation. Phosphorylation of Serine/Threonine residues on Dlg1 prevents 

its ability to bind to the SH2 domain of p85-PI3K in subconfluent cells where Tyrosine 

phosphorylation of Dlg1 is essential for this interaction [150]. It is thought that Dlg1 

Serine/Threonine phosphorylation places it in a closed confirmation where the phosphorylated 

Tyrosine is inaccessible for binding to the SH2 domain of p85-PI3K. In confluent cells, where 

E-cadherin engagement occurs, the dephosphorylation of Dlg1 on Serine/Threonine residues 

might result in a change of conformation that renders the phosphorylated Tyrosine residues 

accessible and promotes the binding of p85/PI3K via its SH2 domains, thereby enabling 

activation of PI3K. In the case of human Dlg1 binding to MEK2, the phosphorylation of MEK2 

is required for the interaction to occur [151]. The Interaction occurs between the PDZ domains 

of Dlg1 and the C-terminal domain of phosphorylated MEK2. This interaction occurs at the 

midbody during cytokinesis, where Dlg1 is recruited by E-Cadherin [151]. 

 

Another example of Dlg regulation by phosphorylation occurs at Drosophila neuro-muscular 

junctions (NMJs), where the Par1 and CAMKII protein kinases phosphorylate Dlg at a 

conserved Serine-797 site, resulting in its dissociation from NMJs [152, 153]. This Par1 and 

CAMKII-mediated phosphorylation of Dlg is promoted by the Adducin protein, Hts, which via 

its myristoylated alanine-rich C-terminal kinase (MARCKS)-homology domain, binds to Dlg, 

and also the phospholipid, PIP2, at NMJs [154-156]. Hts regulates the protein levels of Par1 

and CAMKII, thereby affecting the extent of Dlg phosphorylation and synaptic targeting [154, 

156]. In turn, phosphorylation of the MARCKS-homology domain of Hts by Protein Kinase C 

(PKC) reduces the interaction of Hts with Dlg and PIP2, thereby modulating Dlg’s interaction 

with the NMJ and restricting NMJ growth [154].  

 

Drosophila and mammalian Lgl proteins are regulated by aPKC phosphorylation at any one of 

the three conserved Serine residues positioned in the Lgl central linker region [32, 33, 35]. For 
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example, this has been shown to be sufficient for the interaction of Llgl2 with Dlg4 GUK domain 

[30]. Additionally, Lgl is also phosphorylated at different Serine residues in a polybasic region 

by the Aurora protein kinases during mitosis, promoting its cytoplasmic re-localization and 

enabling the correct alignment of the mitotic spindle [97, 157, 158]. The polybasic region 

located at the C-terminus of Lgl overlaps with the aPKC and Aurora protein kinase 

phosphorylation sites [32-35, 40, 157, 158] and is required for the binding of Lgl to 

phosphatidylinositol phosphates at the cell membrane [159]. Phosphorylation of Serine amino 

acids in this region by aPKC or Aurora kinase is thought to neutralize the positive charge and 

therefore prevent membrane localization of Lgl [159]. 

 

The interaction of Lgl with several proteins is regulated by aPKC-mediated phosphorylation, 

including non-muscle Myosin II, the ubiquitin ligase regulator VprBP and cell adhesion protein 

N-Cadherin. In all three cases, Lgl binds to these proteins in the absence of aPKC, and aPKC-

dependent phosphorylation of Lgl inhibits the binding of Lgl to these proteins. In the case of 

Myosin II, the phosphorylation of Lgl by aPKC has been shown to regulate the interaction of 

Lgl with Myosin II in Drosophila and human systems [33, 160-162]. This interaction has been 

molecularly defined for human Llgl1, where the residues 645-677 of Llgl1 were shown to 

directly interact with the Myosin IIA Rod domain (residues 1817–1842), thereby inhibiting 

Myosin IIA’s ability to assemble into filaments [121, 122]. Llgl1 binding to Myosin IIA is inhibited 

upon phosphorylation by aPKC-iota, and Myosin IIA and aPKC-iota compete in their binding 

to the same domain in Llgl1 [121].  

 

In mammalian cells, Llgl2 associates with the VprBP (DCaf1)-DDB1 ubiquitin ligase complex 

subunits independently of the PAR-aPKC complex and prevents the VprBP-DDB1 subunits 

from binding to Cul4A, an E3 ubiquitin ligase implicated in cell cycle regulation at the G1-S 

phase transition [119]. Llgl2 binds directly to the WD40 domain in the C-terminal region of 

VprBP, and aPKC-mediated phosphorylation of Llgl2 (at Serine residues 641, 645, 649, 653, 

and 660) negatively regulates the interaction between Lgl2 and VprBP-DDB1 complex [119]. 
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Drosophila Lgl has also been shown to bind to the VprBP ortholog, Mahjong [118], however 

its regulation by aPKC has not been explored.  

 

In the mouse brain, Llgl1 binds to N-cadherin mediated by the C-terminal region of Llgl1 and 

the β-catenin binding domain of N-cadherin [123]. The binding of Lgl to N-cadherin is important 

for the internalization of N-cadherin, which is inhibited by aPKC-mediated phosphorylation of 

Llgl1. This mechanism results in the internalization of N-cadherin in the basal-lateral regions 

thereby specifying the position of the apical junctional complexes. 

 

Regulation of interactions by super-tertiary structure organization of multiple domains: 

Intramolecular interactions in Scribble module proteins can affect the binding of protein 

interactors. An example of this is the binding of Dlg1 to GKAP, a protein that interacts with Dlg 

proteins at neuronal synapses [163-165].  Analyses of crystal structures of PDZ, SH3, and 

GUK domains has enabled the modelling of Dlg1 protein and its interaction with GKAP [166]. 

In this instance, Dlg1 can exist in a compact U-shaped conformation in which the N-terminal 

domain folds back and interacts with the SH3 and GUK domains. The N terminal region 

facilitates the binding GKAP with the GUK domain of human Dlg1, but the SH3 domain 

interferes with this interaction [166].  

 

For Scrib, intramolecular interaction has been shown for PDZ3-4 domains, where PDZ4 did 

not show any affinities towards the ligands tested, but acts in tandem with PDZ3 to form an 

extended PDZ3 binding groove, that enable PDZ3-4 to target different ligand specificities 

compared to the PDZ3 binding groove alone [167]. This mechanism of inter-PDZ interaction 

to define new ligand affinities is also observed in other PDZ domain-containing proteins, such 

as GRIP1 and INAD, where not all PDZ are involved in ligand recognition, but work in tandem 

to facilitate the formation and stability of other PDZ active sites for ligand recognition [168-

171]. Given that Scrib-PDZ complex formation occurs in micromolar affinities, this would 
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enable transient Scrib complex formation between different signalling hubs, and thus facilitate 

Scrib’s involvement in multiple cellular processes and signalling pathways. Nonetheless, more 

studies are in need to decipher Scrib’s intramolecular interactions. In addition to Scrib’s four 

PDZ domains, the loop region, together with the LRR, LAPSADs, phosphorylation sites and 

binding motifs, could all contribute to Scrib’s dynamic conformation and the regulation of Scrib 

complex formation, as occurs with Dlg.  

 

Similarly, intradomain interactions may regulate Lgl’s interaction with its binding partners. In 

Drosophila, phosphorylation of Lgl was shown to induce a “closed” conformation, where the 

N- and C- terminus interacts intramolecularly resulting in auto-inhibition [33]. This prevents the 

tethering of Lgl C-terminal domain to the F-actin cytoskeleton [33]. In C. elegans, LGL-1 binds 

to the membrane through a membrane-binding site (MBS), which folds into an alpha-helix 

secondary structure upon binding [172]. The MBS consists of three regions, a positively 

charged interface, the aPKC Serine phosphorylation residues and a hydrophobic interface that 

is predicted to embed within the membrane during interaction. Phosphorylation of the MBS 

site by PKC-3 acts as a switch that decreases MBS affinity towards the membrane, 

consequently causing the MBS to detach from the membrane, and concurrently decreases Lgl 

association with Par6 [172].  

 

Overall, super-tertiary structure organization allows the arrangement of multi-domain proteins 

in a spatial-temporal manner that expose and/or restrict access to specific binding sites, 

increase binding affinities, alter/expand ligand recognition, and function as an important 

mechanism for the regulation of protein-protein interaction. This emphasizes the importance 

in studying the Scribble module members in a multi-domain setting rather than their 

deconstructed forms.   

 



17 
 

Regulation of interactions via multi-protein complexes: Whilst proteins in the Scribble modules 

may adopt super-tertiary structures during ligand engagement, multi-protein complex 

formation via multiple protein interactions would presumably alter the dynamics of each protein 

and may be crucial for their function in many cellular processes. For example, Scrib LRR 

domain interacts with Lgl, whilst the Scrib PDZ domains interacts with Vangl2 PBM (involved 

in PCP), forming a Vangl2-Scrib-Lgl tripartite complex [29].  

 

Interestingly, in Drosophila, Dlg-Scrib interactions are regulated through binding to the adaptor 

protein Gukh, which is important for the correct localization of Scrib at the neuromuscular 

junctions [31]. The function of Gukh is likely to be evolutionarily conserved in tethering Dlg and 

Scrib, since the Zebrafish Gukh ortholog, Nhs11b, physically interacts with Scrib and Dlg when 

transfected into human cultured cells [173]. The Drosophila Dlg GUK domain binds to Gukh 

via the GUK-holding domain in the C-terminus of Gukh, and Gukh binds to Scrib PDZ2 via its 

C-terminal PDZ interacting peptide [31, 111]. Additionally, another study showed that the 

binding of Gukh to the GUK domain of Dlg occurs in a mutually exclusive manner via Dlg’s 

PDZ domains, only permitting Gukh interaction when the PDZ domains remain unbound [174].  

However, others have reported that interactions between Gukh and Dlg require the SH3-GUK 

domain of Dlg [175, 176]. This interaction is regulated through inter-domain interactions of 

PDZ3-SH3-GUK via a PDZ3 binding motif in a linker region, thereby enabling dynamic 

regulation of ligand binding to Dlg PDZ3 [175, 176].  

 

In Drosophila follicle cells, Dlg forms a complex with the ACD cell polarity proteins Pins and 

Mud, and is responsible for the planar spindle orientation in dividing cells, a function that is 

separable from Dlg apico-basal polarity role [177]. Pins recruits Dlg to the apical cortex of 

dividing cells through Dlg GUK domain, where Mud align the spindles through a pulling force 

through dynein attachment to the astral microtubules [178, 179]. The planar orientation of 
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epithelia spindles is thought to be attributed to Dlg lateral localization that is independent of 

Pins [177].   

 

In addition, Dlg and Scrib can form multiprotein complexes with several key signalling proteins, 

for example, Dlg with PTEN (Phosphatase and Tensin homolog) and APC (Adenomatous 

Polyposis Coli) [180], and with p85-PI3K and E-Cadherin [181], and Scrib with PHLPP and 

AKT (PKB) [99] (see the signalling section for further details). This is consistent with Scrib and 

Dlg playing a scaffolding role in facilitating the formation of signalosomes at specific cellular 

localizations.   

 

Together the above examples raise questions as to how multi-protein complexes interact with 

and discriminate against other complexes to form large signalling hubs in normal cellular 

homeostasis and disease state. As the mere formation of multi-protein complexes would 

impose limitations to the availability of binding sites, what factors are in play in this process? 

As discussed above, studies have shown that protein-protein interactions could be influenced 

by distal binding of allosteric sites, which cause changes in the binding affinity without need 

for any major conformational change, as well as gain of functional interfaces via protein 

dynamics and the development of alternative protein conformations from different proteins 

encounters. As we understand more about the internal interactions in CIS of the individual 

component domains for each member of the Scribble module, it is vital to start investigating 

the mechanism that governs the elaboration of highly organized structural assemblies of 

Scribble modules and how their localization may affect how they signal to the rest of the cell. 

 

 

Regulation of interactions through protein localization: As Scrib and Dlg both act as scaffolding 

proteins and regulators of cellular signalling, their localization is crucial to their function. 

Recent studies have revealed the major determinants for Scrib localization. One key 

mechanism is through control of S-palmitoylation of Scrib by the two enzymes ZDHHC7 and 
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APT2 at two conserved N-terminal cysteine residues, Cys4 and Cys10 [182, 183]. Point 

mutations at these two palmitoylation sites result in mislocalization of Scrib and the cell’s 

subsequent loss in polarity and failure to suppress oncogenic YAP, MAPK, and PI3K-AKT 

signalling [183]. Although palmytoylation appears critical, a number of other factors act in 

concert to establish correct localization. In the case of Erbin, a related LAP protein (containing 

LRRs and one PDZ domain), both palmitoylation and the LRR region are required for its 

membrane localization [184]. The same mechanism is likely for the regulation of Scrib’s 

localization. In worms, flies and mammals, a single point mutation at the LRR region causes 

mislocalization of Scrib to the cytoplasm, which in mammals can cause perinatal death due to 

defects in neural tube closure [93, 94, 185]. Moreover, point mutations towards the C-terminal 

end of Scrib, similarly result in mislocalization and the development of severe neural tube 

defects [185, 186].  

 

Although deregulation of Scrib function through mislocalization has been reported in several 

human cancers and is associated with aggressive tumours with poor patient survival, the 

manner by which Scrib mislocalization contributes to tumourigenesis is not fully understood 

[81, 85]. Similar to the palmitoylation mutants, the LRR mislocalization mutant (P305L) fails to 

suppress MAPK signalling and invasion, but continues to suppress Ras-dependent 

anchorage-independent cell growth [187]. This suggests that mislocalization of Scrib accounts 

for only part of its loss of tumour-suppressive functions, and that its full contribution to cancer 

is likely far more complex. One possible mechanism is that when Scrib is mislocalized to the 

cytoplasm, it loses its various interactions and may adopt a new set of interacting proteins and 

new function (“neomorph”), leading to altered signalling and expression. Such a mechanism 

is supported by studies in transgenic mice expressing the P305L mislocalization mutant in 

mammary tissue, whereby expression of PTEN is increased in the cytoplasm by binding to 

mislocalized Scrib, and thus activating PI3K-AKT signalling pathway [85].  
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Similar to Scrib, the exact mechanism of how mislocalization of Dlg contributes to its 

deregulation is unclear. However, Dlg is partially dependent on Scrib for correct localization at 

the plasma membrane and under conditions of osmotic stress this dependency is lost resulting 

in an accumulation of Dlg at regions of cell-cell contact [27, 188]. This independent localization 

follows an increase in JNK-dependent phosphorylation of Dlg, which similarly acts as a 

regulator for its localization. Interestingly, Dlg phosphorylation following osmotic stress 

renders it more susceptible to oncogenic HPV E6-induced protein degradation, an event that 

mislocalizes Dlg to the cytoplasm [27, 188].  

 

In a neuronal setting, synaptic-targeting of Dlg4 and Dlg2 is dependent on palmitoylation [189, 

190], similar to that of Scrib [182, 183]. Dlg1 lacks the N-terminal cysteine residues required 

for palmitoylation. Interestingly, Dlg3 contains three N-terminal cysteine residues, but it does 

not undergo palmitoylation. Rather, this cysteine-rich region, combined with several nearby 

histidine residues, confers a zinc-binding motif that localizes it to the pre- and post-synaptic 

sites, as well as allows a unique axonal localization [189]. Moreover, in the case of Dlg4, 

palmitoylation alone is not sufficient for its accumulation at the synapse, but in addition, it 

requires the first two PDZ domains and a C-terminal targeting motif for correct localization 

[190].  

 

Thus, the localization of Scribble module proteins and therefore access to their binding 

partners, is regulated through a combination of post-translational modifications, such as 

phosphorylation and lipid modification of Scribble module proteins, as well as less well 

understood requirements for their structural domains. The fact that multiple mechanisms 

appear to contribute to membrane localization, both together and independently, in different 

cell and tissue types, further highlights how complex and extensive these regulations are.  
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Scribble module proteins in the regulation of cell signalling pathways 

Since Scrib and Dlg are similar in structure and function, whilst Lgl is structurally and 

functionally different, with its function tightly linked to aPKC and the Par complex function, we 

will consider Scrib and Dlg separately to Lgl and aPKC/Par in discussing their regulation of 

cell signalling pathways.  

Scrib and Dlg regulation of cell signalling pathways  

From studies in various organisms and cell types, Scrib and Dlg have been linked to the 

regulation of Receptor Tyrosine Kinase (RTK)-Ras-MAPK, Tumour Necrosis Factor (TNF)-

Jun Kinase (JNK)/P38, Phospho-Inositol-3-Kinase (PI3K)-AKT, Hippo, Wnt, Bone 

Morphogenetic Protein (BMP) receptor, Thyroid Hormone Receptor (THR), NMDA Receptors 

(NMDARs) and Dopamine Receptor (DR) signalling pathways. We will highlight below the 

current understanding of the control of these signalling pathways based on the physical 

interactions revealed between Scrib and/or Dlg and signalling pathway components (Figure 4, 

Supp Tables 1 and 2).  

 

RTK-Ras-MAPK: The small GTPase, Ras, is the key effector of signalling downstream of 

mitogenic RTKs and acts via the MAPK protein kinase cascade to control cell proliferation and 

survival, and as such is a major oncogenic pathway in cancer [191]. In mammalian systems, 

Scrib negatively regulates the RTK-Ras–MAPK pathway in vitro and in vivo [81, 83, 84, 145, 

146, 192-194].  Additionally, in Drosophila dlg depletion, or scrib depletion together with a 

mutant in canoe (an Afadin/AF6 ortholog, involved in adherens junction function) results in 

activation of Ras-MAPK signalling in the antennal epithelial tissue [195]. Moreover, 

overexpression of Scrib antagonizes ectopic Ras signalling [193]. However, whether the 

regulation of Ras-MAPK signalling by Scrib/Dlg involves similar mechanisms as occur in 

mammalian systems is currently unknown. 
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Several mechanisms have been revealed linking Scrib to the regulation of RTK-Ras–MAPK 

signalling. Firstly, human Scrib interacts with ERK [145, 146]. Scrib, via its PDZ1 domain, 

interacts with ERK via the kinase interaction motif (KIM) on ERK [145, 146] (Figure 4). This 

interaction prevents ERK phosphorylation and impedes the anchoring of ERK to membrane 

sites. Secondly, in response to NGF-TrkA signalling Scrib binds to Ha-Ras and pERK1/2, and 

inhibits sustained ERK activation in PC12 neural cells [196]. Scrib also affects the signalling 

of the RTK, EGFR, indirectly, by binding to the β-Pix (Pak-interactive exchange factor), GIT1, 

Arf-GAP complex and that acts as a MEK-ERK scaffold [102, 197]. The negative regulation of 

RTK-Ras-ERK signalling by Scrib, raises the possibility of treating Scrib impaired cancers with 

small molecule inhibitors of the Ras pathway. Indeed, the hyperproliferation associated with 

elevated Ras-ERK signalling observed in mouse Scrib conditional knockout prostate or 

mammary epithelial cells can be rescued by treatment with a MEK inhibitor [81, 83].  

 

Dlg1-4 are involved in the control of the RTK-Ras-MAPK signalling pathway, however in 

contrast to Scrib, Dlgs appear to act by promoting Ras signalling. Dlg family members binds 

to the EGFR family member ErbB4 in neuronal cells, where they are thought to be involved in 

anchoring ErbB4 to the neuromuscular junctions and downstream signalling regulation [198, 

199]. Dlg1 is also required for signalling via another RTK, FGFR2, and is required for FGFR2 

stability/localization in the mouse lens, although whether this occurs via a direct interaction is 

unknown [200]. Additionally, Dlg1, via its PDZ domains, binds to the PDZ binding motif (RTAV) 

at the C terminus of MEK2 [201], and during mitosis this interaction at the midbody requires 

the activating phosphorylation of MEK2 [151]. As activated MEK2 is required for the 

completion of mitosis, the interaction between Dlg1 and MEK2 might be important for 

regulating the activity of MEK2.  

 

Scrib and Dlg also interacts with other proteins that indirectly regulate RTK signalling, such as 

phosphatases (Figure 4). Mammalian Dlg2 and Dlg3 bind the catalytic subunit of the PP1 
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phosphatase, and Scrib via its PP1γ interaction motif in the C-terminal region, binds to protein 

phosphatase 1γ (PP1γ) [148]. Scrib’s interaction with PP1γ is required for the downregulation 

of ERK phosphorylation and to prevent oncogenic transformation of primary rodent cells. Scrib 

also forms a complex with the PP1 phosphatase regulator, SHOC2/SUR-8, and with a protein 

of the RRas subgroup of Ras proteins MRAS [202]. Here, Scrib blocks SHOC2-mediated 

dephosphorylation of Ras downstream effector protein kinase, RAF, at the conserved 

inhibitory site (S259), thereby inhibiting RAF activation.  

 

Scrib also regulates signalling via the Hepatocyte Growth Factor (HGF) RTK (Figure 4).  In 

Madin Darby Canine Kidney epithelial cells (MDCK) cells, Scrib binds to Sgt1 (a co-

chaperone-like protein that regulates Adenylate Cyclase activity in S. cerevisiae), which is 

facilitated by Hsp90 (a chaperone protein) [100]. Knockdown of Scrib, Sgt1 or Hsp90 

decreased tubulogenesis, a form of collective cell migration, of MDCK cysts in response to 

HGF [100]. Thus, Scrib is necessary for HGF signalling, and the stabilization of Scrib by Sgt1-

Hsp90 contributes to this function. Mechanistically, downstream of HGF signalling, Scrib binds 

to β-PIX (a Rho family GEF) and PAK (P21 activated kinase) and is required for the proper 

localization of phosphorylated active PAK during tubulogenesis of MDCK cysts. β-Pix and PAK 

are required for HGF-induced tubulogenesis, however, Scrib does not regulate other HGF 

downstream pathways, Ras, JNK or PI3K signalling, in this context. This finding that Scrib 

does not always negatively regulate Ras signalling downstream of RTKs, suggests that Scrib’s 

role in signalling is context dependent.  

 

TNF-JNK/P38: JNK and P38 are important stress response Serine/Threonine protein kinases 

that function in tissue homeostasis, development and are deregulated in cancer [203]. In 

Drosophila, scrib depletion leads to the activation of the JNK pathway [71, 204-206].  

Interestingly, Scrib, via its PDZ domain, has been shown to bind to Traf4 [207], an upstream 

adaptor protein in the TNF-JNK signalling pathway, and it is possible that this interaction might 

mediate Scrib’s regulation of JNK signalling (Figure 4). Current evidence suggests, however, 
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that cell polarity impairment is indirectly linked to JNK regulation through Rho1-GTPase 

activation of the JNK kinase kinase, Wallenda (Wnd) [208, 209]. Whether Traf4 is linked to 

Wnd activation remains to be determined. Additionally, TNF-JNK signalling can be triggered 

in polarity-impaired tissue by an extrinsic response due to the recruitment of the Drosophila 

macrophage-like cells (hemocytes) to the mutant tissue and their production of the Drosophila 

TNF, Eiger (Egr) , or by Egr production in the surrounding epithelial cells [210, 211]. In human 

MCF10A cells stimulated with EGF, Scrib knockdown also leads to JNK activation [193], which 

contributes to the invasive phenotype with oncogenic Ras, Ha-RasV12 [193, 212], however the 

mechanism by which JNK is activated in these Scrib-deficient cells is unknown.   

 

Conversely, Scrib has a positive role in activating JNK in mouse models of c-Myc driven breast 

cancer. Here, Scrib by its ability to promote assembly of the βPIX/GIT1 complex and activate 

Rac1, which in turn induces the JNK/c-Jun pathway leading to the expression of pro-apoptotic 

Bim, promotes c-Myc induced apoptosis [86] (Figure 4). Thus, downregulation of Scrib 

cooperates with c-Myc by preventing cell death and thereby leading to tumour overgrowth. In 

contrast, in Scrib depleted mosaic MDCK cultures, the JNK-related stress kinase, p38, is 

activated and contributes to apoptosis of the Scrib mutant cells [213] (Figure 4). Again, how 

Scrib depletion leads to p38 activation is unclear.   

 

Dlg1 can also act as a positive regulator of JNK and the JNK-related p38-MAPK signalling. In 

GluR6 receptor signalling in neuronal cells, human Dlg4, via its SH3 domain, plays a 

scaffolding role in anchoring the JNK upstream regulatory kinases, MAP3K10 and MAP3K11, 

to the receptor to promote JNK signalling [214] (Figure 4). Likewise, human Dlg1 indirectly 

activates p38-MAPK in mitotic cells, by interacting with PBK/TOPK protein kinase, which 

phosphorylates and activates P38 [215, 216] (Figure 4). Interestingly, another study showed 

that human Dlg1 via its PDZ repeats interacts with SAPK3/p38γ MAPK, which phosphorylates 

Dlg1 and results in its dissociation from the cytoskeleton [217]. Thus, a positive feedback loop 
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might occur where altered localization of Dlg1 might trigger p38 activation that then reinforces 

Dlg1 cytoskeletal dissociation and p38 activity stimulation. 

 

PI3K-AKT: The PI3K pathway is regulated by Insulin Receptor signalling and by Ras, and acts 

via a protein kinase cascade, AKT, mTOR (mechanistic Target Of Rapamycin) and p70-S6 

kinases, to regulate cell growth, proliferation and survival and as such is a major deregulated 

pathway in overgrowth disorders and cancer [218-220]. In various mammalian systems, Dlg 

and Scrib act to regulate the PI3K-AKT pathway. Firstly, Scrib negatively regulates AKT 

activity by binding to the protein phosphatase, PHLPP (PH (pleckstrin homology) domain and 

LRR protein phosphatase) and anchoring it to the plasma membrane [99] (Figure 4). In its 

regulation of AKT, Scrib forms a tripartite complex with PHLPP and AKT, thereby inhibiting 

AKT activity. However, when Scrib is downregulated, PHLPP is released, and AKT activity is 

increased, resulting in increased cellular growth, proliferation, and survival. Relevant to the 

control of PI3K signalling, another study showed that high levels of mislocalized Scrib 

functions in a neomorphic manner to promote mammary tumourigenesis by altering 

subcellular localization of PTEN (phosphatase and tensin homologue deleted on chromosome 

10), which normally acts to antagonise PI3K signalling [85]. This leads to the activation of 

AKT/mTOR/S6 kinase signaling pathway, thereby promoting mammary tumourigenesis. Scrib 

mislocalization is often observed in human cancer, and therefore this mechanism linking Scrib 

mislocalization to enhanced PI3K-AKT signalling might provide novel avenues for therapeutic 

intervention of these cancers. 

 

In contrast to Scrib, there is evidence that Dlg positively regulates PI3K-AKT signalling at least 

in viral oncogene-mediated tumourigenesis.  Human Dlg1 binds to p85-PI3K to recruit it to E-

cadherin at adherens junctions in intestinal epithelial cells to promote PI3K activity and 

regulate adherens junctions stability and function [181] (Figure 4). Additionally, human Dlg1, 

via its 2nd PDZ domain binds to the Adenovirus 9 oncoprotein, E4-ORF1 (E4 region-encoded 

open reading frame 1) and is required to promote the constitutive activation of PI3K, leading 
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to the activation of PKB and p70-S6 kinase [221, 222] (Figure 4). The activation of PI3K 

signalling by E4-ORF1 is thought be due to plasma membrane translocalization of Dlg1, where 

PI3K is activated by Ras [223]. Thus in this setting, Dlg1 has an oncogenic role in promoting 

Adenovirus E4-ORF1 transformation. This finding suggests that inhibiting Ras or PI3K 

signalling might reduce Adenovirus 9-mediated tumourigenesis.  

 

Similarly, in Drosophila there is evidence that Dlg positively regulates PI3K signalling [224]. 

Here Dlg-depleted epithelial cells resulted in PI3K signalling downregulation, and further 

RNAi-mediated knockdown of components of the PI3K pathway resulted in synthetic lethality 

of Dlg-depleted tissue in an oncogenic Ras background. This suggests that in Ras-driven 

polarity-impaired cancers that targeting the PI3K pathway might provide a novel therapeutic 

opportunity.  However, whilst the above findings provide evidence that Dlg is required for PI3K 

signalling, conversely, there are also reports that human Dlg1 can inhibit PI3K signalling, by 

direct binding via the Dlg1 PDZ2 domain to PTEN, and promoting PTEN activity [180, 225] 

(Figure 1). Consistent with this, Dlg1 mutations in the PDZ2 domain that affect PTEN binding 

are tumourigenic [180]. Thus, whether Dlg1 acts in an oncogenic or tumour suppressor role 

appears to be dictated by its interacting proteins and context.  

 

Hippo: The Hippo negative tissue growth control pathway responds to cell polarity and 

mechanical cues to control cell proliferation and survival [226, 227]. Central to the pathway 

are the Serine/Threonine protein kinases, Hippo (MST1/2) and Warts (LATS1/2), which act in 

a kinase cascade to phosphorylate the cotranscriptional factor, Yki (YAP/TAZ), sequestering 

it in the cytoplasm. Disruption to Hippo signalling, leads to Yki (YAP/TAZ) dephosphorylation, 

its nuclear entry and transcriptional upregulation of cell proliferation and survival genes. Scrib 

loss of function leads to Hippo pathway impairment in Drosophila, zebrafish and mammalian 

systems [194, 226, 228-233]. In mammalian cells, Scrib binds to TAZ and sequesters it to the 

cell cortex in breast cancer stem cells [232] (Figure 4). Upon Scrib depletion or induction of 
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an EMT (Epithelial to Mesenchymal Transition), TAZ is released from inhibition by MST1/2-

LATS1/2 signalling at the cell cortex, thereby promoting tumourigenesis. However, whether 

the same regulation occurs in other organisms is unclear. Indeed in zebrafish pronephric cyst 

development, Scrib regulates Hippo signalling by another mechanism; Scrib binds to an 

upstream regulator of Hippo signalling, FAT1, and together with FAT1 inhibits YAP activity 

[229] (Figure 1). However, in Drosophila, no direct binding between Scrib or Dlg and Hippo 

pathway components have been described. Indeed, scrib and dlg mutants only inhibit Hippo 

signalling when cell polarity is lost and only do so robustly if cell death is also blocked [228, 

230, 231, 234]. Mechanistically, scrib mutants deregulate the Hippo pathway by reducing 

Warts levels and activity [230], but other upstream signalling pathways appear to also 

contribute [228]. Interestingly, in Drosophila scrib mutant tissue, elevated Yki activity functions 

cooperatively with the Fos transcription factor (downstream of JNK signalling) to 

transcriptionally upregulate the Jak-STAT ligand, Upd (IL6 ortholog), which then ectopically 

activates Jak-Stat signalling and promotes tumour growth [235].  

 

Wnt: Wnt (Wingless) signalling is mediated through the Frizzled (Fzd) Receptor and occurs 

via the canonical pathway involving the transcriptional activity of β-catenin, or via non-

canonical pathways, such as in PCP, which signal through the adaptor protein, Dishevelled, 

and the Rho1-GTPase and JNK pathways [236, 237]. Canonical and non-canonical Wnt 

signalling is important in tissue growth and patterning during development and is deregulated 

in cancer [238]. Scrib was identified as a PCP gene by its mutant phenotype in mice and 

Drosophila, and physical interaction with the PCP gene, Vangl2 [185, 186, 239-243]. In 

addition to its well characterised interaction with Vangl2, Scribble can also interact with PCP 

regulator LPP, which  is a zyxin-family actin cytoskeletal regulator involved in cell adhesion at 

focal adhesions and adherens junctions, but also may have a role in the nucleus in regulating 

transcription [244]. LPP, via its C-terminal domain, binds to the PDZ-domains of Scrib [245], 

as does another zyxin-family member, TRIP6 [131]. Scrib, LPP or TRIP6 colocalize at 
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adherens junctions in MDCKII and CV-1 mammalian epithelial cells, but are not required for 

each other’s localization [131, 245]. Moreover, in zebrafish convergent-extension epithelial 

sheet migration during gastrulation, a process regulated by non-canonical Wnt-PCP signalling, 

Scrib and LPP play a cooperative role in the regulation of cell migration [240]. As LPP is 

emerging as an important invasion-metastasis driver in cancer [246], further research is 

needed to determine whether Scrib functions together with LPP in this process, and whether 

Wnt-PCP signalling is also involved.  

 

Dlg also plays an important role in Wnt signalling. Human and Xenopus Dlg4, via its PDZ 

domain, interacts with FZD Receptors, which is thought to be important a scaffolding function 

in both canonical and non-canonical Wnt signalling [247, 248] (Figure 4). Moreover, the crystal 

structure of Xenopus Dlg4 PDZ2 domain with FZD7, reveals the phospho-lipid, PIP2, is also 

integral to the structure, and this interaction with PIP2 is important for FZD7 membrane 

targeting and PCP signalling [249]. There is also evidence that Scrib interacts with the 

canonical Wnt signalling pathway; in neural cell synaptic vesicle trafficking and recycling, 

Scrib, via its PDZ domains, interacts with β-catenin, which appears to be involved in Scrib 

protein localization at synapses in synaptic vesicle clustering [104] (Figure 4). Furthermore, 

mammalian Dlg4 and Scrib physically interact, via their PDZ domains, with the Wnt signalling 

component, Adenomatous Polyposis Coli (APC), which functions in the degradation of β-

catenin, and through this interaction with APC, Dlg and Scrib play important roles in promoting 

cell cycle exit and in cell migration [107, 180, 250-253] (Figure 4). Thus, Scrib and Dlg have 

roles in Wnt signalling in the PCP pathway as well as in canonical Wnt signalling. 

 

BMP Receptors/TGFβ-Mad/Smad: The TGFβ Receptor superfamily, including BMP, are 

Serine/Threonine receptor protein kinases that signal by phosphorylating the Smad (Mad) 

transcription factors and have roles in cell proliferation control, development and in the EMT 

[254-256].  In Drosophila wing posterior cross vein development, Scrib via its LRR domain, 
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has been shown to bind to the BMP Type I Receptor, Tkv, Type II Receptor, Pnt, the 

phosphorylated (active) Mad transcription factor and the early endosome marker, Rab5 [101] 

(Figure 4). This interaction occurred in early endosomes, and is thought to facilitate BMP 

Receptor signalling. This finding is in contrast with regulation of TGFβ signalling by Scrib in 

mouse lens development [257].  In Scrib mutant mouse ocular lens cells, the TGFβ pathway 

transcription factors, Smad3 and Smad4, accumulate in the nucleus, leading to upregulation 

of the TGFβ target, Snail, which is thought to contribute to the EMT in this tissue [257].  

 

Thyroid Hormone Receptor (TSHR)-βPIX-GIT-ARF6: The TSHR is G protein-coupled receptor 

(GPCR) that is regulated after ligand binding by endocytosis and recycling to the plasma 

membrane. The direct binding of Scrib to TSHR is important to recruit the β-PIX-GIT1-ARF6 

complex [102] and is required for TSHR recycling [132] (Figure 4). It will be interesting to 

determine if interaction of Scrib and the β-PIX-GIT1-ARF6 with other membrane proteins is 

important in the regulation of their signalling or recycling. Indeed, in proteomics analysis of 

another GPCR, ADRA1D (α1D-Adrenergic Receptor), Scrib was discovered as binding to 

ADRA1D’s PDZ-binding domain, and ARHGEF6/7 (β-Pix), Git1 and the phosphatase 1 

catalytic subunit, PPP1CC, were detected as Scrib’s binding partners [258]. In this study, Scrib 

was shown to compete with the Syntrophin family of PDZ-domain containing proteins for 

binding, and the binding of Scrib conferred new signalling properties on ADRA1D in response 

to ligands, which is thought to be important for fine-tuning GPCR signalling. Whether, β-PIX-

GIT1-ARF6 or Phosphatase 1 also contribute to ADRA1D signalling or recycling remains to 

be determined. 

 

NMDA Receptor signalling: The Scrib-circletail mutant affects learning, memory and social 

behaviour [259]. In excitable synapses in the hippocampus, Scrib is a key mediator of the 

endocytic sorting of N-Methyl D-Aspartate (NMDA) Receptors (NMDARs), such as Glutamate 
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receptors GluN2A and GluN2B, which occurs through its selective interactions with the AP2 

adaptor complex [138]. A specific YxxR motif between PDZ1 and PDZ2 on Scrib directly 

interacts with AP2 to control NMDAR endosomal sorting. Interestingly, Dlg4, via its PDZ2 

domain, interacts with the C-terminal PDZ-binding motif in GluN2 subunits [260], and Dlg2 

PDZ1,2 domains interact with the C-terminal octapeptide of GluN2 [261]. Whilst the Scrib 

PDZ3 domain has also been shown to interact with another NMDAR, GluD2 [261], whether 

Dlg4 and Scrib function together in regulation of the GluN2 receptors is not known.  

 

Dopamine Receptor-Rac1-Pak3-Cofilin: In Drosophila neuronal signalling, during memory 

regulation, Scrib interacts physically and genetically with the Rac1, Pak3 and Cofilin proteins 

in the Mushroom body cells stimulating a forgetting signalosome downstream of the 

dopaminergic receptor [262]. 

 

In summary, whilst Dlg and Scrib are involved in the same genetic pathway in cell polarity and 

proliferation control in Drosophila, and are involved in regulating similar signalling pathways, 

they do so by different mechanisms and often in opposing ways. It appears that tissue context, 

localization and the availability of their specific interacting proteins dictates the outcome of 

their regulation of specific signalling pathways. Furthermore, the deregulation of several 

signalling pathways upon Scrib/Dlg depletion may result in cross-talk leading to unique 

outcomes.  This is exemplified in Drosophila scrib mutant tissue, where deregulated JNK-Fos 

and Hippo-Yki signalling results in the coordinate transcriptional upregulation of Upd, which 

then induces Jak-Stat signalling [235].  

 

Lgl Regulation of Cell Signalling Pathways 

The validated Lgl interactors (Figure 5, Supp Table 3) reveal mostly proteins involved in the 

regulation of cell polarity, cytoskeleton, adhesion and membrane trafficking, which are not 
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directly connected to cell signalling processes. Since Lgl and aPKC are intimately connected, 

we will also discuss aPKC and the Par complex in describing how Lgl regulates various 

signalling pathways.  

 

RTK-Ras-MAPK/JNK signalling: In lower organisms, there is evidence for Lgl/aPKC regulation 

RTK-Ras-MAPK and JNK pathways, however the mechanism by which this occurs is 

unknown. In the zebrafish epidermal cells, Lgl2 is implicated in the negative regulation of the 

ErbB2-Ras signalling pathway, since lgl2 (pen) mutants showed increased ErbB2 signalling, 

which alters E-Cadherin localization and induces an EMT [263]. In Drosophila epithelial 

tissues, consistent with the inhibition of aPKC by Lgl, overexpression of a membrane-tethered 

constitutively-active version of aPKC (aPKC-CAAX) results in increased MAPK (ERK) 

activation [264]. Lgl depletion in the developing wing or antennal epithelium also leads to ERK 

activation [76, 195], and the elevation of EGFR-Ras signalling ligand genes [74]. Furthermore, 

in Drosophila, Lgl depletion activates JNK signalling in the developing wing epithelial tissue 

leading to cell death, proliferation or migration depending on the context [72, 76, 265-267]. 

Although JNK activation can be triggered extrinsically by Drosophila macrophage-like cells 

that secrete the Tumour Necrosis Factor, Egr, Lgl depletion activates JNK signalling 

independently of the Egr in the Drosophila wing epithelium [267], suggesting that a cell intrinsic 

mechanism is involved. Interestingly, in Drosophila and MDCK cells, the Lgl binding protein, 

VprBP (Mahjong) protein negatively regulates JNK signalling [118], and therefore might be 

involved downstream of Lgl depletion in triggering JNK activation. However, VprBP is also a 

component of the Cul4A ubiquitin ligase, and another study in MDCK cells, has revealed that 

Lgl by binding to VprBP, acts as a negative regulator of the Cul4 ubiquitin ligase, which is 

involved in G1-S phase cell cycle regulation [119]. Thus, JNK activation may be an indirect 

consequence of aberrant cell cycle entry in lgl and VprBP mutants. Alternatively, since a recent 

study has revealed that the Rho1-GTPase pathway regulates JNK activation, via the JNKKK 
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protein kinase, Wallenda, in polarity-impaired cell invasion in the wing epithelium [208, 209], 

Lgl/aPKC might regulate JNK signalling by regulating Rho1 or Wallenda activity.  

 

In mammalian systems, the Lgl/Par axis has also been linked to Ras-MAPK and JNK 

signalling. Consistent with the Par complex’ antagonistic role with Lgl, Par6 overexpression in 

mammalian mammary epithelial cells mammalian cells elevates Ras signalling [268]. Indeed, 

aPKCiota is an oncogene in colon, lung and ovarian tumours [269-274], and Par6 is 

overexpressed in breast cancer and induces cell proliferation [268]. In lung and ovarian 

cancers, Par6/aPKCiota binds to the guanine nucleotide exchange factor Ect2, an activator of 

Rac1-JNK and Pak1-Mek1/2-Erk1/2 signalling pathways to regulate tumour growth [269, 275, 

276] (Figure 5). The PKCiota-Par6alpha-Rac1 signalling axis also drives anchorage-

independent growth and invasion of non-small lung cancer cells through induction of MMP10 

expression [277]. Conversely, the other mammalian aPKC ortholog, aPKCzeta, acts as a 

tumour suppressor in prostate cancer in cooperation with PTEN mutations, and acts to 

phosphorylate and inactivate c-Myc [278] (Figure 5). 

 

Another component of the Par complex, Par3, has oncogenic or tumour suppressive roles 

depending on context. In chemically induced skin cancers, Par3 knockout protects mice from 

papilloma formation due to elevated Ras signaling, but increases the incidence of another type 

of skin cancer, keratoacanthomas [279]. Interestingly, Par3 conditional knockout in 

keratinocytes promotes melanoma progression non-cell autonomously, through elevating cell 

surface P-Cadherin expression in keratinocytes, which promotes melanocyte proliferation, 

dedifferentiation and motility [280]. However, in the keratinocytes, Par3 knockout reduces cell 

proliferation and survival, thereby suggesting it has an oncogenic function. Mechanistically, in 

Par3 knockout keratinocytes, Ras and Sos2 (a Ras-GEF) are delocalized from cell-cell 

junctions leading to reduced Ras activation, thereby impairing ERK1/2 (MAPK) and AKT 

signalling (Figure 5), resulting in reduced proliferation and increased apoptosis [279]. aPKC is 
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normally localized with Ras signalling components at cell-cell junctions, but in Par3 knockout 

cells, aPKC is mislocalized to the cytoplasm [279]. The impaired Ras signalling in Par3 

knockout cells could be rescued by expression of a membrane tethered from of aPKC (aPKC-

CAAX) [279], implying that correct junctional localization and activity of aPKC is important for 

Ras activation.  

 

Conversely, in other systems, Par3 behaves as a tumour suppressor. In Ras and Notch 

models of mammary cancer, Par3 functions as a tumour suppressor; loss of Par3 delocalizes 

and activates aPKC and potentiates tumour growth and invasion, and this occurs through 

elevated JAK/STAT signalling [281]. Mechanistically, Par3 knockout elevates Rac1-JNK 

pathway signalling, thereby promoting cell death (therefore alone it plays an oncogenic role), 

but in the presence of oncogenic Notch, apoptosis is reduced, thereby tumourigenesis is 

induced [282]. Par3 also acts as a tumour suppressor in ErbB2-induced breast cancer model; 

Par3 loss inhibits E-Cadherin junction stability and promotes cell invasion dependent on Tiam1 

(Rac-GEF)-Rac signalling [283] (Figure 5). Thus, dependent on the activity of other signalling 

pathways in the cell, Par3 can act as an oncogene or a tumour suppressor. 

 

PI3K: In Drosophila lgl mutant wing epithelial tissue, PI3K-AKT signalling is activated [76], 

however the mechanism by which this occurs has not been investigated. In mammalian MDCK 

cells and in Drosophila, Par3 binds to PTEN and is involved in cell polarity establishment [284, 

285]. Analysis of Drosophila PTEN mutants, also suggest that the interaction between Par3 

and PTEN is important for the organization of the actin cytoskeleton [286]. However, in this 

regulation, PTEN appears to be playing a role in the production of specific phospholipids 

required for the generation of membrane domains rather than regulating PI3K-AKT signalling.  

 

Hippo: In Drosophila epithelial tissues, depletion of Lgl (or upregulation of aPKC) blocks Hippo 

pathway signalling, leading to the activation of Yki, which triggers cell proliferation and survival 
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[74, 76, 234]. Lgl/aPKC control the Hippo pathway by regulating the localization and therefore 

activity of Hippo [234, 264], which is activated when recruited to specific membrane regions 

where it forms a complex with Expanded, and with its downstream kinase, Warts [287, 288]. 

Precisely how Lgl/aPKC regulates Hippo localization in Drosophila is currently unclear, 

although in mammalian cells, aPKC has been shown to bind to the Hippo orthologs, MST1/2, 

and uncouple the binding of the Warts ortholog, LATS1/2, thereby preventing LATS1/2 

phosphorylation and inactivation of YAP (Yki) [289] (Figure 5). Other inputs may also affect 

Hippo signalling upon Lgl depletion, as expression profiling has revealed that the upstream 

Hippo pathway regulator, Fat, is transcriptionally downregulated in lgl mutant brain and 

epithelial tissues, which may occur via effects of Lgl on micro-RNA levels . Additionally, in 

mammalian systems, the Hippo pathway component, Kibra, binds to the Par complex, which 

is required for LATS1/2 regulation [290, 291] (Figure 5). 

 

Wnt: In Drosophila and Xenopus systems, the Wnt signalling component, Dishevelled, which 

is an adaptor protein involved in both PCP and canonical Wnt signalling, interacts with Lgl for 

the regulation of PCP [292, 293] (Figure 5). Here, Dishevelled regulates the localization of Lgl 

to the cortical membrane, whilst the Wnt receptor, Frizzled 7 (FZD7), induces dissociation of 

Lgl from the cortex [292]. Whether Lgl also regulates the canonical Wnt signalling pathway 

has not been explored, however a target of Wingless signalling in Drosophila, naked, is 

upregulated in lgl mutant tissue in the developing eye, and in a genetic screen of the 

Drosophila kinome, several protein kinase or phosphatase genes implicated in Wnt signalling 

regulation were revealed as lgl interacting genes [294]. Moreover, Wingless signalling ligand 

genes are elevated in lgl mutant wing epithelial tissue [74], which would be expected to lead 

to pathway activation. 

 

Hedgehog: The Hedgehog pathway is a key developmental pathway, important in tissue 

patterning, and its deregulation contributes to developmental disorders and cancer [295, 296]. 
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Hedgehog signals through the Smoothened receptor leading to the activation of the Hedgehog 

pathway transcription factor Gll1. In mammalian cells, the Par complex is tethered to the 

centrosome through binding to the scaffolding protein, Missing in Mitosis (MIM) [297], which 

is a regulator of Hedgehog signalling [298]. Gli1, is phosphorylated by aPKCiota, thereby 

increasing its DNA binding and transcriptional activity [297] (Figure 5). Additionally, aPKCiota 

is upregulated by Hedgehog signalling and Gli1-dependent transcriptional regulation, thereby 

generating a positive feedback loop amplifying Hedgehog signalling [297]. This study also 

showed that aPKCiota was elevated in Smoothened-inhibitor resistant basal cell carcinomas, 

the therefore might serve as novel target for therapeutic intervention in these cancers.  

 

Notch: Lgl regulates Notch signalling in asymmetric cell division of the Drosophila neural stem 

cells, by dictating the localization of the Notch regulator, Numb (a membrane associated 

protein involved in the endocytosis of the Notch receptor), or the intracellular trafficking of 

Notch [299]. Mechanistically, Lgl’s regulation of Numb localization, occurs by Lgl’s inhibition 

of aPKC activity [40, 300]. When free from Lgl, aPKC binds Par3 and phosphorylates Numb, 

resulting in its exclusion from the cell cortex on one side of the cell (Figure 5). Similarly, the 

regulation of Notch signalling in the mouse neural epithelium by Lgl is associated with the 

asymmetric distribution of Numb [87]. In Llgl1 knockout mice, the brain neuro progenitor cells 

are unable to correctly segregate Numb and inhibit Notch signalling in the progeny, which is 

associated with continued cell proliferation and differentiation defects [87].   

 

Lgl/aPKC also regulate Notch signalling more directly. In the Zebrafish retina, reduced neural 

differentiation also occurs upon depletion of Llgl1 in Zebrafish, which is associated with 

increased Notch signalling [301]. Here the mechanism for elevated Notch signalling appears 

to be due to the expansion of the apical domain resulting in the accumulation of more Notch 

receptors. Blocking Notch activity restores neurogenesis in the Llgl deficiency, indicating that 

the deregulation of this pathway was causative for the observed defects [301]. Whether, aPKC 
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is involved in this regulation was not examined. However, in Drosophila eye development, Lgl 

regulates ligand-activated Notch signalling in an aPKC-independent manner [302, 303]. 

Mechanistically, this occurred by Lgl depletion affecting endocytic vesicle acidification and 

gamma-secretase mediated cleavage activation of Notch [302, 303], which occurs in acidified 

vesicles [304, 305]. The precise way by which Lgl affect vesicular acidification is yet to be 

determined, however as Lgl binds to the t-Snare protein, Syntaxin 4, in mammalian cells [27, 

113], and lgl mutants display endosomal trafficking defects [302, 303], it may relate to the role 

of Lgl in regulating vesicle trafficking. 

 

A role for aPKC in Notch regulation, independent of Numb, has been revealed in the chick 

central nervous system [306]. Here, aPKCzeta phosphorylates ligand-activated Notch1 

receptor on Serine-1791, which promotes trafficking of Notch1 to the nucleus, thereby 

promoting transcription of Notch1 targets (Figure 5). When Notch1 is not activated by 

engagement with its ligand, aPKC instead promotes the internalization of Notch1 from the cell 

surface and trafficking from the Golgi–ER to intracellular vesicles. The Notch1 Serine-1791 

residue, which is phosphorylated by aPKC, however is not conserved in Drosophila and C. 

elegans Notch proteins nor vertebrate Notch3 and Notch4, therefore this mechanism might be 

specific for vertebrate Notch1. 

 

In summary, Lgl/aPKC-Par are involved in the regulation of several signalling pathways, 

however the precise mechanism of pathway regulation and outcome appears to be context 

specific. Furthermore, different members of the Par complex regulate different signalling 

pathways or have different mechanisms in regulating signalling pathways. Additionally, there 

is also evidence in Drosophila wing epithelial tissue that other signalling pathways, such as 

Jak-STAT, Dpp (BMP) and hypoxia signalling are also elevated by Lgl depletion [74, 76], but 

currently it is unknown whether the regulatory mechanisms are direct or indirect.   
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Conclusions and Perspectives 

We have highlighted in this review, the myriad of Scribble module interacting proteins and how 

they are involved in cell signalling pathways. It is clear that there is considerably complexity in 

the protein interactions that have been documented to occur with Scribble module proteins 

and in the regulation of signalling pathways. Although Scrib, Dlg and Lgl play a common 

function in cell polarity regulation, they interact with distinct proteins in the regulation of various 

signalling pathways, and these interactions are context dependent. Clearly, further molecular 

analysis is needed to understand the plethora of interactions that occur between Scribble 

module proteins and signalling regulators, and how cell and tissue types affect these 

interactions. Our knowledge in this area would benefit from a more complete understanding 

of Scrib, Dlg and Lgl/aPKC protein interactors in space and time in different cell types 

undergoing various physiological responses, such as response to growth factor/morphogen 

signalling, establishing apico-basal polarity, undergoing an epithelial-to-mesenchymal 

transition or cell migration. This analysis would be aided by new techniques in proteomics, 

such as BioID and Apex [307, 308], to identify at high sensitivity, protein interaction changes 

in response to stimuli. Additionally, state-of-the-art super-resolution microscopy approaches 

[309-311] would aid in the characterization of protein-protein interactions at specific 

localizations and over time in response to signalling stimulation. Moreover, a better 

understanding of Scribble complex protein-protein interactions is needed, which can be 

revealed by X-ray crystallography and cryo-EM [312-315], as well as the more routine 

biophysical measurements of protein domain-binding peptide interactions. The significance of 

these physical investigations can then be complemented and validated by the generation of 

mutations and functional analysis in model organisms, such as flies and mice. 

 

As the Scribble module proteins are deregulated in human developmental disorders, such as 

neural tube closure defects [316-318],  as well as in cancer [24, 25, 53, 54, 57, 319], greater 

knowledge of how Scrib, Dlg and Lgl/aPKC interact with other proteins is clearly important. Of 
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particular relevance to cancer, knowledge of the interacting proteins and signalling pathways 

deregulated upon Scribble module impairment during tumourigenesis, may provide new 

avenues for cancer therapy. For example, restoring correct Scribble module protein 

localization by enhancing or inhibiting particular protein interactions using small molecules 

might provide novel ways to restore cell polarity, inhibit the aberrant cell proliferation, and re-

establish appropriate cell function. However, since there is evidence for context-dependent 

signalling effects conferred by Scrib, Dlg or Lgl/aPKC dysfunction (eg with Ras, PI3K or JNK 

signalling), this raises the need to profile tumours where the Scribble module is impaired for 

their signalling status before considering treatment options. Additionally, since the 

tumourigenic effect of apico-basal polarity dysfunction can be enhanced by the deregulation 

of various signalling pathways (eg Ras, PI3K, JNK, Notch or Hippo) [71, 74, 193, 204, 205, 

224, 266, 281, 320-323], knowing the status of these pathways in polarity-impaired tumours 

will enable these cases to be triaged for treatment with pathway inhibitors to restore cell 

polarity or induce apoptosis, and thereby prevent tumour progression. In summary, whilst we 

have gained a large amount of knowledge on the Scribble module in cell polarity and signalling 

pathway regulation, a greater molecular level analysis of Scribble module protein interactions 

will provide greater understanding of the mechanism by which the Scribble module proteins 

function and reveal new avenues for the treatment of developmental disorders and cancer. 
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Figure Legends 

Figure 1: Venn diagram showing the interaction of domains of the Scrib protein with its 

interacting proteins 

Venn diagram showing which Scrib interacting domains are responsible for specific proteins 

interactions, with overlapping regions depicting proteins that can bind to multiple domains.  

Proteins that interact with the LRR and four PDZ domains of Scrib are shown, with the venn 

diagram indicating binding proteins that interact with more than one PDZ domain. Scrib 

interacting proteins, where the Scrib interaction domain has not been determined, are listed 

separately under “Interacting Domain Unknown”. See Supp Table 1 for details.  

 

Figure 2: Venn diagram showing the interaction of domains of the Dlg protein with its 

interacting proteins 

Venn diagram showing which Dlg interacting domains are responsible for specific proteins 

interactions, with overlapping regions depicting proteins that can bind to multiple domains. 

Proteins that interact with the N-terminus, three PDZ, SH3, Hook or GUK domains of Dlg are 

shown, with the venn diagram indicating binding proteins that interact with more than one 

domain. Dlg interacting proteins, where the Dlg interaction domain has not been determined, 

are listed separately under, “Interacting Domain Unknown”.   See Supp Table 2 for details.  

 

Figure 3: Venn diagram showing the interaction of domains of the Lgl protein with its 

interacting proteins 

Venn diagram showing which Lgl interacting domains are responsible for specific proteins 

interactions, with overlapping regions depicting proteins that can bind to multiple domains. 

Proteins that interact with the WD40 or C-terminal domains of Lgl are shown, with the venn 

diagram indicating binding proteins that interact with more than one domain. Lgl interacting 
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proteins, where the Lgl interaction domain has not been determined, are listed separately 

under, “Interacting Domain Unknown”.   See Supp Table 3 for details.  

 

Figure 4: Scrib and Dlg protein interactors in signalling pathway regulation. 

The key Scrib and Dlg interacting proteins that are linked to the regulation of the BMP/TGFβ, 

TSHR, Wnt, Hippo, RTK-Ras-MAPK, TNF-JNK/p38 and PI3K-AKT pathways are depicted. In 

BMP/TGFβ signalling in Drosophila wing posterior cross vein development, Scrib interacts 

with the Serine/Threonine kinase receptors, Tkv and Pnt as well as the phosphorylated Mad 

transcription factor and Rab5 in early endosomes, where it to promotes BMP/TGFβ receptor 

signalling.  In mammalian TSHR signalling, Scrib forms a complex with βPIX, GIT1 and ARF6 

and is important for the recycling of the TSHR to the plasma membrane. In Wnt signalling, 

interactions between Dlg and the FZD receptor and phospholipid PIP2 are thought to be 

important in canonical and non-canonical PCP signalling via the adaptor protein, Dsh, which 

signals via the Rho1 and JNK pathways.  Scrib and Dlg also interact with mammalian APC, 

which regulates β-catenin degradation.  Scrib also interacts with Vangl2 in PCP. In Hippo 

pathway signalling in mammalian cells, Scrib binds to Taz (Yki ortholog) and sequesters it to 

the cortex, thereby preventing its pro-cell proliferation role. In zebrafish, Scrib binds to Fat1 

and is required to inhibit Yap (Yki ortholog) activity, and in Drosophila, Scrib promotes Wts 

stabilization by an unknown mechanism. Scrib and Dlg are important for RTK signalling via 

different mechanisms. In HGF signalling, Scrib binds to Sgt1 and Hsp90, which stabilizes 

Scrib, which binds to phosphorylated PAK and βPix and promotes tubulogenesis. In ERB-

Ras-MAPK signalling, Scrib interacts with βPIX, GIT1, ARFGAP, which acts as a scaffold to 

regulate Ras-MAPK signalling, and with PP1y, which dephosphorylates ERK. Binding of Scrib 

to the PP1 phosphatase regulator, SHOC2/SUR-8/MRAS, prevents dephosphorylation of RAF 

at its inhibitory phospho-site, therefore leading to RAF inactivation. In TNF-JNK/p38 signalling 

in mammalian cells, Scrib inhibits p38 signalling by an unknown mechanism. Mammalian Dlg 
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is also involved in p38 regulation by interacting with PBK protein kinase, which phosphorylates 

and activates p38, and conversely p38 can phosphorylate Dlg. JNK is also regulated by Dlg 

through its direct interaction with the upstream kinases, MAP3K10 and MAP3K11. In 

Drosophila, Scrib binds to Traf4, a downstream component of TNF signalling, and by an 

unknown mechanism, Scrib inhibits Rho1-Wnd regulated activation of JNK. The Scrib-Traf4 

interaction might be involved in JNK regulation via Wnd (indicated by ?). In a mammalian Myc-

driven cancer models, Scrib via its role in the assembly of the βPIX/GIT1 complex leads to 

Rac1 and JNK/c-Jun pathway activation, which induces the expression of the pro-apoptotic 

protein Bim. In PI3K-AKT signalling downstream of the InR, Scrib forms a tripartite complex 

with PHLPP and AKT leading to AKT inhibition. Mislocalized Scrib can act in a neomorphic 

role and bind to and inactivate PTEN, thereby promoting PI3K signalling. Human Dlg1 binds 

to p85-PI3K to recruit it to E-Cad at adherens junctions thereby promoting PI3K activity. 

Human Dlg1 binds to the Adenovirus 9 oncoprotein, E4-ORF1, which promotes PI3K-

mediated activation of PKB and S6K. Conversely, human Dlg1 can inhibit PI3K signalling, 

through binding to and promoting PTEN activity. See the text for further details. 

 

Figure 5: Lgl/aPKC interactions in signalling pathway regulation 

In Notch signalling in Drosophila, aPKC phosphorylates Numb (an inhibitor of Notch) in ACD, 

whilst Lgl inhibits Notch activation by an unknown mechanism in retinal epithelial cells. In 

Hedgehog signalling, the aPKC-Par complex through its interaction with MIM, a scaffolding 

protein bound to centrosomes, phosphorylates and promotes Gli1 DNA binding and 

transcriptional activity. In mammalian cells, Hippo signalling is regulated by binding of aPKC 

the Hpo orthologs, Mst1/2, thereby uncoupling the binding of the Warts ortholog, Lats1/2, 

preventing Lats1/2 phosphorylation and inactivation of the Yki ortholog, YAP. The Par complex 

also binds to Kibra, an upstream regulator of Hpo. In Wnt (Wg) signalling in Drosophila and 

Xenopus, the adaptor protein Dsh is required for Lgl localization to the cortex, which is 

opposed by FZD8 signalling. In Ras-MAPK signalling in mammalian cancer models, the 
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aPKC-Par complex regulates Ect2-mediated activation of Pak1-ERK and Rac1-JNK signalling 

and expression of the metalloproteinase, MMP10. Lgl binds to the VprBP, which in Drosophila 

is a regulator of JNK signalling, however in mammalian cells, VprBP regulates the Cul4 

ubiquitin ligase, a regulator of the G1-S phase transition. In keratinocytes, Par3 is required for 

the localization of Ras and its activator, Sos2 (a Ras-GEF) at cell-cell junctions, thereby 

promoting Ras-ERK1/2 (MAPK), as well as AKT signalling. In ErbB2-induced breast cancer 

models, Par3 is important for cadherin (ECad) stability, and for blocking Tiam1 (Rac-GEF)-

Rac1 signalling, thereby preventing cell invasion. In Ras and Notch models of mammary 

cancer, Par3 acts to repress JAK-STAT signalling.  In prostate cancer models, aPKCzeta, acts 

in cooperation with PTEN mutations to phosphorylate and inactivate Myc. In PI3K signalling, 

in Drosophila and mammalian cells, Par3 binds to PTEN and is involved in cell polarity 

establishment through regulating phospholipid membrane domains. See the text for further 

details.  
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