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Abstract 

Key events ranging from cell polarity to proliferation regulation to neuronal signaling rely on 

the assembly of multiprotein adhesion or signaling complexes at particular subcellular sites. 

Multidomain scaffolding proteins nucleate assembly and direct localization of these complexes, 

and the protein Scribble and its relatives in the LAP protein family provide a paradigm for this. 

Scribble was originally identified because of its role in apical-basal polarity and epithelial 

integrity in Drosophila. It is now clear that Scribble acts to assemble and position diverse 

multiprotein complexes in processes ranging from planar polarity to adhesion to oriented cell 

division to synaptogenesis. Here we explore what we have learned about the mechanisms of 

action of Scribble in the context of its multiple known interacting partners, and discuss how this 

knowledge opens new questions about the full range of Scribble protein partners and their 

structural and signaling roles. 
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While realtors selling houses and cell biologists differ in many ways, both share an obsession with 

“Location, location, location”.  The animal body contains a vast array of cell types with an equally diverse set 

of functions. Key to the functioning of each cell type is the ability to put the right cellular machinery in the 

correct subcellular location. Whether you are an embryonic epithelial cell segregating apical and basolateral 

proteins, a neuron building synaptic connections, a T cell progenitor undergoing asymmetric division, or a 

cochlear hair cell orienting actin-based sterocilia, assembling and positioning complex multicellular machines 

at the right place is critical. Evolution selected multi-domain scaffolding proteins on which to assemble these 

diverse machines. Scribble and its family members provide a paradigm for this, assembling distinct adhesive, 

structural, or signaling protein complexes across a number of biological contexts, ranging from the 

establishment of apical basal polarity to the assembly of a neuronal synapse to the regulation of 

proliferation in a tissue context.  

The protein interaction domains of Scribble assemble diverse multiprotein machines 

Scribble acts as an adaptor protein by facilitating key molecular interactions at distinct subcellular 

localizations. It does so by virtue of its domain structure and spatially restricted localization pattern. Scribble 

belongs to the LAP (LRR and PDZ) family of proteins (Fig. 1; Bilder et al., 2000a; Santoni et al., 2002), 

characterized by 16 N-terminal leucine-rich repeats (LRR), two LAP-specific domains, and four PSD-95/Disc-

large/ZO-1 (PDZ) domains. Drosophila and C. elegans have only a single well characterized LAP family 

member (Drosophila LAP-1 is essentially uncharacterized), while mammals have four LAP family proteins, 

Scribble, Erbin, Lano, and Densin-180 (Santoni et al., 2002). 

LRRs are a protein interaction domain found in diverse protein families with functions ranging from 

innate immunity to connecting neural circuitry. LRR repeats fold into an arc or horseshoe shape, providing 

both concave and convex surfaces for proteins interaction (Enkhbayar et al., 2004). Key to Scribble function, 

LRRs are sufficient for cortical targeting of Scribble and its homologs in a number of biological contexts (Fig. 

2), including localization to the plasma membrane of Drosophila neuroblasts (Albertson et al., 2004) or wing 

imaginal discs (Zeitler et al., 2004), the C. elegans embryonic epithelium (Legouis et al., 2003), or mammalian 

MDCK cells (Navarro et al., 2005). As will be discussed, in some biological contexts the LRR region is fully 

sufficient to rescue Scribble function. Surprisingly, however, relatively few known Scribble binding partners 

associate via the LRRs (Fig. 1)—the exceptions include Lgl, the Scribble partner in apical-basal polarity (Kallay 

et al., 2006). 

PDZ domains are a distinct protein interaction domain, also found in diverse proteins, including the 

polarity partner for Scribble, Dlg. The mode of PDZ domain interaction with other proteins is well 

characterized, usually involving PDZ binding to the C-terminus. Different PDZ domains have distinct 
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preferences for the last four amino acids (Ernst et al., 2014). The ligand binding specificity of the individual 

Scribble PDZ domains have been characterized using peptides, providing clues as to possible partners (Cai et 

al., 2014; Ivarsson et al., 2014; Zhang et al., 2006). Each PDZ has its own binding preference, and binding 

may be regulated by motif phosphorylation (Sundell et al., 2018). Numerous partners bind Scribble PDZ 

domains (Fig. 1). The PDZ domains have different specificities; e.g. PDZ1, 2, and 3 show differential affinities 

for β-PIX (Lim et al., 2017), while Scribble PDZ1 is the major interactor with the C-terminus of Guk-holder 

(GUKh) (Caria et al., 2018). Nitric oxide synthase adaptor protein and NADPH oxidase on the other hand bind 

directly to the fourth Scribble PDZ domain (Richier et al., 2010; Zheng et al., 2016), a domain not required for 

binding either β-PIX and GUKh. 

Scribble PDZ domains serve as key integration sites for molecular networks in both neurons and 

epithelial cells, playing a part in organizing multiprotein complexes. Perhaps the best characterized example 

is that at the synaptic terminal, where regulation of synaptic vesicle clustering and release depends on the 

coordinated activities of a number of proteins regulating F-actin organization (Fig. 3A; Lin et al. 2016). 

Scribble is an integral component of synaptic protein complexes, and can coimmunoprecipitate (coIP) with 

beta-catenin, the ARF GTPase-activating protein GIT1, the Rac/Cdc42 guanine nucleotide exchange factor β-

PIX, and transmembrane receptor Neurexin (Audebert et al., 2004; Rui et al., 2017; Sun et al., 2009; Sun and 

Bamji, 2011). Scribble interacts with β-PIX and Neurexin via PDZ interactions. Together this complex is 

thought to stimulate Rac1 activity, leading to localized actin polymerization at the presynaptic terminal (Rui 

et al., 2017). At the synapse, Scribble is part of another interactome involved in trafficking and recycling of 

NMDA receptors to the membrane. Scribble directly binds NMDA receptor subunits GluN2A and GluN2B 

through PDZ2 and PDZ3 interactions and can also bind the clathrin-mediated endocytosis regulator AP2, 

which regulates NMDA receptor internalization (Piguel et al., 2014).  

Scribble is an important part of the junctional network that maintains epithelial apical-basal polarity and 

integrity. Many Scribble binding partners localizing to adherens or tight junctions have been identified, some 

by coIP in a complex with the intact Scribble protein (e.g., ZO-1 or DLG5; Ivanov et al., 2010; Liu et al., 2017), 

and others for which the interaction is direct and maps to the PDZ domains (e.g., beta-catenin, the Rho 

GTPase activating protein (GAP) DLC3; (Hendrick et al., 2016; Ivarsson et al., 2014)). However, it is not clear 

whether all these partners interact with Scribble simultaneously or even in the same cell type. Importantly, 

the differential contribution of the PDZ domains to engagement of Scribble with other proteins translates 

into significant functional consequences in vivo. For example in Drosophila, scribble mutants lacking all four 

PDZ domains have severely disrupted septate junction formation, whereas mutants lacking only PDZ3 and 

PDZ4 domains display normal adherens and septate junctions (Zeitler et al., 2004; Fig. 2). 
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Scribble is a key player in the maintenance of apical-basal polarity 

To appreciate Scribble’s diverse roles, we need to go back in time. The proper positioning of molecular 

machines underlies the global process of establishing cell polarity, epithelial apical-basal polarity being a 

cardinal example (reviewed in Campanale et al., 2017). Epithelia serve as barriers between body 

compartments, and thus must position different proteins on their apical and basolateral surfaces. In the 

1990s, the molecular basis of apical-basal polarity remained largely an outline. We knew that cadherin-

based adherens junctions were positioned at the apical end of the lateral cell interface, forming the 

boundary between apical and basolateral domains, and the roles for a set of apical determinants like 

Par3/Bazooka and Crumbs were coming into focus. Proper apical-basal polarity is important for the diffusion 

barrier between the two surfaces of the epithelial sheet. This barrier is mediated by mammalian tight 

junctions, just apical to adherens junctions, or insect septate junctions, just basal to adherens junctions.  

At this point a bold but simple approach was utilized to identify molecular components essential for 

apical-basal polarity—isolate Drosophila mutants affecting epithelial integrity (Bilder and Perrimon, 2000). 

Fruit fly mothers endow their eggs with substantial stores of key cell biological players, often sufficient for 

embryonic development, allowing for a screen for maternal effect mutations disrupting epithelial 

morphogenesis, affecting cell adhesion, shape, and polarity. Using the simple approach pioneered by 

Nüsslein-Volhard and Wieschaus (Nüsslein-Volhard and Wieschaus, 1980), the cuticle secreted by the 

embryonic epidermis was assessed for defects in epithelial integrity. This revealed that “embryos that are 

maternally and zygotically mutant for scribble … produce a corrugated cuticular surface that is riddled with 

holes… hence the name scribble”. The gene responsible encoded a probable scaffolding protein with an N -

terminal LRR and a series of four PDZ domains. Consistent with a role in epithelial polarity, Scribble has a 

dynamic localization in embryos, evolving from an early apicolateral localization in the ectoderm to a 

position just basal to the cell-cell adherens junction, colocalizing with Coracle, a marker of fly septate 

junctions. Loss of Scribble leads to striking defects in ectodermal and epidermal apical-basal polarity, with 

apical and adherens junction proteins displaced basally (Bilder and Perrimon, 2000).  

An examination of other fly epithelia revealed two other mutants sharing with scribble defects in polarity 

of epithelial follicle cells of ovaries—discs large (Dlg) and lethal giant larvae (Lgl) (Bilder et al., 2000b). Dlg is 

also a multidomain scaffolding protein, with MAGUK and PDZ domains, and Lgl contains a well-known 

protein interaction domain, WD40 repeats (Humbert et al., 2003). Loss of any of the three proteins disrupts 

epithelial architecture of follicle cells, and genetic interactions support similar roles in the embryonic 

epidermis. An even more intimate connection was suggested by the fact that correct localization of each 

protein to the lateral membrane requires function of the other proteins. Scribble, Dlg, and Lgl share another 
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function: growth regulation. Dlg and Lgl were first identified because their loss results in dramatic over-

growth of imaginal discs (Gateff and Schneiderman, 1974; Woods et al., 1996), precursors of the adult 

epidermis. Together, this seminal work placed Scribble squarely in the middle of a protein module regulating 

apical-basal polarity in Drosophila, acting along the basolateral membrane to restrict localization of apical 

and junctional proteins.  

Parallel work in the nematode C. elegans also revealed essential roles for Scribble in polarity 

maintenance (Legouis et al., 2000; McMahon et al., 2001; Köppen et al., 2001). Like Scribble, its nematode 

relative LET-413 localizes basolaterally. LET-413 mediates apical restriction of both the cadherin-catenin 

complex and Par3—in its absence they spread all along the basolateral domain and electron dense adherens 

junctions likewise are not focused apically. However, consistent with a role in polarity maintenance rather 

than establishment, early localization of some apical proteins is normal in LET-413 mutants (Bossinger et al., 

2004) and the morphogenesis defects of loss of LET-413 are not as severe as those of loss of worm E-

cadherin (Ecad). In fact, some effects of LET-413 knockdown are alleviated by reducing cadherin function 

(Segbert et al., 2004). As in Drosophila, C. elegans Dlg-1 mutants share many of the same defects and LET-

413 is required for Dlg-1 localization (Bossinger et al., 2001; Caria et al., 2018; Koppen et al., 2001; Lockwood 

et al., 2008; Mathew et al., 2002; McMahon et al., 2001). 

With regard to its role in apical-basal polarity, Scribble is often described as part of the Scribble-module, 

together with Dlg and Lgl. Despite the strong genetic interaction between these proteins in Drosophila, as 

well as a mutual dependency for localization to the septate junctions (Bilder et al., 2000b), there is no direct 

evidence for molecular interaction of Scribble with Dlg, while the evidence for direct interaction with Lgl is 

modest and the two proteins often only partially overlap in localization (e.g. (Kallay et al., 2006; Bilder et al., 

2000b)). In the case of Drosophila Dlg, the adapter protein GUKh is necessary to physically couple Scribble to 

Dlg (Caria et al., 2018; Mathew et al., 2002). One important task is to continue to sort out how these three 

proteins work together and which functions they carry out separately. 

Placing Scribble in the polarity network and defining its mechanisms of action  

How does the Scribble module restrict apical proteins and adherens junctions from ectopic basolateral 

sites? Proteins playing analogous roles in the apical domain, restricting localization of basolateral proteins 

have been identified in flies (Fig. 3B). These include the Crumbs/Stardust complex (e.g. Tepass and Knust, 

1993; Tepass et al., 1990) and Bazooka (Par3), with its adherens junction and apical partners, atypical 

protein kinase (aPKC) and Par6 (Müller and Wieschaus, 1996). Intriguingly, both of these polarity modules 

also contain PDZ domain scaffolding proteins. The mature epidermis of Drosophila embryos and the imaginal 

disc epithelium served as important models for mapping regulatory interactions between the Scribble 
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module and the Bazooka and Crumbs-containing apical polarity complexes, defining how these three protein 

modules cooperate and compete in maintaining apical-basal polarity. The basolateral Scribble module and 

the two apical complexes act in mutual antagonism, restricting protein localization of the other module(s) 

(Fig. 3B). The Scribble module antagonizes the apical-polarizing activity of Bazooka, while the Crumbs 

complex antagonizes Scribble activity to maintain apical membrane identity (Bilder et al., 2003; Tanentzapf 

and Tepass, 2003). A more recently identified basolateral polarity module, the Yurt/Coracle group, also acts 

somewhat redundantly to maintain polarity (Laprise et al., 2006). This leads to a polarity system that is 

exceptionally robust—polarity can be partially re-established in mutants that lose polarity early, due to 

partial redundancy of the apical modules, while reducing function of the basolateral module partially 

compensates for loss of one of the apical modules. Together, this provided important insights into the 

network of proteins maintaining mature epithelial polarity. However, our understanding of how these 

pathways are integrated at the molecular level remains incomplete, although phosphorylation and 

subsequent molecular events defining the reciprocal negative regulation between Lgl and aPKC are well 

documented (e.g. Betschinger et al., 2005; Betschinger et al., 2003; Hutterer et al., 2004). 

One insight into the molecular mechanisms by which Scribble regulates polarity came from analysis of 

the functions of its different protein domains in Drosophila epithelia (Fig. 2; Zeitler et al., 2004). Strikingly, 

deleting the LRR or a very informative missense mutant in that domain eliminated Scribble function in both 

epithelial polarity and growth regulation, and also led to loss of membrane localization of the mutant 

protein. In contrast, deleting the PDZ domains was substantially less debilitating—in both embryos and 

imaginal discs the mutant protein localized to the cortex and apical-basal polarity was largely unaffected, 

although ∆PDZ mutants did fail to assemble septate junctions (Fig. 2). The PDZ domains are required for full 

function in imaginal growth regulation and barrier function—in this role only PDZ1 and 2 are required, and 

they are also required to localize Scribble to septate junctions (Fig. 2). Strikingly similar results were seen 

with C. elegans LET-413, where the LRR domain is necessary for basolateral targeting, and sufficient, when 

the PDZ domains are deleted, for embryonic development (Fig. 2; Legouis et al., 2003). These data provide a 

foundation for future work identifying how LRR and PDZ protein partners contribute to these functions.   

More recently an interesting premise has been explored – that Scribble mediates polarity via polarized 

trafficking of apical proteins, influencing their endocytic itineraries. This was prompted by the observation 

that null mutations in genes encoding key endocytic regulators, including clathrin heavy chain and dynamin, 

mimic the characteristic overgrown, disorganized and multilayered eye disc phenotype of scribble mutants 

(Windler and Bilder, 2010). While early endosomal internalization of cargo remains intact in Scribble module 

mutant cells, transport from endosomes to Golgi through the retromer pathway is disrupted (de Vreede et 
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al., 2014). As a consequence, Crumbs, which is normally recycled to the plasma membrane via its interaction 

with the retromer complex, becomes trapped in subcortical compartments.  This affects both polarity and 

growth regulation. Intriguingly, Bazooka, Par-6, and aPKC remain at the plasma membrane in Scribble 

module mutant cells (de Vreede et al., 2014). Work on LET-413 also implicated it in protein trafficking, but 

suggested a somewhat different role, in which it acts as a Rab5 effector to regulate activation of Rab10 and 

promote endocytic recycling. Although the role of Rab10 in trafficking remains to be fully defined, like 

Rab10, LET-413 shows specificity for clatherin-independent cargo uptake from the basolateral plasma 

membrane (Liu et al., 2018). Further defining the role of Scribble together with or alongside the retromer 

complex will be informative.  

The Drosophila renal tubules provide an alternative model for examining polarization during 

organogenesis (Denholm, 2013). Stratification of cell polarity and junctional proteins is similar to that in the 

epidermis. Interestingly, while Scribble and Bazooka are both essential for establishing cell polarity in this 

context, tubule cells mutant for Crumbs are unaffected at this stage. Instead, Crumbs becomes essential at 

subsequent stages for polarity stabilization during morphogenetic movements. The endocytic trafficking of 

Crumbs plays a role, as was observed in imaginal discs (Campbell et al., 2009). In a final Drosophila tissue, 

the adult midgut, while Scribble and Dlg localize to the septate junctions, they are not required for apical 

basal polarity or for septate junction maintenance (Chen et al., 2018) 

Studies into the mechanisms by which Scribble establishes polarity have typically focused on direct 

actions at cell junctions or on regulating junctional protein trafficking, however there may also be important 

downstream consequences at the level of transcription. Transcriptome wide analysis of wing imaginal discs 

null for scribble or dlg shed light onto signaling and epigenetic regulators altered in these contexts (Bunker 

et al., 2015). These include activation of the JAK-STAT pathway and of the bZIP transcription factor Atf3. 

Parallel work revealed that Atf3 activation occurs downstream of ectopic aPKC activation. Strikingly, 

depleting Atf3 alleviates the abnormal distribution of polarity proteins and restores normal epithelial 

architecture in dlg mutants (Donohoe et al., 2018). It is intriguing to note that overexpressing Atf3 is 

associated with trafficking defects that parallel those observed in dlg mutants (Donohoe et al., 2018). Since 

this study identified several target genes of Atf3 associated with cytoskeletal organization and dynamics, 

tracing these molecular connections in the context of trafficking may provide interesting leads into 

understanding Scribble function.  

Mammalian Scribble has a similar but more limited roles in epithelial polarity and integrity 

Parallel work in mammalian cell culture provided important insight into how Scribble might integrate 

junctional and apical-basal polarity cues. In cultured mammalian cells and in the intestinal and cochlear 
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epithelia in vivo, Scribble localizes to the basolateral membrane, and appears to overlap adherens junctions 

though its localization relative to tight junctions remains less clear (Chen et al., 2016; Ivanov et al., 2010; 

Metais et al., 2005; Montcouquiol et al., 2006; Navarro et al., 2005; Yoshihara et al., 2011). Junctional 

localization can be mediated by either the LRRs or the PDZ plus C-terminus (Fig. 2; Navarro et al., 2005), and 

requires N-terminal palmitoylation (Chen et al., 2016). Scribble recruitment to adherens junctions is Ecad-

dependent in MDCK cells (Navarro et al., 2005) and depends on DLG5 in MCF-10A cells (Liu et al., 2017). 

Junctional localization of Scribble may play a tumor suppressor role, as in several models altered Scribble 

localization is associated with tumor initiation or progression (e.g. Feigin et al., 2014; Wan et al., 2018). 

Tests of Scribble function in cultured cells were also informative. MDCK and MCF-10A cells are 

prominent epithelial cell models. In MDCK cells the consequences of Scribble knockdown depend on the 

level of protein reduction. Moderate reduction reduces Ecad-dependent cell adhesion and delays both the 

mesenchymal to epithelial transition and tight junction assembly. However, cells eventually polarize and 

become epithelial (Qin et al., 2005). A more complete Scribble depletion revealed a role for Scribble in Ecad 

retention at the cell cortex, suggesting it stabilizes p120catenin-Ecad coupling (Fig. 3B; Lohia et al., 2012), 

thus preventing retromer from diverting Ecad to the Golgi. Potential interactions between Scribble and 

retromer-mediated trafficking are also implicated in Drosophila (de Vreede et al., 2014). Reduced cadherin-

based adhesion may explain apical extrusion of Scribble knockdown cells plated in a wildtype MDCK 

epithelium (Norman et al., 2012). Others extended this work in 3D polarized epithelial cysts. Scribble is 

required for MCF7 cyst polarization, where it helps localize the RhoGAP DLC3, a regulator of RhoA-ROCK 

signaling, to cell-cell contacts (Fig. 3B; Hendrick et al., 2016). DLC3 is also required for polarized 3D 

morphogenesis. Strikingly, targeting the DLC3 GAP domain to cell junctions by fusion to the Scribble LRR 

domain was sufficient to rescue Ecad organization. Thus, the role of Scribble in spatially regulating an active 

pool of DLC3 may implicate Scribble in other known DCL3 functions including endocytic trafficking (Braun et 

al., 2015).  

Together, these data suggest Scribble plays important roles in adhesion and polarity in mammalian 

epithelial cells, but the real test is in tissues in vivo. As will be discussed, mammalian Scribble has important 

roles in planar cell polarity and asymmetric cell divisions, but studies of whole animal and conditional 

knockouts reveal that Scribble is not an essential regulator of epithelial cell polarity in most tissues. Many 

aspects of early to mid-embryonic mouse development proceed relatively normally in scribble mutants, from 

implantation through gastrulation and on to organogenesis—this contrasts dramatically with Ecad-deficient 

mice which fail to implant (Larue et al., 1994). Scribble knockout mice die as neonates, and while they have 

severely impaired neural tube and abdominal wall closure, gonadal defects and a disorganized, hyperplastic 
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neuroepithelium in the cortex and other parts of the nervous system, other tissues are relatively normal 

(Murdoch et al., 2003; Pearson et al., 2011; Zarbalis et al., 2004). 

Analysis of scribble mutants and conditional knockouts tested roles in other tissues. Scribble plays a clear 

role in the ectoderm-derived lens and corneal epithelium (Yamben et al., 2013). Homozygotes for the 

circletail allele of scribble have modest defects in lung branching morphogenesis and lumen formation, with 

epithelial cells within airways showing a disordered organization. Changes in the distribution of some tight 

junction proteins accompanied this defect. Lung explants treated with Scribble morpholinos also showed an 

obvious reduction in epithelial cohesion suggesting that loss of junctional integrity may precede the effects 

on lumen morphology (Yates et al., 2013).  Animals homozygous for the circletail allele also have subtle 

abnormalities in cardiomyocyte organization within the primary heart tube which manifest as gross 

abnormalities in heart formation at later stages of development (Phillips et al., 2007). Interestingly, the early 

defect in heart tube organization corresponds with the displacement of N-cadherin from the cardiomyocyte 

membrane. Characterization of both lung and cardiac defects in circletail mutants also highlighted a role for 

the planar cell polarity pathway in these tissues – in both cases the distribution of planar polarity protein 

Vangl2 is disrupted (Yates et al., 2013, Phillips et al., 2007). These two models suggest that initial defects in 

cell-cell adhesion seen in circletail mutants may act as a catalyst for later morphological defects acting in 

concert with alterations to the planar polarity machinery.  

In other tissues characterized, the contribution of Scribble to organization and function is not as 

pronounced. Conditional Scribble knockout in the prostate epithelium does not disrupt prostate 

development (Pearson et al., 2011), while conditional knockout in the developing skin reveals only a 

transient delay in formation of the permeability barrier during embryonic development, which later resolves 

(Pearson et al., 2015). Tight junction/adherens junction formation and apical-basal polarity are not impaired, 

but defects are seen in keratinocyte maturation. Finally, conditional knockout in kidneys had no effect 

(Hartleben et al., 2012). In several cases, conditional knockout or heterozygosity does accelerate 

tumorigenesis—e.g., leading to multifocal prostate hyperplasia (Pearson et al., 2011), and accelerated skin 

and lung tumorigenesis (Elsum et al., 2014; Pearson et al., 2015). Similarly, conditional mammary gland 

knockout did not disrupt initial gland architecture but at maturity led to ductal hyperplasia (Godde et al., 

2014), a phenotype mimicked by an LRR point mutant (Feigin et al., 2014). Given essential roles for Scribble 

in epithelial development and polarity in Drosophila and C. elegans, what explains these more modest and 

tissue specific defects in mammals? There may be partial functional overlap among the three epithelially-

expressed mammalian LAP family members. This is not likely the full explanation, however, as Drosophila 

scribble is certainly not fully redundant with the fly Erbin/Densin homologue (Lap1) (Santoni et al, 2002). It 
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will be exciting to determine the fate of double and triple mutant combinations of the epithelially-expressed 

mouse family members, Scribble, Erbin, and Lano.  

Scribble regulates polarity in another dimension: planar polarity. Similar roles, different partners 

While apical-basal polarity is well known, many epithelial cells are also polarized along the perpendicular 

axis, parallel to the epithelial sheet. This tissue property is referred to as planar cell polarity (PCP; Adler and 

Wallingford, 2017; Devenport, 2014). First discovered in flies, PCP polarizes many animal tissues along a 

body or organ axis. Membrane and cytoskeletal proteins and macroscopic cellular structures all become 

polarized. In Drosophila, planar polarized tissues include the developing wing, where wing hairs, actin-rich 

protrusions, all point distally, or the eight photoreceptors within each of the eye’s ommatidia, which have 

stereotypical arrangements along the dorsal-ventral body axis. In mammals, hair cells of the cochlea all 

orient their actin-based stereocilia in parallel, a process critical for hearing. Many other mammalian tissues 

are planar polarized—for example, cell movements required for neural tube closure are also driven by 

correct PCP (Tissir and Goffinet, 2013).  

Work in Drosophila identified a set of proteins required for planar polarity, many of which are polarized 

to one side of each cell along the relevant body axis (Fig. 3C). Among these is Van Gogh (Vang), the 

mammalian homolog being Vangl. Strikingly, the classic mouse mutant Looptail affects Vangl. This mutant 

has severe defects in neural tube closure in homozygotes and subtle defects in body morphology in 

heterozygotes (Kibar et al., 2001; Murdoch et al., 2001). This led scientists to explore a second mutant with a 

similar phenotype, circletail, which they found disrupts scribble (Montcouquiol et al., 2003; Murdoch et al., 

2003). Intriguingly, while animals heterozygous for either Looptail or circletail have only mild axial defects, 

animals simultaneously heterozygous for both have severe neural tube defects (Fig. 2), supporting the idea 

that they act in the same pathway. The role of Scribble in neural tube closure is clinically relevant, as human 

SCRIBBLE mutations are found in some patients with neural tube defects (Robinson et al., 2012; Kharfallah et 

al., 2017). Subsequently, collaborative roles for Scribble and Vangl in PCP were uncovered in diverse other 

mouse tissues, mediating axon guidance in the hindbrain (Walsh et al., 2011) and heart looping and 

subsequent cardiac development (Phillips et al., 2007). Functional connections also exist between the C. 

elegans Scribble relative LET-413 and the Vang homolog Vang-1 (Hoffmann et al., 2010). 

Studies in the cochlea revealed effects on polarity at the single cell level. Vangl loss disrupts stereocilia 

polarization in all hair cells. The Scribble circletail allele has a milder effect, altering polarization of only a 

subset of cochlear cells. This likely reflects the allele, which encodes a truncated protein retaining the LRRs 

and the first two PDZ domains (Fig. 2). Once again, double heterozygotes have strong phenotypes, 

suggesting Vangl and Scribble work together. Consistent with this, the planar-polarized localization of Vangl 
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is lost in circletail mutants, consistent with the requirement for Scribble PDZ3 and 4 domains for binding 

Vangl (Montcouquiol et al., 2006). However, Scribble itself is not planar polarized—instead it localizes to the 

basolateral domain uniformly around the cell. Intriguingly, a very similar mechanism appears to link 

Drosophila Vang and Scribble in planar polarization of the wing hairs and photoreceptor cells (Courbard et 

al., 2009). As in the mouse, polarity is disrupted if the last two Scribble PDZ domains are removed (Fig. 2). 

These data are consistent with Scribble acting as an adapter linking Vangl to another protein, but the 

identity of that protein remains to be determined—one candidate is GUKh/NHS1, which also binds Dlg 

(Mathew et al., 2002; Walsh et al., 2011). The  role of Scribble in PCP is independent of its role in apical-basal 

polarity, as in both mice and flies PCP requires the last two PDZ domains (Fig. 2; Courbard et al., 2009; 

Montcouquiol et al., 2006), which are not essential for apical-basal polarity (Zeitler et al., 2004), and at least 

in the fly eye, other apical-basal polarity proteins do not seem to play similar roles in PCP (Courbard et al., 

2009). Interestingly, in MDCK cells, knockdown of the well-characterized apical-basal polarity protein Par3 

can mislocalize Vangl in a similar manner to Scribble knockdown and overexpressing Par3 can rescue the 

Scribble-dependent localization defect (Fig. 3C; Kharfallah et al., 2017). In this model Par3 appears to be 

acting outside of its canonical function, since no other markers of apical-basal polarity were altered.  

Together these data suggest that, as in its role in apical-basal polarity, Scribble mediates formation and 

stabilizes localization of a multiprotein complex, but one with largely or completely distinct partners. One 

possibility is that Scribble modulates vesicular trafficking of Vangl, as Vangl trafficking is important for PCP 

(Giese et al., 2012; Wansleeben et al., 2010). Future work testing this and other hypotheses and identifying 

other protein partners in the Scribble-mediated PCP protein complex will provide further insight. 

Polarizing mitosis—Roles for Scribble in asymmetric cell division 

 Scribble also plays an important role in a third aspect of cell polarity: oriented and/or asymmetric cell 

divisions. In most tissues, mitotic spindles and subsequent division axes are oriented—e.g., in epithelia 

spindles orient parallel to the epithelial sheet, maintaining epithelial organization.  In other cases, spindle 

orientation and the subsequent cytokinesis are used to produce daughter cells with different fates. To do so, 

fate determinants must align asymmetrically along the mitotic spindle, making spindle orientation critical.  

A premier model for asymmetric cell division are Drosophila embryonic neuroblasts, neural 

stem/progenitor cells that divide to produce a larger daughter that maintains stem cell identity and a smaller 

one destined for neuronal differentiation, via inheritance of neuronal determinants (Homem and Knoblich, 

2012). This division shares features with apical-basal polarity, since embryonic neuroblasts delaminate from 

the epithelial ectoderm. Apical polarity complex proteins like Bazooka/Par3 define the apical domain, 

inherited by the stem cell daughter, and are required for spindle orientation and asymmetric localization of 
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neural determinants. Scribble, Dlg, and Lgl are also enriched apically at prophase/metaphase, and then 

become uniformly cortical (Albertson and Doe, 2003). scribble mutants have a reduced apical domain, and 

defects in mitotic spindle asymmetry, leading to symmetric or even inverted divisions. Dissection of the role 

of the different protein interaction domains of Scribble revealed the LRRs are both necessary and sufficient 

for Scribble cortical localization, though cannot mediate apical enrichment (Fig. 2; Albertson et al., 2004). 

While the LRRs alone can recruit the neural determinant Miranda to the cortex, both the LRRs and the PDZ 

domains are essential for correct division asymmetry (Fig. 2). Thus, as in epithelia, the two main Scribble 

protein interaction domains are both essential for its scaffolding function in defining polarized membrane 

domains. Mammalian Scribble has a strikingly similar role in the immune system. Asymmetric cell division 

and subsequent asymmetric distribution of fate determinants (some shared with fly neuroblasts) both 

require Scribble function, shaping the relative numbers of different T cell subsets (Pham et al., 2015). 

Conditional knockout suggests Scribble plays a similar role in hematopoietic stem cell maintenance (Mohr et 

al., 2018). In contrast, it does not play a similar role in the erythrocyte lineage (Wolwer et al., 2017). One 

challenge for future work is to define proteins with which Scribble works in asymmetric division—the only 

identified partner in this process is GUKh (Albertson and Doe, 2003).  

The role for Scribble in regulating epithelial organization may also have functional implications in 

symmetric cell divisions, a process characterized by parallel alignment of the mitotic spindle relative to the 

plane of the epithelium. In Drosophila, Scribble is essential for the planar orientation of mitotic spindle in 

cells of the wing disc epithelium (Nakajima et al., 2013). While the molecular mechanisms governing this 

regulation are currently unknown, the close spatial proximity of the spindle poles relative to septate 

junctions in wild type discs may hint at a scaffolding role for Scribble in this context. In line with this, Scribble 

was recently shown to exist as part of a ternary complex with Ecad and LGN, a known determinant for 

directing spindle orientation. Knockdown of either Ecad or Scribble was sufficient to attenuate their 

reciprocal interactions with LGN (Wang et al., 2018).  

Vertebrate Scribble also defines spindle orientation in a third context, by a strikingly different 

mechanism. Like other vertebrates, the zebrafish central nervous system arises by invagination of the 

epithelial neural tube. Most cell divisions are parallel to the epithelial sheet, but during the neural keel/rod 

phase this changes (Geldmacher-Voss et al., 2003; Zigman et al., 2011). Mitotic spindles set up parallel to the 

epithelial sheet, but then rotate 90° to be perpendicular to it. The tissue architecture mean that the two 

daughter cells end up on opposite sides of the body midline. Spindle orientation becomes randomized in 

scribble mutants, and thus bilateral positioning of daughter cells is lost (Zigman et al., 2011). Surprisingly, 

this does not require PCP or apical PAR proteins, both partners in other Scribble-mediated events. Instead, 
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Scribble is required for cortical localization of the cadherin-catenin complex, and N-cadherin knockdown 

phenocopies Scribble loss. Thus in this tissue the role of Scribble in spindle orientation appears more related 

to its roles in other epithelia—this tissue thus offers opportunities to define another macromolecular 

complex organized by Scribble to regulate polarized cell divisions.   

Building synapses—Scribble as a scaffold regulating neural development and function 

Neural function, behavior, and memory depend on assembly and turnover of a different subcellular 

organelle, the synapse. In many ways it is analogous to a cell-cell junction, bringing two cells in close contact 

and acting as a signaling center (Fig. 3A). In fact, classic cadherins and catenins play key roles in synapse 

architecture, as they do in cell junctions (Seong et al., 2015). In defining proteins key for synaptic 

architecture and function, one approach has been biochemical, seeking proteins enriched at pre- and post-

synaptic membranes. One of the first identified, Postsynaptic density protein-95 (PSD-95; = DLG4), was, 

together with the Scribble partner Dlg, a founding member of the membrane-associated guanylate kinase 

(MAGUK)/PDZ domain protein family. Dlg and its relatives play roles in synaptic function in both flies and 

mammals, acting as protein scaffolds to assemble large multiprotein signaling complexes (Zhu et al., 2016a).  

The close relationship between Dlg and Scribble in apical-basal polarity prompted researchers to explore 

potential roles for Scribble at the synapse. Drosophila Scribble localizes to synapses in a Dlg-dependent way, 

forming a complex with Dlg and the linking protein GUKh (Fig. 3A). Fly scribble mutants have changes in 

synaptic vesicle number and synapse active zones, with effects on synaptic plasticity (Mathew et al., 2002). 

Mouse Scribble is also enriched at synapses of primary hippocampal neurons (Sun et al., 2009) and in their 

“spine” precursors (Moreau et al., 2010), where it colocalizes with the cadherin-catenin complex. Scribble 

coIPs with b-catenin, and Scribble synaptic localization is lost after b-catenin knockdown (Sun et al., 2009).  

As in Drosophila, Scribble knockdown alters synaptic vesicle clustering, although synapse number and 

localization of key synaptic proteins remain unchanged. Subsequent work reinforced connections between 

Scribble and the cadherin-catenin complex, suggesting that they work together to recruit the Rac/Cdc42 

guanine nucleotide exchange factor (GEF) b-PIX, stimulating local actin polymerization and synaptic vesicle 

recruitment (Fig. 3A; Moreau et al., 2010; Sun and Bamji, 2011). Scribble loss alters synaptic maturation and 

pruning, with changes in learning, memory, and social behavior (Moreau et al., 2010). The effects on 

learning and memory are striking—mice mutant for the truncated circletail allele have enhanced learning 

and memory (Moreau et al., 2010), and in Drosophila Scribble plays an important role in “active forgetting” 

(Cervantes-Sandoval et al., 2016). This latter work led to a model in which activating the dopamine receptor 

stimulates Scribble to induce formation of a “signalosome” including Rac1, Pak3, and Cofilin, which activates 

actin polymerization. Scribble may also affect signaling by regulating trafficking to and stability of 
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neurotransmitter receptor complexes at the synapse, a role it has in regulating NMDA receptors (Fig. 3A; 

Piguel et al., 2014). Postnatal Scribble knockout in hippocampal neurons revealed only subtle roles in 

learning and memory consolidation, suggesting effects are time and context dependent (Hilal et al., 2017). 

However, Scribble does promote axon myelination in postnatal oligodendrocytes (Jarjour et al., 2015). Thus, 

the synaptic roles of Scribble reinforce two broad themes: Scribble interacts with cell junction proteins to 

organize membrane domains and Scribble assembles and stabilizes multiprotein signaling complexes.  

Scribble is an important regulator of cell proliferation  

The other proteins of the Scribble module—Dlg and Lgl—were discovered for their striking role in 

regulating proliferation. Drosophila imaginal discs homozygous mutant for dlg, lgl, or scribble grow into large 

tumorous masses (Gateff and Schneiderman, 1974; Bilder et al., 2000b; Woods et al., 1996). These three 

genes were also independently identified in a Drosophila genetic screen for novel regulators of cell-cycle 

progression, acting to negatively regulate entry into S-phase (Brumby et al, 2004). Mammalian Scribble can 

also regulate proliferation, as indicated by the tumor suppressor role identified in mouse mutants, and 

further emphasized by interactions between Scribble and oncogenic viral proteins in high-risk human 

papilloma virus and T-lymphotropic virus type, which promote ubiquitin-mediated degradation of Scribble or 

mislocalization respectively (Javier and Rice, 2011).  

Studies of Scribble and other fly tumor suppressors provided very interesting insights into interactions 

between cells in a tissue, how tissues control proliferation and repair damage, and how tumor suppressors 

regulate this behavior. The mechanisms by which Scribble loss drives proliferation are complex. Loss of 

scribble leads to global transcriptional changes involving several key signaling pathways (Bunker et al., 2015). 

Follow-up functional experiments revealed that in discs homozygous mutant for scribble, blocking c-Jun 

terminal kinase (JNK) or JAK/STAT signaling is sufficient to block neoplastic overgrowth and restore tissue 

architecture (Bunker et al., 2015). However, activation of a single signaling pathway in isolation does not 

account for the full complement of neoplastic properties conferred by Scribble loss. Activating JNK together 

with blocking apoptosis, for example, results in tissue overgrowth but does not disrupt apical-basal polarity 

(Bunker et al., 2015). In a similar way depleting the transcription factor Yorkie reduces wing disc overgrowth 

in scribble mutants but does not rescue the associated morphological defects (Bunker et al., 2015; Doggett 

et al., 2011). Thus, a future challenge is to define how these signals are integrated to activate a neoplastic 

gene expression program. 

The neoplastic capacity of scribble mutant cells is dependent on their cellular environment. Mosaic 

analysis of imaginal discs revealed that clonal patches of scribble mutant cells do not hyperproliferate but 

instead are eliminated by competition with surrounding wildtype cells (Brumby and Richardson, 2003; Igaki 
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et al., 2006; Igaki et al., 2009; Yamamoto et al., 2017). Following this lead provided important insights. 

Activating the JNK pathway in scribble mutant cell clones is required for scribble cell elimination, acting via 

autonomous and non-autonomous mechanisms (Brumby and Richardson, 2003; Igaki et al., 2006; Uhlirova 

et al., 2005). A molecular mechanism was recently proposed for how JNK signaling acts in an autonomous 

manner within scribble mutant clones to facilitate their extrusion. This revealed the actin regulator 

Enabled/VASP (Ena) as essential for scribble mutant cell extrusion, acting downstream of Slit-Robo2 

signaling. JNK signaling amplified Slit-Robo2-Ena signaling in scribble mutant cells but not in surrounding 

wildtype cells (Vaughen and Igaki, 2016). While it is not known how the Slit-Robo2-Ena pathway is 

mechanically coupled to cell extrusion, disrupting Ecad-mediated adhesion is an important feature of the 

process (Vaughen and Igaki, 2016). In contrast, non-autonomous JNK signaling promotes wildtype neighbors 

to engulf scribble cells (Ohsawa et al., 2011). Other neoplastic tumor suppressor genes can elicit a similar 

response, suggesting a non-specific mechanism for clearing oncogenic cells may be at play.  

JNK signaling also acts to suppress hyperproliferation of scribble mutant clones (Brumby and Richardson, 

2003; Chen et al., 2012; Igaki et al., 2009). Strikingly, ectopic proliferation induced by inhibiting JNK can be 

abrogated by impairing the Hippo signaling pathway (Doggett et al., 2011). Hippo signaling has emerged as 

an important regulator of organ size in both Drosophila and mammals; loss of Hippo regulation leads to 

unconstrained cell proliferation. Elevated expression of Hippo target genes occurs in homozygous scribble 

mutant discs and in mosaics where scribble mutant clones are neighbored by cells of compromised fitness 

(Chen et al., 2012; Verghese et al., 2012). At the molecular level Scribble directly interacts with vertebrate 

Fat1 and Drosophila Fat (Skouloudaki et al., 2009), atypical cadherins that help link downstream Hippo 

pathway kinases to upstream events at the plasma membrane. In Drosophila, scribble acts downstream of 

Fat to regulate growth (Fig. 3D; Verghese et al., 2012). Downstream of the apical regulatory scaffold, the 

Hippo pathway consists of a core kinase cassette which negatively regulates transcriptional machinery. 

During homeostasis, phosphorylation of transcriptional co-activators TAZ and YAP (mammalian Yorkie 

homologs) by LATS1/2 inhibits their activity by preventing translocation into the nucleus. Scribble can coIP 

with MST1/2 and LATS1/2 (Fly Hpo and Wts respectively; Fig. 3D) as well as with TAZ (Cordenonsi et al., 

2011), and may be essential for interactions among these proteins. Loss of Scribble attenuates TAZ/YAP 

phosphorylation and there is an expanding body of evidence to indicate that the Scrib/YAP/TAZ complex is 

part of a much larger interactome (Zhu et al., 2016b; Clattenburg et al., 2015; Mohseni et al., 2014). For 

example in mammary epithelial cells, the interaction of Scribble with LATS2 acts to limit the accumulation of 

SnoN and restrict its subcellular localization to the basolateral membrane (Fig. 3D). Elevated levels of SnoN, 

and its translocation to the nucleus, lead to enhanced stability and transcriptional activity of TAZ, supporting 
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the notion that Scribble acts to spatially organize signaling regimes upstream of proliferation (Zhu et al., 

2016b).  

The idea that proper tissue organization is a prerequisite for keeping proliferation in check is an 

interesting concept, particularly in light of the role of adherens junctions and apical-basal polarity complexes 

in Hippo pathway regulation (reviewed in Genevet and Tapon, 2011; Richardson and Portela, 2017). Despite 

a well characterized role for Scribble in maintaining adherens junction integrity in epithelia, it is notable that 

knocking down Ecad or α-catenin in the wing disc perturbs the Hippo pathway in ways that are distinct from 

loss of Scribble (Yang et al., 2015).  

Studying oncogenic cooperation has also greatly aided our understanding of how Scribble interacts with 

key signaling pathways. One well studied example of this synergy is seen in scribble mutant cells also 

overexpressing oncogenic Rasv12 (Pagliarini and Xu, 2003; Brumby and Richardson, 2003; Chen et al., 2012; 

Uhlirova et al., 2005). Clones mutant for scribble lose apical-basal polarity and die, but when RasV12 is 

coexpressed they develop into large tumors, which are much more aggressive than those expressing RasV12 

alone. Interestingly, placing cells individually mutant for RasV12 and scribble next to one another is sufficient 

to promote tumor induction (Wu et al., 2010). In both situations, elevated JAK-STAT signaling is required to 

facilitate tumor growth. It was suggested that propagation of JNK signaling from scribble mutant to RasV12 

cells facilitates JAK/STAT elevation in RasV12 cells (Wu et al., 2010). In support of this, RNA profiling of 

scribble mutant imaginal discs revealed an upregulation of genes in the JAK-STAT signaling cascade (Bunker 

et al., 2015). Oncogenic cooperation also occurs in the Drosophila larval brain. As in epithelial tissue, scribble 

neuroblast clones are eliminated in a JNK-dependent manner, but clones mutant for both scribble and the 

junction-actin crosslinker and asymmetric cell division regulator canoe display tumor-like overgrowth (Rives-

Quinto et al., 2017). In this situation, ectopic Ras expression activates the PI3K-Atk1 signaling pathway. 

Important insights into the molecular behavior of Scribble have also been gleaned from studies on oncogenic 

cooperation in mouse models. In a transgenic transplantation mouse model for mammary carcinoma, loss of 

Scribble in conjunction with oncogenic activation of c-myc significantly enhances the size of tumors 

compared to activating c-myc alone. The expression of c-myc induces both proliferation and apoptosis in 

mammary epithelial cells, the latter function requiring Scribble, in complex with β-PIX and GIT1, to activate 

the Rac-JNK-JUN pathway. Knockdown or mislocalization of Scribble was sufficient to override the pro-

apoptotic signals from c-myc activation (Zhan et al., 2008).  

Scribble also regulates cell migration and metastasis 

The tumors induced by inactivating scribble in cells expressing activated Ras also exhibit metastatic 

properties (Pagliarini and Xu, 2003). Intriguingly, inactivation of other core polarity genes also imparts 
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metastatic capacity on imaginal tissue when combined with RasV12 (Pagliarini and Xu, 2003). Consistent with 

Drosophila models, loss of mammalian scribble also cooperates with H-rRasv12 to promote invasion of 

mammary epithelial cells in organotypic cultures. In this context, Scribble normally restrains metastasis by 

suppressing MAPK-ERK signaling downstream of Ras (Dow et al., 2008). Interestingly, Scribble can directly 

interact with ERK, and the interaction maps to two well conserved kinase interaction motif (KIM) docking 

sites. A scribble mutant lacking the C-terminal KIM docking site lost the ability to suppress invasion 

(Nagasaka et al., 2010). The restraint placed on MAPK-ERK signaling by Scribble is thought to have direct 

consequences for EMT, since forced expression of Scribble or knockdown of ERK1/2 leads to a 

downregulation of ZEB1 and ZEB2, transcriptional regulators of EMT (Elsum et al., 2013). It is important to 

note that the role of Scribble in mediating cell migration is likely to be context dependent, with Scribble 

acting in diverse cell types as an important integrator of signals required to promote cell migration. In many 

of these cases Scribble regulates Rho GTPase gradients to drive front-back polarization required for directed 

cell migration. For example, in astrocytes Scribble recruits β-PIX to the leading edge to facilitate localized 

Cdc42 activity (Osmani et al., 2006). Similarly, in response to directional cues, MCF-10A epithelial cells 

require Scribble to recruit Rac1 and Cdc42 to the leading edge to form stable lamellipodial protrusions (Dow 

et al., 2007). A promigratory function for Scribble has also been shown in dendritic cells and certain cancer 

cell lines, acting downstream of the interaction of Plexin-B1 with its transmembrane receptor Sema4A (Sun 

et al., 2017). Here it is suggested that the interaction with Sema4A leads to reduced binding of Scribble to β-

PIX, with consequences for polarized Cdc42 and Rac activity (Sun et al., 2017). Outside of its role in Rho 

GTPase regulation, Scribble has also been shown to promote directed migration of endothelial cells by 

regulating the turnover of integrin α5 at focal adhesions (Michaelis et al., 2013). As this summary illustrates, 

Scribble plays multiple potential roles in oncogenesis, and much remains to be learned in this regard. 

Future directions 

There are many exciting questions to address surrounding the biological functions of Scribble. For 

example, as a regulator of apical-basal polarity, genetic interactions between Scribble and other core 

polarity proteins are well mapped, but an understanding of the molecular nature of these interactions is 

lacking. There is also a substantial gap in our understanding of what links Scribble to key signaling events like 

JNK signaling – a cascade that is essential for Scribble to impart proliferative constraint. To truly understand 

how Scribble integrates protein interactomes, we must acknowledge that its distinct biological functions are 

not mutually exclusive. For example, the apical-basal and planar-polarized cues feed directly into growth 

control mechanisms. It is enticing to theorize that Scribble may sometimes act at the interface of two or 

more biological functions. Exploring Scribble’s molecular mechanisms and interlocked interactomes will 
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provide work for many of us for years to come.  
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Figure Legends 
Figure 1. Known Scribble-interacting proteins, mapped to either the LRR, PDZ, or C-terminal region of 

Scribble. A plus sign (+) indicates a direct interaction with an individual PDZ domain, measured by peptide-
phage display, yeast-two-hybrid assay, binding assays using recombinantly expressed and purified GST-
fusion proteins, or by another biochemical strategy. No binding partners have been identified for the LAP-
specific domains of Scribble. Proteins listed under co-immunoprecipitated with Scribble (inset box) have not 
been shown to directly interact with Scribble. 

 
Figure 2. Contribution of Scribble domains to the subcellular localization and biological functions of 

Scribble. Grey bars indicate: 1) Regions sufficient for Scribble subcellular localization in different contexts 
(text in black) 2) Regions sufficient for particular biological functions (blue text) or 3) Truncated versions 
which lack particular biological functions (red text). A broken line corresponds to a domain deletion. a C. 
elegans expresses LET-413, a member of the LAP protein family with only one PDZ domain. b In addition to 
being restricted to the lateral membrane, Scribble colocalizes with β-catenin, indicating recruitment to 
adherens junctions. c A minimal Scribble construct containing the LRR domain and PDZ1 was required for 
effective membrane targeting. d Data based on the circletail mouse mutant, a truncating mutation in 
Scribble that leads to the loss of PDZ3 and PDZ4. 

 
Figure 3. Models for the roles of Scribble in organizing molecular interactomes involved in 

synaptogenesis, epithelial polarity and adhesion, and growth regulation. A Cell adhesion molecules (Nrx/Nrg 
and N-Cad/β-Cat) are required for maintaining synaptic architecture and regulating neurotransmitter 
release. Both types of adhesion complexes interact with Scribble and β-PIX, facilitating localized Rac activity 
and F-actin polymerization. Polymerization of presynaptic actin is required for synaptic vesicle clustering and 
release from the active zone.  Scribble also regulates trafficking of the N-methyl-D-aspartate receptor. B In 
the mature Drosophila ectoderm and imaginal disc epithelia Scribble localizes with Dlg and Lgl to the 
basolateral septate junctions. Scribble acts to antagonize aPKC and components of the adherens junction 
(AJ), excluding them from the basolateral domain. In turn Scribble is antagonized by the apical polarity 
protein Crb. In cultured mammalian epithelial cells, Scribble regulates AJ and tight junction (TJ) organization, 
by stabilizing Ecad at the adherens junction via effects on p120 and via myosin stabilization mediated by 
DLC3. C Planar polarity, polarity across an epithelial sheet, is required for a number of processes, from 
sensory hair orientation to limb bud elongation. Core planar cell polarity proteins are asymmetrically 
localized and are conserved from Drosophila to mammals (vertebrate gene names in brackets). Vang and Fz 
localize to opposing sides of the cell, respectively, and form heterodimers between cells (reviewed in Yang 
and Mlodzik, 2015). Scribble can physically interact with Vang as well as its vertebrate equivalent. Par3 is 
suggested to localize Vangl through an unknown mechanism. D Scribble interacts with several components 
of the Hippo signaling pathway, including the apical scaffold (Fat1) and the core kinase cassette (Mst1/2, 
Lats1/2). As a result, Scribble acts to restrain YAP and TAZ activity, transcriptional effectors of the Hippo 
cascade that control gene expression programs required for cell stemness, proliferation, survival, and EMT. 

 








