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Abstract
Mechanisms of basolateral polarity determination by the Scrib module
by
Mark John Khoury
Doctor of Philosophy in Molecular and Cell Biology
University of California, Berkeley

Professor David Bilder, Chair

Cell polarity is a fundamental process in biology whereby a single cell can partition its plasma
membrane into two distinct and non-overlapping domains. All cells are polarized, and cell polarity
is essential for the development and homeostasis of many tissues and organs. Epithelial cells
exhibit a form of polarity called apicobasal polarity that is regulated by the activity of two
conserved protein groups: the Par complex, which specifies the apical domain, and the Scrib
module, which, in many contexts, is required to specify the basolateral domain. Mutual antagonism
between the Par complex and the Scrib module positions the apical-basolateral boundary and
primarily involves the apical kinase aPKC and its substrate and inhibitor, the basolateral protein,
Lgl. While the mechanisms underlying apical polarity determination by the Par complex are well-
studied, the molecular basis for basolateral polarity establishment by the Scrib module proteins,
Scrib, DIg and Lgl are unclear. In this dissertation I investigate the individual functions of Scrib,
Dlg and Lgl using genetic manipulations and biochemistry in Drosophila and describe distinct and
cooperative activities that give rise to basolateral polarity.

I identified regulatory relationships between Scrib, Dlg and Lgl that govern their localization to
the cell cortex and demonstrated that these three proteins possess unique, but cooperative activities
that are required but not sufficient to establish the basolateral domain. I found a specific
requirement for DIg to localize Scrib and investigated potential mechanisms, ruling out previously
proposed binding interactions and posttranslational modification. I described a requirement for
Scrib and Dlg to control Lgl localization by negatively regulating its phosphorylation by aPKC.
We proposed a model where Scrib and DIg ‘protect’ Lgl at the basolateral membrane, activating
Lgl’s aPKC-inhibiting potential and limiting apical domain spread.

To define the molecular mechanisms of these observations, I investigated DIg protein function in
detail. I identified a putative PP1-binding motif in the DIg HOOK domain that was essential for
Dlg function, however I did not find evidence for DIg-PP1 physical interaction and although PP1
regulates Lgl phosphorylation, the ability of Dlg and Scrib to regulate Lgl is largely separate from
PP1. However, study of DIg PP1-binding mutants revealed the requirement of the Dlg HOOK
domain in localizing Scrib to the cortex. Using this information and a panel of structure-function



constructs, I defined a minimal fragment consisting of only the SH3 and HOOK domains that was
necessary and sufficient for function, including Scrib recruitment.

To investigate other mechanisms of DIg function, I collaborated with Katherine Sharp, a postdoc
in the lab, to interrogate Dlg binding partners using APEX2-based proximity proteomics. Our
results revealed a large number of nuclear proteins in proximity to DIg in vivo. We found that a
population of endogenous Dlg resides in the nucleus near to the NURF chromatin remodeling
complex. Overgrowth of dlg mutant tumors was dependent on NURF complex activity and may
result from NURF-dependent activation of Yki target genes. We identified a putative NLS
sequence in the DIg HOOK domain and demonstrated that this motif is essential for Dlg function,
but its mutation does not prevent DIg nuclear entry, suggesting the existence of an alternate NLS.

Together, the work presented in this dissertation constitute an important advance in the
understanding of the molecular functions of the Scrib module proteins, Scrib, Dlg and Lgl and
provide a plausible model underlying basolateral polarity via our proposed Lgl protection
mechanism. These studies set the stage for future investigation of the overarching mechanisms that
polarize animal cells and will enable fuller understanding of many fundamental cell polarity-
dependent biological processes.
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Chapter 1:
Introduction



Cell polarity is a fundamental process

Asymmetry is crucial for life. In the biological world, one can find innumerable examples
of asymmetry. For example, many animals, such as fruit flies or humans, have a head-end and a
tail-end. Similarly, individual cells exhibit axes of asymmetry in a process called cell polarity.
Cells exist in non-uniform environments, so integration of and reaction to spatial cues is a
requirement for survival. In order to achieve this, cells must polarize, where polarity is defined as
the partitioning of a single cell’s plasma membrane into distinct, non-overlapping domains.

Cell polarity is distinct from simple asymmetry, and although polarity and asymmetry
could conceivably accomplish the same adaptive function, polarity is the dominant mode used by
cells. Polarity requires balance between two domains that exist in a state of mutual antagonism.
The result is a steady state distribution that is dependent on the ‘strength’ of each domain’s input.
In contrast, a pencil is asymmetric but not polarized, because if you sharpen a pencil to increase
the size of the pointed end, it has no effect on the eraser on the opposite end. In a polarized system,
increasing the ‘strength’ of one domain necessarily does so at the expense of the second domain.

All cells are polarized in some fashion. For example, bacteria asymmetrically localize
sensory receptors and cell division machinery, yeast divide by asymmetric budding, neurons
extend long processes from their cell bodies that carry electrical signals to distant target cells, stem
cells divide unequally to give rise to daughter cells with different fates, and migrating cells specify
leading and lagging edges to direct their movement in a specific direction.

In multicellular organisms, cell polarity is also critical for the organization of tissues and
organs. Tissues in our bodies all have different and precise architectures. To create these complex
organizations, each cell in the tissue must know where it is in space, what direction it is facing,
and what other cells or environments surround it. Polarity enables cells to achieve these things by
differentiating the various sides of the cell such that, for example, all the cells in an intestinal
epithelium orient their ‘top’ sides in the same direction, which will allow for proper intestinal
function and digestive physiology.

Epithelial cells as a model for polarity

One classically studied model of polarity are epithelial cells. Epithelia are among the most
evolutionarily ancient cell type in metazoa and serve as the building blocks of almost all tissues
and organs through their ability to form adherent sheets of cells (Cereijido et al., 2004). Epithelial
cells perform diverse biological roles, most notably by forming barriers that keep tissues intact and
separate the inside and outside of organs. Epithelial cells are also responsible absorbing and
secreting molecules, such as in the digestive tract. Like all other cells, epithelial cells rely on their
polarization to effectively carry out their physiological functions (Rodriguez-Boulan and Macara,
2014; St Johnston and Ahringer, 2010). One type of polarity adopted by epithelial cells is called
apicobasal polarity, in which the axis linking the cell’s free and contacting surfaces defines
separate apical and basolateral domains, respectively. For this reason, the architecture of polarized
epithelia is highly conserved, and many epithelial tissues are morphologically very similar, even
in very distantly related species. Underscoring this importance is the fact that mutations that lead
to disrupted epithelial polarity often have severe consequences for organ function and organismal
viability. The roles of epithelial polarity in tissue development and homeostasis are discussed in
more detail below.

A conserved toolkit polarizes cells



Underlying the morphological manifestation of cell polarity are the activities of key
molecular regulators. In animal cells, polarity is regulated by conserved protein complexes that
each define a specific domain of the cell. In most cell types, the Partitioning defective (Par)
complex, composed of Par-3, Par-6 and atypical protein kinase C (aPKC) defines the anterior or
apical domain of the cell. In some, but not all cells the Crumbs complex, composed of Crumbs
(Crb), Palsl and Patj also contributes to apical domain identity. Conversely, Par complex
antagonists define the posterior or basolateral domain of the cell. There are several groups of Par
complex antagonists that function in different contexts: the Scrib module, made up of Scribble
(Scrib), Discs large (Dlg) and Lethal giant larvae (Lgl); the Yrt/Cora group, composed of Yurt
(Yrt), Coracle (Cora), Nrx-IV and Na*-K" ATPase; and the PAR-1, PAR-2 protein group. This
relatively simple, highly conserved complement of proteins enables the polarization of virtually
all known metazoan cell types and thus constitutes a truly fundamental aspect of basic cell biology
(Goldstein and Macara, 2007; Lang and Munro, 2017; Nakajima, 2021; St Johnston and Ahringer,
2010; Tepass, 2012).

Molecular nature of epithelial polarity

From their initial discovery in forward genetic screens investingating anterior-posterior
polarity in the C. elegans zygote and apicobasal polarity in Drosophila epithelia, a large body of
work has helped uncovered the intricate details of the mechanisms of function of cell polarity
regulators, especially with regard to apical polarity (Rodriguez-Boulan and Macara, 2014; Tepass,
2012). The following discussion will largely focus on insights from and Drosophila studies. The
Par and Crumbs complexes are required to specify the cell’s apical domain, whereas the Scrib
module defines the basolateral domain. The boundary between apical and basolateral domains
arises from mutual antagonism between the Par complex and the Scrib module (Tepass, 2012).
The primary axis of this antagonism is between the Par complex kinase aPKC and the Scrib module
protein Lgl. Lgl is a substrate of aPKC, whose phosphorylation removes Lgl from the plasma
membrane and inactivates it. Conversely, basolateral Lgl is an inhibitor of aPKC kinase activity
and protein localization (Bailey and Prehoda, 2015; Betschinger et al., 2003; Dong et al., 2015;
Hutterer et al., 2004; Lee et al., 2006; Plant et al., 2003; Wirtz-Peitz et al., 2008; Yamanaka et al.,
2003; Yamanaka et al., 2006).

From a very basic perspective, the manifestation of polarity is dependent almost entirely
on protein-protein interactions. The core polarity regulating proteins of the Par, Crb and Scrib
modules are highly enriched for protein binding domains and, with the exception of aPKC, do not
have other enzymatic activities (Figure 1.1)(Flores-Benitez and Knust, 2016). Thus, cell
polarization can be thought of as a building block process, where the initially localized core
polarity regulators define a given cortical domain and then, through crosstalk with core cellular
machinery, such as vesicle trafficking pathways, maintains the identity of the domain by polarizing
secondary effector molecules, which are not themselves regulators of polarity, but are required for
its functional output.

Mechanisms of apical polarity

In most cases, epithelial polarity begins with establishment of the apical domain. The small
Rho GTPase Cdc42 is a central initiator of apical identity. Apically localized Cdc42+GTP is
required to recruit the Par complex and is required for subsequent apical determination (Hutterer
et al., 2004; Martin-Belmonte et al., 2007; Nunes de Almeida et al., 2019; Walther and Pichaud,
2010). The Par complex protein Par-3 is the first Par complex member to be polarized in many
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systems, and its early apical localization is required for the recruitment of adherens junctions to
the apicolateral border (Franz and Riechmann, 2010; Harris and Peifer, 2004). Subsequently, Par-
3 recruits Par-6 and aPKC to the nascent apical domain (Franz and Riechmann, 2010; Harris and
Peifer, 2005). Once localized there, aPKC must become activated. In many cases, this has been
proposed to involve transfer of Par-6/aPKC from Par-3 to Cdc42, which upon binding to Par-6,
may relieve aPKC autoinhibition and allow kinase activation (Atwood et al., 2007; Nunes de
Almeida et al., 2019; Rodriguez et al., 2017; Wang et al., 2017; Yamanaka et al., 2001). Activated
aPKC then phosphorylates Par-3, which dissociates it from the rest of the Par complex and
excludes it from the apical domain proper, leading to its accumulation at the adherens junctions
(Morais-de-S4 et al., 2010; Walther and Pichaud, 2010). Par-6/aPKC then recruit the Crb complex
to the apical domain, where Crb reinforces the apical localization of Par-6/aPKC by outcompeting
Par-3 for Par-6 binding (Morais-de-Sa et al., 2010). This results in mutual dependence for
localization of these proteins and stabilization of apical Par-6/aPKC (Harris and Peifer, 2005;
Morais-de-S4 et al., 2010). aPKC phosphorylation of Par-3 also serves to prevent Par-3 from
binding Sdt, allowing Crb and Sdt to form a complex (Krahn et al., 2010).

At the apical domain, aPKC kinase activity is the main functional output of the Par complex
and is required and sufficient to maintain apical identity (Hong, 2018; Sotillos et al., 2004).
Controlling aPKC activity is thus imperative to the execution of the apical polarity program. aPKC
activity is regulated in several ways, and is tightly linked to aPKC’s localization in order to ensure
substrate phosphorylation occurs at the correct time and place (Drummond and Prehoda, 2016;
Hong, 2018). By default, aPKC is in an autoinhibited state, with its N-terminal pseudosubstrate
motif bound to the kinase domain (Graybill et al., 2012; Zhang et al., 2014). Historically, it was
thought that Par-6 negatively regulated aPKC activity and that aPKC bound to Par-6 was
maintained in its autoinhibited state. aPKC could thus only be activated once Par-6 bound to apical
Cdc42, relieving autoinhibition by the pseudosubstrate domain (Atwood et al., 2007; Yamanaka
et al., 2001). However, subsequent work called into question the role of Par-6 in regulating aPKC
activity, with evidence that Par-6 binding actually activates aPKC by allosteric displacement of
the pseudosubstrate motif in a Cdc42-independent fashion (Graybill et al., 2012). A potential
explanation for this discrepancy is that prior studies using bacterially expressed aPKC and Par-6
may have been subject to artifacts due to aggregation of the purified proteins. This model is
compatible with spatiotemporal regulation of aPKC activity, because aPKC and Par-6 are mutually
dependent for apical localization, which would ensure that aPKC only becomes activated after
reaching the apical domain (Graybill et al., 2012).

Recently, Crb has also emerged as a potential aPKC activator (Dong et al., 2020). In this
model, aPKC binds to Par-6, which relieves autoinhibition and recruits the complex apically due
to unmasking of a lipid binding polybasic domain. However, aPKC does not yet become active
because the Par-6 C-terminus occludes its kinase domain. At the apical cortex, Par-6 binds to Crb,
displacing Par-6 from aPKC’s kinase domain and derepressing its activity (Dong et al., 2020).

In addition to polarity proteins, other factors have also been implicated in aPKC activity
regulation, including autophosphorylation, additional kinases, including mTORC2, and the lipid
diacylglycerol (DAG). However, the exact roles and physiological relevance of these regulators is
not well understood (Drummond and Prehoda, 2016).

Although aPKC has many substrates, the primary target of its activity in polarity is the
Scrib module protein, Lgl. aPKC phosphorylation of Lgl is required to prevent Lgl’s localization
at the apical cell cortex and ensure the segregation of the basolateral domain (Betschinger et al.,
2003; Plant et al., 2003; Yamanaka et al., 2003). In aPKC mutants, Lgl mislocalizes uniformly to
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the entire cell cortex, including the apical domain (Carvalho et al., 2015; Hutterer et al., 2004;
Khoury and Bilder, 2020; Ventura et al., 2020). Interestingly however, aPKC kinase activity does
not seem to be strictly necessary and there are rare cases where kinase-impaired aPKC mutants
can still exclude apical Lgl (Aguilar-Aragon et al., 2018; Kim et al., 2009). While normally
restricted via its polarized localization, a constitutively activated, cytosolic form of aPKC is also
sufficient to displace all cortical Lgl-including from the basolateral domain—and specify an ectopic
apical domain that spreads throughout the whole cell (Betschinger et al., 2003; Khoury and Bilder,
2020; Sotillos et al., 2004).

Mechanisms of basolateral polarity

In contrast to the highly detailed understanding of the Par complex proteins and their
individual molecular activities, comparatively little is known about the mechanisms of action of
the three Scrib module proteins. Originally described in Drosophila over 20 years ago, Scrib, Dlg
and Lgl comprise the three members of the basolateral Scrib polarity module. All three are
absolutely required for cell polarity, as inactivation of any of them results in loss of polarity and
spreading of the apical domain throughout the whole cell, as well as disruption of epithelial
architecture (Figure 1.2B-C)(Bilder et al., 2000b). Lgl and Dlg were first discovered on the basis
of their potent function as neoplastic tumor suppressors in larval Drosophila (Gateff and
Schneiderman, 1969; Gateff and Schneiderman, 1974; Stewart et al., 1972). Along with Scrib, all
three were subsequently identified in a forward genetic screen for regulators of epithelial
morphogenesis in Drosophila embryos (Bilder and Perrimon, 2000; Bilder et al., 2000b). Mutation
of these genes resulted in a severe disorganization of the Drosophila larval cuticle, a structure that
is secreted by the underlying epidermis and can be used as a readout for the integrity of this tissue.
The disorganized, messy nature of the mutant cuticle is the basis for the gene name “scribble”
(Bilder and Perrimon, 2000).

The categorization of Scrib, Dlg and Lgl into a polarity regulating ‘module’ comes from
the fact that all three encode proteins that colocalize to the basolateral domain of epithelial cells
and that the localization of each requires the function of the other two (Bilder et al., 2000b).
Additionally, Scrib, Dlg and Lgl exhibit strong genetic interactions and all three are required to
define the basolateral domain and restrict spread of the apical domain. It is interesting to note
however, that despite the close functional relationships between Scrib, Dlg and Lgl, evidence for
direct physical interaction between these three proteins is lacking (Bonello and Peifer, 2018;
Stephens et al., 2018). Documented interactions involve intermediary binding partners or presence
in shared complexes, and instances where direct interactions have been observed do not appear to
be universally conserved (Mathew et al., 2002; Nakajima et al., 2019). For example, a direct
interaction between Lgl and Dlg’s GUK domain was found in mammalian cells (Zhu et al., 2014).
However, the Dlg GUK domain is dispensable in many systems, and recent work suggests that Lgl
is not stably complexed with Scrib or Dlg (Hough et al., 1997; Ventura et al., 2020). Thus, Scrib,
Dlg and Lgl are together referred to as a functional ‘module,’ rather than a protein complex.

Molecular composition of the Scrib module

Scrib, DIg and Lgl all encode large scaffolding proteins with no obvious catalytic activity
(Betschinger et al., 2005; Bilder and Perrimon, 2000; Woods and Bryant, 1993). Dlg belongs to
the Membrane Associated Guanylate Kinase (MAGUK) protein family, characterized by the
presence of one or more PDZ domains, an SH3 domain and an enzymatically inactive guanylate
kinase (GUK) domain, arranged in that order (Funke et al., 2005; Woods and Bryant, 1993; Zhu
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et al., 2012). MAGUK GUK domains have evolved loss of catalytic activity due to loss of
nucleotide binding capability, allowing them to acquire protein binding functionality instead
(Funke et al., 2005; Johnston et al., 2011; Olsen and Bredt, 2003; Zhu et al., 2012). MAGUK
proteins are thought to be involved in organization of large protein complexes at the plasma
membrane because of their multiple protein-protein interaction domains, and their ability to
oligomerize via association of their SH3 and GUK domains (Funke et al., 2005; McGee et al.,
2001; Zhu et al., 2012). Most species have multiple Dlg homologs (Dlg1-Dlg5), some of which
have evolved cell type-specific functions, such as organizing the neuronal synapse (Roberts et al.,
2012). Scrib is part of the much smaller Leucine Rich Repeat (LRR) and PDZ (LAP) protein
family. As the name implies, these proteins contain a LRR followed by a small LAP-specific
domain (LAPSD) and often several PDZ domains. Scrib is a founding member of this family along
with Erbb2 interacting protein (Erbin) and Densin-180 (Bilder et al., 2000a). Although there is
only a single Scribble homolog, the related LAP proteins Erbin and Lano have been shown to act
“redundantly” in polarity regulation in mammalian cells (Choi et al., 2019). Lgl is an enigmatic
protein containing WD-40 repeats that are thought to form a B-propeller structure. Lgl was
originally proposed to be a cytoskeletal protein on the basis of its interaction with myosin and its
ability to fractionate with the actin cytoskeleton (Betschinger et al., 2005; Strand et al., 1994a;
Strand et al., 1994b). Additionally, Lgl may be the most evolutionarily ancient of the three Scrib
module proteins, as Saccharomyces cerevisiae, the budding yeast, have two putative Lgl orthologs,
Sro7 and Sro77, which are involved in vesicle exocytosis (Lehman et al., 1999). While
invertebrates have one Lgl gene, vertebrates have evolved two Lgl homologs, Lgll and Lgl2,
where Lgll has broader expression, but both genes have conserved roles in cell polarity
(Klezovitch et al., 2004; Vasioukhin, 2006).

Localization of Scrib module proteins

Scrib, Dlg and Lgl all localize to the basolateral cortex and this localization is required for
their function. However, there are several key differences. Scrib and DIg both concentrate at the
septate junction (SJ) in invertebrates, a structure homologous to the vertebrate tight junction (TJ),
while in vertebrates, Scrib and Dlg overlap with the adherens junction (AJ) and with the TJ in
some contexts (Dow et al., 2003; Ivanov et al., 2010; Laprise et al., 2004; Navarro et al., 2005).
Recently, Scrib and Dlg localization to invertebrate AJs was also observed during certain stages
of Drosophila embryogenesis (Bonello et al., 2019). DIg localization relies on a recently
discovered phospholipid binding polybasic motif within its HOOK domain that is required for its
recruitment to the basolateral membrane (Hough et al., 1997; Lu et al., 2021). Refinement of Dlg
localization to the SJ requires the PDZ domains, similar to Scrib (Hough et al., 1997; Lu et al.,
2021). Interestingly, plasma membrane targeting by the Dlg polybasic motif is not constitutive; it
is activated via allosteric regulation by a putative Scrib-dependent activity and potential
phosphorylation by an unknown kinase (Lu et al., 2021). Like Dlg, Lgl also makes use of a
polybasic motif for cortical localization. Phospholipid binding by Lgl’s polybasic motif is
negatively regulated by aPKC phosphorylation, which creates negative charge density on the
polybasic motif, counteracting the electrostatic attraction between its basic amino acids and polar
phospholipid head groups (Bailey and Prehoda, 2015; Dong et al., 2015; Visco et al., 2016). This
electrostatic switch mechanism is a conserved feature in the regulation of aPKC substrate
localization by their phosphorylation (Bailey and Prehoda, 2015). Lgl phosphorylation
additionally reduces the formation of an a-helix with favorable phospholipid binding charge
distribution, further increasing the effectiveness of the phosphorylation-dependent membrane
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binding switch (Almagor et al., 2019). Membrane removal by aPKC ensures that Lgl localization
is restricted to the basolateral domain. A similar mechanism is used by Aurora kinase during
mitosis to remove Lgl from the membrane and allow correct spindle orientation (Bell et al., 2015;
Carvalho et al., 2015). The molecular mechanisms of Scrib localization are less clear than that of
Dlg and Lgl. Broadly, Scrib relies on its LRR and LAPSD domains for localization to the
membrane, while PDZ1 and 2 may confer junctional enrichment and refine its polarization
(Albertson et al., 2004; Choi et al., 2019; Legouis et al., 2003; Zeitler et al., 2004). In vertebrate
cells, posttranslational S-palmitoylation also contributes to Scrib localization (Chen et al., 2016a).

Establishment of basolateral polarity

During polarization in Drosophila embryos, Scrib and Dlg localize to the presumptive
basolateral membrane at a very early stage, with Rap1, Afadin and Par-3 dependent enrichment at
Spot AJs (Bonello et al., 2019). This early localization of Scrib and Dlg is important for the
organization and localization of the AJ complex (Bonello et al., 2019). C. elegans DLG-1 and the
Scrib homolog, LET-413 are similarly required for correct localization of AlJs in developing
embryonic epithelia (Bossinger et al., 2001; Firestein and Rongo, 2001; Kdppen et al., 2001;
Legouis et al., 2000; McMahon et al., 2001). Scrib and Dlg also regulate AJs in vertebrates, with
depletion of either protein leading to disrupted AJ function (Awadia et al., 2019; Laprise et al.,
2004; Qin et al., 2005; Van Campenhout et al., 2011). Furthermore, there is evidence that both
Scrib and DIg physically associate with E-cadherin in vertebrates, suggesting that AJ regulation is
a highly conserved feature of Scrib module function (Laprise et al., 2004; Wang et al., 2018;
Yoshihara et al., 2011).

In addition to AlJs, the Scrib module regulates other types of epithelial junctions, most
notably, the occluding junction (TJ in vertebrates, SJ in invertebrates). Occluding junctions prevent
intercellular diffusion, giving rise to the epithelial permeability barrier. As noted above, in
Drosophila epithelia Scrib and DIlg show enriched localization to the SJ (Bilder et al., 2000b). In
scrib or dlg mutants, SJs fail to form and their components are mislocalized (Bilder et al., 2003;
Woods et al., 1996). However, Scrib and Dlg are not themselves core components of the SJ
(Oshima and Fehon, 2011). In vertebrates, although Scrib and Dlg do not localize to TJs, they still
exert a functional influence on them. Loss of function mutation results in disrupted TJ assembly
and mislocalization of TJ component proteins in multiple mammalian cultured cell and tissue types
(Ivanov et al., 2010; Qin et al., 2005; Stucke et al., 2007; Van Campenhout et al., 2011; Yates et
al., 2013). Recently, Scrib and Dlg have also been found to play a role in a related type of junction:
the tricellular junction (TCJ). The TCJ is formed by the convergence of three occluding junctions
at the vertex where three epithelial cells meet. In Drosophila, Scrib and Dlg have been shown to
regulate the localization of TCJ-specific proteins, and may even interact with them physically, thus
directing TCJ assembly (Padash-Barmchi et al., 2013; Schulte et al., 2006; Sharifkhodaei et al.,
2019).

Molecular mechanisms of apicobasal antagonism

At the basolateral cortex, Lgl is the business end of the Scrib module. Apicobasal polarity
centers around the antagonism between Lgl and aPKC; whereas aPKC phosphorylation inactivates
Lgl at the apical domain, basolateral Lgl is an inhibitor of aPKC’s activity and localization
(Betschinger et al., 2003; Hutterer et al., 2004; Plant et al., 2003; Wirtz-Peitz et al., 2008;
Yamanaka et al., 2003; Yamanaka et al., 2006). Following formation of the apical domain, Lgl is
segregated to the basolateral domain, where it is required to inhibit Par complex spread and inhibit
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apical identity (Hutterer et al., 2004; Yamanaka et al., 2003; Yamanaka et al., 2006). The exact
mechanisms by which Lgl inhibits aPKC are a longstanding mystery. Previous work demonstrated
that Lgl could actually be part of the Par complex, in a context-dependent manner via binding to
Par-6 (Plant et al., 2003; Wirtz-Peitz et al., 2008; Yamanaka et al., 2003). These studies suggested
that the Lgl-containing Par complex is in an inhibited state and that exchange of Lgl for Par-3
stimulates aPKC activity (Wirtz-Peitz et al., 2008; Yamanaka et al., 2003). How might Lgl inhibit
the aPKC/Par-6 complex? It has long been known that addition of Lgl to aPKC in vitro kinase
reactions can suppress aPKC activity, however it is likely that this is due to the excess Lgl protein
acting as a competitive inhibitor for the substrate being measured (Graybill et al., 2012; Holly and
Prehoda, 2019). Additionally, Lgl does not stably associate with aPKC/Par-6 in vitro, arguing
against the idea that Lgl inhibits aPKC simply by binding the Par complex (Graybill et al., 2012).
These studies support the idea that Lgl might antagonize aPKC by a competitive inhibition
mechanism.

While the ability of Lgl to inhibit aPKC kinase activity has been debated, Lgl’s ability to
restrict aPKC localization is quite clear (Grifoni et al., 2007; Holly and Prehoda, 2019; Hutterer et
al., 2004; Lee et al., 2006). Interestingly, the ability of Lgl to antagonize aPKC appears to be
entirely dependent on Scrib and Dlg, because in scrib and dlg mutants, polarity is lost and the Par
complex mislocalizes throughout the cell cortex in a manner indistinguishable from /g/ mutants,
suggesting that Lgl requires Scrib and Dlg for its aPKC-inhibiting activity (Khoury and Bilder,
2020). Indeed, as I will discuss in Chapter 2, Scrib and Dlg appear to act as a switch in the aPKC-
Lgl antagonism circuit that enables Lgl to inhibit aPKC at the basolateral domain, whereas at the
apical domain, where Scrib and Dlg are not present, aPKC is able to inhibit Lgl (Figure 1.2A).
This is reminiscent of a bistable circuit, where either of two states (in this case apical and
basolateral) ‘wins’, a phenomenon that has been proposed to account for the behavior of other
types of polarized systems (Lang and Munro, 2017). A similar type of ‘protection’ activity has
also been described for PAR-1 in C. elegans zygote polarity, where PAR-2 shields PAR-1 from
aPKC (Ramanujam et al., 2018). Interestingly, unlike PAR-1 and PAR-2, Lgl does not appear to
exist in a physical complex with Scrib/Dlg, suggesting that Lgl protection utilizes indirect
mechanisms (Ventura et al., 2020). Although the precise molecular nature of Scrib and DIg’s Lgl
protection activity is not known, this idea gives rise to a plausible model for how balance between
apical and basolateral domains could be achieved through modulation of the aPKC-Lgl
relationship by Scrib/Dlg (Khoury and Bilder, 2020).

In some contexts, basolaterally localized factors other than the Scrib module antagonize
Par complex funntion in apicobasal polarity. Par-1, a kinase found at the basolateral domain of
some cells, phosphorylates Par-3, impairing its oligomerization ability, which then prevents Par-3
from recruiting the aPKC/Par-6 complex to the basolateral domain (Benton and St Johnston, 2003;
Nam et al., 2007). More recently, additional basolateral polarity regulators have been identified in
Drosophila studies, including Girdin and the so-called Yrt/Cora group, composed of Yrt, Cora,
Nrx-IV and Na*, K*-ATPase (Biehler et al., 2020; Laprise et al., 2009). Similar to the Scrib
module, these proteins localize to the basolateral domain and exhibit genetic interactions with
apical regulators, with Yrt and Girdin negatively affecting aPKC activity (Biehler et al., 2020;
Gamblin et al., 2014). However in contrast to the Scrib module, their activity is only required late
in embryogenesis to maintain polarity (Laprise et al., 2009). This later acting Yrt/Cora pathway is
thought to explain why Scrib module mutant embryos seem to exhibit a partial rescue of epithelial
polarity at late organogenesis stages (Bilder et al., 2003; Laprise et al., 2009; Tanentzapf and



Tepass, 2003). However, the breadth of the requirement for the Yrt/Cora complex in epithelial
polarity is not as wide as that of the Scrib module.

Diversity of polarity programs

Although the mechanisms of epithelial cell polarity are broadly conserved, there are
context-specific differences (reviewed in (Pickett et al., 2019)). For example, in the Drosophila
ovarian follicle epithelium, Par-3 is dispensable for Par-6/aPKC localization (Shahab et al., 2015).
In Drosophila embryos and pupal photoreceptors, Cdc42 does not appear required for
phosphorylation of aPKC substrates to occur (Hutterer et al., 2004; Walther and Pichaud, 2010).
Another interesting finding is that although C. elegans encodes three Crb homologs, none of them
have obvious mutant phenotypes and are dispensable for viability (Waaijers et al., 2015). In C.
elegans, the Scrib and Dlg homologs, LET-413 and DLG-1 have also diverged slightly from their
Drosophila counterparts, with DLG-1 evolving a more junction-centric role, rather than direct
polarity regulation (Bossinger et al., 2001; Firestein and Rongo, 2001).

C. elegans also possesses an additional polarity regulator that is not conserved in other
animals. The C. elegans zygote is polarized along its anterior-posterior axis by antagonism
between anterior PARs, CDC-42, PAR-3, PAR-6 and aPKC and posterior PARs, PAR-1, PAR-2
and CHIN-1. This polarity is essential for asymmetric division of the zygote, resulting in the first
lineage segregation in C. elegans development. The posterior protein, PAR-2 plays an essential
role in polarization of the worm zygote, where it is a substrate for aPKC that is required to protect
PAR-1 such that PAR-1 can exclude PAR-3 from the posterior (Hao et al., 2006; Ramanujam et
al., 2018). Although PAR-2 is not conserved outside of nematodes, there are suggestions that its
cellular function may be conserved. This idea comes from experiments showing that the C. elegans
Lgl homolog, LGL-1 can partially compensate for PAR-2 function in par-2 hypomorphic mutants,
suggesting that LGL-1 and PAR-2 have overlapping function (Beatty et al., 2010; Hoege et al.,
2010). Intriguingly, PAR-2 and Lgl both contain phosphorylation-regulated membrane binding
polybasic domains with multiple aPKC phosphorylation sites (3 in Lgl, 7 in Par-2) and both
proteins are required to antagonize aPKC. While suggestive, the complete functional relatedness
of PAR-2 and Lgl remains to be seen, especially since Scrib and DIg are not present in the worm
zygote, indicating Lgl function in this system may not be analogous to epithelia expressing the
complete Scrib module. An interesting functional test of this would be to ask whether PAR-2 can
substitute for Lgl in a non-nematode polarity system.

One of the more interesting observations is that, although Scrib is indeed required for
mammalian epithelial polarity, mammalian Scrib mutants were not initially seen to have overt
apicobasal polarity defects (Bonello and Peifer, 2018). Instead, one of the most commonly
observed phenotypes was impaired Planar Cell Polarity (PCP), leading to the belief that vertebrate
Scrib did not possess an apicobasal polarity function (Montcouquiol et al., 2003; Murdoch et al.,
2003; Yates et al., 2013). One potential reason for this is the existence of multiple LAP family
proteins in vertebrates, which may have masked Scrib’s polarity function via partial redundancy.
Recent work has suggested that all three vertebrate LAP proteins—Scrib, Erbin and Lano—must be
simultaneously depleted to reveal an apicobasal polarity defect in epithelial cells (Choi et al.,
2019).

In some particularly dramatic cases, epithelia can polarize seemingly independently of the
canonical Par and Scrib modules. For example, in the Drosophila midgut, polarity is established
by a combination of integrin-mediated adhesion and SJ proteins. Similarly, in the sea anemone
Nematostella, the Par complex is actively degraded in epithelializing endomesoderm and is
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dispensable for polarity of this tissue (Salinas-Saavedra et al., 2018). One hypothesis for such
differences in polarization mechanisms is the developmental origin of the epithelium in question
(Chen et al., 2018).

Crosstalk between the Scrib module and general cellular machinery

The preceding discussion on the activities of cell polarity regulators only encompasses the
first part of the manifestation of cell polarity, where the different cellular domains are defined. The
end result of polarization is functional compartmentalization of the cell, and to achieve this, core
cell polarity regulators must interface with the cellular machinery at large to enable the spatial
regulation of these processes.

Interaction between the Scrib module and vesicle trafficking

One of the most studied examples of such a relationship is the crosstalk between cell
polarity regulators and vesicle trafficking pathways. The directed movement of vesicular cargoes
provides an intuitive mechanism to polarize macromolecules within the plasma membrane.
Historically, exocytosis, or secretion, was thought to be the major vesicle trafficking pathway
involved in polarity, and studies in yeast and cultured mammalian epithelial cells revealed
important roles for polarized cargo delivery to the budding daughter cell and nascent apical
domain, respectively (Folsch et al., 2009; Shivas et al., 2010; Slaughter et al., 2009). However,
more recently, the key role of endocytosis in regulating cell polarity has also come to be
appreciated (Roman-Fernandez and Bryant, 2016; Shivas et al., 2010). Studies in Drosophila
demonstrated the requirement of endocytic regulators from nearly every step of the internalization
pathway in epithelial polarity (Lu and Bilder, 2005; Morrison et al., 2008; Windler and Bilder,
2010). The relationship between apical polarity and vesicle trafficking has been extensively
reviewed elsewhere (Jewett and Prekeris, 2018; Roman-Fernandez and Bryant, 2016); here I will
focus on the interactions between basolateral polarity regulators and vesicular transport.

Forward genetic screens in Drosophila to isolate polarity regulating genes uncovered a
large number of mutants that shared phenotypes with Scrib module mutants, scrib, dlg and Igl
(Menut et al., 2007). A large number of these mutations mapped to genes encoding proteins
involved in almost every step of the endocytic pathway, including Rab5, Dynamin, Clathrin, and
ESCRT proteins (Vaccari and Bilder, 2009). Similar to Scrib module mutants, these endocytic
mutants exhibit loss of epithelial polarity, characterized by ectopic spread of the apical domain
throughout the cell and mislocalization of junctional and polarity proteins. The similarities in these
shared phenotypes led to the hypothesis that the Scrib module and endocytosis were somehow
functionally linked in their regulation of cell polarity (Shivas et al., 2010).

However, the mechanisms proposed for how endocytosis controls cell polarity are
markedly different than those for the Scrib module—mnamely, Lgl protection and aPKC
antagonism. One model is that endocytosis is required to remove apical resident proteins that
transiently mislocalize to the basolateral domain, so that they can be recycled back to the apical
membrane (Fletcher et al., 2012). Apically localized Crb has been an appealing candidate, being
the only transmembrane protein among all the polarity regulators. Initial work suggested that Crb
mislocalization contributed to the polarity loss phenotypes of mutants with early endosomal
dysfunction (Lu and Bilder, 2005). A model proposed that Crb is concentrated apically through
positive feedback with other apical proteins, and that basolateral Lgl promotes Crb recycling back
to the apical domain to prevent its mislocalization and apical spread (Fletcher et al., 2012).
Although a similar role for vertebrate Lgl in promoting apical protein internalization during cell

10



depolarization has been demonstrated (Yamanaka et al., 2006), rigorous support for this model
and a concrete molecular link between Lgl and Crb recycling awaits further investigation. Indeed,
two complicating facts are that Scrib module mutants appear to have completely normal endocytic
transport and that Crb is not required for apical domain expansion in endocytic mutants (de Vreede
et al., 2014).

Among the three Scrib module proteins, Lgl has been the most closely implicated in vesicle
trafficking. The proposed yeast homologs of Lgl, Sro7/77 interact with and regulate the exocytic
machinery and this has also been demonstrated for basolateral exocytosis in mammalian MDCK
cells (Lehman et al., 1999; Musch et al., 2002; Zhang et al., 2005). In Drosophila, Lgl has been
localized to endosomes and physically associates with the V-ATPase complex to regulate
endosomal acidification (Parsons et al., 2014; Portela et al., 2018). Functionally, this vesicular Lgl
population negatively regulates Notch signaling by reducing vesicular acidification and preventing
activation of Notch by y-secretase (Parsons et al., 2014; Portela et al., 2015; Portela et al., 2018).
Lgl plays a similar role in non-epithelial neuroblasts (Drosophila neural stem cells) by promoting
internalization of the fate determinant Sanpodo (Roegiers et al., 2005). This Lgl function appears
to be conserved in vertebrates, as Lgl has been shown to regulate Notch signaling in the retinal
neuroepithelium (Clark et al., 2012), and also regulates the cell surface levels of apical junctional
complexes in mouse embryonic neural stem cells (Jossin et al., 2017). In even more direct
demonstrations, it was shown that Lgl regulates neuronal polarization by activating Rab10 to
promote axonal trafficking (Wang et al.,, 2011) and more recently, that Lgl regulates
oligodendrocyte differentiation by endocytosis and recycling of a specific cargo, NG2, in
oligodendrocyte precursor cells (Daynac et al., 2018). Although many different connections
between Lgl and vesicle trafficking pathways have been found, there are not obvious molecular
themes that would unify these different connections.

There is also evidence for Scrib crosstalk with trafficking machinery. Indeed, it was
observed very early on that Scrib could be seen localizing to puncta, reminiscent of endosomes
(Bilder and Perrimon, 2000). More recently, LET-413, the C. elegans Scrib homolog was
identified as a Rab10 binding partner that promotes Rabl0 activation by enhancing the GEF
activity of DENN-4 and mediating the GTPase cascade from Rab5 to Rabl0 during endosome
maturation (Liu et al., 2017). Interestingly, this work also showed that LET-413/Scrib can also
interact with Rab8, Rabl11 and Rab35, although the functional implications of these interactions
are unclear. Likewise, fellow LAP protein Erbin can bind to the early endosomal protein SARA
and influence the localization of certain cargoes, such as SMADs, to Sara+ endosomes (Sflomos
et al., 2011). Scrib regulates other aspects of vesicle trafficking in specialized cases, such as the
recycling of NMDA receptors via the AP2 complex at neuronal synapses, and promoting the
activation of the Drosophila BMP type-I receptor, Tkv, during wing patterning, via its
internalization to Rab5 endosomes (Gui et al., 2016; Piguel et al., 2014).

Support for a direct role of DIg in regulating trafficking is less abundant than for Lgl or
Scrib and has mainly been studied in non-epithelial cells. In neurons, DIg interacts with many
trafficking-related proteins, including several kinesin and myosin family members and others, such
as syntaxins (Reviewed in (Walch, 2013)). In epithelial cells, at least one instance of an analogous
interaction has been described, where DIg binding to the kinesin KIF13B apparently mediates Dlg
transport within the cell (Asaba et al., 2003). However, the physiological relevance of this is in
vivo is not understood and, in this case, DIg is not itself regulating the traffic of other cargoes.
Some support for a more general role of Dlg in endosomal traffic is an identified Yeast Two-
Hybrid interaction between Dlg and Hrs, a component of the ESCRT-0 complex that is involved
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in early endosome maturation (Chetkovich et al., 2002). The DIg-Hrs interaction may be
conserved, as Hrs was recently identified in an in vivo Dlg-promixity proteomics screen (Sharp et
al., 2021)..

One specific vesicle trafficking pathway for which there is good evidence for Scrib module
involvement is the retromer pathway. Retromer is an alternative recycling pathway that promotes
the return of cargoes to the plasma membrane by an endosome to Golgi route (Gallon and Cullen,
2015; Hsu et al., 2012). Retromer was previously implicated in cell polarity because Crb was
shown to be recycled to the apical membrane via this pathway (Pocha et al., 2011; Zhou et al.,
2011). Retromer recycling was then functionally linked to the Scrib module because Scrib module
mutants have defects in endocytic transport of Crb—a retromer cargo—but do not have any deficit
in general endocytosis or recycling of generic transmembrane cargoes (de Vreede et al., 2014).
Scrib, Dlg and Lgl all exhibit positive genetic interactions with retromer components, and
importantly, the mislocalization of retromer cargoes (eg Crb) in Scrib module mutants was partly
dependent on the Par complex, suggesting that retromer-mediated recycling is a component of the
apical antagonizing activity of the Scrib module (de Vreede et al., 2014). The relationship between
the Scrib module and retromer is conserved, as Scrib was shown to influence the endocytic
itinerary of E-cadherin in mammalian cells by negatively regulating its transit through the retromer
pathway (Lohia et al., 2012). Thus, although the mechanisms may differ between epithelial tissue
types and organisms, a functional connection between the Scrib module and the retromer is likely
to be a conserved feature of cell polarity.

Regulation of cellular signaling by the Scrib module

The Scrib module has complicated and abundant relationships with many signaling
pathways. This has been extensively reviewed elsewhere (Bonello and Peifer, 2018; Enomoto and
Igaki, 2011; Stephens et al., 2018); here I will discuss a limited number of these interactions with
direct relevance for epithelial cell polarity.

One of the earliest noted phenotypes of Scrib module mutants was neoplastic
transformation of epithelial tissues into malignant tumors that led to organismal lethality (Bilder,
2004; Gateff, 1978). The current dogma is that cancer subverts existing cellular pathways to fuel
its own growth. Consistently, it is now known that the tumorigenic potential of scrib, dlg and Igl
mutants depends on the rewiring of physiological signaling pathways. A well studied example of
this is the c-Jun N-terminal Kinase (JNK) pathway (La Marca and Richardson, 2020). JNK is a
member of the MAPK family. In Drosophila, one mechanism for JNK signaling activation begins
with binding of TNFa to one of two TNF receptor (TNFR) homologs, Wgn and Grnd. This then
triggers an intracellular kinase cascade, resulting in the phosphorylation of numerous substrates
that alter various cellular activities, such as proliferation. Tumors derived from Scrib module
mutants strongly upregulate JNK signaling, and this is required for their neoplastic overgrowth via
downstream transcriptional changes mediated by Jun/Fos and the Hippo pathway effector Yki
(ortholog of vertebrate YAP)(Bunker et al., 2015; Sun and Irvine, 2011). JNK and Yki often
cooperatively co-regulate transcriptional targets, and a complex network of transcription factors
governs neoplastic overgrowth (Atkins et al., 2016; Kulshammer et al., 2015). Yki is also regulated
by aPKC, providing another mechanism for neoplastic transcriptional activation upon polarity loss
(Doggett et al., 2011). Interestingly, blocking tumor-induced JNK signaling or downstream
transcriptional changes rescues apicobasal polarity loss, in addition to tumorigenic
overproliferation in Scrib module mutant tissues, suggesting transcriptional regulation of cell
polarity (Bunker et al., 2015; Doggett et al., 2011; Sun and Irvine, 2011; Zhu et al., 2010).
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However, while it is clear that the polarized state of the cell can regulate transcriptional programs,
how the transcriptome can in turn regulate polarity is unclear and will be an interesting area of
future study (See Rust and Wodarz, 2021 for review).

Paradoxically, the JNK pathway also has a tumor suppressive relationship with the Scrib
module. In contrast to tissues that are entirely mutant for scrib, dig or Igl, when small groups, or
clones, of cells are mutant in an otherwise WT tissue, JNK signaling eliminates these mutant cells
in a surveillance mechanism known as cell competition (Baker, 2020; La Marca and Richardson,
2020). In this context, activation of JNK signaling depends on the presence of WT neighbor cells
and a recently described mechanism based on mislocalization of TNFR that allows activation by
systemic TNF, resulting in stimulation of apoptosis in the mutant cells, resulting in their
elimination from the tissue (de Vreede et al., 2022). Removal of JNK signaling allows clones of
Scrib module mutant cells to overproliferate and form tumors (Brumby and Richardson, 2003;
Igaki et al., 2009).

Because cancer is a complex disease often associated with accumulation of multiple driver
mutations, there has been extensive work on models of human cancer involving cooperation
between Scrib module mutants and other pathways, most prominently activated Ras signaling
(Richardson and Portela, 2018). When combined with Ras activation or similar manipulations,
Scrib module mutation results in highly malignant phenotypes including invasion into neighboring
tissues and more faithfully recapitulates human cancers than either manipulation on its own. Model
systems for cancer biology involving cell polarity manipulation is a substantial topic beyond the
scope of this work and the reader is referred to relevant reviews on the subject (Bilder et al., 2021;
Richardson and Portela, 2018; Saito et al., 2018).

The Scrib module in tissue development and physiology

In addition to their functions at the single-cell level, Scrib, Dlg and Lgl are also involved
in the development and homeostasis of a number of tissues and organs. The numerous and diverse
roles of Scrib module proteins in biology emphasize both the importance of cell polarity in organ
function and the necessity of a deeper molecular knowledge of Scrib, Dlg and Lgl to complete our
understanding of these crucial biological processes.

As mentioned above, in Drosophila, one of the earliest noted biological processes
involving the Scrib module was control of cell proliferation and tissue growth, as Scrib module
mutant tissues overgrow to form neoplastic tumors that invariably lead to organismal lethality
(Bilder, 2004; Hariharan and Bilder, 2006). These tumors stimulate many physiological responses,
including organismal stress responses and non-autonomous activation of a tumor-suppressive
immune response (Parisi et al., 2014). When transplanted into adult flies, these tumors result in
systemic wasting affecting many organ systems, and eventual death (Figueroa-Clarevega and
Bilder, 2015). The many systemic effects induced by these tumors makes them a powerful model
for the study of tumor-host interactions (Bilder et al., 2021).

In vertebrates, Scrib was identified early on as a regulator of neural tube morphogenesis.
The circletail (crc) mouse mutant is a frameshift allele of Scrib and results in an extreme form of
neural tube closure defect that affects almost the entire brain and spinal cord,
called craniorachischisis (Murdoch et al., 2003). Consistently, mutations in SCRIB have been
associated with craniorachischisis and spina bifida in humans, and neural tube morphogenesis in
zebrafish, suggesting this is an important and conserved function (Lei et al., 2013; Robinson et al.,
2012; Zigman et al., 2011). Mechanistically, Scrib regulates neural tube morphogenesis through
the PCP pathway, in cooperation with the protein Vangl2 in mice and through adhesion-dependent

13



oriented progenitor cell division in zebrafish (Kharfallah et al., 2017; Murdoch et al., 2003;
Zigman et al., 2011).

Lgl has also been shown to have a prominent role in neural/brain development, with Lg//
mutant mice exhibiting severe brain abnormalities due to loss of polarity and dysregulated
signaling in neural stem cells (Clark et al., 2012; Jossin et al., 2017; Klezovitch et al., 2004).
Interestingly, neural progenitors in Lg// mutant display impaired differentiation and failed cell
cycle exit, reminiscent of the brain tumor phenotype initially described in Drosophila Ig/ mutants
(Gateff and Schneiderman, 1974; Lee et al., 2006). At the level of individual neurons, Scrib and
Lgl have also been demonstrated to regulate neuronal polarity, directed trafficking in neurites and
even axon pathfinding (Sun et al., 2016; Szczurkowska et al., 2022; Wang et al., 2011).

There is also ample evidence for the importance of the Scrib module and polarity regulators
in general in cardiovascular biology (Horne-Badovinac et al., 2001; Jiménez-Amilburu and
Stainier, 2019; Jiménez-Amilburu et al., 2016; Rohr et al., 2006). Lgl regulates cardiomyocyte
tissue integrity and adhesion, and /g/ mutant zebrafish have dysmorphic cardiomyocytes and
abnormal cardiac morphogenesis, partially due to disrupted Yap signaling, resulting in blood flow
defects (Flinn et al., 2020). Scrib regulates blood vessel development through promoting directed
endothelial cell migration through integrin binding and scrib mutant zebrafish have impaired
intersegmental vessel angiogenesis (Michaelis et al., 2013). In adult animals, Scrib is also required
to maintain endothelial cell function and loss of Scrib in mice results in endothelial cell
dedifferentiation and development of atherosclerosis (Schiirmann et al., 2019).

Other organ systems where Scrib module involvement has been demonstrated include
regulation of craniofacial, urogenital and kidney system development by Dlg (Caruana and
Bernstein, 2001; lizuka-Kogo et al., 2007; Naim et al., 2005), mammary gland and placenta
branching morphogenesis by Lgl (Ma et al., 2022; Sripathy et al., 2011) and skin morphogenesis
by Scrib and Lgl (Arora et al., 2020; Pearson et al., 2015; Raman et al., 2016; Sonawane et al.,
2005). This is a small selection of example contexts where the Scrib, DIg and Lgl are required in
tissue-level biological processes, beyond their single-cell roles in polarity. Clearly, elucidating the
molecular mechanisms underlying their activity in cell polarity will be critical for enabling full
understanding of such critical aspects of development and physiology.

Summary of Dissertation

While there is certainly much known in the literature about Scrib, Dlg and Lgl in general,
and their critical importance in cell biology, development and disease is clear, a cohesive picture
of the precise molecular mechanisms of action for each protein has still not emerged. One way to
think about this is to consider that there are a great many facts known about the Scrib module
proteins --who they bind to, what processes they affect in cells and organs-- yet, no one knows
how they actually work. In this dissertation, I describe my efforts to uncover these basic
mechanisms of Scrib module function, and detail the contributions I have made to understanding
them.

In Chapter 2 I describe experiments to characterize the regulatory relationships between
Scrib, Dlg and Lgl and to specifically understand the contribution of Scrib and Dlg to apical
domain antagonism. Here, I discovered a hierarchical organization for Scrib module localization
where Dlg regulates Scrib localization and both Scrib and Dlg are required for Lgl localization. I
found that the ability of Dlg to recruit Scrib is independent of direct binding and posttranslational
palmitoylation but requires the DIg SH3 domain. I demonstrate that all three proteins contribute
distinct functions to polarity, namely that Scrib and DIg are required to ‘protect’ Lgl by negatively
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regulating its phosphorylation. In doing so, they act as a molecular switch at the basolateral
membrane to enable Lgl to inhibit aPKC, whereas at the apical domain, aPKC can inhibit Lgl in
the absence of Scrib and Dlg. Finally, I demonstrate that while Scrib, Dlg and Lgl are required for
epithelial polarity, they are together not sufficient to establish an ectopic apical domain.

In Chapter 3 I carry out a detailed investigation of functional regions of the Dlg protein
and investigate a potential mechanism of Lgl protection. I discover that while PP1, a promising
candidate for Lgl regulation by Scrib and Dlg, does affect Lgl localization and activity, the
mechanism of Scrib and DIg’s Lgl protection is largely independent of PP1. Furthermore, although
both Scrib and Dlg both contain conserved PPl-interaction motifs, I am unable to detect a
biochemical interaction between these three proteins. However, the PP1-binding motif in DIg is
essential for its polarity and Scrib localization functions. From this, I identify a small region of the
Dlg HOOK domain that is essential for DIlg function and, for the first time, demonstrate that a
minimal DIg protein composed of only the SH3 and HOOK domains is necessary and sufficient
for DIg function in polarity, including Scrib localization.

In Chapter 4, in collaborative work with Katherine Sharp, we describe a novel function for
Dlg in the nucleus. We found that endogenous DIg is present in epithelial cell nuclei and that it
resides in proximity to the NURF chromatin remodeling complex in the nucleus. Furthermore,
NURF complex activity is required for tumorigenic overgrowth in dlg mutant tissue and we
propose that this is due to NURF-dependent dysregulation of Yki target genes in the absence of
Dlg. Finally, we identify putative NLS sequences in the DIg protein and demonstrate that these are
essential for DIg function. However, mutation of these sequences does not prevent Dlg nuclear
entry, suggesting the true NLS resides elsewhere.

In Chapter 5, I reexamine the complicated relationship between the Scrib module and
endocytic trafficking pathways and their coordinated regulation of cell polarity. My findings
support a lack of endocytic defects in Scrib module mutant cells and suggest that the Scrib module
and endocytic traffic may regulate epithelial polarity in parallel pathways.

Overall, my work provides important advances in our understanding of the mechanistic
basis of function of the three essential and widely conserved basolateral polarity regulators: Scrib,
Dlg and Lgl. I have demonstrated that each of these three proteins contributes unique, but
cooperative activities to the establishment and maintenance of epithelial polarity, and I have
created a framework to define what the individual activities of these proteins are and how their
coordination gives rise to a polarized cell.
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Figure 1.1 Schematic of protein domain compositions of polarity regulating proteins
Based on (Flores-Benitez and Knust, 2016). Drawings are not to scale.
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Figure 1.2 Model of polarity regulation by the Scrib module

(A) WT tissue exhibits apicobasal polarity showing separated apical and basolateral domains and
monolayered tissue architecture. (B) Scrib module mutants have disrupted tissue architecture,
multilayering and polarity loss characterized by mixing between apical and basolateral domains.
(C) Simplified model of epithelial polarity. At the apical domain, aPKC phosphorylates Lgl and
removes it from the membrane. At the basolateral domain, Scrib and Dlg are present and are able
to protect Lgl from aPKC phosphorylation, maintaining its membrane localization and enabling
its aPKC-inhibiting activity. DIg is also required to localize Scrib to the basolateral membrane.
Scale bar, 10pm. Adapted from (Khoury and Bilder, 2020).
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Chapter 2:
Distinct activities of Scrib module proteins organize epithelial polarity

Mark J Khoury and David Bilder

Based on work originally published in Proceedings of the National Academy of Sciences, May
2020, 117(21), 11531-11540.
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ABSTRACT

A polarized architecture is central to both epithelial structure and function. In many cells, polarity
involves mutual antagonism between the Par complex and the Scrib module. While molecular
mechanisms underlying Par-mediated apical determination are well-understood, how Scrib
module proteins specify the basolateral domain remains unknown. Here, we demonstrate
dependent and independent activities of Scrib, DIg and Lgl using the Drosophila follicle
epithelium. Our data support a linear hierarchy for localization, but rule out previously proposed
protein-protein interactions as essential for polarization. Cortical recruitment of Scrib does not
require palmitoylation or polar phospholipid binding but instead an independent cortically-
stabilizing activity of DIg. Scrib and DIg do not directly antagonize aPKC, but may instead restrict
aPKC localization by enabling the aPKC-inhibiting activity of Lgl. Importantly, while Scrib, Dlg
and Lgl are each required, all three together are not sufficient to antagonize the Par complex. Our
data demonstrate previously unappreciated diversity of function within the Scrib module and begin
to define the elusive molecular functions of Scrib and Dlg.
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INTRODUCTION

Cell polarity is defined by the coexistence of two distinct spatial identities within the
confines of a single plasma membrane. This process is critical for many cell types, including stem
cells, epithelial cells, migratory cells, and immune cells, to carry out their physiological functions
(Campanale et al., 2017; St Johnston and Ahringer, 2010). Despite the distinct manifestations of
polarity in these specialized cells, polarity in each is generated by a common pathway involving a
set of conserved protein modules (Choi et al., 2019; Elsum et al., 2012; Goldstein and Macara,
2007). Foremost among these are the Par and Scrib modules, consisting of Par-3, Par-6 and atypical
Protein Kinase C (aPKC) for the former and Scribble (Scrib), Discs-large (Dlg) and Lethal giant
larvae (Lgl) for the latter (Elsum et al., 2012; Goldstein and Macara, 2007). These proteins play
crucial roles in diverse biological processes and have also been implicated in numerous
pathologies, from congenital birth defects to cancer (Elsum et al., 2012; Goldstein and Macara,
2007; Martin-Belmonte and Perez-Moreno, 2011). Thus, uncovering their molecular activities is
essential to a mechanistic understanding of cell, developmental and disease biology.

A number of studies have provided important insight into the molecular function of the Par
module and each of its individual components (Franz and Riechmann, 2010; Harris and Peifer,
2005; Krahn et al., 2010; Morais-de-Sa et al., 2010; Walther and Pichaud, 2010). Much of this
work derives from Drosophila epithelial cells and neural stem cells, where the Par module
regulates the apical domain and the Scrib module is required to specify the basolateral domain.
The core distinction of cortical domains arises from mutual antagonism between the two modules,
centering around interactions between aPKC and Lgl. In the apical domain, aPKC phosphorylates
Lgl on three residues within a polybasic domain, causing it to dissociate from the plasma
membrane (Bailey and Prehoda, 2015; Betschinger et al., 2003; Dong et al., 2015). Conversely,
Lgl inhibits aPKC kinase activity and localization along the basolateral cortex (Hutterer et al.,
2004; Lee et al., 2006; Wirtz-Peitz et al., 2008). Many details of Par protein activities and their
outcomes are now understood, including specific protein-protein interactions in dynamic
complexes, their structural basis, post-translational modifications and the kinetic order of events
during apical polarization (Lang and Munro, 2017; Tepass, 2012).

By contrast to the wealth of mechanistic information about the Par complex, and despite
the discovery of the relevant genes decades ago, the molecular mechanisms of basolateral domain
specification by the Scrib module are still unknown. All three genes encode large scaffolding
proteins containing multiple protein-protein interaction domains and lack obvious catalytic activity
(Bilder and Perrimon, 2000; Dong et al., 2015; Jacob et al., 1987; Woods et al., 1996). Recent
studies have identified novel interacting partners of Scrib module proteins, but few of these
interactors have been implicated as regulators of cell polarity themselves (Bonello and Peifer,
2018; Stephens et al., 2018). Moreover, few studies have focused on the regulatory relationships
within the Scrib module itself, and beyond the well-characterized aPKC-inhibiting function of Lgl,
the fundamental molecular activities of Scrib and Dlg remain unknown. In this work, we identify
distinct activities of Scrib, Dlg and Lgl that are required but not sufficient for basolateral
polarization, shedding light on the mechanisms that restrict the Par complex to partition the
epithelial cell membrane.

RESULTS
A linear hierarchy for localization but not function of basolateral polarity regulators

We used the conserved epithelial features of Drosophila ovarian follicle cells to study
regulation of the basolateral cortical domain (Horne-Badovinac and Bilder, 2005)(Fig. 2.1A-C).
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Cells mutant for null alleles of scrib, dilg or Igl encoding severely truncated or non-functional
proteins, lose polarity, characterized by mixing of apical and basolateral domains and cells form
multilayered masses at the poles of the egg chamber (Fig. 2.2F-H)(Bilder and Perrimon, 2000;
Brumby et al., 2004; Woods et al., 1996). Importantly, we focused our analysis on the central
follicle epithelium, where polarity-deficient cells retain relatively normal morphology that allows
accurate monitoring of protein localization. We first asked whether Scrib, DIg and Lgl have
independent as well as shared functions in epithelial polarity. We generated follicle cells
simultaneously mutant for one of the genes and expressing a validated RNAI transgene targeting
a second gene. However, we saw no differences between single mutant cells and cells double-
depleted for scrib dlg, scrib Igl and Igl dlg, and lateral aPKC spread was not enhanced in double
mutants (Fig. 2.1D-J, quantified in Fig. 2.1K). These phenotypes are consistent with Scrib, Dlg
and Lgl regulating polarity through a single, common pathway.

We next defined regulatory relationships between Scrib module components. Previous
work in several organs has documented mutual dependence for localization, but also significant
differences in their interrelationships (Albertson and Doe, 2003; Bilder et al., 2000c; Chen et al.,
2018). In dlg mutant follicle cells, both Scrib and Lgl are mislocalized and exhibit hazy,
cytoplasmic distributions (Fig. 2.1L,M). In scrib mutant follicle cells, although Lgl is mislocalized
as in dlg mutants, Dlg maintains normal basolateral localization (Fig. 2.1N,0). Moreover, in /g/
mutant follicle cells, both Scrib and Dlg maintain normally polarized cortical domains (Fig.
2.1P,Q). We note that for both Scrib and Lgl, mislocalization reflects a partial and somewhat
variable rather than complete cortical loss, consistent with other observations (Dong et al., 2015;
Dong et al., 2019; Ventura et al., 2020). We observe a similar hierarchical relationship in the
embryonic epithelium, as suggested previously (Fig. 2.2A-E)(Bilder et al., 2000c). These results
suggest a linear pathway whereby Dlg localizes independently to the cell cortex, Scrib localization
requires Dlg, and Lgl localization is dependent on both other Scrib module proteins.

We then asked whether elevated levels of one protein in this pathway could compensate
for loss of another, using previously validated transgenes (Carvalho et al., 2015; Koh et al., 1999;
Wirtz-Peitz et al., 2008; Zeitler et al., 2004). We first tested overexpression of Lgl in scrib or dlg
mutant cells and found that this did not modify the phenotype of either mutant (Fig. 2.1R,S).
Similarly, Scrib overexpression did not modify the d/g mutant phenotype, and Dlg overexpression
did not modify the scrib mutant phenotype (Fig. 2.1T,U). Moreover, neither Scrib nor Dlg
overexpression was able to modify the /g/ mutant phenotype (Fig. 2.1V,W). These data suggest
that, despite the linear localization hierarchy, regulation of basolateral polarity in the follicle
epithelium involves relationships that cannot be bypassed by simple overexpression of one Scrib
module component.

Dlg stabilizes Scrib at the cortex

Since Dlg is required for Scrib cortical localization, we investigated the underlying
mechanism. We used Fluorescence Recovery After Photobleaching (FRAP) assays to compare the
stabilities of each protein at the cell cortex, using functional GFP-tagged versions expressed from
endogenous loci. In WT cells, Scrib::GFP was highly stable, whereas Dlg::GFP was intermediately
dynamic and Lgl::GFP was comparatively mobile (Fig. 2.3A). Strikingly, in d/g-depleted cells,
Scrib::GFP exhibited an approximately fourfold increase in recovery kinetics, consistent with the
loss of cortical localization also seen in fixed tissue (Fig. 2.3B). By contrast, although Dlg::GFP
in scrib and /gl mutant cells remained localized at the cortex and mobile fractions are not changed,
it also exhibited increased recovery kinetics (Fig. 2.4A,B), perhaps reflecting increased in-plane
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mobility due to defective septate junction formation (Bilder et al., 2003; Oshima and Fehon, 2011).
Importantly, however, Scrib::GFP was unchanged in /g/ mutant cells (Fig. 2.4C). Additionally, we
find no evidence for increased degradation of Scrib protein in d/g mutants (Fig X.4D). Thus, FRAP
assays support an important role for DIg in stabilizing Scrib on the cell cortex.

One mechanism that could localize Scrib to the cortex is a phospholipid-binding polybasic
motif (PBM), as seen in other polarized proteins, including Lgl and aPKC (Bailey and Prehoda,
2015; Dong et al., 2015; Dong et al., 2019). However, an obvious PBM is not seen in the Scrib
protein sequence. PBMs directly bind polar phospholipids, but mutating PI4KIIIo or expressing
dominant negative PI3K (Ap60), which deplete PIP2 and PIP3, respectively, did not alter Scrib
cortical localization (Fig. 2.5A,B)(Weinkove et al., 1999; Yan et al., 2011). Additionally, ATP
depletion by Antimycin A treatment, which reduces PIP levels and is sufficient to delocalize
Lgl::GFP, did not alter Scrib::GFP localization (Fig. 2.5C-F)(Dong et al., 2015).

An alternative mechanism by which Dlg could regulate Scrib cortical localization is via
physical binding. The conserved colocalization and shared functions of Scrib module proteins has
led to propositions that they function as a macromolecular complex. The Dlg GUK domain, which
binds to the Dlg SH3 domain in an autoinhibitory manner, is the central mediator (McGee and
Bredt, 1999; Qian and Prehoda, 2006). The GUK domain is reported to interact directly with Lgl
and also indirectly with Scrib PDZ domains through the protein Gukholder (Gukh) at synapses
and in vitro; a recent study further suggests a role for Gukh in epithelial development (Caria et al.,
2018; Mathew et al., 2002; Qian and Prehoda, 2006; Zhu et al., 2014). We tested the requirement
for these GUK-mediated interactions in vivo by analyzing a hypomorphic dlg deletion allele
(dlg*”®) that removes the C-terminal two thirds of the GUK domain (Fig. 2.3C)(Woods et al.,
1996). Apicobasal polarity and aPKC localization remained unchanged in central follicle cells
mutant for this GUK-deficient allele, as did cortical localization of Lgl (Fig. 2.3D,F,G.I). A
significant loss of cortical Scrib localization was seen, although this may be due to reduced levels
of mutant Dlg (Fig. 2.3E,H,T,V)(Woods et al., 1996), as the additional GUK-truncating allele
dlg'?" and C-terminal deletion dig*" (Fig. 2.3C) shows unaffected Scrib as well as aPKC and Lgl
localization in follicle cells (Fig. 2.3J-M,V). As with the GUK-deficient dlg alleles, no polarity
defects were seen in follicle cells homozygous for a scrib allele that truncates the protein before
the PDZ domains (scrib?), or in maternal and zygotic (m/z) mutant embryos (Fig. 2.3N,O, Fig.
2.6G-J)(Zeitler et al., 2004). By contrast, a missense mutation in the Dlg SH3 domain (dlg™?’,
L632P, Fig X.3C), which does not alter Dlg protein levels or localization, was sufficient to cause
mislocalization of Scrib, as well as both Lgl and aPKC, in a manner indistinguishable from null
alleles in follicle cells and m/z mutant embryos (Fig. 2.3P,Q,R,V, Fig. 2.6A-F)(Woods et al.,
1996). These results reveal a role for the SH3 domain in regulating Scrib localization as well as
apical domain antagonism, but show that the GUK domain is not required for epithelial polarity.

Scrib S-palmitoylation is dispensable for polarity

A third mechanism that can localize cytosolic proteins to the cortex is via post-translational
attachment of lipophilic groups. To measure protein acylation, we performed Acyl-Biotin
Exchange (ABE), which converts thioester-linked acyl groups to biotin that can be detected by
western blot (Wan et al., 2007). To avoid the significant germline contribution of Scrib and Dlg in
the ovary, we analyzed larval lysates by ABE and found that Scrib::GFP is acylated in Drosophila
(Fig. 2.7A), consistent with a previous report (Strassburger et al., 2019). Recent work has shown
that mammalian Scrib is S-palmitoylated on two conserved N-terminal cysteine residues, and this
modification is required for Scrib cortical localization and function (Fig. 2.7B)(Chen et al., 2016a).
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We generated a Scrib::GFP transgene in which these conserved palmitoylated cysteines are
changed to alanine (Scrib®AC!A::GFP). Surprisingly, this protein localizes appropriately to the
plasma membrane and rescues scrib mutant polarity phenotypes in follicle cells and imaginal
epithelia (Fig. 2.7C-E, Fig. 2.8A-D). ABE showed that these mutations are not sufficient to
abolish all acylation, suggesting that Scrib can be palmitoylated on additional non-conserved
residues (Fig. 2.7A). We then inhibited palmitoyltransferases either pharmacologically, using 2-
bromopalmitate (2-BrP) or by knocking down the Drosophila homolog of the Scrib-regulating
palmitoyltransferase, ZDHHC7 (Flybase, CG8314), and found that both of these approaches failed
to impact Scrib localization (Fig. 2.9A-E). Finally, we asked whether Dlg might regulate Scrib
through influencing its palmitoylation. However, in dlg tissue no change in the acylation of
Scrib::GFP could be detected by ABE (Fig. 2.7A). Thus, palmitoylation itself is not sufficient to
localize Scrib to the cortex; instead DIg must regulate Scrib localization by an independent
mechanism.

DIg has Scrib-independent polarity functions

To test whether cortical Scrib stabilization is the sole function of Dlg in epithelial polarity,
we made use of a nanobody-based system for relocalizing GFP-tagged proteins within the cell
(Harmansa et al., 2017). We tethered Scrib::GFP to the cortex via interactions with a uniformly
distributed transmembrane anchor and examined apicobasal polarity in the absence of dlg.
However, aPKC mislocalized to the lateral membrane and Lgl was displaced to the cytoplasm in
these cells, as in cells depleted of dig alone (Fig. 2.7F-K). As a complementary approach, we
generated a constitutively membrane-tethered version of Scrib via attachment of an N-terminal
myristoylation sequence. This myr-Scrib transgene was capable of rescuing polarity defects in
scrib mutant follicle cells (Fig. 2.10A-E). However, in dig-depleted cells expressing myr-Scrib, in
which myr-Scrib remains cortical, neither aPKC nor Lgl mislocalization was rescued (Fig.
2.7L,M). The lack of rescue in these experiments suggests that Dlg has polarity functions in
addition to Scrib localization and that Scrib and Dlg act in parallel to regulate apicobasal polarity.

Scrib and DIg are not regulated by, and do not directly regulate, aPKC

We then examined the relationship between the Scrib module and aPKC. A central feature
of this relationship is the exclusion of Lgl from aPKC-containing cortical domains, due to direct
phosphorylation; when follicle cells are depleted of apkc, Lgl can reach the apical domain (Fig.
2.11A)(Aguilar-Aragon et al., 2018; Bell et al., 2015; Carvalho et al., 2015). We asked if Scrib
and Dlg also exhibit aPKC-dependent apical exclusion, but the juxtaposition of the nurse cell
membrane, which also expresses Dlg, to the apical domain of the follicle cells obscures accurate
measurement. DIlg and Scrib remain localized to the basolateral cortex in apkc-depleted follicle
cells (Fig. 2.11B,C), as well as in cells mutant for null alleles of the Par complex genes par-6 and
cdc42 (Fig. 2.12A,B). Cells also retain basolateral Scrib and Dlg when aPKC is depleted within
lgl mutant cells (Fig. 2.11D,E,G,H). Furthermore, overexpression of a constitutively active form
of aPKC (aPKC?N) does not displace Scrib or Dlg from the cell cortex (Fig. 2.11M). Thus,
localization of Scrib and DIg depends on cues independent of aPKC activity.

The inhibitory relationship between aPKC and Lgl is well established, but it is not known
whether Scrib and DIg might also be direct inhibitors of aPKC (Betschinger et al., 2003; Lee et
al., 2006; Wirtz-Peitz et al., 2008). Notably, when aPKC mislocalizes laterally in /g/ mutant cells,
it colocalizes with Scrib and Dlg, which are not displaced (Fig. 2.11J). This lateral aPKC is active
because it can recruit Patj, whose localization is dependent on aPKC activity, to ectopic sites (Fig.
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2.11F,I, Fig. 2.12C,D)(Morais-de-Sa et al., 2010; Sotillos et al., 2004). Additionally, a
constitutively active, membrane targeted aPKC isoform (aPKC®A4X) that is sufficient to re-specify
the entire cortex as apical (shown by Patj recruitment, Fig. 2.12C,D), can colocalize with Scrib
and Dlg at the basolateral membrane (Fig. 2.12E). These results rule out Scrib and Dlg as intrinsic
inhibitors of aPKC, suggesting they work through Lgl to block the spread and apicalizing activity
of aPKC, and that the aPKC mislocalization seen in scrib and dlg mutant cells (Fig. 2.11K,L)
reflects a weakening of Lgl inhibitory activity in the absence of either Scrib or Dlg.

Scrib and DIg are both required to stabilize and enable Lgl activity

If Scrib and Dlg do not directly inhibit aPKC, how do they participate in apicobasal
antagonism? FRAP measurements of Lgl::GFP show that in dlg and scrib-depleted follicle cells,
a clear increase in recovery kinetics and decrease of the mobile fraction compared to WT is seen
(Fig. 2.13A,B). Whereas Lgl::GFP becomes cytoplasmic in d/g RNAI cells, an endogenously
expressed, non-phosphorylatable Lgl fusion protein (Lgl>#::GFP) remains cortically associated in
dlg RNAI cells (Fig. 2.13C,D)(Dong et al., 2015). Moreover, co-depleting aPKC in dig RNAI cells
restores Lgl cortical localization (Fig. 2.13E,F). These results are consistent with dynamic
exchange of Lgl between an hypophosphorylated membrane-associated pool and an aPKC-
hyperphosphorylated cytoplasmic pool, and suggest that Scrib and DIg stabilize the former.

Cortical association of Lgl depends on interactions between polar phospholipids and
charged residues within the Lgl PBM (Bailey and Prehoda, 2015; Dong et al., 2015). PIP2 and
PIP3 show apicobasally polarized distributions in epithelial cells of Drosophila as well as
vertebrates, raising the possibility that Dlg and Scrib could regulate Lgl function by altering the
distribution of PIP species at the basolateral membrane (Claret et al., 2014; Krahn and Wodarz,
2012). However, using genetically encoded reporters, we did not detect differences in PIP2
distribution or levels in dig or scrib mutants, consistent with a recent report (Fig. 2.14A-D)(Britton
et al., 2002; Gervais et al., 2008; Ventura et al., 2020). While there was a slight increase in cortical
PIP3 levels in scrib and dlg mutants (Fig. 2.14E-H, quantified in Fig. 2.14L,J), this is unlikely to
have an impact on Lgl, which does not exhibit physiologically relevant differences in binding
preference to different PIP species (Bailey and Prehoda, 2015).

An alternative mechanism by which Scrib and DIg could ensure antagonism of apical
identity is by simply promoting Lgl cortical localization. We therefore tested whether cortical
localization of Lgl was sufficient to bypass loss of scrib or dlg function in follicle epithelia.
However, in our hands although overexpression of a constitutively membrane-tethered Lgl (myr-
Lgl) caused mild polarity defects in WT follicle cells, it did not alter polarity defects in scrib- or
dlg-depleted follicle cells (Fig. 2.15A-I)(Bell et al., 2015). By contrast, a mutant Lgl protein with
only the most C-terminal aPKC phosphorylation site present (Lgl336A-S6€0A "hereafter LglAAS) was
suggested to be a dominant inhibitor of aPKC (Carvalho et al., 2015). We confirmed that LglA4S
expression in otherwise WT follicle cells causes severe dominant phenotypes, including
multilayering and loss of apical aPKC staining (Fig. 2.13G, Fig. 2.15D). We note that although
LglA4S localizes uniformly to the cortex including the apical domain (Fig. 2.15K) and can displace
aPKC (Fig. 2.13G), it cannot establish an ectopic basolateral domain at the former apical site, as
it does not recruit Scrib (Fig. 2.13J).

To determine whether Lgl**% is a bona fide aPKC inhibitor, we compared the phenotype
of LglAS -expressing cells with apkc RNAi-expressing cells, using Bazooka (Baz, Drosophila
Par-3) localization as a phenotypic readout (Franz and Riechmann, 2010; Harris and Peifer, 2005).
Baz is an aPKC substrate, and preventing phosphorylation via apkc depletion or expression of non-
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phosphorylatable Baz results in formation of several large aggregates in the cell, visible in
maximum intensity projections of the apical surface of single follicle cells (Fig. SL)(Franz and
Riechmann, 2010; Krahn et al., 2010; Morais-de-S4 et al., 2010). Interestingly, Lgl**% was also
capable of inducing Baz aggregates in follicle and embryonic epithelia (Fig. 2.13M, Fig. 2.16B-
E), and co-depletion of apkc did not modify the follicle phenotype (Fig. 2.13N,W, Fig. 2.16A).
Furthermore, while expression of an activated form of aPKC caused Baz to localize in a larger
number of smaller, fragmented puncta, similar to the adherens junction (AJ) fragments described
previously in basolateral mutants (Fig. 2.130,P vs. S,T)(Bilder and Perrimon, 2000; Bonello et
al., 2019), co-expression of Lgl*4S resulted in aggregates indistinguishable from those caused by
expression of Lgl*4S alone (Fig. 2.13Q,R,W, Fig. 2.16A). We also directly examined the effect
of Lgl*AS on aPKC kinase activity by staining follicle clones with an antibody specific for S980
phosphorylated Baz (p-S980 Baz)(Morais-de-Sé et al., 2010). We observed loss of p-S980 Baz
staining in 48.2% of Lgl**S-expressing clones, compared to 91.7% of apkc RNAi-expressing
clones (Fig. 2.16F,G). These data are consistent with a model in which Lgl**S has enhanced
aPKC-inhibiting properties compared to WT Lgl, but is not entirely equivalent to aPKC loss of
function.

We then asked whether the dominant effects of Lgl**® depend on DIg or Scrib activity. In
dlg RNAI or scrib mutant cells, Lgl**S retained the ability to create several Baz aggregates,
although an increased number and intermediate size suggested incomplete epistasis (Fig. 2.13S-
W, Fig. 2.16A). Coexpression of Lgl*4S also reduced the lateral expansion of aPKC seen in cells
depleted of either dlg or scrib (Fig. 2.11K,L vs. X.13G-I). These results suggest that many apical-
inhibiting effects of Lgl**S do not strictly depend on Scrib or DIg.

The entire Scrib module is necessary but not sufficient for basolateral polarity

The fact that the activity of WT Lgl but not Lgl*4S requires Scrib and Dlg suggests that
Scrib and Dlg could enhance Lgl’s ability to antagonize aPKC at the basolateral cortex, perhaps
by protecting Lgl from aPKC phosphorylation. A model where both Scrib and DIg are required
would be consistent with the inability of either single protein to bypass loss of the other (Fig. 1R-
W). To test if ectopic apical localization of Scrib and Dlg together would therefore allow Lgl to
inhibit aPKC, we used a combination of apical domain-specific nanbody tethering and
overexpression to simultaneously mislocalize one, two, or all three Scrib module proteins
(Harmansa et al., 2017). However, despite robust colocalization at the apical cell surface, no effects
were seen in any case on aPKC, apicobasal polarity, or epithelial architecture (Fig. 2.17A-J).
Ectopic apical Scrib and DIg were also unable to recruit the rest of the Scrib module to the apical
domain (Fig. 2.18A-D). We conclude that, despite the necessity for each component in basolateral
domain identity, even the entire Scrib module together is not sufficient to inhibit apical polarity
determinants or establish basolateral identity.

DISCUSSION

Despite being central regulators of cell polarity in numerous tissues from nematodes to
mammals, the mechanisms of Scrib module activity have remained obscure. Our work highlights
previously unappreciated specificity in these activities, and begins to define the molecular
functions of Scrib, Dlg and Lgl. Our data focus on the Drosophila follicle epithelium as well as in
some cases Drosophila embryos, but it is important to note that tissue contexts can differ in polarity
programs (Riga et al., 2020; Tepass, 2012), for instance in the adult Drosophila midgut epithelium,
where Scrib module proteins are dispensable for epithelial organization (Chen et al., 2018). We
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failed to detect phenotypic enhancement in double mutant follicle cells, compared to single
mutants, which together with the complete penetrance of single mutant phenotypes suggests full
codependence of function rather than functional overlap. Moreover, we were unable to bypass
Scrib module mutants in any combination by overexpression of other genes in the module,
consistent with unique roles for each protein. Thus, while Scrib, DIg and Lgl act in a common
“basolateral polarity” pathway, they each contribute distinct functions to give rise to the basolateral
domain.

Cell polarity is particularly evident at the plasma membrane, and most polarity regulators
act at the cell cortex. A key question in the field therefore has been the mechanisms that allow
cortical localization of the Scrib module and Par complex proteins, which exhibit no classical
membrane association domains (Flores-Benitez and Knust, 2016). We find a simple linear
hierarchy for cortical localization in the follicle that places Dlg most upstream, and contrasts with
that recently described in the adult midgut, where Scrib appears to be most upstream (Bilder et al.,
2000c; Chen et al., 2018). Our work highlights the requirement of DIg for Scrib localization, and
provides insight into the mechanism, in part by ruling out previous models. One model involves a
direct physical interaction, mediated by the Scrib PDZ domains and DIg GUK domain (Bonello
and Peifer, 2018; Mathew et al., 2002; Stephens et al., 2018). However, our in vivo analyses show
that follicle cells mutant for alleles lacking either of these domains have normal polarity; these
results are supported by data from imaginal discs (Hough et al., 1997; Woods et al., 1996; Zeitler
et al., 2004). In contrast, we show that the SH3 domain is critical for Scrib cortical localization as
well as polarity (Hough et al., 1997). The Dlg SH3 and GUK domains engage in an intramolecular
‘autoinhibitory’ interaction that negatively regulates binding of partners such as Gukh and CASK
(Marcette et al., 2009; McGee et al., 2001; Newman and Prehoda, 2009; Nix et al., 2000; Qian and
Prehoda, 2006; Rademacher et al., 2019; Zeng et al., 2017). The dispensability of the GUK domain
provides evidence against an essential role for this mode of regulation in epithelial polarity, and
highlight the value of investigating the GUK-independent function of the Dlg SH3.

We also exclude a second mechanism of Scrib cortical association. Mammalian Scrib is S-
palmitoylated and this modification is required for both cortical localization and function (Chen et
al., 2016a). As Drosophila Scrib was also recently shown to be palmitoylated, an appealing model
would involve Dlg regulating this post-translational modification (Strassburger et al., 2019).
However, we could detect no changes to Scrib palmitoylation in a dl/g mutant, and chemically or
genetically inhibiting Drosophila palmitoyltransferases also had no effect on Scrib localization,
although we cannot discount the possibility that Scrib palmitoylation may be part of a multipart
localization mechanism. Surprisingly, palmitoylated Scrib is incapable of reaching the cortex in
dlg mutants. While a constitutively myristoylated Scrib can bypass this requirement for
localization, it is nevertheless insufficient to support polarity in the absence of Dlg. These results
indicate that DIg regulates additional basolateral activities beyond localizing Scrib.

Lgl’s role as an aPKC inhibitor is well-characterized, but how Scrib and Dlg influence this
antagonism is not understood (Betschinger et al., 2003; Hutterer et al., 2004; Lee et al., 2006). Our
data show that Scrib and DIg maintain cortical Lgl by regulating its phosphorylation by aPKC,
rather than by direct physical recruitment to the membrane. A contemporaneous study by Ventura
et al. supports this finding, further showing that the major factor in Lgl cortical stabilization is
PIP2 (Ventura et al., 2020). Our data also suggest that the basolateral-promoting activities of Scrib
and Dlg are not via direct inhibition of aPKC kinase activity or intrinsic antagonism of aPKC
localization. Instead, they are consistent with models in which Scrib and Dlg regulate the three
specific aPKC-targeted residues in Lgl. Previous work has demonstrated that these phosphorylated
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serines (656, 660, 664) are neither functionally nor kinetically equivalent, and a recent model
proposes that S664 is required for basolateral polarization by mediating a phosphorylation-
dependent interaction with the Dlg GUK domain (Carvalho et al., 2015; Graybill and Prehoda,
2014; Moreira and Morais-de-Sa, 2016; Zhu et al., 2014). Beyond the dispensability of the GUK
domain, the enhanced ability of Lgl**S to inhibit aPKC and its ability to do so largely
independently of Scrib and Dlg, argues against this model. Moreover, only Lgl**S among the
phospho-mutants can dominantly affect aPKC activity, while WT Lgl can do the same only if Scrib
and Dlg are present (Moreira and Morais-de-S4, 2016). Together, these results suggest that S656
is the critical inhibitory residue whose phosphorylation must be limited to enable Lgl’s activity.

The mechanism by which Lgl*4S can suppress even constitutively active aPKCAN remains
unclear. aPKC substrates can act as competitive inhibitors; either an increased substrate affinity
for aPKC or reduced ability to be inhibited by virtue of having fewer phosphorylation sites could
make Lgl**S a more effective inhibitor than WT Lgl (Graybill and Prehoda, 2014; Holly and
Prehoda, 2019; Lin et al., 2000). Supporting this idea, it was previously shown that S664, the only
residue still available in Lgl**%, is phosphorylated with higher kinetic preference than S656 or
S660 (Graybill and Prehoda, 2014). It is also possible that some Lgl*A% phenotypes may be due to
aPKC-independent effects resulting from reduced phosphorylation on S656 and S660.
Nevertheless, we propose a model in which Scrib and Dlg ‘protect’” Lgl by limiting
phosphorylation of S656, thus tipping the inhibitory balance to allow Lgl to inhibit aPKC and
establish the basolateral domain.

What mechanism could underlie Scrib and DIg protection of Lgl? One mechanism could
involve generating a high phospholipid charge density at the basolateral membrane, which has
been shown to desensitize Lgl to aPKC phosphorylation in vitro (Visco et al., 2016). However,
our data do not find evidence for regulation of phosphoinositides by Scrib and Dlg. A second
possibility is that Scrib and Dlg could scaffold an additional factor, such as Protein Phosphatase 1
(PP1), which counteracts aPKC phosphorylation of Lgl (Moreira et al.,, 2019). Alternative
mechanisms include those suggested by recent work on PAR-1 and PAR-2 in C. elegans zygotes,
a circuit with several parallels to the Scrib module (Hao et al., 2006; Motegi et al., 2011;
Ramanujam et al., 2018). In this system, PAR-2 protects PAR-1 at the cortex by shielding it from
aPKC phosphorylation through physical interaction-dependent and -independent mechanisms
(Ramanujam et al., 2018). By analogy, binding with Scrib and/or DIg could allosterically regulate
Lgl to prevent phosphorylation, although we have ruled out the Lgl-Dlg interaction documented
in the literature (Zhu et al., 2014). Scrib or DIg might also act as a “decoy substrate” for aPKC, as
PAR-2 does in PAR-1 protection (Ramanujam et al., 2018). Indeed, Scrib is phosphorylated on at
least 13 residues in Drosophila embryos, though the functional relevance of this is not yet known
(Bo Zhai et al., 2008).

Overall, our work highlights the multifaceted nature of Scrib module function. The failure
to bypass Scrib module mutants by transgenic supply of any single or double combination of other
module components, including several that were constitutively membrane-tethered, suggests that
every member contributes a specific activity to polarity. Nevertheless, even the simultaneous
ectopic localization of all three Scrib module proteins was insufficient to disrupt the apical domain.
This insufficiency in basolateral specification may reflect an inability of apical Scrib and Dlg to
protect Lgl from aPKC phosphorylation, perhaps due to the distinct molecular composition of the
apical and basolateral domains. This supports the idea that in addition to intrinsic activity via Lgl,
the Scrib module must recruit or activate additional, as yet unidentified effectors in basolateral
polarity establishment. The independent as well as cooperative activities of the Scrib module
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delineated here demonstrate previously unappreciated complexity in the determination of
basolateral polarity and set the stage for future mechanistic studies of Scrib module function.
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MATERIALS AND METHODS
Fly stocks and genetics

Drosophila stocks were raised on cornmeal molasses food at 25°C. yw was used as the WT
control. All follicles shown are stages 5-8. Mutant alleles and transgenic lines used are listed in
Table 1. Genotypes shown in figure panels are listed in Table 2. Mutant follicle cell clones were
generated using either AsFLP or GRI-GAL4 UAS-FLP. Follicle cell MARCM clones were
generated using AsFLP (Lee and Luo, 1999). For AsFLP-induced clones, larvae were heat shocked
for 1 hour on two consecutive days starting 120 hours after egg deposition (AED). For clonal
GALA4 expression using AsFLP, larvae were heat shocked once for 13 minutes 120 hours AED.
For all clones, adult females were fed with yeast and dissected 3 days after eclosion. Because dlg"’®
is on a chromosomal inversion, it cannot be used with FRT-based recombination, so it was
analyzed in trans to dlg/3?!, which does not produce protein at 29°C. Pan-follicle cell expression
was induced in adults using traffic jam-GAL4 (tj-GAL4) and temperature-sensitive GALS80; these
were fed yeast for 2 days before shifting to 29°C for 4 days. Maternal and zygotic mutant embryos
were generated from germline clones, using the dominant female technique (Chou and Perrimon,
1996) or from maternal RNAi expression with Maternal Triple Driver-GAL4 (MTD-GAL4)(Staller
et al., 2013). Germline clones were induced by 1 hour heat shock 96 hours AED for FRT194 or
120 hours AED for FRT82B. Overexpression in embryos used da-GAL4. Overexpression in
imaginal discs used hh-GALA4.

To generate UAS-myr-Scrib::V5, the N-terminal myristoylation signal from Src42A
(ATGGGTAACTGCCTCACCACACAGAAGGGCGAACCCGACAAGCCCGCA) and C-
terminal V5 tag (GGTAAGCCCATTCCAAACCCACTTCTCGGTCTGGATAGCACA) were
synthesized as gBlocks with overlap to the pUASTattB backbone and Scrib CDS. The Scrib A2
CDS was amplified from pBS-ScribA2 using primers GTCCTGGGACTCAACGACAT and
CGGAGTGGGTTTGGCTCTAA. These fragments were cloned into the EcoRI/Xbal linearized
pUASTattB vector using a High Fidelity Gibson Assembly kit (NEB). The UASp-
Scrib®*c!4.: - GFP construct was generated by mutating Scrib Cys4 and Cys11 in the pBS-ScribA2
vector using the Q5 site directed mutagenesis kit (NEB) and primers
TTCAAGGGCGCCAACCGGCAGGTGGAGTTCG and
GATGGGAATGGCCTTGAACATGCTCGTCTTC. Following sequence verification, mutant
pBS-ScribA2 was digested with Kpnl and EcoRV and this fragment was cloned into the pUASp
backbone. UAS-myr-Scrib::V5 was targeted to the attP40 landing site and UASp-
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Scrib®*c14. . GFP was inserted by P element-mediated transformation through embryo injections
performed by Bestgene, Inc.

Immunofluorescence and microscopy

Follicles were dissected in Schneider’s medium containing 15% FBS and fixed with 4%
PFA in PBS for 20 minutes. Follicles were stained in PBS containing 0.1% Triton X-100, 1% BSA
and 4% NGS overnight at 4°C. Primary antibodies and dilutions are listed in Table 1. Following
secondary antibody incubation at 1:400 for 2 hours at room temperature, tissue was mounted in
glycerol-based antifade (Invitrogen). Embryos were fixed with 4% PFA for 20 minutes then
devitellinized by shaking in 1:1 heptane:methanol. Following rehydration for 15 minutes in PBS
0.1% Triton X-100 and blocking for 2 hours in PBS 0.3% Triton X-100, 1% BSA 4% NGS,
embryos were stained followed the same protocol described above.

Images were acquired using an inverted Zeiss LSM700 or upright LSM780 laser scanning
confocal microscopes with LD C-Apochromat 40x/NA 1.1 W or Plan apochromat 63x/NA 1.4 oil
objectives at 1024x1024 pixel resolution with 2 line averages. For each experiment, tissue from at
least 5 females was analyzed and at least 10 ovarioles and 20 individual follicles were examined.

Fluorescence Recovery After Photobleaching (FRAP) experiments

FRAP experiments were performed as previously described (Chen et al., 2019). Briefly,
follicles were dissected in media as above, supplemented with 2% human insulin (Sigma) and
embedded in 0.5% low melting agarose in a glass bottom dish. Imaging was performed on an
inverted Zeiss LSM700 using a LD C-Apochromat 40x/NA 1.1 W objective. Images were acquired
continuously with resolution of 512 x 269 pixels and scan time of 821.67 msec. 10 pre-bleach
images were acquired before an elliptical ROI covering one en face cell boundary was bleached
twice with a 488nm 10mW laser at 70% power for Scrib::GFP and Dlg::GFP, or 85% power for
Lgl::GFP with pixel dwell of 100.85 psec. Intensities of the bleached region, reference region and
background were manually measured using Fiji (Schindelin et al., 2012). Background and
imaging-dependent photobleaching were corrected as previously described (Chen et al., 2019).
Recovery curves were fitted using Graphpad Prism as previously described (Chen et al., 2019).

Acyl-Biotin Exchange (ABE)

ABE was performed according to published protocols, with modifications (Percher et al.,
2017; Wan et al., 2007). Lysates were prepared from 20-24 wandering L3 larvae per genotype by
homogenizing the anterior half of the carcass after removing the gut and fat body, in lysis buffer
(150mM NaCl, 50mM Tris, 5SmM EDTA, pH 7.4) containing 1% Triton X-100 and protease
inhibitors (Thermo). Following protein concentration measurement by BCA assay (Thermo),
200ug of protein per genotype was treated with 10mM TCEP, pH 7.4 (Thermo) and 4% SDS for
30 minutes at room temperature to reduce disulfide bonds and denature proteins. Samples were
then treated with 30mM N-ethylmaleimide (NEM, Thermo) for 3 hours at room temperature, to
cap newly exposed cysteines. Samples were then buffer exchanged with lysis buffer 4-5 times in
10K MWCO protein concentrator columns (Millipore) to remove residual NEM. Samples were
then split 50:50 and half was treated with 0.8M hydroxylamine, pH 7.4 (Sigma) to cleave S-acyl
groups for 1 hour at room temperature. The other half was diluted with an equivalent amount of
lysis buffer and serves as a negative control. Samples were then buffer exchanged 3 times and
treated with 1uM EZ-Link BMCC Biotin (Thermo) for 1 hour at room temperature. After buffer
exchanging 3 times, biotinylated protein was purified using Pierce Streptavidin Magnetic Beads
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(Thermo) for 1 hour at room temperature or overnight at 4°C. Beads were washed twice and
samples were eluted in 4X Laemmli sample buffer (Biorad) by boiling for 10 minutes. Biotin
incorporation into proteins of interest was then analyzed by western blot. Western blotting was
performed as described previously (de Vreede et al., 2018). Primary antibodies are listed in Table
1.

Image analysis and quantification

Image processing and quantification was performed using Fiji software (Schindelin et al.,
2012). To quantify Baz particles, an approximately single-cell sized ROI of 104x104 pixels was
defined. Baz particles in the ROI were then automatically segmented by creating binary masks
from thresholded and smoothed images using the Featurel] plugin. Segmented aggregates were
then measured using the Analyze Particles function. To quantify aPKC localization, intensity was
measured by drawing a line along the lateral and apical membranes of a single cell in medial
section using the measure function in Fiji. A ratio of lateral:apical intensities was then calculated
per cell and used to compute an average ratio per cell per genotype. All other cortical intensity
measurements were obtained by drawing a line along the membrane of interest of single cells and
calculating averages per condition. The resulting data were then analyzed using Microsoft Excel
and Graphpad Prism 6. For significance in statistical tests: n.s.=p>0.05, *=p<0.05, **=p<0.01,
*#%=p<0.001 and ****=p<0.0001. The results of all statistical tests are found in Table 3. Figures
were assembled using Adobe Illustrator.
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Figure 2.1. Functional relationships within the Scrib module
(A-C) Localization of polarity proteins, aPKC (A), Lgl (A’), Scrib (B) and DIg (C) in WT follicle
cells. Compared to single mutants (D-F), double depleted combinations (H-J) do not show an
enhanced apical expansion phenotype. (K) Quantification of aPKC mislocalization phenotype in
single and double mutants. aPKC spread represented as ratio of lateral:apical intensity in single
cells. Localization of Scrib module proteins: both Scrib and Lgl show hazy, cytoplasmic
mislocalization in dlg mutant cells (L,M). In scrib mutant cells, Dlg localization is normal (N),
while Lgl is mislocalized (O). In /gl mutants, both Scrib and DIg localizations are unchanged (P,Q).

31



Overexpression of Lgl does not rescue apical polarity defects in dlg or scrib mutants (R,S). Scrib
overexpression cannot rescue dlg mutants (T) nor can DIlg overexpression rescue scrib mutants
(U). Igl mutants are not rescued by Scrib or DIg overexpression (V,W). Scale bars, 10um. One-
way ANOVA with Tukey’s multiple comparisons test. Error bars represent S.D., data points are
measurements from single cells. White line indicates mutant cells and/or overexpression clones in
this and all subsequent figures.
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Figure 2.2. Conservation of Scrib module hierarchy in the embryonic epithelium

(A,B) Compared to paternally rescued controls (A), dlg™? maternal/zygotic (m/z) mutant embryos
mislocalize Scrib (B) and Lgl (B’). (C-E) Compared to controls (C), embryos expressing maternal
scrib RN A1 maintain cortical DIg localization (D) but mislocalize Lgl (E). (F-H) Compared to WT
(F), dlg"™? m/z mutant (G) and maternal scrib RNAi embryos (H) lose polarity and mislocalize
aPKC laterally. Scale bars, 10um.
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Figure 2.3. DIg regulates cortical Scrib stability

FRAP assay (A) shows distinct mobility of Scrib, DIg and Lgl in WT cells; Scrib is most stable
and Lgl is most dynamic. (B) Scrib shows a ~4 fold increase in recovery kinetics in dlg RNAi
cells. (C) Schematic of the mutant dlg alleles and scrib alleles used in D-U. dig™3’ harbors a point
mutation in the SH3 domain (L632P). dig"”’ contains a deletion resulting in frameshift and
truncation of the GUK domain. dlg’"?? is a nonsense mutation truncating the GUK domain. scrib?
truncates all 4 PDZ domains. Compared to WT (D-F), aPKC (G) and Lgl (I) localizations are
unaffected in cells mutant for a dlg GUK-deficient allele. Scrib localization (H) is partially
affected, although this may be due to reduced stability of mutant Dlg. Follicle cell clones
homozygous for two additional GUK mutant dlg alleles show normal aPKC (J,L) and Lgl (K’,M”)
localization. (K,M) Scrib localization is also not affected. aPKC (N), Dlg (N’) and Lgl (O)
localizations are unaffected in cells mutant for a scrib allele lacking PDZ domains. (P) aPKC
mislocalizes laterally in cells mutant for a d/g SH3 point mutant allele. Scrib (P’) and Lgl (Q) also
exhibit cytoplasmic mislocalization in these cells. (R-U) Dlg protein is stable and cortically
localized in SH3 mutant (R) and GUK-truncated (S-U) mutant follicle cells. (T) DIg protein levels
are decreased in dlg’”® mutant cells, as previously described (Woods et al., 1996). (V)
Quantification of cortical Scrib levels in various dlg mutants. Cortical Scrib is significantly
decreased in cells mutant for the null allele dig™’?, the SH3 point mutant dlg”*’ and the GUK

mutant dlg”° compared to respective WT controls. However, Scrib levels are not significantly
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decreased compared to WT in a second GUK mutant dlg/?’. Mutants are normalized to the
average of WT control from the same experiment. Gray line indicates normalized WT level. Scale
bars 10pum. Error bars represent 95% confidence intervals in A,B and S.D. in V. Unpaired t-tests
with Welch’s correction of mutants vs. WT controls. Data points are measurements from single
cells. Scale bars, 10pm.
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Figure 2.4. Further characterization of Scrib and DIg dynamics

(A) DIg::GFP shows increased FRAP recovery kinetics in scrib mutant follicle cells compared to
controls. (B) Dlg::GFP increased FRAP kinetics are slightly increased in /g/ mutant follicle cells.
(C) Scrib::GFP does not show altered FRAP mobility in /g/ mutant cells. (D) Scrib protein is not
obviously degraded in dlg mutant imaginal disc tissue. Error bars represent 95% confidence

intervals.
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Figure 2.5. Cortical Scrib localization is independent of PIP binding

(A) PIP2 depletion by PI4KIIl mutation does not displace Scrib or Dlg membrane localization.
(B) PIP3 depletion by expressing dominant negative PI3K (Ap60) does not displace Scrib or Dlg
membrane localization. (C,D) ATP depletion by antimycin A (AM) treatment causes Lgl::GFP to
become cytoplasmic in follicle cells. (E,F) Scrib::GFP localization is not affected by AM
treatment. Scale bars, 10um.
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Figure 2.6. Functional assessment of Scrib and DIg domains in embryonic epidermis

(A-F) Maternal/zygotic mutant embryos for dlg™* lose polarity and mislocalize aPKC (A,B), Scrib
(C,D) and Lgl (E,F) compared to paternally rescued WT controls. (G-J) Compared to paternally
rescued controls, maternal/zygotic mutant embryos for scrib? do not lose polarity and have normal
aPKC, Dlg (G,H) and Lgl (1,J) localization. Scale bars, 10um.
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Figure 2.7. Cortical Scrib still requires DIg for function

(A) ABE demonstrates that Scrib is palmitoylated in vivo in larval tissues, but this is not detectably
altered in dlg mutant animals. Mutating two conserved cysteines (Scrib“*A¢!!4) does not abolish
Scrib palmitoylation. Cysteine String Protein (CSP) serves as a control palmitoylated protein. Non-
NH:20H treated lanes control for biotinylation specificity to palmitoylated residues. Dotted lines
in lanes 3 and 7 indicate data excluded due to an experimental error in protein loading. (B)
Alignment of Scrib protein sequences showing conservation of palmitoylated cysteine residues
(green). (C-E) Scrib®ACA can fully rescue polarity loss in scrib mutant follicle cells, and localizes
appropriately to the basolateral membrane. Compared to WT and dlg RNAi alone (F,G,H,I),
membrane tethering Scrib by Morphotrap (J,K) or N-terminal myristoylation signal (L,M) in dig
RNAI cells does not rescue aPKC spread or Lgl mislocalization. Scale bars, 10pm.
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Figure 2.8. Characterization of non-palmitoylatable Scrib in the imaginal disc epithelium
(A,B) When overexpressed in the wing imaginal disc epithelium, Scrib“*A!A Jocalizes normally
to the basolateral domain and septate junction (B) similarly to WT Scrib (A). (C,D) Scrib®#ACtiA
overexpression (D) is sufficient to rescue the overgrowth and polarity loss of scrib mutant imaginal
disc tumors (C). Scale bars, 10um.
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Figure 2.9. ZDHHC palmitoyltransferase activity is not required for cortical Scrib
localization

(A-C) Reducing the levels of CG8314, the homolog to the human Scrib palmitoyltransferase
ZDHHCT7 does not affect Scrib localization in follicle cells. (D) Quantification of cortical Scrib
levels in cells depleted of CG8314 compared to WT. (E,F) Chemical inhibition of ZDHHC
palmitoyltransferases by 2-Bromopalmitate (2-BrP) treatment in ex vivo cultured follicles affects
a control palmitoylated protein, CSP (E”,F”, arrow), but does not affect Scrib localization (E’,F’).
Scale bars, 10um. One-way ANOVA with Dunnett’s multiple comparisons test. Error bars
represent S.D.
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Figure 2.10. myr-Scrib rescues scrib loss of function

(A) Constitutively membrane-associated myr-Scrib is localized to the membrane in WT cells. (B,
C) myr-Scrib rescues polarity loss in scrib mutant cells. (D,E) myr-Scrib expression does not
disrupt aPKC (D) or Lgl (E) localization in WT cells. Scale bars, 10pum.
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Figure 2.11. Scrib and DIg do not directly antagonize aPKC

(A) In apkc-depleted follicle cells, Lgl reaches the apical membrane, but Dlg (B) and Scrib (C)
remain basolaterally localized. (D,E,G,H) Scrib and DIg localization is unaffected when apicobasal
antagonism is eliminated by codepletion of apkc and Ig/. Laterally mislocalized aPKC in /g/ mutant
cells (F) is active, as it recruits Patj to these sites (I). (J) aPKC spreads along the basolateral
membrane in /g/ mutant cells, where it colocalizes with Dlg (J°,J). (K,L) aPKC mislocalization is
also seen in dlg (K) and scrib (L) mutant cells. (M) Expression of a constitutively active aPKC
(aPKC2N) does not displace Scrib or Dlg. Scale bars, 10um.
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Figure 2.12. The Par Complex does not antagonize Scrib or DIg

(A,B) Scrib and DIg localization in null alleles of the Par complex genes, cdc42 (A) and par-6 (B).
Scrib and Dlg retain basolateral localization in both mutants. (C,D) Expression of a gain-of-
function, membrane-tethered aPKC construct (aPKCAAX) is sufficient to specify the entire cell
cortex as an ectopic apical domain, marked by spread of Patj (D) which colocalizes with DIg at
the basolateral membrane (D’). (E) Overexpressed aPKCSA4X Jocalizes uniformly to the cortex
and can colocalize with Scrib and DIg at the basolateral domain. Scale bars, 10pum.
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Flgure 2 13 Scrib and DIg support basolateral Lgl activity

(A,B) In both scrib and dlg mutant follicle cells, Lgl::GFP shows increased FRAP kinetics
compared to WT. (C,D) In dig RNAIi cells, Lgl::GFP is displaced to the cytoplasm but non-
phosphorylatable LgI®**::GFP remains cortical. (E,F) Co-depletion of apkc rescues Lgl
localization in dlg-depleted cell. (G) Lgl**S expression causes loss of apical aPKC. (H,I) Apical
aPKC depletion by Lgl*AS persists in the absence of Dlg and Scrib. (J) Lgl*4S is not sufficient to
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create an ectopic basolateral membrane, as it fails to recruit Scrib apically. (K-M) Baz forms
several aggregates in each Lgl**S-expressing cell, similar to apkc depleted cells. (M,N) Depletion
of apkc in Lgl**S-expressing cells does not modify the Baz phenotype. Compared to WT (O),
expressing of a constitutively active aPKC (P) causes a Baz phenotype similar to dlg (S) or scrib
loss-of-function (T). (Q,R) Co-expression of Lgl*AS causes a phenotype that resembles LglA4S
alone. In dlg-depleted (S) or scrib mutant (T) cells, Baz localizes to more frequent, fragmented
puncta. Expression of Lgl*S in dig-depleted cells (U) or scrib mutant cells (V) reduces Baz
particle number. (W) Quantification of Baz phenotypes in K-V. One-way ANOVA with Tukey’s
multiple comparisons test. K-V show maximum intensity projections centered on the nuclei of
single cells. Scale bars, 10um in C-J, 2um in K-V. Error bars in A-B represent 95% confidence
intervals, error bars in W represent S.D. Data points in W are measurements from single cells.
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Figure 2.14. Scrib and DIg regulation of PIP distribution

(A,B) scrib loss of function does not alter PIP2 levels or localization. (C,D) dlg loss of function
also does not alter PIP2 levels or localization. (E,F) dlg loss of function results in a slight, but
significant increase in PIP3 levels. (G,H) scrib loss of function results in similarly increased PIP3
levels. (I,J) Quantification of basolateral PIP3 sensor in dlg RNAI (I) and scrib RNAi (J). Scale
bars, 10um. Error bars represent S.D., data points are measurements from single cells. Unpaired t-
test with Welch’s correction.
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>myr-Lgl >

ScribfNA

SLgS::GFP

Figure 2.15. myr-Lgl cannot suppress scrib or dlg mutant phenotypes

(A-D) Phenotypes of overexpressed Lgl variants. WT Lgl (A) and non-phosphorylatable Lgl** (B)
do not cause dominant phenotypes when expressed in WT cells. (C) Constitutively cortical myr-
Lgl causes minor epithelial disruption and Baz aggregation in WT cells. (D) Lgl*AS causes severe
epithelial disruption, multilayering and Baz aggregation. (E) Clonal expression of myr-Lgl does
not cause polarity defects in WT follicle cells. (F-I) myr-Lgl also does not rescue the polarity
defects of dig RNAI (F,G) or scrib RNAi (H,I) cells. (J,K) Compared to overexpressed WT Lgl
(), Lgl*4S (K) localizes uniformly to the cell cortex, including the apical domain (asterisks). Scale
bars, 10um.
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Figure 2.16. Lgl*AS is a partial aPKC inhibitor
(A) Quantification of Baz aggregate size. Related to Figure 5K-V. Lgl**S induces large Baz
aggregates, similar to apkc RNAi compared to the smaller fragments in scrib mutants and dlg
RNAi. Combining Lgl**S with scrib mutation or dlg RNAI results in Baz aggregates intermediate
in size compared to either genotype alone. Lgl**S shows similar interactions with constitutively
active aPKC2N, which mimics basolateral loss of function. (B,C) Maximum intensity projections
of embryonic epidermis show that compared to overexpressed WT Lgl (B), Lgl*45 (C) can induce
Baz aggregates. (D,E) Lgl**S can disrupt epithelial architecture (E) compared to WT Lgl
overexpression (D). (F,G) apkc RNAi (F) or Lgl**% expression (G) can cause loss of Baz
phosphorylation on aPKC targeted S980 (p-S980 Baz) in follicle cell clones. However, in LglA4S-
expressing cells, this phenotype is incompletely penetrant (48.2% vs. 91.7% in apkc RNAIi). Scale
bars, 10um. One-way ANOVA with Tukey’s multiple comparisons test. Error bars represent S.D.,
data points are measurements of single particles in single cells.
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Figure 2.17. The entire Scrib module is not sufficient to establish basolateral polarity
Ectopic apical localization of Lgl (A), Dlg (B) or Scrib (C) using apical GrabFP has no effect on
epithelial polarity. WT Scrib, DIg and Lgl are not sufficient to disrupt the apical domain when
overexpressed singly (D-F), in pairs (G-I), or as a holo-module (J). Scale bars, 10um.

>Lgl, >Dlg, >Scrib
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Figure 2.18. Scrib and DIg are not sufficient to recruit endogenous Scrib module
Ectopic apically localized DIg (A,B) or Scrib (C,D) using apical GrabFP are not able to recruit
endogenous Lgl (A’, C’) or Scrib (B) or DIg (D) to the apical domain. Scale bars, 10um.
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Table 1. Key resources

Reagent

Reference and Source

Fly stocks

scrib! (Bilder and Perrimon, 2000)

scrib’ (Zeitler et al., 2004)

scrib? (Zeitler et al., 2004)

dlg™’ (Perrimon, 1988)

dlg*’? (Mendoza-Topaz et al., 2008)

dlg™3’ (Woods and Bryant, 1989)

dlg!??0 (Perrimon, 1988), Generously provided by D.
Bergstralh

dlg*”’ (Woods and Bryant, 1989), Generously provided
by V. Budnik

dlg'321 (Perrimon, 1988)

Igl?753 (Brumby et al., 2004)

cdc42? (Fehon et al., 1997), Bloomington Drosophila
Stock Center (BDSC): 9106

par-64226 (Petronczki and Knoblich, 2001), Generously
provided by M. Metzstein

PI4KIIT o557 (Yan et al., 2011), Generously provided by T.

Schupbach

UASp-Scrib::GFP

(Zeitler et al., 2004)

UAS-EGFP::Dlg

(Koh et al., 1999)

UAS-Lgl::GFP

(Wirtz-Peitz et al., 2008)

UAS-Lgl*S:: GFP

(Carvalho et al., 2015), Generously provided by E.
Morais de Sa

UAS-myr-Scrib:: V5

This study

UASp-Scrib“*c! 4 .GFP

This study

UAS-myr-Lgl::GFP

(Bell et al., 2015), Generously provided by B.
Thompson
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UAS-Ap60

(Weinkove et al., 1999)

UAS-aPKCAY

(Betschinger et al., 2003)

UAS-aPKC“44X UAS-Par-6

(David et al., 2010), Generously provided by Y.
Hong

UAS-dlg RNAi HMS01954

BDSC: 39035

UAS-dlg RNAi GD4689

Vienna Drosophila Resource Center (VDRC):
41136

UAS-scrib RNAi HMS01993 BDSC: 39073
UAS-scrib RNAi HMS01490 BDSC: 35748
UAS-Igl RNAi HMS01905 BDSC: 38989
UAS-Igl RNAi (de Vreede et al., 2014)
UAS-apkc RNAi JF01966 BDSC: 25946

UAS-CG8314 RNAi KK101379

VDRC: 110400

UAS-GrabFP.A.Int::mCherry

(Harmansa et al., 2017), BDSC: 68178

UAS-Morphotrap.Int::mCherry

(Harmansa et al., 2015; Harmansa et al., 2017),
BDSC: 68172

Lgl::GFP (Huang et al., 2009), Generously provided by Y.
Hong
Lgl%4::GFP (Huang et al., 2009), Generously provided by Y.

Hong

Scrib::GFP CA07683

(Buszczak et al., 2007), Generously provided by R.
Davis

Dlg::GFP YC0005

(Buszczak et al., 2007), BDSC: 50859

ubi-PH-PLCS::GFP

(Gervais et al., 2008), Generously provided by T.
Schupbach

tGPH (Britton et al., 2002)
hh-GAL4 BDSC: 67046
4j-GAL4 Kyoto stock center: 104055

act>y+>GAL4 UAS-his::RFP

BDSC: 30558
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tub-GAL4,
FRT82B

UAS-CDS::GFP;tub-GALS0

(Lee and Luo, 1999)

tub-GALS80  FRT40A;
CDS::GFP

tub-GAL4, UAS-

(Lee and Luo, 1999)

tub-GALS0 FRT19A4; act-GAL4 UAS-GFP

(Lee and Luo, 1999)

GRI-GAL4 UAS-FLP

(Goentoro et al., 2006)

MTD-GAL4 BDSC: 31777
da-GAL4 BDSC: 55850
ovoP 18 hsFLP'"? FRT19A4 BDSC: 23880
ovoP!"18 FRT82B BDSC: 2149
Antibodies

1:100 mouse anti-DIg (IHC)

Developmental Studies Hybridoma Bank (DSHB):
4F3

1:500 guinea pig anti-Scrib (IHC)

(Bilder and Perrimon, 2000)

1:200 rabbit anti-Lgl (IHC)

(Ohshiro et al., 2000), Generously provided by F.
Matsuzaki

1:200 rabbit anti-aPKC (IHC)

Santa Cruz Biotech: sc-216

1:500 rabbit anti-Baz (IHC)

(Wodarz et al., 2000)

1:500 rabbit anti-Patj (IHC)

(Bhat et al., 1999)

1:100 mouse anti-CSP (IHC), 1:1000 (WB)

DSHB: 6D6

1:10000 rabbit anti-GFP (WB)

Thermo Fisher: A-11122

1:100 rabbit anti-p-S980 Baz (IHC)

(Morais-de-S4 et al., 2010), Generously provided
by D. St Johnston

Table 2. Genotypes

Figure Genotype

Figure 1B | ubi-nls-GFP FRT40A/iso FRT404; GRI-GAL4 UAS-FLP/+
Figure 1C, | hsFLP[122]/+; ;ubi-nls-mRFP FRT82B/scrib[1] FRTS2B
O, P,

Figure 11L

Figure hsFLP[122] ubi-nls-mRFP FRT19A4/dlg[m52] FRT19A4
1D,M,N

Figure 11K
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Figure ubi-nls-GFP FRT40A4/1gl[27S3] FRT404;GR1-GAL4 UAS-FLP/+

1E,Q,R

Figure 11J

Figure 1F | hsFLP/+;tub-GAL4 UAS-GFP/~+,tub-GALS80 FRT82B/scrib[2] FRT82B

Figure 1G | hsFLP/+tub-GAL80 FRT40A/Igl[2753] FRT40A,;tub-GAL4 UAS-GFP/+

Figure 1H | hsFLP tub-GALS0 FRT19A/dlg[m52] FRT19A; act5c-GAL4 UAS-GFP/+

Figure 11 | hsFLP/+tub-GAL4/UAS-Igl RNAi HMS01905;tub-GALS0
FRT82B/scrib[2] FRTS2B

Figure 1J | hsFLP/+;tub-GAL80 FRT40A/Igl[27S3] FRT40A;tub-GAL4 UAS-
GFP/UAS-dlg RNAi GD4689

Figure 1K | AsFLP/+;tub-GAL4 UAS-GFP/UAS-dlg RNAi HMS01954, tub-GALS80
FRT82B/scrib[2] FRTS2B

Figure 1S | hsFLP[122]/+;UAS-Lgl::GFP/UAS-dlg RNAi HMS01954;act>y+>UAS-
his::RFP/+

Figure 1T | hsFLP/+;tub-GAL4 UAS-GFP/UAS-Igl::GFP;tub-GALS80
FRT82B/scrib[2] FRTS2B

Figure 1U | hsFLP tub-GALS0 FRT19A/dlg[m52] FRT19A; act5c-GAL4 UAS-
GFP/+;+/UAS-Scrib.:GFP

Figure 1V | hsFLP/+tub-GAL4 UAS-GFP/UAS-EGFP::Dlg;tub-GALS0
FRT82B/scrib[2] FRTS2B

Figure 1W | hsFLP/+;tub-GAL80 FRT40A/Igl[27S3] FRT40A;tub-GAL4 UAS-
GFP/UAS-Scrib::GFP

Figure 1X | hsFLP[122]/+;+/UAS-EGFP::Dlg;act>y+>UAS-his::RFP/UAS-Igl
RNAi

Figure 7A, | DIg::GFP/+, Scrib::GFP/+ or Lgl::GFP/+

Figure 7A,

Figure 5C-

F, Figure

9B,C

Figure 7B | hsFLP[122]/+;+/UAS-dlg RNAi HMS01954;act>y+>UAS-
his::RFP/Scrib::GFP

Figure dlg[v59]/FM7c

7D,E,F

Figure 7G, | dlg/v59]/dig[HF321]

H. 1

Figure

FIGURE

6C

Figure 7], | hsFLP[122]/+; ;ubi-nls-mRFP FRTS82B/scrib[4] FRTS2B

K

Figure 7L, | hsFLP[122] ubi-nls-mRFP FRT19A4/dlg/m30] FRT19A4

M

Figure 6A

Figure 7B, | hsFLP/+tub-GAL4 UAS-GFP/~+tub-GALS80 FRT82B/scrib[1] FRT82B

Figure
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13T,
Figure 10B

Figure 7C

hsFLP[122]/+;+/UAS-Scrib[C4AC11A]::GFP;act>y+>UAS-
his::RFP/+

Figure 7D | hsFLP/+;tub-GAL4 UAS-GFP/UAS-Scrib[C4AC11A4]::GFP;tub-GALS80
FRT82B/scrib[1] FRTS2B

Figure 7E, | tj-GAL4 tub-GALS80[ts]/+;UAS-Morphotrap.A::mCherry/Scrib.:GFP

F

Figure 7G, | tj-GAL4 tub-GALS80[ts]/UAS-dlg RNAi HMS01954

H

Figure 71, J | tj-GAL4 tub-GALS80[ts]/UAS-dlg RNAi HMS01954,; UAS-
Morphotrap.A::mCherry/Scrib.:GFP

Figure 7K, | tj-GAL4 tub-GALS80[ts]/UAS-myr-Scrib::V5;+/UAS-dlg RNAi GD4689

L

Figure 11A | hsFLP[122]/+;+/Lgl::GFP;act>y+>UAS-CDS8::RFP/UAS-apkc RNAi
JF01966

Figure hsFLP[122]/+, act>y+>UAS-CD8::RFP/UAS-apkc RNAi JF01966

11B, C,

Figure

13L, S9F

Figure hsFLP/+;tub-GAL80 FRT40A/Igl[27S3] FRT40A,tub-GAL4 UAS-GFP/+

11D, E, F

Figure hsFLP/+;tub-GAL80 FRT40A/Igl[27S3] FRT40A,tub-GAL4 UAS-

11G,H,1 | GFP/UAS-apkc RNAi JF01966

Figure tj-GAL4 tub-GAL80[ts]/+,; UAS-aPKC[AN]/+

11M,

Figure 13P

Figure hsFLP[122]/+;+/Lgl::GFP;act>y+>UAS-CDS::RFP/UAS-dlg RNAi

13A,C GD4689

Figure 13B | hsFLP[122]/+;+/Lgl::GFP;ubi-nls-mRFP FRT82B/scrib[2] FRTS82B

Figure 13D | hsFLP[122]/+;+/Lgl[S5A]::GFP;act>y+>UAS-CD8::RFP/UAS-dlg
RNAi GD4689

Figure 13E | hsFLP[122]/+;Lgl::GFP/ UAS-dlg RNAi HMS01954;act>y+>UAS-
his::RFP/+

Figure 13F | hsFLP[122]/+;Lgl::GFP/ UAS-dlg RNAi HMS01954;act>y+>UAS-
his::RFP/UAS-apkc RNAi JF01966

Figure hsFLP[122]/+;+/UAS-Lgl[AAS]::GFP;act>y+>UAS-his::RFP/+

13G,J, M,

S9G

Figure hsFLP[122]/+;act>y+>UAS-his::RFP/UAS-dlg RNAi GD4689

13H,

Figure 131, | hsFLP/+tub-GAL4 UAS-GFP/UAS-Lgl[AAS]::GFP;tub-GALS80

\Y FRT82B/scrib[1] FRTS2B

Figure 13N | hsFLP[122]/+,;+/UAS-Lgl[AAS]::GFP;act>y+>UAS-CDS8::RFP/UAS-

apkc RNAi JF01966
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Figure j-GAL4 tub-GALS80[ts]/UAS-Lgl[AAS]::GFP

13Q,

Figure 15L

Figure 13R | -GAL4 tub-GAL80[ts]/UAS-Lgl[AAS].:GFP; +/UAS-aPKC[AN]

Figure hsFLP[122]/+;+/UAS-dlg RNAi HMS01954;act>y+>UAS-his::RFP/+

138,

Figure 15G

Figure 17A | tj-GAL4 tub-GALS0/[ts]/Lgl::GFP;+/UAS-GrabFP.A.Int::mCherry

Figure 17B | Dlg::GFP/+;tj-GAL4 tub-GALS80[ts]/+, UAS-GrabFP.A.Int::mCherry/+

Figure 17C | tj-GAL4 tub-GALS80[ts]/+,; UAS-GrabFP.A.Int::mCherry/Scrib:: GFP

Figure 17D | hsFLP[122]/+,;+/UAS-Lgl::GFP;act>y+>UAS-his::RFP/+

Figure 17E | hsFLP[122]/+,;+/UAS-Dlg::GFP;act>y+>UAS-his::RFP/+

Figure 17F | hsFLP[122]/+, act>y+>UAS-his::RFP/UAS-Scrib::GFP

Figure 17G | hsFLP[122]/+;+/UAS-Lgl::GFP;act>y+>UAS-his::RFP/UAS-
Scrib::GFP

Figure 17H | hsFLP[122]/+;UAS-Lgl::GFP/UAS-DIg::GFP;act>y+>UAS-
his::RFP/+

Figure 171 | hsFLP[122]/+;+/UAS-Dlg::GFP;act>y+>UAS-his::RFP/UAS-
Scrib::GFP

Figure 17) | hsFLP[122]/+;UAS-Lgl::GFP/UAS-DIg::GFP;act>y+>UAS-
his::RFP/UAS-Scrib::GFP

Figure 7D, | dig/m52] FRT194/ovo[D1-18] hsFLP[12] FRT194 (maternal GLC) +

I paternal rescue

Figure 7E, | dig/m52] FRT19A4/ovo[D1-18] hsFLP[12] FRT19A (maternal GLC)

J

Figure 7F | MTD-GAL4, +

Figure 7G, | MTD-GAL4;UAS-scrib RNAi HMS01490

H, K

Figure 5A | hsFLP[122] ubi-nls-mRFP FRT194/PI4KIlla[GS27] FRT194

Figure 5B | hsFLP[122]/hsFLP;+/UAS-AP60; act>y+>UAS-his::RFP/+

Figure hsFLP[122] ubi-nls-mRFP FRT19A4/dlg[1P20] FRTI19A4

6B.E

Figure 6G, | dig/m30] FRT194/ovo[D1-18] hsFLP[12] FRT194 (maternal GLC) +

I, K paternal rescue

Figure 6H, | dig/m30] FRT194/ovo[D1-18] hsFLP[12] FRT19A (maternal GLC)

J,L

Figure 6M, | hsFLP[22]/+;scrib[4] FRT82B/ovo[D1-18] FRTS82B (maternal GLC) +

0 paternal rescue

Figure 6N, | hsFLP[22]/+;scrib[4] FRT82B/ovo[D1-18] FRTS82B (maternal GLC)

P

Figure 9A | hsFLP[122]/+;+/UAS-CG8314 RNAi KK101379;act>y+>UAS-
his::RFP/+

Figure 10A | hsFLP[122]/+,;+/UAS-myr-Scrib:: V5, act>y+>UAS-his::RFP/+

Figure 15C | hsFLP/+;tub-GAL4 UAS-GFP/UAS-myr-Scrib:: V5, tub-GALS80

FRT82B/scrib[1] FRTS2B
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Figure tj-GAL4 tub-GALS80[ts]/UAS-myr-Scrib:: V5
15D,E
Figure 15F | hsFLP[122]/+;act>y+>UAS-his::RFP/UAS-myr-Lgl::GFP
Figure 15H | hsFLP[122]/+;+/UAS-dlg RNAi HMS01954;act>y+>UAS-
his::RFP/UAS-myr-Lgl::GFP
Figure 151 | hsFLP[122]/+;+/UAS-scrib RNAi HMS01993,act>y+>UAS-his::RFP/+
Figure 15J | hsFLP[122]/+;+/UAS-scrib RNAi HMS01993;act>y+>UAS-
his::RFP/UAS-myr-Lgl::GFP

Figure 15K | #-GAL4 tub-GALS80[ts]/UAS-Lgl::GFP
Figure 12A | hsFLP[122] ubi-nls-mRFP FRT19A4/cdc42[4] FRTI19A4
Figure 12B | AsFLP[122] ubi-nls-mRFP FRT19A4/par-6[A226] FRT194
Figure j-GAL4 tub-GALS80[ts]/UAS-aPKC[CAAX] UAS-Par-6
12D,E
Figure hsFLP[122]/+;+/ubi-PH-PLC9::GFP;ubi-nls-mRFP FRTS82B/scrib[1]
14A,B FRT82B
Figure hsFLP[122]/+;UAS-dlg RNAi HMS01954/ubi-PH-

14C,D PLCO::GFP;act>y+>UAS-his::RFP/+
Figure hsFLP[122]/+;UAS-dlg RNAi HMS01954/+;act>y+>UAS-
14E,F his::RFP/tGPH
Figure hsFLP[122]/+;UAS-scrib RNAi HMS01993/+;act>y+>UAS-
14G,H his::RFP/tGPH
Figure UAS-Lgl::GFP/+;+/da-GAL4

17B,D
Figure UAS-Lgl[AAS]::GFP/~+;+/da-GAL4

17C.E

Table 3. Results of Statistical Tests

Figure Summary p-value

1K, aPKC spread in
double mutants:

WT vs. scrib2 kx 0.0032

WT vs. scrib2 dlg RNAi oAk < 0.0001

WT vs. Igl2753 Rk <0.0001
WTvs. Igl27S53 dlg RNAi ook < 0.0001

WT vs. scrib2 Igl RNAi * 0.0174

scrib2 vs. scrib2 dlg RNAi | ns 0.3184

scrib2 vs. Igl2753 ns 0.3589

scrib2 vs. 1gl27S83 dlg RNAi | * 0.0406

scrib2 vs. scrib2 Igl RNAi | ns 0.9998

scrib2 dlg RNAi vs. [gl2753 | ns 0.9981

scrib2 dlg RNAi vs. Igl27S3
dlg RNAi ns 0.9825

scrib2 dlg RNAi vs. scrib2
lgl RNAi ns 0.2191
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Igl2783 vs. Igl2753 dlg

RNAi ns 0.7595
Igl2783 vs. scrib2 Igl RNAi | ns 0.2407
Igl2783 dlg RNAi vs. scrib2
lgl RNAI * 0.0239
3V, Average cortical
Scrib:

WT vs. digm52 * 0.0395
WT vs. digm30 ook <0.0001
WT vs. dlgv59 ook <0.0001
WT vs. diglP20 ns 0.2838
9D, average cortical Scrib:

WT vs. tjts>CG8314 RNAi | ns 0.7047

GD1691

WT vs. tjts>CG8314 RNAi | ns 0.3328

KK110400
13W, Average Baz count:
dlg RNAi vs. UAS-LgIAAS | **** <0.0001
dlg RNAi vs. dlg RNAi
UAS-LglAAS kK <0.0001
dlg RNAi vs. scribl ns 0.7148
dlg RNAi vs. scribl UAS-

LglAAS kK <0.0001
dlg RNAi vs. apkc RNAi oAk <0.0001
dlg RNAi vs. apkc RNAi
UAS-LglAAS kK <0.0001
UAS-LglAAS vs. dlg RNAi
UAS-LglAAS Rk 0.0005
UAS-LglAAS vs. scribl ok <0.0001
UAS-LglAAS vs. scribl
UAS-LglAAS Rk 0.0007
UAS-LglAAS vs. apkc RNAi | ns 0.2428
UAS-LglAAS vs. apkc RNAi
UAS-LglAAS ns 0.0764
dlg RNAi UAS-LgIAAS vs.
scribl ok <0.0001
dlg RNAi UAS-LgIAAS vs.
scribl UAS-LgIAAS ns >0.9999
dlg RNAi UAS-LgIAAS vs.
apkc RNAi ns 0.4558
dlg RNAi UAS-LgIAAS vs.
apkc RNAi UAS-LgIAAS ns 0.71
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scribl vs. scribl UAS-

LglAAS kK <0.0001

scribl vs. apkc RNAi oAk <0.0001
scribl vs. apkc RNAi UAS-

LglAAS kK <0.0001
scribl UAS-LgIAAS vs.

apkc RNAi ns 0.5427
scribl UAS-LgIAAS vs.

apkc RNAi UAS-LglAAS ns 0.7913
apkc RNAi vs. apkc RNAi
UAS-LglAAS ns >0.9999
tj>LglAAS vs. tji>aPKCI”N | **** <0.0001
tj>LglAAS vs.
tj>LglAAS,>aPKCI”N ns 0.9994
ti>aPKCI "N vs.
tj>LglAAS,>aPKCI”N ko <0.0001
141,J, average cortical
PIP3:

WT vs. dlg RNAi oAk 0.0002
WT vs. scrib RNAi ok <0.0001
16A, average Baz particle
size:
dlg RNAi vs. UAS-LgIAAS | **** <0.0001
dlg RNAi vs. dlg RNAi
UAS-LglAAS kK <0.0001
dlg RNAi vs. scribl ns >0.9999
dlg RNAi vs. scribl UAS-

LglAAS kK <0.0001
dlg RNAi vs. apkc RNAi ns 0.4187
dlg RNAi vs. apkc RNAi
UAS-LglAAS ns 0.8503
UAS-LglAAS vs. dlg RNAi
UAS-LglAAS ko 0.002
UAS-LglAAS vs. scribl ok <0.0001
UAS-LglAAS vs. scribl
UAS-LglAAS kK <0.0001
UAS-LglAAS vs. apkc RNAi | **** <0.0001
UAS-LglAAS vs. apkc RNAi
UAS-LglAAS kK <0.0001
dlg RNAi UAS-LgIAAS vs.
scribl ok 0.0003
dlg RNAi UAS-LgIAAS vs.
scribl UAS-LglAAS ns 0.9998
dlg RNAi UAS-LgIAAS vs.
apkc RNAi *x 0.0058
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dlg RNAi UAS-LgIAAS vs.

apkc RNAi UAS-LgIAAS Rk 0.0002
scribl vs. scribl UAS-

LglAAS ko 0.0018
scribl vs. apkc RNAi ns 0.5437
scribl vs. apkc RNAi UAS-

LglAAS ns 0.8514
scribl UAS-LgIAAS vs.

apkc RNAi * 0.0456
scribl UAS-LgIAAS vs.

apkc RNAi UAS-LglAAS *x 0.0027
apkc RNAi vs. apkc RNAi

UAS-LglAAS ns 0.9983
tj>LglAAS vs. tj>aPKCI”N | **** <0.0001
tj>LglAAS vs.

tj>LglAAS,>aPKCI”N * 0.012
tj>aPKCI "N vs.

tj>LglAAS,>aPKCI”N ko <0.0001
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Chapter 3:
Minimal functional domains of the core polarity regulator Dlg

Mark J. Khoury and David Bilder
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ABSTRACT

The compartmentalized domains of polarized epithelial cells arise from mutually antagonistic
actions between the apical Par complex and the basolateral Scrib module. The Scrib module
proteins Scribble and Dlg are required to limit Lgl phosphorylation at the basolateral cortex, but
how Scrib and DIg could carry out such a ‘protection’ activity is not clear. We tested Protein
Phosphatase 1o (PP1) as a potential mediator of this activity but demonstrate that a significant
component of Scrib and DIg regulation of Lgl is PP1-independent, and no evidence for a Scrib-
Dlg-PP1 protein complex was found. However, the DIg SH3 domain plays a role in Lgl protection
and, in combination with the N-terminal region of the DIg HOOK domain, in recruitment of Scrib
to the membrane. We identify a ‘minimal DIg’ comprised of the SH3 and HOOK domains that is
both necessary and sufficient for Scrib localization and epithelial polarity function in vivo.
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INTRODUCTION

Cell polarity is the fundamental process by which a single cell partitions its plasma
membrane into two molecularly distinct, mutually exclusive domains. The ability to polarize is
crucial for the development and homeostasis of many cell types, including neurons, stem cells and
epithelial cells (St Johnston and Ahringer, 2010). Epithelial cells exhibit apicobasal polarity, a
feature critical for their physiological function and morphogenesis of their resident tissues
(Buckley and St Johnston, 2022; Rodriguez-Boulan and Macara, 2014). Like many other polarized
cells, epithelial cell polarity is often regulated by two highly conserved groups of proteins: the Par
complex, composed of Par-3, Par-6 and atypical protein kinase C (aPKC) and the Scrib module,
composed of Scribble (Scrib), Discs-large (DIlg) and Lethal giant larvae (Lgl) (Flores-Benitez and
Knust, 2016; Goldstein and Macara, 2007). The separation of apical and basolateral domains
derives from the mutual antagonism between the apical-defining Par complex and the basolateral-
defining Scrib module. Apical aPKC phosphorylates Lgl, which removes it from the plasma
membrane, thus excluding Lgl from the apical domain (Bailey and Prehoda, 2015; Betschinger et
al., 2003; Dong et al., 2015; Plant et al., 2003). Conversely, basolateral Lgl inhibits aPKC
localization to prevent apical domain spread (Hutterer et al., 2004; Wirtz-Peitz et al., 2008;
Yamanaka et al., 2003).

For the Par complex, there is now detailed insight into specific functions and molecular
interactions for each of its component proteins. By contrast, how the Scrib module determines
basolateral polarity is poorly defined (Lang and Munro, 2017; Tepass, 2012). The major
knowledge gap in Scrib module biology is the molecular mechanism of Scrib and DIg activity.
While Lgl’s role as an antagonist of aPKC localization is well-known, how Scrib and Dlg act to
ensure restriction of the apical domain is not understood. Addressing this question will be essential
to a full understanding of cell polarity.

We previously identified several principles of Scrib module protein function, showing that
Dlg is required to regulate Scrib cortical localization and providing evidence that Scrib and Dlg
are both required to negatively regulate Lgl phosphorylation (Khoury and Bilder, 2020). The data
led us to propose a model in which Scrib and DIg act as molecular switches in the aPKC-Lgl
relationship. At the basolateral domain, Scrib and DIg ‘protect’ Lgl by limiting inhibitory aPKC
phosphorylation, allowing Lgl to inhibit aPKC, whereas at the apical domain, where Scrib and DIg
are not present, Lgl is unprotected and can be inhibited by aPKC. Here, we have used a
combination of in vivo genetics, biochemistry, and an in vitro polarity system to pursue potential
molecular bases of this model. We fail to find evidence supporting a plausible mechanism of Lgl
protection in which Scrib and Dlg recruit the phosphatase PP1, but we identify a minimal domain
of Dlg that is both necessary and sufficient for Scrib recruitment and Dlg function.

RESULTS
PP1 is a candidate effector of Scrib and DIg activity

Since Scrib and Dlg are both scaffolding proteins, it is likely that any Lgl protection activity
derives from specific binding partners. To search for polarity-relevant Dlg binding partners, we
have carried out APEX2-based proximity proteomics of DIg in epithelial tissue (Sharp et al., 2021).
We mined these data for potential effectors of Lgl protection and uncovered the Drosophila Protein
Phosphatase 1o (PP1a) homolog, Pp1-87B (hereafter PP1), in the top 60 most enriched Dlg-
proximity hits (log2 fold change = 4.8, p=0.001). PP1 is an appealing candidate to mediate Lgl
regulation by Scrib and Dlg because PP1 was recently shown to counteract aPKC phosphorylation
of Lgl in Drosophila epithelial cells (Moreira et al., 2019). We confirmed that pp/ depletion

64



resulted in decreased cortical Lgl localization in follicle epithelial cells (Fig. 3.6C-E). Intriguingly,
both Scrib and Dlg contain conserved protein sequences that match PP1-binding consensus motifs:
Scrib contains SILK and RVxF motifs and Dlg contains an RVxF motif (Fig. 3.1A, Fig.
3.7A)(Hendrickx et al., 2009; Young et al., 2013). These motifs are found in proteins that bind
PP1 and can act as substrate specificity factors, recruiting the general PP1 phosphatase to target
proteins (Heroes et al., 2013). We therefore hypothesized that Scrib and DIg could regulate Lgl
phosphorylation by scaffolding PP1 at the basolateral cortex.

Functional tests of Scrib and Dlg PP1-binding motifs

To test the functional relevance of the putative PP1-binding motifs in Scrib and Dlg, we
designed targeted mutations in these sequences. We first mutated the consensus residues of the
Dlg RVxXF motif to alanine (Fig. 3.1A). This construct (DIgASAXA) localized to the basolateral
membrane in follicle cells and was enriched at the cell cortex (PM Index > 1) (Fig. 3.1B-C,F).
DIgASAKA Jocalization was slightly less cortical than overexpressed WT Dlg (Fig. 3.1F). However,
DIgASAKA Jocalization was still sensitive to scrib depletion, suggesting that this mutation does not
prevent the recently described electrostatic mechanism of Dlg membrane recruitment (Fig. 3.1D-
F) (Lu et al., 2021). DIgASAKA did not rescue the overproliferation or polarity defects in dlg mutant
wing imaginal discs (Fig. 3.1G-J). Similarly, when expressed in d/g mutant follicle cell clones,
DIgASAKA had no rescuing activity and these cells were indistinguishable from dlg null mutants,
with ectopic basolateral aPKC localization and epithelial multilayering (Fig. 3.1K-M). Thus, the
Dlg RVxF motif is required for all tested DIg functions.

Next, we mutated the critical residues in the Scrib SILK and RVxF motifs to alanine (Fig.
3.7A). As the SILK motif'is located in the Scrib LRR region, a domain critical for localization and
function, we also added an N-terminal myristoylation signal to negate potential complications due
to LRR disruption (Zeitler et al., 2004). The resulting protein, myr-ScribTAAARAGA [ocalized to the
basolateral membrane in the follicle epithelium and was enriched at the cell cortex (PM Index >
1), although myr-ScribTAAARAGA [ocalized less well to the cortex than WT myr-Scrib (Fig. 3.7B-
D). When expressed in scrib mutant wing imaginal discs, myr-ScribTAAARAGA partially rescued the
epithelial architecture defects in scrib mutants, although growth control was not restored (Fig.
3.7E-H). In follicle cells, myr-Scrib™AARAGA \ag able to partially rescue the polarity loss
phenotype. We observed largely normal apical aPKC localization, with incomplete rescue of
epithelial multilayering compared to WT myr-Scrib (Fig. 3.7I-J). These results suggest myr-
ScribTAAARAGA retaing significant function, and thus that these PP1-interacting consensus motifs
are not essential for Scrib’s role in polarity.

No evidence for physical interaction between Scrib, Dlg and PP1

Given the conserved PP1-interaction motifs in both Scrib and Dlg, we tested whether a
physical interaction occurs, first using in vivo co-immunoprecipitation (co-IP) assays with
transgenic proteins overexpressed in follicle cells. In this assay, we could detect copurification of
transgenic Sds22, a known PP1 binding partner (Ceulemans et al., 2002). However, Scrib or Dlg
were not detected copurifying with PP1 (Fig. 3.2A). We were also unable to reliably detect
interaction between Scrib or Dlg and PP1 when combinations of these proteins were overexpressed
in cultured Drosophila S2 cells, even when cells were crosslinked prior to lysis to stabilize weak
and transient protein-protein interactions (Fig. 3.2B).

Scrib and DIg can regulate Lgl independently of PP1
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As an additional functional test of the relationship between Lgl regulation by PP1 and its
regulation by Scrib and DIg, we made use of a mutant Lgl protein that cannot interact with PP1
(LgI®*AFA) (Moreira et al., 2019). When expressed in the follicle epithelium, LgI®AFA exhibits an
increased cytoplasmic distribution, presumably resulting from its impaired ability to be
dephosphorylated and return to the membrane (Fig. 3.2C,E,G) (Moreira et al., 2019). When
expressed in scrib- or dlg-depleted cells rather than WT cells, LgI*AFA cortical localization was
even further reduced, suggesting that even in the absence of PPl regulation, LgI®¥AfA is still
dependent on Scrib and Dlg (Fig. 3.2F-G). Interestingly, there was no difference between LgIkAFA
and LgIVT cortical levels in scrib- or dig-depleted cells (Fig. 3.2G). Furthermore, overexpression
of PP1 in scrib- or dig-depleted cells did not rescue Lgl mislocalization (Fig. 3.6F-H). Together,
these data suggest that Scrib and Dlg’s polarity functions include a PP1-independent component.

A cell culture assay for Scrib recruitment

Although we did not find evidence to functionally implicate PP1 in Scrib/Dlg activity,
mutating the Dlg RVxF motif nevertheless caused severe loss of function. We therefore tested
other, PP1-independent, functions of this protein region. In addition to protecting Lgl, Dlg also
stabilizes Scrib at the cell cortex (Khoury and Bilder, 2020; Ventura et al., 2020). We sought to
precisely define the regions of DIg required to recruit Scrib. To this end, we adapted a previously
described induced polarity assay using cultured Drosophila S2 cells (Johnston, 2020; Johnston et
al., 2009). In this method, transgenic expression of the homotypic cell adhesion protein Echinoid
(Ed) is used to create a polarized cortical domain at the contact point between two clustered Ed-
expressing cells. By fusing a protein of interest to the Ed intracellular domain, one can create
polarized localization of any construct. Importantly, S2 cells do not exhibit native cell-cell
adhesion or polarity, although they express a subset of polarity proteins (including Scrib and Dlg)
at low to moderate levels. We reasoned that fusing DIg to Ed would create a discrete cortical
domain of polarized Dlg that could recruit endogenous Scrib (Fig. 3.3A). Indeed, an Ed-fused
fragment of DIlg encompassing its PDZ3-SH3-HOOK-GUK domains was able to robustly recruit
Scrib to the polarity site, compared to a control construct containing Ed alone (Fig. 3.3B-C).
Because the same Dlg fragment can provide polarity function in vivo (Hough et al., 1997; Lu et
al., 2021), the Ed assay provides a useful platform to dissect regions mediating Scrib recruitment
by Dlg.

We then tested a series of Ed-Dlg constructs encompassing additional domain truncations
and mutations. Consistent with in vivo experiments on Dlg function, we found that PDZ3 and GUK
were individually dispensable for Scrib recruitment, although GUK deletion resulted in a mild
impairment of Scrib recruitment compared to the full-length construct (Fig. 3.3D)(Hough et al.,
1997; Khoury and Bilder, 2020; Lu et al., 2021). A construct mimicking the dlg”’ missense
mutation in SH3 retained partial ability to recruit Scrib, unlike the in vivo situation (Khoury and
Bilder, 2020), although it was significantly worse than the WT construct (Fig. 3.3D). We generated
a second SH3 domain mutation, designed to disrupt conserved residues that would make up the
PxxP binding region of a canonical SH3 domain, and found that this construct also disrupted the
ability of Ed-Dlg to recruit Scrib (Fig. 3.8A-B).

Dlg SH3-HOOK is a minimal fragment necessary and sufficient for polarity in vivo

We then turned to the HOOK domain, where the RVXF motif resides. A HOOK-deleted
Dlg construct fails to rescue imaginal disc polarity in vivo, but this protein localizes to the nucleus
rather than the plasma membrane, limiting interpretation (Hough et al., 1997). In the S2 induced
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polarity assay, the HOOK domain was essential, as a HOOK-deleted construct failed to recruit
Scrib (Fig. 3.3D). Interestingly, the same failure was seen with a construct carrying the DIgASAKA
mutation (Fig. 3.3D). We then tested individual HOOK residues and found that even single amino
acid mutations in the RVxXF consensus sequence resulted in equivalent disruption of Scrib
recruitment activity (Fig. 3.8A-B). In contrast, mutations in evolutionarily conserved residues at
the opposite, C-terminal end of the HOOK domain had no effect, suggesting that the HOOK N-
terminal region contains the major functional elements (Fig. 3.8A-B). Finally, since single amino
acid changes in either the HOOK or SH3 domains disrupt Scrib recruitment, we tested the
sufficiency of the domains. Neither domain displayed function alone, but strikingly a fragment
composed of SH3-HOOK was sufficient to mediate Scrib clustering (Fig. 3.3D).

We then tested whether this DIg construct (DIgS"3-HOOK) wags also sufficient for function in
vivo, comparing it to a DIgSH3-HOOK-GUK congtruct. As expected, DIgSH3-HOOK-GUK regcyed polarity
and epithelial architecture in dlg-deficient imaginal discs; growth control also appeared normal
(Fig. 3.4G)(Lu et al., 2021). Excitingly, the smaller DI1gSH3-HO0K a]s0 rescued polarity, architecture
and growth control in d/g-deficient imaginal discs (Fig. 3.4H). We confirmed this result by taking
advantage of a validated d/g RNAI line that targets the PDZ2-encoding sequences, allowing us to
deplete the endogenous protein but not our transgenes which lack this domain. Depletion of dig
in the posterior compartment of wing imaginal discs generates mispolarized tumors, but
coexpression of DIgSH3-HOOK efficiently rescued epithelial polarity, architecture and growth, to a
degree indistinguishable from the rescue provided by DIgSH3-HOOK-GUK (Rig 3.9). We then tested
the constructs in the follicle epithelium. Both transgenic proteins localized to the basolateral
membrane, albeit at reduced levels compared to WT Dlg (Fig. 3.4A-D). When expressed in dig-
depleted follicle cells (Fig. 3.4I), both DIgSH3-HOOK-GUK apd D]gSH3-HOOK reduced the basolateral
expansion of aPKC to ameliorate polarity and restore monolayer organization (Fig. 3.4J-
L), although the former was more efficient than the latter. Intriguingly, even in cases with altered
epithelial architecture, DIgSH3-HOOK regtored Scrib recruitment to WT levels, as did DIgSH3-HOOK-
GUK (Fig. 3.4M-P). These data support the conclusion that the SH3 and HOOK domains mediate
both Dlg’s Lgl protection and Scrib recruitment activities and that they together constitute a
minimal functional unit of the protein that can support epithelial polarity, albeit less efficiently in
some tissues than others.

The DIg SH3-HOOK unit regulates Scrib localization, and SH3 provides an additional
polarity function

Finally, we investigated the relationship between DIg’s Scrib recruitment and Lgl
protection activities. Nuclear localization of the previous HOOK deletion construct prevented
conclusions about its role in the former process. We therefore complemented dlg null mutant
follicle cells in vivo with our HOOK domain missense mutant construct and found that, as in the
S2 cell assays, it fails to rescue Scrib cortical localization (Fig. 3.5A-D). The SH3 domain is
required for Scrib recruitment in vivo, since dlg™? homozygous cells are defective in recruiting
Scrib to the cortex (Khoury and Bilder, 2020). To determine if the SH3 domain is required only
for Scrib recruitment, we expressed a membrane-tethered Scrib protein (myr-Scrib) in dlg™’
homozygous follicle cells. Strikingly, this combination yielded a partial rescue of polarity, as
assessed by degree of aPKC mislocalization, compared to myr-Scrib in dlg null cells (Fig. 3.5E-
I). Whereas our previous data show that both SH3 and HOOK domains are required for Scrib
localization, this experiment suggests that regions including HOOK cooperate with Scrib to
provide Lgl ‘protection’ activity that can be further enhanced by an intact SH3.
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How does SH3-HOOK regulate Scrib recruitment? In cultured mammalian cells it was
recently shown that the Scrib LRR and LAPSD domains, which are both necessary and sufficient
for polarity function in Drosophila (Albertson et al., 2004; Bonello et al., 2019; Choi et al., 2019;
Khoury and Bilder, 2020; Zeitler et al., 2004), can co-IP with DIgl (Troyanovsky et al., 2021).
We tested this Scrib fragment in the S2 induced polarity assay but could not detect recruitment of
endogenous Dlg by Ed-Scrib!RR*LAPSD (Fjg, 3.10A-C). The ability of DIg to recruit Scrib in this
system, but not vice versa, parallels in vivo data showing Scrib localization to be dependent on
Dlg, but DIg localization to be largely independent of Scrib (Khoury and Bilder, 2020; Lu et al.,
2021). We were also unable to colP transgenic Scrib!RRLAPSD gpd D]gPPZ3-SH3-HOOK-GUK oy S2
cells (Fig. 3.10D), even with crosslinking and by increasing the starting material used by
severalfold. Combined with our induced polarity and in vivo genetic experiments, these data
support the idea that Dlg recruits Scrib via its SH3-HOOK domains, but that this recruitment may
not reflect direct physical binding between the two proteins.

DISCUSSION

The molecular mechanism of Scrib module function has been a longstanding challenge in
the study of cell polarity. Much work has focused on identifying binding partners of Scrib module
proteins, with less attention given to the relationships that exist within the Scrib module itself.
Here, we perform fine-grained functional analysis of the Dlg protein, defining its minimal required
domains. These experiments identified a critical SH3-HOOK module that facilitates Scrib
localization and is both necessary and sufficient for DIg’s polarity activity in vivo.

Our search for Scrib module effectors yielded PP1 as an appealing candidate for Lgl
regulation. Such a role would be consistent with studies from mammalian cell culture, where both
Scrib and Dlg have been found to bind to PP1 (Hendrickx et al., 2009; Nagasaka et al., 2013;
Troyanovsky et al., 2021; Van Campenhout et al., 2011; Young et al., 2013), and have been
proposed to act as targeting factors that direct PP1 to specific substrates. We failed to find evidence
for a physical complex between Scrib, DIg and PP1 in Drosophila, and our data mutating PP1-
binding consensus sequences support alternative functions for these motifs, unrelated to PP1-
binding. Although we cannot rule out that PP1-Scrib module interactions occur in Drosophila at a
low affinity, we note that a direct role for such interactions in regulating mammalian cell polarity
remains to be demonstrated. Moreover, our data demonstrate that Scrib and DIg influence Lgl
localization at least partially independently of PP1, which is consistent with the weak phenotype
of pp1 compared to scrib module mutants (Fig. 3.6A-B) (Moreira et al., 2019).

Our data using LgI®AF4 are consistent with two possible roles of Scrib and Dlg in polarity.
First, Scrib and Dlg could limit Lgl phosphorylation through partners other than PP1, since Lgl
mislocalization in dlg-depleted cells can be restored by co-depletion of aPKC or by mutating Lgl
phosphorylation sites to alanine (Khoury and Bilder, 2020; Ventura et al., 2020). Second, Scrib
and DIg’s regulation of Lgl could involve a phosphorylation-independent component. Consistent
with this possibility, we found that a non-phosphorylatable Lgl protein (Lgl>**) still exhibited
reduced cortical localization in scrib- and dig-depleted cells (Fig. 3.11). These findings draw
parallels with the C. elegans zygote, where PAR-2 can ‘protect’ PAR-1 both by physical binding
as well as competing for aPKC’s activity to reduce PAR-1 phoshorylation (Ramanujam et al.,
2018). However, evidence for physical binding of Lgl with Scrib or DIg in Drosophila is currently
lacking, outside of a report of binding to the polarity-dispensable GUK domain (Zhu et al., 2014).
Thus, although speculative, the analogy of PAR-1 regulation to Lgl ‘protection’ should provide an
appealing basis for future experiments. Lastly, although Scrib and Dlg do not require PP1 to
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regulate Lgl, it is possible that PP1 requires Scrib and DIg to do so, since the degree of Lgl
mislocalization in scrib- and dlg-depleted cells is not enhanced by removing PP1-dependent
regulation (LgI*AFA, Fig. 3.2G).

Dlg is required for Scrib recruitment, proximity assays reliably detect Scrib near DIg
(Nakajima et al., 2019; Sharifkhodaei et al., 2019; Sharp et al., 2021), and an optogenetic
relocalization experiment showed that either Scrib or DIg can induce relocation of the other protein
(Ventura et al., 2020). However, we were unable to biochemically detect a Scrib-DIg complex in
extracts from follicles or when the proteins were overexpressed in cell culture. A recent mass spec
dataset from Drosophila embryos also failed to detect Scrib in Dlg IP samples and vice versa
(Nakajima et al., 2019). In flies, biochemical evidence for such a complex involves colP from
synapse-containing tissues such as larval muscle and adult brains (Mathew et al., 2002; Rui et al.,
2017); in mammalian cells evidence for colP comes from cultured cells (Awadia et al., 2019;
Troyanovsky et al., 2021). Several of the above cases involve mutual binding partners, and require
that partner for colP, such as Gukholder at the neuronal synapse and SGEF in epithelia (Awadia
etal., 2019; Mathew et al., 2002). Given the inconsistent evidence for biochemical interaction, we
feel that it is prudent to continue to refer to the Scrib proteins as a ‘module’ rather than a complex.

Our studies identify a critical motif in the DIlg N-terminal HOOK domain that is, in
combination with the SH3 domain, required for polarity and Scrib localization. In the wing
imaginal disc, SH3 and HOOK are alone sufficient to support full polarity function. In follicle
cells, SH3 and HOOK are also sufficient to support Scrib recruitment. Polarity activity in this
tissue is less efficient, with full architectural rescue that is less penetrant than with the SH3-HOOK-
GUK construct. The SH3-HOOK-rescued follicle cell clones resemble clones mutant for GUK-
truncated dlg alleles, where polarity in cells retaining epithelial structure is largely normal (Khoury
and Bilder, 2020). A follicle-specific role for the GUK domain may involve its known role in
spindle orientation, which is required in this follicle but not the wing disc epithelium (Bellaiche et
al., 2001; Bergstralh et al., 2013; Bergstralh et al., 2016). Overall, the data demonstrate that SH3
and HOOK domains alone are the minimal elements required for DIg to recruit cortical Scrib and
provide some polarity function.

How might the SH3 and HOOK domains operate? MAGUK-family SH3 domains are
“non-canonical” in that they cannot bind the polyproline ligands bound by typical SH3 domains,
because they lack key residues in the PxxP binding pocket (McGee et al., 2001). The HOOK
domain is a conserved linker of variable length between the SH3 and GUK domains (Zhang et al.,
2013) that is thought to create interdomain allostery, facilitating an intramolecular interaction that
enables functions that the individual domains lack in isolation (McCann et al., 2012; McGee and
Bredt, 1999; McGee et al., 2001; Rademacher et al., 2019; Zhang et al., 2013). One demonstrated
function of HOOK domains is to negatively regulate binding of certain GUK domain ligands,
presumably by influencing the SH3-GUK interaction (Golub et al., 2017; Marcette et al., 2009;
Qian and Prehoda, 2006). However, the dispensability of the GUK domain for polarity in vivo and
in the S2 induced polarity assay reveals that such regulation is not important for Scrib recruitment
and polarity function. A second function of HOOK is to mediate electrostatic binding to the
membrane (Lu et al., 2021), but our experiments mutating non-polar amino acids and supplying
membrane tethering in S2 cells show that additional SH3-dependent functions reside in HOOK.
Our single amino acid resolution mutant analysis reveals that the HOOK N-terminus is essential
to this function, and an appealing model is that it works with the SH3 domain to bind an additional
scaffolding factor to permit Scrib recruitment. Once Scrib has been recruited, SH3-HOOK and
Scrib are together competent to protect Lgl through an unknown cooperative activity that defines
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basolateral identity. In support of this model, we find that constitutively tethering Scrib to the
membrane can partially bypass a d/g SH3 mutant allele, demonstrating that a primary function of
SH3 is to recruit Scrib. To our knowledge, this is the first case where a Scrib construct can rescue
a dlg mutant, providing further evidence for the cooperative nature of Scrib module function in
basolateral polarity and pointing to the Dlg SH3-HOOK as a primary mediator of this. Exploring
this model will be an important aspect of future studies.

In sum, our in-depth interrogation of the core polarity regulator Dlg defines a minimally
sufficient fragment composed of the SH3-HOOK domains, as well as single amino acids in the
HOOK domain, that are essential for polarity function. These domains cooperatively recruit Scrib
to the cell cortex and supply an additional function that is independent of PP1 that enables Lgl to
antagonize aPKC. The data advance our understanding of how basolateral polarity is established
and contribute a significant step towards mechanistic understanding of the Scrib module
machinery.

Acknowledgements

We thank E. Morais-de-S4, C. Johnston and Y. Hong for fly stocks and reagents, L. Mathies
for cloning the UAS-DIg constructs and K. Prehoda, Y. Hong, M. Kitaoka and the Hariharan and
Bilder labs for helpful discussions. We thank the UC Berkeley Cell Culture Facility for help with
S2 cell experiments. Stocks obtained from the Bloomington Drosophila Stock Center (NIH
P400DO018537) and resources from the Drosophila Genomics Resource Center (NIH
2P400D010949) were used in this study. This work was supported by NIH grant R35 GM 130388
to D.B. and AHA Predoctoral Fellowship 20PRE35120150 to M.J.K.

Competing interests
The authors declare no competing or financial interests.

MATERIALS AND METHODS
Fly stocks and genetics

Drosophila stocks were raised on cornmeal molasses food at 25°C. Mutant alleles and
transgenic lines used are listed in Table 1. Follicle cell mutant clones were generated using the
MARCM technique with hsFLP induction by 37°C heat shock for 1 hour on three consecutive
days beginning at 120 hours after egg deposition (AED) for FRT194 stocks, and two consecutive
days for FRT82B stocks. For clonal GAL4 expression, larvae were heat shocked once for 13
minutes at 37°C 120 hours AED to generate flip out clones. For all clonal experiments, newly
eclosed females were fed with yeast and dissected three days after eclosion. Unless otherwise
noted, pan-follicle cell expression used traffic jam-GAL4 and temperature sensitive tub-GALS0ts.
After one-two days on yeast, newly eclosed females were shifted to 29°C for three days to induce
GALA4 expression before ovary dissection.

Molecular cloning

To generate UAS-DIg'S4%4::HA, pUASTattB was digested with EcoRI and Xbal and
overlapping fragments amplified from the DIg cDNA were assembled using Gibson assembly. For
the UAS-DIg5H3HOOK-GUK.-F14 and UAS-DIgS™3-H00K -4 constructs, pUASTattB was digested
with Xhol and Xbal and fragments encompassing the appropriate domains were amplified from
the pUASTattB-DIg"VT vector and assembled via Gibson assemnbly. UAS-myr-Scrib™44/R4G4: . 75
was generated from UAS-myr-Scrib::V5 by first using the NEBuilder Gibson Assembly kit to
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insert a Kpnl site 5° of the myr signal. Then, the resulting plasmid was digested with Kpnl and
Agel and fragments containing the desired mutations were amplified and assembled using the
NEBuilder Gibson Assembly kit. To generate the Ed-DIlg constructs for S2 cell expression,
mutations of interest were introduced into the pMT-Ed::GFP::DIgP?3-SH3-HOOK-GUK plagmid
(Garcia et al., 2014) using the NEBaseChanger site directed mutagenesis kit as directed by the
manufacturer (NEB). To generate the cytosolic pMT-GFP:: DIgPP?3-SH3-HOOK-GUK and pMT-
ScribtRRLAPSD .75 plasmids, the corresponding regions of the DIg and Scrib ¢cDNAs were
amplified from the pMT-Ed::GFP:: DIgrP?3-SH3-HOOK-GUK and pUASTattB-myr-Scrib:: V5 plasmids,
respectively. Fragments were then assembled using the NEBuilder HiFi DNA assembly kit (NEB)
as instructed into Xhol/EcoRI or Agel/EcoRI linearized pMT-His-V5 backbone, respectively. The
Dlg sequence used in this study is NP_996405.1 and the Scrib sequence is NP_001036761.3.
Primers used for cloning are given in Table 1. The deletions made with respect to the Dlg and
Scrib reference protein sequences are given in Table 2.

S2 cell culture and induced polarity assay

S2 cells were cultured using standard methods at 25°C in Schneider’s media (Invitrogen)
supplemented with 10% FBS and 1% penicillin/streptomycin. Transfections were performed using
the Effectene kit (Qiagen) according to manufacturer’s instructions. 2x10° cells per well of a 6-
well plate were transfected with 500ng of DNA per plasmid. Cells were incubated in transfection
complexes for 48 hours and then switched into fresh media containing 0.5mM CuSO4 to induce
expression of the metallothionein promoter for 48 hours before experiments. The induced polarity
assay was performed essentially as described previously (Johnston, 2020). After 48 hours of
induction, transfected S2 cells were resuspended in 3 mL of fresh media containing 0.5mM CuSOs,
The cell suspensions were agitated in an orbital shaker at 150 RPM in 6-well plates for 2 hours to
induce cell clusters. 1 mL per condition of the clustered cell suspension was then allowed to settle
on poly-D-lysine coated coverslips and adhere for 30 minutes. The cells were then fixed for 20
minutes in 4% PFA and processed for immunofluorescence as described below.

Immunofluorescence and microscopy

Ovaries were dissected in PBS and individual ovarioles were separated prior to fixation in
4% PFA for 20 minutes. Wing imaginal discs were dissected from wandering L3 larvae in PBS
and fixed for 20 minutes in 4% PFA. Samples were blocked for 30 minutes to 1 hour in 0.1% PBS-
T containing 4% NGS and 1% BSA before staining with primary antibodies overnight at 4°C in
blocking buffer. Following 3 washes in PBS-T, samples were incubated in 1:400 fluorescent
secondary antibodies (Invitrogen) for 2 hours at room temperature. Primary antibodies used are
given in Table 1. Imaging was performed on either a Zeiss LSM700 inverted point scanning
confocal microscope or an upright Zeiss Axio Imager 2 microscope with Apotome 2 using Plan
Apochromat 20x/NA 0.8 or LD C-Apochromat 40x/NA 1.1 W objectives. Uncropped confocal
images were 1024x1024 pixels with 2 line averages, and widefield images were 512x512 pixels.

Image analysis and quantification

Image processing and quantification was performed using FI1JI software (Schindelin et al.,
2012). To quantify Scrib, DIg and Lgl cortical localization, a 1.17um wide rectangular ROI
spanning a single cell-cell boundary and a second identical width ROI were measured in en face
sections. The ratio of membrane:cytoplasmic fluorescence intensity was computed to define the
Plasma Membrane Index (PM Index)(Lu et al., 2021). To quantify aPKC localization, lines along
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the apical and basolateral membranes were measured in FIJI and the ratio of basolateral:apical
intensity was computed to give a measure of lateral mislocalization. To quantify enrichment at S2
cell polarity domains, a 0.39um wide rectangular ROI spanning the contact site between two S2
cells and a second ROI on a non-contacting section of the membrane were measured and the ratio
of contact:non-contact fluorescence intensity was computed to give the Enrichment Index. In all
cases measurements were taken from single cells, with averages were calculated for each
condition. Figures were assembled with Adobe Illustrator.

Coimmunoprecipitation and Western blotting

Ovary tissue was lysed in ice cold IP buffer (10mM Tris, 150mM NaCl, 0.5mM EDTA,
0.5% NP-40)(Nakajima et al., 2019) by homogenization. S2 cells were resuspended in ice cold IP
buffer and lysed for 30 minutes at 4°C by nutation. Lysates were then cleared by centrifugation at
13,400 x g for 20 minutes at 4°C. Following protein concentration determination by BCA assay
(ThermoFisher), 200pg of protein per sample was then loaded onto antibody-conjugated Protein
G Dynabeads (ThermoFisher) and rotated overnight at 4°C. The following day, antibody-bead
complexes were washed 3 times with lysis buffer before eluting the samples by boiling for 10
minutes in 4x loading dye (Bio-Rad) containing 10% p-mercaptoethanol. 60pug ‘input’ samples
were also prepared in the same way by boiling in B-mercaptoethanol-containing loading dye.
Antibodies used for IP are listed in Table 1. To induce crosslinking, cells were washed several
times with ice cold sterile PBS to remove traces of culture media. The cells were then incubated
in 2mM disuccinimidyl suberate (DSS, ThermoFisher) in PBS for 30 minutes at room temperature.
The crosslinking reaction was then quenched by adding Tris to a final concentration of 20mM and
incubating for 15 minutes at room temperature.

Western blotting was performed as previously described (de Vreede et al., 2018). Proteins
were separated by SDS-PAGE on 7.5% TGX precast gels (Bio-Rad) before being blotted onto
methanol-activated 0.45um PVDF membranes (GE Healthcare) at 300mA for 1 hour. Membranes
were then blocked for 1 hour with TBS-T containing 3% BSA before probing with primary
antibodies overnight at 4°C. The following day, membranes were washed 3 times in TBS-T before
being incubated in 1:2000 secondary antibodies in blocking buffer for 2 hours at room temperature.
Following 3 more washes, blots were imaged by ECL chemiluminance (WesternBright) on HyBlot
CL autoradiography film (Denville Scientific). Primary antibodies are listed in Table 1.

Multiple sequence alignment

Protein sequence alignments were created with Clustal Omega (Madeira et al., 2019) and
visualized with SnapGene Viewer. The Uniprot sequences used for DIg were: H. sapiens Q12959,
M. musculus Q811D0, R. norvegicus Q62696, D. rerio QSPYH6, X. tropicalis Q28C55 and D.
melanogaster P31007. For Scrib, the sequences used were: H. sapiens Q14160, M. musculus
Q80U72, R. norvegicus D3ZWSO0, D. rerio AOA1L1QZFO0, X. tropicalis XP_031759453.1 and D.
melanogaster QTKRY7.

Statistical analyses

The statistical tests used for each experiment are described in the corresponding Figure
3.legends. No data points were excluded. For each experiment ovaries from at least 5 females were
examined, with at least 10 ovarioles being analyzed. All plots show individual data points for all
measurements used. All experiments were repeated a minimum of two times. Definitions of
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significance used are: n.s. (not significant) P > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001, ****P
<0.0001. Data were analyzed using Microsoft Excel and GraphPad Prism 6.

Data availability

The Dlg APEX2 proteomics dataset was previously published (Sharp et al., 2021) and is
available from MassIVE proteomics repository and Proteome Exchange using accession numbers
MSV000087186 and PXD025378, respectively. All other reagents and data will be made available
upon request.
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Figure 3.1. The DIg RVxF motif is critical for function

(A) Cartoon showing location of the RVxF motif in the DIg protein and conservation of the motif
across species. The resides mutated in DIgASAKA are highlighted in red. The RVxXF consensus as
defined by (Wakula et al., 2003) is shown. (B-E) Like DIgWT (B), DIg*SAKA Jocalizes to the
basolateral membrane and is enriched at the cell cortex (C). DIgWT localization (D) as well as
DIg”SAKA ocalization (E) is sensitive to scrib-depletion, quantified in (F). (G-J) Compared to WT
(G), dig null mutant wing discs form disorganized tumors (H). Expression of DIgWT rescues this
phenotype (I), while expression of DIgASAKA does not rescue (J). (K-M) In the follicle epithelium,
dlg™? null mutants (K) lose polarity, characterized by lateral aPKC spread, and this is rescued by
expressing DIgWT (L). In contrast, polarity loss is not rescued by DIgASAKA expression (M). Scale
bars, 10pum except in G-J, 100um. Dotted lines in (B-E) and white lines in (K-M) indicate clones
of given genotype. (F) One-way ANOVA with Tukey’s multiple comparisons test. Error bars
represent S.D. Data points are PM Index measurements in single cells. PM
Index=cortical/cytoplasmic intensity. **P < 0.01, ****P <(0.0001.
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Figure 3.2. Scrib and DIg regulate Lgl independently of PP1

(A) ColP of transgenic Scrib or Dlg and PP1 from follicle cells fails to detect an interaction,
although interaction between PP1 and Sds22 is robustly captured. (B) ColP of overexpressed Dlg
or Scrib and PP1 from S2 cells following in situ crosslinking also failed to reliably detect
interaction between these proteins. Asterisks in (A-B) indicate relevant bands. Lgl¥T membrane
localization (C) is severely disrupted by dlg RNAi (D). LgI®Af (E) has increased cytoplasmic
localization compared to LgIV" and is further decreased by dlg RNAI (F). (G) Quantification of
Lgl membrane localization. Scale bars, 10um. (G) One-way ANOVA with Tukey’s multiple
comparisons test. Error bars represent S.D. PM Index=cortical/cytoplasmic intensity. Data points
are measurements from individual cells. n.s. (not significant) P > 0.05, ****P < (0.0001.
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Figure 3.3. DIgSH3-HOOK jg qufficient for Scrib localization in an induced polarity system

(A) Cartoon of S2 induced polarity assay. Polarizing DIg by fusion to Ed enables testing of Scrib
recruitment in a minimal synthetic system. (B) S2 cells expressing Ed-GFP can be clustered by
adhesion between Ed molecules, but this does not alter Scrib localization. (C) When D1gPPZ3-5H3-
HOOK-GUK s fused to Ed, it creates a polarity crescent at the contact site that is able to recruit Scrib.
(D) Quantification of Scrib recruitment to the polarity site in various Ed-Dlg constructs
schematized below. DIgPPZ3-SH3-HOOK-GUK jg aple to enrich Scrib, while the Ed-GFP negative
control cannot. The HOOK and SH3 domains are necessary and, when in combination, sufficient
to recruit Scrib. Statistical tests are versus the Ed-GFP negative control construct. Red line
indicates the average for the Ed-GFP negative control and indicates no Scrib contact site
enrichment. Scale bar, 10um. (D) One-way ANOVA with Tukey’s multiple comparisons test.
Error bars indicate S.D. Data points are individual cell clusters. Enrichment index = contact
site/non-contact site intensity. n.s. (not significant) P > 0.05, **P < 0.01, ***P < 0.001, ****P <
0.0001.
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Figure 3.4. Dlg SH3 and HOOK domains are sufficient for function in vivo

(A-C) Like WT Dlg (A), DIgSH3-HOOK-GUK (B) and DIgSH3-HOOK (C) localize to the basolateral
membrane in follicle cells. All constructs contain an HA epitope tag used for detection. (D)
Quantification of cortical localization in (A-C). (E-H) Compared to WT (E) and dlg null mutants
(F), DIgSH3-HOOK-GUK (G) and DIgSt3-HOOK (H) fully rescue polarity and epithelial architecture in
wing imaginal discs. (I-K) In monolayered dlg-depleted follicle cells (I), both D1gSH3-HOOK-GUK ()

77



and DIgSt3-HOOK (K provide polarity-rescuing activity, quantitated in (L). Full restoration
of monolayering is more efficient by DIgSH3-HOOK-GUK thap D]gSH3-HOOK. 89 504 (n=38) of DIg53-
HOOK-GUK show no regions of multilayering in rescued follicles, compared to 20.5% (n=39)
of DIgSH3-HOOK regeued follicles and 0% (n=37) of follicles with dlg-depleted clones. (M-O). Both
D]gSH3-HOOK-GUK (N) and DIgSH3-HOOK (Q) fully rescue loss of cortical Scrib seen in dlg-depleted
cells (M), quantified in (P). Scale bars, 10um except E-H, 100pm. White lines indicate clones of
given genotypes. (D, L, P) One-way ANOVA with Tukey’s multiple comparisons test. Error bars
indicate S.D. PM Index=cortical/cytoplasmic intensity. aPKC spread is a ratio of lateral:apical
fluorescence intensity. Data points are individual cell measurements. n.s. (not significant) P > 0.05,
*¥*P <0.01, ***P <0.001, ****P < (0.0001.

78



digms2 >Digh™ dlg™ms2 >DIgASAKA

dlg™?>myr-Scrib

w)

Lateral aPKC Spread

Cortical Scrib Enrichment
phubndion | % - Skt

2
[}
o 8 3 P dlg™® >myr-Scrib
N £
o [3) n.s.
I X
x 5 % 2-
] g
£ 44 a
s ©
JE= bt
& = = 32
[}
5 | S22
\x(‘ wl \xx«l ; o o T '1,' “l T T
g ¢ 2 3 9 ® »®
b\‘g o° o o © \O :’:vd .‘f"
d o & o« ¥
‘}\5 K4 5.6‘ 9.6‘
& N \a \3
& \) M
& N & &
& 6\& b\Q

Figure 3.5. Dlg SH3-HOOK is primarily required to regulate Scrib localization

(A) dig™*? null mutant cells show reduced cortical localization of Scrib. (B) Scrib mislocalization
is rescued by expression of DIgWT. Scrib mislocalization is not rescued by expression of DIgASAKA
(O). (D) Quantification of Scrib localization in (A-C). (E-H) Both dlg™*’ null mutants (E) and
dlg™’ SH3 point mutant cells (F) lose polarity and mislocalize aPKC. (H) Preventing Scrib
mislocalization by cortical tethering (myr-Scrib) partially suppresses the polarity loss phenotypes
of dlg™3’ SH3 mutant cells but not d/g”*? null mutant cells (G). (G’-H”) myr-Scrib contains a V5
epitope tag used for detection. (I) Quantification of aPKC mislocalization in (E-H). Scale bars,
10pm. White lines indicate clones of given genotypes. (D,I) One-way ANOVA with Tukey’s
multiple comparisons test. Error bars indicate S.D. PM Index=cortical/cytoplasmic intensity.
aPKC spread is a ratio of lateral:apical fluorescence intensity. Data points are individual cell
measurements. n.s. (not significant) P > 0.05, ***P < 0.001, ****P <(.0001.
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Figure 3.6. Lgl localization requires both PP1 and Scrib/DIg

Compared to WT cells (A), ppl-depleted cells (B) exhibit mild polarity loss and occasional
multilayering. Compared to WT cells (C), ppI-depleted cells display mild loss of cortical Lgl (D,
also compare to dlg-depletion in F). (E) Quantification of Lgl localization. (F) d/g-depleted cells
strongly mislocalize cortical Lgl and this is not rescued by overexpression of PP1 (G). (H)
Quantification of Lgl localization. Scale bars, 10um. (E) Two-tailed t-test with Welch’s correction.
(H) One-way ANOVA with Tukey’s multiple comparisons test. Error bars indicate S.D. PM
Index=cortical/cytoplasmic intensity. Data points are individual cell measurements. n.s. (not
significant) P > 0.05, ****P < (0.0001.
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Figure 3.7. Scrib PP1-binding consensus motifs are partially required for function

(A) Cartoon showing the Scrib protein domain composition and location of the SILK and RVxF
motifs. Below: alignment showing conservation of the SILK motif and RVxF motifs. Note that in
vertebrates (right), the RVxF motif is located slightly C-terminal to its position in insects (left).
Red boxes indicate residues mutated in myr-SeribTAAARAGA ¢ongtryct. Compared to WT myr-Scrib
(B), myr-Scrib™AARAGA () ]ocalizes less well to the cell cortex but is still enriched at the
basolateral membrane, quantified in (D). Both constructs contain V5 epitope tags, used for
detection. (E-H) Compared to WT wing discs (E), scrib mutant wing discs overgrow and form
tumors (F). Overexpression of myr-Scrib largely rescues these phenotypes (G), while expression
of myr-ScribTAAARAGA only partially rescues the scrib mutant phenotype (H). (I-J) Compared to
myr-Scrib (I), myr-ScribTAAARAGA (1) provides less efficient rescue of scrib mutant: myr-Scrib
shows complete restoration of the monolayered epithelium in 78.6% (n=14) of follicles, compared
to rescue by myr-ScribTAAARAGA (complete restoration in 36.8% of follicles; n=19). Scale bars,
10um, except E-H, 100pum. (D) Two-tailed t-test with Welch’s correction. Error bars indicate S.D.
PM Index=cortical/cytoplasmic intensity. Data points are individual cell measurements. ****P <
0.0001.
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Figure 3.8. In depth examination of DIg SH3 and HOOK domains
(A) Schematic of the Dlg domains used in the Ed-DIgPP%3-SH3-HOOK-GUK ¢onstruct, with sequence
alignments showing conservation of the SH3 and HOOK domain sequences chosen for study.
Motifs targeted for mutation are indicated by red outlines. Arrows in cartoon indicate relative
locations of targeted sequences in the protein. (B) Quantification of Scrib recruitment to the
polarity site in S2 induced polarity assay. Compared to the WT Ed-DIgPPZ3-SH3-HOOK-GUK ¢ongtryct,
which does recruit Scrib, the SH3 mutant AAW construct has reduced ability to recruit Scrib.
Similarly, all four constructs targeting single residues of the RVxF motif show equally impaired
ability to recruit Scrib. However, the four constructs targeting conserved residues in the C-terminal
HOOK domain do not impair Scrib recruitment. Red line indicates the average for the WT
construct control. One-way ANOVA with Tukey’s multiple comparisons test. Error bars indicate
S.D. Data points are individual cell clusters. Statistical tests are comparisons to the Ed-DIgPP%*
SH3-HOOK-GUK ¢ontrol construct. Enrichment index = contact site/non-contact site intensity. n.s. (not
significant) P > 0.05, **P < 0.01, ***P < 0.001, ****P < (.0001.
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Figure 3.9. Validation of RNAIi rescue approach for minimal DIg constructs

(A-D) Knocking down dlg in the posterior half of the wing disc using an RNAi construct targeting
PDZ2-encoding sequences (B) causes polarity loss and disrupted epithelial architecture. These
phenotypes are fully rescued by co-expression of DIgSH3-HOOK-GUK (C) and DIgSH3-HOOK (D), and
neither constructs is targeted by the RNAi reagent used to deplete endogenous Dlg (C’, D’). Scale
bars, 100pm.
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Figure 3.10. Using S2 cell induced polarity to study Scrib-DIg interaction

(A) Ed-GFP expression in S2 cells allows induction of a polarity domain where cells adhere. (B)
Fusing the Scrib LRR+LAPSD domains to Ed creates a domain of polarized Scrib. (C) Schematic
of the Scrib domains used in the Ed-Scrib™®R*LAPSD congtruct. Quantification of Dlg enrichment
shows that Scrib cannot recruit Dlg to the polarity site. (D) ColP assay of Scrib™RR*LAPSD apd
DIgPPZ3-SH3-HOOK-GUK from S2 cells fails to detect interaction between these proteins. Scale bars,
10pum. (C) Two-tailed t-test with Welch’s correction. Error bars indicate S.D. Data points are
individual cell clusters. Enrichment index = contact site/non-contact site intensity. n.s. (not
significant).
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Figure 3.11. Scrib and DIg protection of Lgl is partly independent of phosphorylation

(A-B) Compared to its localization in WT cells, non-phosphorylatable Lgl5>* exhibits a slight, but
significant, reduction in cortical levels in scrib RNA1 (A) and dlg RNAI expressing cells (B). (C)
Quantification of LgIS5A::GFP levels. scrib or dig RNAI both significantly reduce Lgl>>* cortical
levels compared to WT cells. Scale bars, 10pm. PM Index=cortical/cytoplasmic intensity. Data
points represent individual cell measurements. Error bars represent S.D. (C) One-way ANOVA
with Dunnett’s multiple comparisons test. ***P < 0.001, ****P <0.0001.
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Table 1. Key Resources

Reagent

Reference and Source

Drosophila stocks

UAS-DIg""::HA

(Sharp et al., 2021)

UAS-DIg"*S4%4: - HA This study

UAS-DIg" 00K . F 4 This study
UAS-DIgSB-HOOK-GUK .. 1 4 This study

UAS-myr-Scrib:: V5 (Khoury and Bilder, 2020)
UAS-myr-Scrib™A4/RAGA .. 5 This study

dlg™”’ (Perrimon, 1988)

dlg"3’ (Woods and Bryant, 1989)
dlg*’? (Mendoza-Topaz et al., 2008)
scrib! (Bilder and Perrimon, 2000)
UAS-dlg RNAi HMS01954 Bloomington Drosophila Stock Center (BDSC): 39035
UAS-scrib RNAi HMS01993 BDSC: 39073

UAS-Pp1-87B RNAi HMS00409 BDSC: 32414
UAS-Ppl-87B::HA BSDC: 24098
UASp-Sds22::GFP BDSC: 65851

UAS-Scrib::GFP

(Zeitler et al., 2004)

UAS-EGFP::Dlg

(Koh et al., 1999)

UAS-Lgl::GFP

(Wirtz-Peitz et al., 2008)

UAS-LgI*F4::GFP

(Moreira et al.,, 2019), Generously provided by E.
Morais de Sa.

Lgl::GFP

(Dong et al., 2015), Generously provided by Y. Hong.

Lgl54.::GFP

(Dong et al., 2015), Generously provided by Y. Hong

act>y+>GAL4 UAS-his::RFP

BDSC: 30558

tub-GALS0 FRT194; act-GAL4 UAS-
GFP

(Lee and Luo, 1999), BDSC: 42726, 5134

tj-GAL4 Kyoto Stock Center: 104055

hh-GAL4 (Tanimoto et al., 2000)

D174-GAL4 (Sharp et al., 2021)

Plasmids

pMT-Ed-GFP (Johnston et al., 2009), Generously provided by C.

Johnston.

pMT-Ed-GFP-DI]gPPZ3-SH3-HOOK-GUK

(Garcia et al., 2014), Generously provided by C.
Johnston.

pMT-Ed-GFP-D]gSH3-GUK.AHOOK

Generously provided by C. Johnston.

GUK[m30]

pMT-Ed-GFP-D]g53-GUK This study
pMT-Ed-GFP-D]gPDZ-SH3-HOOK This study
pMT-Ed-GFP-DIg5% This study
pMT-Ed-GFP-DIgHooK This study
pMT-Ed-GFP-D]g5SH3-HO0K This study
pMT-Ed-GFP-DIgPPZ3-SH3-HOOK- This study
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g%}l;-sgg;?FP-DlgPDz}sm'HOOK' This study
pMT-Ed-GFP-DIgPPZ3-SH3-HOOK- This study
GUK[ASVKF]

pMT-Ed-GFP-DIgPPZ3-SH3-HOOK- This study
GUK[RSAKF]

pMT-Ed-GFP-DIgPPZ3-SH3-HOOK- This study
GUK[RSVKA]

pMT-Ed-GFP-DIgPPZ3-SH3-HOOK- This study
GUK[RSAKA]

g[%[TA—EE%EGFP-DlgPDB-Sm-HOOK- This study
gll}iquA—EE%GFP-DlgPDB-Sm-HOOK- This study
gll}g?;%i-]GFP-DlgPDz}sm'HOOK' This study
gll}iquA—AENc]i-GFP-DlgPDB-Sm-HOOK- This study
gll}iquA—AE\g-GFP-DlgPDB-Sm-HOOK- This study
pMT-Ed-GFP-Scrib RRLAPSD This study
pMT-ScribRRALAPSD. -y 5 This study
pMT-GFP::D]gPP%3-SH3-HOOK-GUK This study

Antibodies

Mouse anti-Dlg (1:100 IHC)

Developmental Studies Hybridoma Bank (DSHB): 4F3

Rabbit anti-aPKC (1:200 THC)

Santa Cruz Biotech: sc-216

Guinea pig anti-Scrib (1:500 IHC)

(Bilder and Perrimon, 2000)

Rabbit anti-HA tag C29F4 (1:500
IHC, 1:10,000 WB, 1:200 IP)

Cell Signaling Technologies (CST): #3724

Mouse anti-HA tag 6E2 (1:10,000
WB)

CST: #2367

Mouse anti-HA tag 2-2.2.14 (1:200
IP)

Invitrogen: 26183

Rabbit anti-GFP (1:5000 WB)

Origene: TP-401

Mouse anti-GFP JL-8 (1:10,000 WB)

Clontech: 632380

Mouse anti-V5 (1:500 THC, 1:200 IP,
1:5000 WB)

Invitrogen: R960-25

Primers

myrScrib_silk F

tgaatagggaattggggataccatgggtaactgectcaccac

myrScrib_Silk R

tctgatccaacgecggceagceagtcagtct

myrScrib_rvxf F

tgctgecgegttggatcagaatcgattgcageggttgaacgatac

myrScrib_ Rvxf R

cctecacttgggegecageggegegate

myrScrib_Agel F

cgctggcgeccaagtggagggcgaagatg

myrScrib_Agel R

ggtacgacggggagegggceaccggttgaccegtggaactgtctate
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Nterm_Dlg F

actctgaatagggaattggctcgagcaaaATGACAACGAGGA
AAAAGAAGCGC

Nterm-Dlg-RVxF

tggGCcttaGegetgGCgtcectagetcgeattttgeg

Dlg-RVxF-Cterm

gacGCCAGCgCtaagGCccagggacatgcggcag

Dlg Cterm R ggttccttcacaaagatectetagaatc TTAAGCGTAGTCTGG
GAC
Dlg-SH3 for Actctgaatagggaattggctcgagcaaaatgcagtaccgeccagaggag

Dlg-SH3-HOOK rev

Ccgactgggagtagttgatggacaaacgetgtac

Dlg-Cterm_for

catcaactactcccagtcgggaccaacc

Ed-PDZ3-SH3-HOOK-GUK m30 F

TGTGCGCGCCCCGTTTGACTACG

Ed-PDZ3-SH3-HOOK-GUK m30 R

TACAGCGATCGCTTTTGCG

Ed-PDZ3-SH3-HOOK-GUK
ASAKAF

TAAGGCCCAGGGACATGCGGCAGCT

Ed-PDZ3-SH3-HOOK-GUK
ASAKA R

GCGCTGGCGTCCCTAGCTCGCATTTTGC

Ed-PDZ3-SH3-HOOK-GUK GAGGAGTACAATCGCTTCG

delPDZ3 F

Ed- PDZ3-SH3-HOOK-GUK | GCGCGGTTCTCTGGTTAT

delPDZ3 R

Ed- PDZ3-SH3-HOOK-GUK | TCCCAGTCGGGACCAACC

delGUK F

Ed- PDZ3-SH3-HOOK-GUK | GTAGTTGATGGACAAACGCTGTAC
delGUK R

Ed- PDZ3-SH3-HOOK-GUK | CGAGCTAGGGACCGCAGC

deltaSH3 F

Ed- PDZ3-SH3-HOOK-GUK | TTGCGTGGTGCGCAGCAG

deltaSH3 R

Ed- PDZ3-SH3-HOOK-GUK | TAAGTTCCAGGGACATGCGGCAGCT
ASVKF F

Ed- PDZ3-SH3-HOOK-GUK | ACGCTGGCGTCCCTAGCTCGCATTTTGC
ASVKF R

Ed- PDZ3-SH3-HOOK-GUK | TAAGTTCCAGGGACATGCGGCAGCT
RSAKF F

Ed- PDZ3-SH3-HOOK-GUK | GCGCTGCGGTCCCTAGCTCGCATTTTGC
RSAKF R

Ed- PDZ3-SH3-HOOK-GUK | TAAGGCCCAGGGACATGCGGCAGCT
RSVKA F

Ed- PDZ3-SH3-HOOK-GUK | ACGCTGCGGTCCCTAGCTCGCATTTTGC
RSVKA R

Ed- PDZ3-SH3-HOOK-GUK | TAAGGCCCAGGGACATGCGGCAGCT
RSAKA F

Ed- PDZ3-SH3-HOOK-GUK | GCGCTGCGGTCCCTAGCTCGCATTTTGC

RSAKA R
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Ed- PDZ3-SH3-HOOK-GUK

GTGGCAGGCACGACGAGTTCTC

AAW661/2 F

Ed- PDZ3-SH3-HOOK-GUK | GCTGCATCGTCGGAGGCATTGGT
AAW661/2 R

Ed- PDZ3-SH3-HOOK-GUK | GAACGTGTTGTCCTACGAGGCC
EEN768 F

Ed- PDZ3-SH3-HOOK-GUK | GCCGCGGAAGCTCCTTCAGCATTG
EEN768 R

Ed- PDZ3-SH3-HOOK-GUK | CGTGTTGTCCGCAGAGGCCGTACAGC
AEAV F

Ed- PDZ3-SH3-HOOK-GUK | TTCTCCTCGGAAGCTCCT

AEAV R

Ed- PDZ3-SH3-HOOK-GUK | GCCGCACAGCGTTTGTCCATCAAC
AEAA F

Ed- PDZ3-SH3-HOOK-GUK | CTCTGCGGACAACACGTTCTCCTC
AEAA R

Ed- PDZ3-SH3-HOOK-GUK | GCCGCACAGCGTTTGTCCATCAAC
AAAA F

Ed- PDZ3-SH3-HOOK-GUK | CGCTGCGGACAACACGTTCTCCTC
AAAA R

Ed_scrib_Gibson F

gecatggacgagcetgtacaagctatgttcaagtgceattcccatctte

Ed scrib_Gibson R

ccttcgaagggccctctagagtcggtgctagectetge

GFP_fwd ctactagtccagtgtggtggatggtgagcaagggcgag
GFP_rev tgetgacageggatetcttgtacagetegte
PDZ3-SH3-HOOK-GUK fwd (for | caagagatccgctgtcagcaccgaggatataac

cytosolic Dlg)

PDZ3-SH3-HOOK-GUK rev  (for | aatggtgatggtgatgatgatcatagagattccttggaaggtac
cytosolic Dlg)

scrib_fwd (for cytosolic Scrib)

ctactagtccagtgtggtggatgttcaagtgcattcccatcttcaag

scrib_rev (for cytosolic Dlg)

cttcgaagggccctctagacgegtcggtgetagectct

Table 2. Scrib and Dlg transgenic constructs

Construct

Description

DlgASAKA

RSVKEF 675-679 to ASAKA

DIgSH3-HOOK

Fragment encompassing aa564-784+961-975

DIgSH3-HOOK-GUK

Fragment encompassing aa564-975

myr- S CribTAAA/RAGA

TILK 286-289 to TAAA and RVGF 621-624
to RAGA

pMT-Ed-GFP-DIgPPZ3-SH3-HOOK-GUK

Fragment encompassing aa473-975

pMT_Ed_GFP_DlgSHS-GUK,AHOOK

Fragment encompassing aa597-678+771-975

pMT-Ed-GFP-D]g5H3-6UK

Fragment encompassing aa568-975

pMT-Ed-GFP-D]gPDZ3-SH3-HOOK

Fragment encompassing aa473-784+961-975

pMT-Ed-GFP-DIgS3

Fragment encompassing aa597-678+766-
783+961-975
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pMT-Ed-GFP-DIgHook Fragment encompassing aa473-485+671-
784+961-975

pMT-Ed-GFP-D]g5SH3-HO0K Fragment encompassing aa473-485+564-
784+961-975

pMT_Ed_GFP_DlgPDZ3-SH3-HOOK-GUK m30] L608>P

pMT-Ed-GFP-DIgPPZ3-SH3-HOOK-GUK[ASAKA]

RSVKEF 675-679 to ASAKA

pMT-Ed-GFP-DI]gPPZ3-SH3-HOOK-GUK[ASVKF]

RSVKEF 675-679 to ASVKF

pMT-Ed-GFP-DIgPPZ3-SH3-HOOK-GUK[RSAKF]

RSVKEF 675-679 to RSAKF

pMT-Ed-GFP-DI]gPPZ3-SH3-HOOK-GUK[RSVKA]

RSVKEF 675-679 to RSVKA

RSVKEF 675-679 to RSAKA

pMT_Ed_GFP_DlgPDZ3-SH3-HOOK-GUK AEAV]

YEAV774-777 to AEAV

pMT_Ed_GFP_DlgPDZ3-SH3-HOOK-GUK AEAA]

YEAV774-777 to AEAA

pMT-Ed-GFP-DI]gPP73-SH3-HOOK-GUK[AAAA]

YEAV774-777 to AAAA

pMT-Ed-GFP-DI]gPPZ3-SH3-HOOK-GUKAAN]

EEN768-770 to AAN

[
[
[
[
[
pMT-Ed-GFP-DI]gPPZ3-SH3-HOOK-GUK[RSAKA]
[
[
[
[
[

pMT-Ed-GFP-DI]gPPZ3-SH3-HOOK-GUK[AAW]

EWW641-643 to AAW

pMT-Ed-GFP-ScribRR+LAPSD

Fragment encompassing aal-715
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ABSTRACT

Scrib, Dlg, and Lgl are basolateral regulators of epithelial polarity and tumor suppressors whose
molecular mechanisms of action remain unclear. We used proximity biotinylation to identify
proteins localized near DIg in the Drosophila wing imaginal disc epithelium. In addition to
expected membrane- and cytoskeleton-associated protein classes, nuclear proteins were prevalent
in the resulting mass spectrometry data set, including all four members of the NURF chromatin
remodeling complex. Subcellular fractionation demonstrated a nuclear pool of Dlg and proximity
ligation confirmed its position near the NURF complex. Genetic analysis showed that NURF
activity is also required for the overgrowth of dig tumors, and this growth suppression correlated
with a reduction in Hippo pathway gene expression. Together, these data suggest a nuclear role
for Dlg in regulating chromatin and transcription through a more direct mechanism than previously
thought.
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INTRODUCTION

Discs-large (Dlg), Scribble (Scrib), and Lethal giant larvae (Lgl) are evolutionarily
conserved polarity-regulating proteins found at the basolateral membranes of epithelial cells,
where they restrict the localization of the aPKC and Par complexes to the apical region of the cell
(Campanale et al., 2017; Elsum et al., 2012; Rodriguez-Boulan and Macara, 2014). They can also
regulate the formation and maintenance of cell junctions, the division axis of epithelial cells, and
the asymmetric division of stem cells (Albertson and Doe, 2003; Bergstralh et al., 2013; Bilder et
al., 2003; Campanale et al., 2017; Johnston et al., 2009; Nakajima et al., 2019; Rodriguez-Boulan
and Macara, 2014; Tepass and Tanentzapf, 2001; Woods et al., 1996). In Drosophila epithelia,
loss of any one of these three proteins causes not only loss of polarity but also neoplastic
transformation and tumorous overgrowth (Bilder, 2004; Bilder et al., 2000c; Hariharan and Bilder,
2006; Humbert et al., 2008). Overgrowth results from an aberrant transcriptional program that is
driven by Yorkie (Yki), the transcriptional activator of the Hippo pathway (Bunker et al., 2015;
Doggett et al., 2011; Grzeschik et al., 2010; Hariharan and Bilder, 2006; Sun and Irvine, 2011;
Zhu et al., 2010).

Dlg, Scrib, and Lgl are conserved in vertebrates where they each have multiple homologs
(Elsum et al., 2012). As in flies, the vertebrate proteins have been implicated in regulation of tumor
growth, with changes detected in a variety of human cancers (Halaoui and McCaffrey, 2015). They
are also involved in apicobasal polarity and formation of both adherens and occluding tight
junctions in epithelial cells (Choi et al., 2019; Su et al., 2012) and have a similar role in endothelial
cells (Elsum et al., 2012; Lizama and Zovein, 2013; Worzfeld and Schwaninger, 2016). Further,
Dlg homologs regulate the migration of epithelial cells during development. Mutations in these
genes can result in cleft palate (Caruana and Bernstein, 2001), hydrocephalus (Nechiporuk et al.,
2007), and defects in renal and urogenital systems (Elsum et al., 2012; lizuka-Kogo et al., 2007;
Nechiporuk et al., 2007).

Despite the importance of Scrib, Dlg, and Lgl for development, homeostasis, and disease,
we still have a limited understanding of their molecular functions and the mechanisms by which
they regulate cell biology and gene expression. Scrib and Dlg are multivalent “scaffolding”
proteins containing a variety of protein-protein interaction domains and motifs. Scrib contains 4
PDZ domains and a leucine-rich repeat domain, while Dlg contains three PDZ domains, one SH3
domain, and a catalytically-dead guanylate kinase domain (Campanale et al., 2017; Elsum et al.,
2012; Su et al., 2012; Tepass and Tanentzapf, 2001). Understanding the function of these scaffolds
will require defining the proteins with which they interact as well as how those interactions change
and are regulated over space and time within cells. However, PDZ and other domains are thought
to facilitate weak and transient interactions, often involving plasma membrane-embedded
receptors, making it difficult to define the full complement of proteins with which they interact
using traditional biochemical methods (Amacher et al., 2020). Numerous prior efforts have used
co-immunopreciptitation with mass spectrometry (IP-MS) to identify binding partners for Dlg,
Scrib, and Lgl (Anastas et al., 2012; Audebert et al., 2004; Belotti et al., 2013; Dash et al., 2018;
Drew et al., 2017; Ivarsson et al., 2014; Michaelis et al., 2013; Nagasaka et al., 2013; Nakajima et
al., 2019; Portela et al., 2018; Van Campenhout et al., 2011; Waaijers et al., 2016) (reviewed in
(Stephens et al., 2018)). However, such experiments have yielded largely non-overlapping lists of
binding partners and relatively few mechanistic insights. The limited utility of some IP-MS
approaches may additionally derive from the use of non-epithelial cell lines in which functionally
important interactions may not exist.
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We sought a different approach that could be carried out in intact epithelial cells and that
would not rely on strong, stable interactions between proteins. We therefore turned to proximity-
based biotin labeling using the APEX2 enzyme. APEX2 is an ascorbate-peroxidase derived from
the pea plant that, in the presence of hydrogen peroxide, catalyzes the conversion of phenol into a
phenoxyl radical. In cells supplied with biotin-phenol as a substrate, APEX2 covalently labels
proteins with biotin within a 20nm radius of the enzyme (Figure 4.1A). By leveraging the strength
and specificity of streptavidin-biotin binding, labeled proteins can then be efficiently and cleanly
isolated and identified by MS (Chen et al., 2015; Hung et al., 2014; Hung et al., 2016; Lam et al.,
2014; Martell et al., 2012; Rhee et al., 2013). Proximity-based biotinylation has been used in a
variety of experimental systems to identify catalogs of proteins associated with a particular
organelle or localized to a particular subcellular region. Importantly, this method can also capture
protein-protein interactions that cannot be isolated by more conventional methods (Bagci et al.,
2020; Chen et al., 2015; Gingras et al., 2019; Hung et al., 2014; Mannix et al., 2019; Rhee et al.,
2013; Tan et al., 2020; Trinkle-Mulcahy, 2019; Van Itallie et al., 2013).

As an entry point into understanding Scrib module function, we used an APEX2-tagged
Drosophila Dlg to identify nearby proteins in an epithelium in vivo. In addition to previously
proposed Dlg binding partners and other cortical proteins, there was a surprising enrichment of
nuclear proteins, including the NURF complex of chromatin regulators. We demonstrate that a
nuclear pool of DIg exists in proximity to NURF members and provide evidence that NURF
facilitates the growth of d/g tumors by activating neoplastic transcriptional programs. Our results
further demonstrate the utility of proximity-based proteomics for the elucidation of the localization
and function of individual proteins, particularly for multivalent scaffolding proteins.

RESULTS
An APEX2-Dlg transgene for proteomics

To identify proteins enriched near DIg in the cells of an intact epithelial sheet, we used
APEX2-based in vivo proximity labeling. We drove an N-terminally tagged UAS-3xMyc-APEX2-
Dlg (APEX2-DIlg) construct using a broadly but moderately expressed GAL4 driver (D174-GAL4)
in a dlg null background. In these animals, APEX2-Dlg was the only Dlg protein present. APEX2-
Dlg restored the morphology of d/g mutant discs (Figure 4.1B,E,H), and adult flies were rescued
to viability and fertility (Figure 4.1C,D,F,G,LJ), demonstrating that this transgenic protein is fully
functional. Because proximity-based proteomics labels not only direct binding partners but all
proteins within a 20nm radius of the enzyme (Martell et al., 2012) (Figure 4.1A), it is critical that
APEX2-tagged constructs localize comparably to their wild-type counterparts. Comparison to
endogenously tagged Dlg::EGFP revealed that APEX2-Dlg displayed similar localization along
the basolateral membranes of wing disc epithelial cells (Figure 4.1K-L). We tested the enzymatic
function of APEX2-Dlg by treating both control and experimental discs with hydrogen peroxide
and comparing the amount of biotinylation by western blot. As expected, increased biotinylation
was seen in lysate from discs expressing APEX2-Dlg as compared to control (Figure 4.1M), and
we successfully isolated the biotinylated proteins using streptavidin beads from both control and
experimental samples (Figure 4.1M and Figure 4.2). Finally, we assessed whether APEX2-Dlg
would biotinylate proteins known to be in close proximity to endogenous Dlg. Indeed, western
blotting revealed that Scrib was present in the streptavidin-bead eluate from experimental but not
control samples, verifying that APEX2-Dlg was functioning as designed (Figure 4.1N, Figure
4.2).
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Proximity biotin labeling and mass spectrometry analysis

We next collected samples from APEX2-Dlg epithelia for mass spectrometry. Larvae were
dissected to isolate the wing, haltere, and leg imaginal discs that are found together in the thorax.
Samples were collected in batches, subjected to biotin labelling, and a small fraction of each post-
labeling reaction lysate was reserved to verify consistent sample quality (Figure 4.2C,D). Batches
were then pooled into three biological replicates for both the experimental and control genotype,
each containing the thoracic discs of 400 larvae. Samples were tandem mass tag (TMT) labeled
and then pooled for LC-MS3 (see Methods for details).

The MS results yielded a list of 485 proteins with a p-value below the statistical threshold
and a log?2 fold change of at least 2 between experimental and control samples (Table 1). This list
included many translation initiation and elongation factors as well as ribosomal proteins. It is
possible that these proteins were labeled because APEX2-DIg is translated from a UAS construct
that is being continually produced. We therefore excluded them from further analysis, leaving a
final dataset of 413 proteins (Table 2).

We then performed cellular component Gene Ontology (GO) analysis on this dataset.
Gratifyingly, enriched terms included “basolateral membrane” and “septate junction” (Figure
4.3A,B). The proteins that led to these terms included both Scrib and Lgl, which function with Dlg
in a module to regulate polarity, as well as Cora, Nrg, FasllIl, Vari, and Atpa which are junctional
components whose localization is regulated by Dlg (Bilder et al., 2003; Izumi and Furuse, 2014;
Lee et al., 2020; Oshima and Fehon, 2011; Woods et al., 1996). The dataset also included proteins
previously identified as direct physical interactors of Drosophila Dlg (Kinesin heavy chain,
Calmodulin Kinase II, 14-3-3 zeta and epsilon) (Koh et al., 1999; Nakajima et al., 2019; Siegrist
and Doe, 2005). Other hits include the co-associated RNA binding proteins Caprin and Fmrl, the
latter of which interacts with Lgl (Baumgartner et al., 2013; Zarnescu et al., 2005). Interestingly,
“Proton-transporting V-type ATPase, V1 domain” is another enriched term in the GO analysis
(Figure 4.3A and Table 3), and a recent study identified an indirect physical interaction between
the V-ATPase proton pump and Lgl in cultured Drosophila cells (Portela et al., 2018). Altogether,
these results support the hypothesis that proximity-based proteomics can capture a snapshot of DIg
biology in living epithelia (Figure 4.3A and Table 3).

Nuclear Localization of DIg

The GO analysis also highlighted some unexpected results. Proteins annotated to the term
“nucleus” were enriched in the dataset (Figure 4.3A,B, Table 3). This was surprising because
microscopy of fixed and immunostained tissue as well as live imaging with tagged fluorescent
proteins detect DIg localization almost exclusively at the basolateral membranes of epithelial cells
(Figure 4.1 A,B). However, proteins associated with the GO-term “nuclear pore” were also
overrepresented in the dataset and included proteins found in the pore’s cytoplasmic filaments, the
central ring which spans the nuclear envelope, and the nuclear basket (Nup358, Nupl55, and
Nup50 and Tpr; Figure 4.3A,B, Table 3). Proximity to these components is consistent with
nuclear import of DIg isoforms, all of which have molecular masses greater than 100 kDa.

We therefore investigated whether a nuclear pool of Dlg might exist in epithelia. We
performed sub-cellular fractionation of wing disc lysates to generate nuclear and cytoplasmic
fractions, validated by western blotting for their canonical markers Lamin and Tubulin,
respectively. Strikingly, a portion of Dlg is indeed found in the nuclear fraction (Figure 4.3C). It
is not technically feasible to quantify the exact proportion of DIg in the nucleus because of sample
loss inherent to the fractionation protocol; however, taking into account the proportion of each
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fraction analyzed by western blot (Figure 4.3C), we infer that the amount of nuclear DIg is small
compared to that found in the cytoplasm. Because DIg, Scrib, and Lgl co-localize at the cortex and
work together in many biological contexts, we asked if either Scrib or Lgl were also found in the
nuclear fraction. Western blotting of fractions showed a nuclear population of Scrib (Figure 4.3C),
but not Lgl (Figure 4.3D). In dig null flies, this nuclear population of Scrib was lost (Figure 4.3E).
However, in scrib null flies, Dlg was still found in the nuclear fraction (Figure 4.3E). We therefore
conclude that DIg enters the nucleus independent of Scrib and that it is required for Scrib’s nuclear
localization, similar to the relationship between the proteins at the cell cortex (Albertson and Doe,
2003; Bilder et al., 2000c; Khoury and Bilder, 2020; Ventura et al., 2020).

Nuclear DIg is in close proximity to the NURF complex

Having identified the existence of a small nuclear pool of Dlg, we considered what its
function could be. In addition to “nucleus” and “nuclear pore,” the proteins associated with the
term ‘“‘chromatin remodeling complex” were also enriched in the APEX2-Dlg proteomic dataset
(Figure 4.3A,B). While several chromatin remodeling complexes were over-represented, for only
one were all members of the complex present in the proteomic dataset: the nucleosome remodeling
factor (NURF) complex (Figure 4.3A,B, Table 3).

The NURF complex is a conserved molecular machine that catalyzes, through an ATP-
dependent mechanism, the sliding of nucleosomes along DNA to regulate gene expression
(Alkhatib and Landry, 2011; Badenhorst et al., 2002; Bouazoune and Brehm, 2006; Kwon et al.,
2016). In Drosophila, NURF is made up of four proteins: Iswi, Cafl-55, and Nurf-38 and E(bx)
(aka NURF301) (Alkhatib and Landry, 2011; Xiao et al., 2001). E(bx) serves as a scaffold for the
other three proteins. The NURF complex does not inherently possess sequence-specific DNA
binding activity. Instead, it moves particular nucleosomes on specific target genes by binding to
transcriptional regulatory proteins that themselves have DNA sequence specificity (Alkhatib and
Landry, 2011; Kwon et al., 2016; Xiao et al., 2001). For example, the Drosophila NURF complex
binds the GAGA transcription factor Trithorax-like (Trl) to move nucleosomes out of promoter
regions—including those of Yki target genes—thereby facilitating transcriptional activation
(Alkhatib and Landry, 2011; Kwon et al., 2016; Oh et al., 2013).

The APEX2 proteomic data suggest that Dlg is found within 20nm of the NURF complex.
To verify this, we turned to a proximity ligation assay (PLA) which creates a punctate fluorescent
signal when two target proteins are less than 40nm apart (Soderberg et al., 2006). We performed
PLA using a-Dlg and a-GFP antibodies on wing discs expressing the NURF complex member
E(bx) endogenously tagged with GFP. We further expressed dlg RNAi in the posterior
compartment of the E(bx)::GFP wing discs (Figure 4.4A) as an internal negative control for
specificity. A positive PLA signal was detected in epithelial cells from the control side of wing
discs (Figure 4.4B) that was significantly greater than single antibody background signal (Figure
4.4D) and also significantly greater than signal from the di/g-depleted portion of the discs (Figure
4.4C, E). As a final control, we performed PLA on wing discs expressing Polybromo
endogenously tagged with GFP. Polybromo is a member of the PBAP complex, one of two
SWI/SNF chromatin remodeling complexes in Drosophila (Bouazoune and Brehm, 2006). We
detected other SWI/SNF complex members in our MS data (Tables 2,3) including Brm and Bap60
(Figure 4.3B), but not Polybromo. We therefore reasoned that Polybromo::GFP would be a
stringent negative control. We did not detect PLA signal significantly above single antibody
background between DIg and Polybromo::GFP (Figure 4.4F).
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An advantage of PLA in this context is its sensitivity, which allows small numbers of
protein molecules to be visualized via microscopy with good spatial resolution. The PLA signal
detected between DIg and E(bx)::GFP appeared in the nuclei of epithelial cells (Figure 4.4B).
Because Dlg has a well-established role in regulating spindle orientation during cell division
(Albertson and Doe, 2003; Bergstralh et al., 2013; Johnston et al., 2009; Nakajima et al., 2019),
we considered that the nuclear DIg signal from both MS and cell fractionation could derive
exclusively from dividing cells. However, the PLA signal was even across cells and not limited to
those undergoing mitosis. Thus, in addition to confirming a population of DIg near the NURF
complex, this method also enabled the detection of endogenous DIg in the nuclei of intact cells,
for the first time to our knowledge. These data corroborate the evidence from MS and sub-cellular
fractionation that a nuclear pool of DIg exists and lies specifically near the NURF complex.

The NURF complex is required for overgrowth of dig tumors

We next sought to determine if there was a functional connection between DIg and the
NURF complex. Depleting dlg with RNAi from the boundary between anterior and posterior
compartments of the wing disc using a conditionally active ptc*GAL4 (see Methods) can cause
neoplastic overgrowth in the hinge regions both proximal and distal to the pouch; within the pouch
dlg-depleted cells undergo apoptosis likely due to cell competition (Figure 4.5D). Depleting the
NURF complex components E(bx) or iswi in otherwise WT discs using ptc®GAL4 has no effect on
hinge cells and only minor effects, inducing limited apoptosis, in the pouch (Figure 4.5A-C).
Strikingly, co-expressing RNAi against either NURF complex component along with dig RNAi
rescued the overgrowth of dlg-depleted cells (Figure 4.5E-F). Examination of apoptotic cells
revealed that dig-depleted cells co-expressing NURF complex RNAI did not have significantly
increased levels of apoptotic cells in either the hinge or pouch compared to dlg RNAi alone (Figure
4.6A-G), demonstrating that rescue of dig RNAi by NURF complex depletion is not due to
synthetic lethality. A similar reduction of tumor size by RNAi against NURF components was
seen when dlg was depleted in the posterior compartment of wing discs induced using h#hGAL4
(Figure 4.7D-F). Again with this driver, expressing either NURF RNAI alone had little effect on
tissue size although these animals showed a small developmental delay (Figure 4.7A-C). We
noticed that NURF RNALI restores the architecture of cells depleted of dig using ptc*GAL4 but not
using hhGAL4. The latter tumors overgrow more than the former, and previous work has shown
that mitotic cells are particularly challenged by polarity remodeling (Bergstralh et al., 2013;
Moreira et al., 2019; Osswald and Morais-de-S4, 2019; Ragkousi et al., 2017); moreover, increased
cell divisions may dilute the store of DIg protein translated prior to the onset of RNAI. Finally, we
also observed that heterozygosity for a null allele of E(bx), E(bx)NVRF30-4 partially suppressed the
frequency of the pouch fold (55.2%, compared to 96.3% for d/g RNAi alone) and hinge overgrowth
phenotypes (15.8%, compared to 55.2% for dlg RNAI alone) in dlg RNAi wing discs using the
ptc®GAL4 model (Figure 4.8A-E).

We tested the specificity of the requirement of NURF complex for tumor growth. Co-
expression of a neutral RNAi construct targeting RFP did not rescue dlg RNAi phenotypes,
suggesting that the suppression we observed is not due to titration of GAL4 by multiple UAS
transgenes (Figure 4.9A-C). A constitutively-active form of Yki (S168A) induces strong
hyperplastic overgrowth when expressed in the ptc®*GAL4 stripe (Figure 4.5J) but this growth was
not rescued by E(bx) or iswi RNAIi (Figure 4.5K,L). Even though there is also a nuclear pool of
Scrib (Figure 4.3C,E), overgrowth in scrib RNAi tumors was also not rescued by RNAi against
either NURF component, and we did not observe altered levels of apoptosis in the pouch of scrib
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RNAI cells co-depleted for NURF components (Figure 4.5G-1, Figure 4.6G,H-J). These results
suggest that the reduction of tumor size by NURF RNA!I is not a general characteristic of all tumors
and the rescue we observe is specific to dlg.

NURF complex promotes YKki target-gene expression in dig tumors

Transcriptional changes that drive neoplastic tumor growth in Drosophila are driven by a
signaling network involving JNK-mediated regulation of the Fos transcription factor and aPKC-
mediated regulation of Yki (Atkins et al., 2016; Kulshammer et al., 2015). Because the NURF
complex, via its interaction with Trl, participates in activation of Yki target genes (Oh et al., 2013),
we asked if this might account for NURF complex role in promoting d/g tumor growth. NURF
RNAi-mediated suppression of dlg-depleted tumor growth did not rescue epithelial architecture
(Figure 4.7), but it caused significant suppression of a reporter for Yki activity, ex-LacZ
(Hamaratoglu et al., 2006; McCartney et al., 2000). While NURF RNAIi alone had no effect on
expression of ex-LacZ in otherwise WT tissue (Figure 4.10A-C), ex-LacZ expression was reduced
to normal levels in dlg RNAIi tissue co-expressing either NURF RNAi (Figure 4.10D-F).
However, in scrib RNAi tumors, where overgrowth is not suppressed, ex-LacZ levels are
unchanged by NURF RNAi (Figure 4.10G-I). Thus, the ability of NURF RNAI to limit tumor
overgrowth correlates with the extent to which it limits Yki target gene activation in that tumor
type. The failure of NURF RNAI to reduce the overgrowth caused by YkiS!%®A (Figure 4.5J-L)
suggests that the NURF complex is not absolutely required for Yki to drive proliferation, and that
strong, constitutive activation of Yki can overcome an unfavorable chromatin environment to drive
gene expression. Altogether, these data support a model where nuclear DIg negatively regulates
the NURF complex to limit Yki driven growth.

Nuclear localization of DIg involves sequences outside of consensus NLSs

In order to explore a function for nuclear DIg, we investigated potential nuclear localization
signals (NLSs). Prediction algorithms consistently identified two regions enriched in basic amino
acids that are characteristic of recognized NLSs (Figure 4.11A). The first lies at the C-terminus
of PDZ1, while the second is in the so-called E-F region at the N-terminus of the HOOK domain,
which itself lies between the SH3 and GUK domains. Both are conserved in the human homolog
hDIgl, and for the latter, experimental evidence consistent with an NLS has been demonstrated.
Transgenic constructs have previously deleted either the E-F or the entire HOOK domain; each
results in mutant Dlg proteins that show strongly increased nuclear localization visible by
immunohistochemistry (Hough et al., 1997; Lu et al., 2021). Since these data indicate that the E-
F region cannot constitute the sole NLS of Dlg, we mutated basic residues within the predicted
NLSs in both the E-F region as well as PDZ1 to alanine (DIgZ*XN-5"A, Figure 4.11A).

When overexpressed in dlg mutant discs or follicle cells, DIg?*N-5>A had no detectable
rescuing activity compared to expression of WT Dlg (Figure 4.11B,C, Figure 4.12H-J). Both
DIg?XNES>A and matched WT Dlg transgenic proteins exhibited membrane and cytoplasmic
localization in disc and follicle cells (Figure 4.11D-E, Figure 4.12A-D). Quantitation of
membrane localization in follicle cells showed that, while DIg>*N5*A was enriched at the
membrane (PM Index >1), its localization was reduced compared to WT Dlg (Figure 4.12A-D,G).
We considered whether this might be due to disruption of electrostatic membrane binding, since
the mutated residues in NLS2 of DIg?*N-5>A partially overlap with a recently described membrane
binding polybasic region (Figure 4.11A)(Lu et al., 2021). However, localization was further
reduced in scrib-depleted cells (Figure 4.12E-G), while Dlg constructs that lack electrostatic

98



membrane binding are insensitive to scrib depletion (Lu et al., 2021). Most importantly, to
determine if mutation of both predicted NLS altered DIg’s ability to enter the nucleus, we carried
out subcellular fractionation studies on protein extracted from imaginal discs. DIg?*NS*A protein
could still be detected in the nuclear fraction, similarly to the matched overexpressed WT Dlg
(Figure 4.11F). We conclude that nuclear entry of Dlg can involve sequences outside of the two
predicted NLSs.

DISCUSSION

Here we report the use of an in vivo proximity-based biotin labeling approach to investigate
new biological functions of the polarity-regulating tumor suppressor Dlg. Our strategy used
transgenic replacement of DIg by an APEX2-tagged version, coupled with mass spectrometry of
subsequently tagged proteins; critically, we carried this out in native epithelial tissue. The resultant
MS data led to the discovery of a nuclear pool of native DIg that is not apparent by microscopy
but that nevertheless lies near the NURF chromatin remodeling complex. We further found that
NUREF is required for the overgrowth of epithelia lacking DIg and suggest that this may be due to
the role of NURF in activating pro-proliferative yki target genes.

To our knowledge, our data provide the first demonstration of endogenous Drosophila Dlg
in the nucleus. Dlg is a member of the membrane-associated guanylate kinase (MAGUK) family
of proteins that are generally found at cell-cell junctions, but nuclear localization of many
MAGUKSs has also been observed including hDIgl (Mantovani and Banks, 2003; Narayan et al.,
2009; Roberts et al., 2007) as well as ZO-1 (Gonzalez-Mariscal et al., 1999; Gottardi et al., 1996),
Z0-2 (Islas et al., 2002), CASK1 (Hsueh et al., 2000), MAGI-2 (Dobrosotskaya et al., 1997), and
Nagie Oko (Bit-Avragim et al., 2008). Due to their size, movement of MAGUKSs into and out of
the nucleus must involve active transport via NLS and nuclear export signals (NES) respectively,
consistent with the presence of several importin proteins as well as the nuclear import regulator
Ran in our DIg proximity biotinylation dataset (Tables 1,2). The predicted NLS in the DIg E-
F/HOOK region is conserved in hDIgl. The SH3-HOOK-GUK region undergoes an
intramolecular interaction that regulates exposure of sequences that can mediate several Dlg
functions (Lu et al., 2021; Marcette et al., 2009; McGee et al., 2001; Newman and Prehoda, 2009;
Nix et al., 2000; Qian and Prehoda, 2006; Rademacher et al., 2019; Zeng et al., 2017); the increased
nuclear localization of transgenic Dlg or hDlgl deleted for the GUK domain raises the possibility
that nuclear entry could be one of these (Kohu et al., 2002; Lu et al., 2021; Thomas et al.,
2000). The predicted NLS in Dlg PDZ1 is conserved not only in hDIgl but also in the MAGUKSs
Z0-1, ZO-2 and their Drosophila homolog Polychaetoid. We were unable to predict an NES,
although such sequences have been detected in vertebrate ZO-1 (Islas et al., 2002), ZO-2
(Gonzalez-Mariscal et al., 2006; Islas et al., 2002; Jaramillo et al., 2004), and Nagie Oko (Bit-
Avragim et al., 2008). However, various transgenically-expressed truncations of DIg localize
strongly to nuclei (Bachmann et al., 2004; Hough et al., 1997; Lu et al., 2021; Thomas et al., 2000),
including one that deletes the E-F region itself. Additionally, coding exons that are alternatively
spliced in a neural-specific isoform of Dlg are sufficient to drive nuclear localization; these protein
sequences are conserved with hDlgl (Bachmann et al., 2004). Clearly, MAGUKSs have evolved
and maintained multiple mechanisms of nuclear entry and exit; our data demonstrate that this may
be true even for proteins where a nuclear pool is not visible by microscopy.

We attempted to test the nuclear function of Drosophila Dlg by mutating two conserved
and predicted NLSs; however, this failed to abolish nuclear entry. This result agrees with a
recently published DIg transgene that deletes the three PDZ domains while also mutating 15 basic
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residues in and adjacent to the predicted E-F region NLS to glutamine; nuclear localization of the
mutant protein is visible, again emphasizing that an additional NLS must reside outside of the
consensus sequences (Lu et al., 2021). Interestingly, DIg?*N5*A provided no rescuing activity,
consistent with the deleterious effects of mutations in the HOOK domain (Hough et al., 1997; Lu
etal., 2021). Previous work shows that PDZ and GUK domains are not absolutely required for Dlg
function, while the SH3 and HOOK domains are (Hough et al., 1997; Khoury and Bilder, 2020;
Lu et al., 2021; Thomas et al., 2000). Our results hint at a critical role for the 8 basic amino acids
in the E-F region within HOOK that is independent of electrostatic membrane binding; these can
be the subject of future experiments.

Nakajima and Gibson recently used coimmunoprecipitation to isolate DIg-associated
proteins from embryos. Their dataset identified several proteins involved in nuclear pore traffic
(Ran, CRM1, NUP358) but not NURF components (Nakajima et al., 2019). Similarly, we were
unable to co-immunoprecipitate (Co-IP) DIg and NURF complex member E(bx) (data not shown).
It is possible that Dlg and E(bx) associate through an interaction that is not stable enough to pull
down or that Dlg may interact with another member of the NURF complex (for which reagents for
co-IP were not available) or through an intermediary protein. Any of these possibilities would
highlight the utility of APEX2 fusion proteins to facilitate the in vivo detection of weak and/or
transient interactions that are hard to discover by other methods. In the case of the Scrib module,
they could provide a path forward to identifying relevant interactors, which has been a major
obstacle in understanding the biology of these key polarity-regulating tumor suppressors.

It has long been observed that Scrib, Dlg, and Lgl are required to maintain the proper
transcriptional state of epithelial tissues (Bunker et al., 2015; Doggett et al., 2011; Grzeschik et
al., 2010; Hariharan and Bilder, 2006; Sun and Irvine, 2011; Zhu et al., 2010). Our observations
that Dlg is near the NURF complex in the nucleus and that the NURF complex is required for Yki-
driven overgrowth of d/g tumors suggest that DIg may regulate transcription through a much more
direct mechanism than previously thought. Several other MAGUKSs physically interact with
transcription factors, including ZO-2 with Jun, Fos, C/EBP (Betanzos et al., 2004), Myc (Huerta
et al., 2007), YAP (Oka et al., 2010) (the vertebrate homolog of Yki), and TEAD (Gallego-
Gutiérrez et al., 2021), while CASK1 can form a trimeric complex in the nucleus with the T-box
transcription factor Tbr-1 and CINAP, a nucleosome assembly protein that facilitates chromatin
remodeling (Hsueh et al., 2000; Wang et al., 2004).

While we found a functional role for the NURF complex in tumor overgrowth in dig
mutants, the same assays did not produce evidence for a functional connection between the NURF
complex and Scrib. This is intriguing, given the close relationship between Scrib and Dlg in
epithelial polarity and our evidence here that Scrib is also detectable in the nucleus. However, it is
clear that Scrib and DIg do not have overlapping functions (Elsum et al., 2012; Stephens et al.,
2018); recent work has demonstrated distinct roles for the two proteins, in part by showing that
they cannot substitute for one another in epithelial polarity (Khoury and Bilder, 2020; Ventura et
al., 2020). Independent roles have also been documented for the C. elegans Scrib and Dlg
homologs (Firestein and Rongo, 2001; Legouis et al., 2000; McMahon et al., 2001) and recent
proteomic studies in C. elegans as well as Drosophila uncover only modestly overlapping sets of
Scrib- and Dlg-interacting proteins (Nakajima et al., 2019; Waaijers et al., 2016)(Reviewed in
Stephens et al., 2018). Of particular relevance here, transcriptome profiling of scrib and dig
mutant wing disc tumors also found only partially overlapping changes in gene expression (Bunker
et al., 2015). It is therefore plausible that while Dlg may regulate transcription via the NURF
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complex, Scrib’s effects on gene expression may be exerted in a distinct manner. Whether these
effects require nuclear entry of Scrib will await further study.

The association between nuclear Drosophila Dlg and the NURF complex extends data
about other nuclear MAGUKSs and supports the importance of this understudied aspect of these
highly conserved proteins. Still, as we were unable to separately test the functions of cytoplasmic
and nuclear DIg pools, we cannot definitively conclude that the latter drives the observed growth
phenotypes. We also do not know how DIg proteins move through the pore; whether the nuclear
population is a small, stable pool or a transient, dynamic one; or the signals or cellular states that
cause their nuclear localization. Nonetheless, our data indicate that a comprehensive understanding
of this critical protein may have to include its function not just at the plasma membrane but also
in the nucleus.

Methods

Drosophila stocks and Genetics

Drosophila melanogaster stocks were raised on cornmeal molasses food. Experimental crosses
were raised at 25°C unless otherwise noted. Fly lines used are listed in Table 4. ptc®*GAL4 denotes
the use of ptcGAL4 in combination with temperature sensitive GAL80 (GALS8Ots), to allow
conditional GAL4 expression upon temperature shift. For experiments using ptc*GAL4, crosses
were started at 25°C. Adults were removed after 48 hours then after another 24 hours, vials were
shifted to 29°C to induce Gal4 expression. Wing discs were dissected from wandering third instar
larvae starting 72 hours after temperature shift and continuing every 24 hours thereafter for 1-3
additional days to track tumor development. For clonal GAL4 expression in follicle cells, larvae
were heat shocked for 13 minutes at 37°C 120 hours after egg deposition (AED). For follicle cell
MARCM experiments, larvae were heat shocked for 1 hour on 3 consecutive days starting at 120
hours AED. Ovaries were dissected from adult females fed on yeast for 3 days after eclosion. UAS-
3xMyc-APEX2-Dlg contains the digA coding sequence with the dig S97-specific exon using a
cDNA provided by Ulrich Thomas; it was cloned into a Gateway N-terminal 3xMyc-APEX2
destination vector. UAS-DIg-3xHA was cloned into the pUAST-a#tB vector and contains a C-
terminal flexible linker followed by a 3xHA tag. UAS-DIg”™5>4-3xHA was cloned from UAS-
DIg-3xHA using Gibson assembly (NEB). All transgenes were inserted into the a#tP40 site.

Immunofluorescence and Microscopy
Wandering third-instar larval imaginal discs were dissected in PBS and fixed for 20 minutes in 4%
PFA. Samples were rinsed in PBS. Follicles were dissected in Schneider’s medium containing
15% FBS and fixed for 20 minutes in 4% PFA. Primary and secondary antibodies were diluted in
PBST (0.1% Triton X-100) with 4% NGS (Gibco) and 1% BSA (Gibco). Primary antibodies
(Table 4) were incubated with samples overnight at 4°C. Secondary fluorophore-conjugated
antibodies (Molecular Probes) were diluted 1:400 and incubated for 2 hours at room temperature.
Phalloidin and DAPI incubated with samples for 20 minutes in PBS. Images were captured on a
Zeiss LSM700 scanning confocal microscope or a Zeiss Axio Imager M2 with Apotome 2 with
Plan Apochromat 20x/NA 0.8, LD C-Apochromat 40x/NA 1.1 W and Plan Apochromat 63x/NA
1.4 oil objectives at 1024x1024 pixels with 2 line averages.

For all imaginal disc experiments, at least 15 discs were examined per condition, except in
Fig. S3H-1, where 7 discs were analyzed per genotype. For follicle cell experiments, tissue from
at least 5 females was analyzed and at least 10 ovarioles and at least 2 egg chambers per ovariole
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were examined. Images are representative of at least 2 independent biological replicates. Reported
phenotypes were observed with at least 80% penetrance in all cases unless otherwise noted.

Dlg cortical enrichment was quantified as described in (Lu et al., 2021). For single cells in
en face confocal sections, the fluorescent signal intensity of at the membrane and in the cytoplasm
were quantified in Fiji (Schindelin et al., 2012) using rectangular ROIs of fixed 1.17um width,
approximately the thickness of the cell cortex. The ratio of membrane:cytoplasmic intensity was
calculated to give the “plasma membrane index” (PM index). Average PM indices were calculated
for all cells per genotype.

Dcp-1 enrichment was quantified by taking the mean fluorescence intensity in maximum
intensity projected images of a 63.77um-wide rectangular ROI spanning the ptc* GAL4-expressing
stripe and an adjacent, equivalently sized control ROI outside the GAL4 domain and calculating
the ratio of these two values per disc. Ratios were calculated separately for the wing pouch and the
hinge.

Western Blots

Protein concentrations in samples were measured by BCA protein assay (Pierce). Proteins were
electrophoresed at 150V for one hour through 7.5% or 4-20% mini-PROTEAN TGX gels (Bio-
Rad) and blotted at 300 mA for one hour onto PVDF membranes. Membranes were blocked in 3%
BSA in TBS-T for one hour. All antibodies were incubated with membrane in blocking solution.
Primary antibodies were incubated overnight at 4°C. Streptavidin-HRP and HRP-conjugated
secondary antibodies were incubated with the membrane for two hours at room temperature. Blots
were developed with standard ECL reagents (Advansta).

Sample preparation and biotin labeling for Mass Spectrometry

Larvae were reared at room temperature (21-23°C). Thoracic discs were dissected in chilled
labeling media: Schneider’s medium (Gibco) containing 1% Pen/Strep (Caisson Labs), 10% FBS
(Gibco), 500uM biotin-phenol (aka biotinyl tyramide, AdipoGen Life Sciences), and 2mM
probenecid (Thermo). Samples were incubated at room temperature with nutation for 30 minutes.
Labeling media was removed. Samples were incubated in ImM hydrogen peroxide for 1 minute.
Samples were then washed three times in quenching buffer [SmM Trolox (Sigma), 10mM sodium
azide (Sigma), and 10mM sodium ascorbate (Sigma) in PBS] and three times in PBS. Samples
were lysed in RIPA buffer [SOmM Tris-HCI, pH8.0, 150mM NaCl, 1% NP-40, 0.5% sodium
deoxycholate, 0.1% SDS and protease inhibitors (Pierce mini-tablets)] using a pellet pestle motor
and a polypropylene pestle. All solutions were pre-chilled on ice. Lysates were spun at 14,000 rpm
in a table-top microfuge for 10 minutes at 4°C to remove debris, and supernatants were saved as
final sample lysate. A SuL lysate sample was reserved for western blot analysis. Remainder was
incubated with streptavidin-conjugated magnetic beads (Pierce) for one hour at room temperature.
Beads were washed twice in TBS with 0.1% Tween20, then three times with RIPA buffer. For
western blot analysis of pull-down of biotinylated proteins, beads were boiled for 5 minutes in
60uL SDS-PAGE sample buffer: NuPAGE LDS buffer (Thermo) with 20mM DTT (Sigma) and
2mM biotin (Thermo). Supernatant was saved as eluate 1 (E1). Beads were then boiled for 5
minutes in 40uL sample buffer and supernatant was saved as eluate 2 (E2). For mass spectrometry,
labeled lysates were prepared in batches and stored at -80°C until all samples had been collected.
Samples were then thawed, pooled into three replicates from 400 larvae each, and biotinylated
proteins were isolated as described above. Protein-bound beads were kept in PBS at 4°C. Mass
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spectrometry, including remaining sample prep, was performed by the UC Davis Mass
Spectrometry Facilities.

Proteins on beads were received and the buffer was exchanged with 4 washes of 50mM
TEAB (Tri Ethyl Ammonium Bicarbonate). The proteins were then digested off the beads
overnight with trypsin at room temperature. The following day, the supernatant was removed, and
the beads were washed with 50mM TEAB and pooled with the supernatant. The peptides in all six
sample were quantified using Pierce Fluorescent Peptide assay (Thermo Scientific).

TMT Labeling

Based on the Fluorescent Peptide assay, the volume for 20 pg of the most concentrated sample
was determined, and equal volumes of each sample were diluted with 50mM TEAB to 25 pl per
replicate. Each sample was labeled with TMT 6 Plex Mass Tag Labeling Kit (Thermo Scientific).
Briefly, 20 ul of each TMT label (126-131) was added to each digested peptide sample and
incubated for an hour. The reaction was quenched with 1ul of 5% Hydroxylamine and incubated
for 15 minutes. All labeled samples were then mixed together and lyophilized to almost dryness.
The TMT labeled sample was reconstituted in 2% Acetonitrile 0 .1% TFA and desalted with a zip

tip.

LC-MS3

LC separation was done on a Dionex nano Ultimate 3000 (Thermo Scientific) with a Thermo Easy-
Spray source. The digested peptides were reconstituted in 2% acetonitrile /0.1% trifluoroacetic
acid, and 5pl of each sample was loaded onto a PepMap 100A 3U 75 um x 20 mm reverse phase
trap where they were desalted online before being separated on a 100 A 2U 50 micron x 150 mm
PepMap EasySpray reverse phase column. Peptides were eluted using a 90-minute gradient of
0.1% formic acid (A) and 80% acetonitrile (B) with a flow rate of 200nL/min. The separation
gradient was run with 2% to 5% B over 1 minute, 5% to 10% B over 9 minutes, 10% to 20% B
over 27 minutes, 20% to 35% B over 10 minutes, 35% to 99%B over 10 minutes, a 2 minute hold
at 99%B, and finally 99% to 2%B held at 2% B for 5 minutes.

MS3 Synchronous Precursor Selection Workflow

Mass spectra were collected on a Fusion Lumos mass spectrometer (Thermo Fisher Scientific) in
a data-dependent MS3 synchronous precursor selection (SPS) method. MS1 spectra were acquired
in the Orbitrap, 120K resolution, 50ms max inject time, 5 x 105 max inject time. MS2 spectra were
acquired in the linear ion trap with a 0.7Da isolation window, CID fragmentation energy of 35%,
turbo scan speed, 50 ms max inject time, 1 x 104 AGC and maximum parallelizable time turned
on. MS2 ions were isolated in the ion trap and fragmented with an HCD energy of 65%. MS3
spectra were acquired in the orbitrap with a resolution of 50K and a scan range of 100-500 Da,
105 ms max inject time and 1 x 105 AGC.

MS3 SPS Workflow

Database searching: Tandem mass spectra were extracted by Proteome Discoverer 2.2. Charge
state deconvolution and deisotoping were not performed. All MS/MS samples were analyzed using
SequestHT (XCorr Only) (Thermo Fisher Scientific, San Jose, CA, USA) in Proteome Discoverer
2.2.0.388). Sequest (XCorr Only) was set up to search uniprot-proteome-3AUP000000803.fasta
(unknown version, 21134 entries) and an equal number of decoy sequences, assuming the digestion
enzyme trypsin. Sequest (XCorr Only) was searched with a fragment ion mass tolerance of 0.60
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Da and a parent ion tolerance of 10.0 PPM. Carbamidomethyl of cysteine and TMT6plex of lysine
were specified in Sequest (XCorr Only) as fixed modifications. Deamidated of asparagine,
oxidation of methionine and acetyl of the n-terminus were specified in Sequest (XCorr Only) as
variable modifications.

Criteria for protein identification: Scaffold (version Scaffold 4.8.4, Proteome Software Inc.,
Portland, OR) was used to validate MS/MS based peptide and protein identifications. Peptide
identifications were accepted if they could be established at greater than 74.0% probability to
achieve an FDR less than 1.0% by the Scaffold Local FDR algorithm. Protein identifications were
accepted if they could be established at greater than 35.0% probability to achieve an FDR less than
1.0% and contained at least 2 identified peptides. This resulted in a peptide decoy FDR of 0.31%
and a Protein Decoy FDR of 0.8%. Protein probabilities were assigned by the Protein Prophet
algorithm (Nesvizhskii, Al et al Anal. Chem. 2003;75(17):4646-58). Proteins that contained
similar peptides and could not be differentiated based on MS/MS analysis alone were grouped to
satisfy the principles of parsimony. Proteins sharing significant peptide evidence were grouped
into clusters.

Quantitative data analysis: Scaffold Q+ (version Scaffold 4.8.4, Proteome Software Inc., Portland,
OR) was used to quantitate Label Based Quantitation (TMT) peptide and protein identifications.
Peptide identifications were accepted if they could be established at greater than 74.0% probability
to achieve an FDR less than 1.0% by the Scaffold Local FDR algorithm. Protein identifications
were accepted if they could be established at greater than 35.0% probability to achieve an FDR
less than 1.0% and contained at least 2 identified peptides. Protein probabilities were assigned by
the Protein Prophet algorithm (Nesvizhskii, Al et al Anal. Chem. 2003;75(17):4646-58). Proteins
that contained similar peptides and could not be differentiated based on MS/MS analysis alone
were grouped to satisfy the principles of parsimony. Proteins sharing significant peptide evidence
were grouped into clusters. Channels were corrected by correction factors supplied by the
manufacturer in all samples according to the algorithm described in i-Tracker (Shadforth, I et al
BMC Genomics 2005;6 145-151). Normalization was performed iteratively (across spectra) on
intensities, as described in Statistical Analysis of Relative Labeled Mass Spectrometry Data from
Complex Samples Using ANOVA (Oberg, Ann L. et al., Journal of proteome research 7.1 (2008):
225-233). Medians were used for averaging. Spectra data were log-transformed, pruned of those
matched to multiple proteins, and weighted by an adaptive intensity weighting algorithm. Of 3635
spectra in the experiment at the given thresholds, 3247 (89%) were included in quantitation.
Differentially expressed proteins were determined by applying Permutation Test with unadjusted
significance level p < 0.05 corrected by Benjamini-Hochberg.

Data Availability
Raw data, mzML and Scaffold results are available from the MassIVE proteomics repository
(MSV000087186) and Proteome Exchange (PXD025378).

GO analysis

Cellular component Gene Ontology analysis was performed using the BiNGO plug-in for
Cytoscape using all genes in the Drosophila melanogaster genome as a reference set. User selected
settings were as follows: hypergeometric statistical test; Benjamini-Hochberg false discovery rate
(FDR) used to correct P-values; significance level set to 0.05.
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Multiple Sequence Alignment

Multiple sequence alignment of Dlg NLS sequences was made with Clustal Omega (Madeira et
al., 2019). Aligned sequences were visualized using SnapGene Viewer. The following protein
sequences were used: H. sapiens: UniProt Q12959, M. musculus: UniProt Q811DO0, R. norvegicus:
UniProt Q62696, D. rerio: UniProt ETFATI, X. tropicalis: UniProt Q28C55, D. melanogaster:
UniProt P31007.

Subcellular Fractionation

60-70 wandering third instar larvae were dissected in PBS. Cells were lysed using 5 strokes with
the small pestle in a Dounce homogenizer in: 10mM HEPES, pH7.6, 10mM KCI, 1.5mM MgCl,,
.5 mM DTT, and 0.05% NP-40. After homogenization, samples were incubated on ice for 10
minutes and then spun at 3000 rpm for 10 minutes in a tabletop microfuge. Supernatant was spun
at 14,000 x g for 10 minutes and supernatant was cytoplasmic fraction. Pellet from first spin was
rinsed in PBS. Pellet was then resuspended in: 5SmM HEPES, pH7.6, 1.5mM MgCl, 300mM NaCl,
0.2mM EDTA, and 26% glycerol. Nuclei in resuspended pellet were lysed by 20 strokes with the
large pestle of a Dounce homogenizer. Sample was incubated on ice for 30 minutes and then spun
at 24,000 x g for 20 minutes. Supernatant was nuclear fraction. All buffers were pre-chilled on ice
and contained protease inhibitors (Pierce). All spins were conducted at 4°C.

PLA

Proximity ligation assay was performed using a Duolink In Situ Orange Mouse/Rabbit Kit (Sigma)
according to the manufacturer’s instructions with the following modifications. Samples were
dissected and fixed as for immunofluorescence. Tissue was permeabilized in PBST then washed
3x in PBS before proceeding. All subsequent steps were performed in recommended volumes in
tubes with mounting of samples onto slides as the final step. Confocal images were taken on a
Zeiss LSM 700 scanning microscope. For quantification, the total number of PLA puncta were
counted in a maximum projection of a 101.61 x 101.61 x 24 pm volume from two regions of each
disc: control and dlg RNAI. Presented images are a maximum projection of Sum depth. Images
were processed and analyzed in Fiji. Statistics were done in Prism.

Statistical Methods

Statistical significance was determined using two tailed t-test or one-way ANOVA with Tukey’s
multiple comparisons test. Analysis of mass spec data is described above in “MS3 SPS Workflow”
and used Permutation Test with unadjusted significance level p < 0.05 corrected by Benjamini-
Hochberg. GO analysis is described above and used hypergeometric test with Benjamini-Hochberg

false discovery rate (FDR) to correct P-values; significance level set to 0.05. In figures, n.s. is
P>0.05, * is p<0.05, ** is p<0.01, *** is p<0.001 and **** is p<0.0001.
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Figure 4.1: A fully functional APEX2-DIg efficiently labels proteins with biotin

A. In the presence of H,O», APEX2 catalyzes the conversion of biotin-phenol into a phenoxyl
radical that can then covalently label proteins with biotin within a 20nm radius of the enzyme.
B-D: Control DI174GAL4 3" instar larval wing disc (B), larva (C), and adult (D) fly with normal
size and morphology. Scale bar = 100uM.

E-G: dlg, D174GAL4 wing discs (E) form neoplastic tumors. Larvae (F) are overgrown and no
adult flies eclose (G) because animals die as giant larvae. Scale bar = 100uM.

H-J: dig mutant phenotypes were rescued by UAS-3xMyc-APEX2-Dlg (APEX2-DIg). Wing discs
(H) have normal size and morphology, larvae are normal in size (I), and adult viability (J) and
fertility are restored. Scale bar = 100puM.

K. Endogenously tagged DIg::EGFP reflects Dlg localization along the epithelial basolateral
membrane of wing disc cells. Localization is excluded from the apical domain labeled by a-aPKC
staining. Scale bar = 10uM.

L. APEX2-Dlg (a-myc) localization recapitulated normal Dlg localization along the basolateral
domain of wing disc cells and is excluded from the apical domain. Scale bar = 10uM.

M. APEX2-DIg efficiently labeled cellular proteins with biotin as seen by increased Streptavidin-
HRP signal in experimental disc lysate (L, lane 1) compared to lysate from control discs (L, lane
5). Some biotinylated protein remained unbound to beads (U, lanes 2 and 6), but most was serially
eluted off streptavidin-conjugated beads (eluate (E) 1 and 2, lanes 3, 4, 7, and 8). Biotinylation
catalyzed by APEX2 was particularly apparent in these eluates.
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N. Both experimental (lane 1) and control (lane 5) lysates (L) contained Scrib, but only
experimental lysate contained APEX2-Dlg (a-myc). While some Scrib and APEX2-Dlg remained
unbound (and possibly unlabeled) (U, lanes 2 and 5), both were detected in the experimental but
not control streptavidin-bead eluate (E1, E2, lanes 3-4 and 7-8) showing that both proteins were
labeled with biotin only in the presence of the APEX2 tag.
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Figure 4.2: Loading and labeling controls

A-B. Ponceau-S staining as a protein loading control for Western blots in Figures 1G-H, showing
equal amount of protein loaded in the lysate (L) and unbound (U) lanes for both experimental and
control samples. Protein loading of eluates was below detection level of PonceauS staining, but
efficient isolation of biotinylated proteins and subsequent elution from streptavidin beads was seen
(Figures 1G-H).

C-D. Streptavidin-HRP signal from MS sample lysate batches after labeling reaction but before
pull-down with streptavidin beads. Each experimental (C) and control (D) batch showed clear
bands without signs of protein degradation. Experimental batches showed consistent biotin
labeling catalyzed by APEX2.
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Figure 4.3: Existence of a nuclear pool of Dig

A. Hierarchical map of selected enriched cellular component GO terms from APEX2-Dlg
proximity biotinylation. Size of circles indicates the number of genes associated with a given term.
Color of the circle indicates the p-value of enrichment for that term as indicated by the provided
scale. Enriched terms include the proteasome; membrane-associated terms including regions of
the cell, types of membrane associated proteins, and types of vesicles; cytoskeleton-related terms
including actin and microtubule cytoskeletons; and nuclear terms. Map was pruned for viewability.
Full list of enriched terms and their associated p-values is found in Supplementary Table 3.
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B. Selected enriched GO terms with their associated FDR-corrected p-values, and examples of
genes from the dataset associated with each term. “Basolateral plasma membrane” and “septate
junction” were expected terms, while “nuclear pore,” “chromatin remodeling complex,” and
“NURF complex” were unexpected.

C-E: Western blots of fractionated disc extracts, probed with Tubulin (a-tub) to mark the
cytoplasmic fraction and Lamin (a-lam) to mark the nuclear fraction. Percentage of fraction loaded
into each lane is given below; higher percent of less concentrated nuclear fractions were loaded to
equalize total protein per lane. Native Scrib and Dlg are found in both cytoplasmic and nuclear
fractions of disc cells (C), but endogenously GFP-tagged Lgl is detected only in cytoplasmic and
not nuclear fraction (D). Dlg is still found in both the nuclear and cytoplasmic fractions of scrib
null samples, but in d/g null samples, Scrib is detected only in the cytoplasmic fraction (E). We
note that in different experimental replicates, the relative cytoplasmic:nuclear ratio of Scrib protein
is variable.
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Figure 4.4: Nuclear DIg can be detected in vivo in proximity to E(bx)

A. E(bx)::GFP wing disc nuclei expressing UAS-dlg-RNAi in the posterior compartment under
control of hhGAL4, used for PLA. Yellow boxes indicate wild-type and dlg knockdown areas
where signal in D, E was quantified. Red boxes indicate regions shown in B,C.

B. PLA from wild-type region; note that nearly all signal is within nuclei marked by E(bx)::GFP.
Scale bar = 10uM.

C. PLA from dlg RNAI region shows nearly no signal. Scale bar = 10uM.

D. PLA signal is significantly increased between E(bx)::GFP and Dlg in WT tissue with both
antibodies compared to samples with a single antibody or neither antibody. Graph displays mean
with error bars of SEM. Ordinary one-way ANOVA. For **** p<0.0001. For both, n= 14 wing
discs; a-Dlg only, n= 15 wing discs; a-GFP only, n= 15 wing discs; neither, n= 12 wing discs.

E. PLA signal is significantly increased between E(bx)::GFP and Dlg in wild-type tissue compared
to dlg RNAI tissue. Graph displays mean with error bars of SEM. Paired, two-tailed t-test. For
*akEk p<0.0001. n=14 wing discs.

F. There is no significant PLA signal between Polybromo::GFP and Dlg compared to single
antibody background. Graph displays mean with error bars of SEM. Ordinary one-way ANOVA.
For ns, p>0.05. For *** p=0.0001. For both, n= 16 wing discs; a-DIg only, n= 13 wing discs; a-
GFP only, n= 13 wing discs; neither, n= 16 wing discs.
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Figure 4.5: Overgrowth of dig-depleted epithelia requires NURF complex

A-C. ptc®GAL4 drives expression of GFP along the AP compartment boundary (A). Discs
expressing RNAi against NURF complex members E(bx) (B) or iswi (C) in the Ptc stripe have
normal size and morphology.

D-F. Depleting dlg in the Ptc stripe caused neoplastic overgrowth in both proximal and distal hinge
regions (D, arrows). Overgrowth was rescued by either £(bx) RNAI (E) or iswi RNAI (F).

G-1. Depleting scrib with RNAI in the Ptc stripe also caused neoplastic tumors (G), but tumor
formation and growth were unaffected by co-expression of either £(bx) (H) or iswi (I) RNAI.

J-L. Expressing the constitutively active YkiS168A mutant in the Ptc stripe caused hyperplastic
overgrowth of wing discs (J). Yki-driven overgrowth was unaffected by co-expression of either
E(bx) (K) or iswi (L) RNAi. Scale bar = 100uM.
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Figure 4.6: Rescue of dlg RNAi tumors by NURF RNAI is not due to synthetic lethality
A-F. Compared to control wing discs (A), knockdown of E(bx) (B) or iswi (C) or dlg (D) increases
cell death (Dcp-1 staining) in the wing pouch region (arrowheads) but not the hinge. Combining
E(bx) RNAI (E) or iswi RNAI (F) with dlg RNAi does not induce cell death in the hinge (arrow),
nor increase pouch cell death compared to single RNAi, quantified in (G).

H-J. Compared to scrib RNA1 (H) alone, co-expressing E(bx) (I) or Iswi RNAIi (J) with scrib
RNAI does not result in increased cell death in the wing pouch or the hinge, quantified in (G).
One-way ANOVA with Tukey’s multiple comparisons test. Dcp-1 enrichment is represented as
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the ratio of fluorescence intensity in the ptc®*GAL4 expressing domain (blue box) and a control
ROI adjacent to the GAL4 domain (green box). Scale bars, 100um. **P<0.01, n.s. P>0.05.
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Figure 4.7: NURF RNAIi reduces overgrowth in other d/g RNAi tumor systems

A-C. hhGAL4 drives expression of UAS-GFP in the posterior compartment of wing discs (A). This
expression domain and disc morphology were unaffected by either E(bx) (B) or iswi (C) RNAI.
D-F. Expressing dlg RNAi under #hGAL4 control causes overgrown, neoplastic tumors (D). Co-
expression of E(bx) (E) or iswi (F) RNAi reduced the size of these tumors but did not rescue tissue
architecture. Scale bars, 100pum.
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Figure 4.8: Genetic interactions between dlg and E(bx)

A-C. Heterozygosity for a loss of function E(bx) allele (C) partially suppressed the frequency of
dlg RNAIi phenotypes (B) reducing pouch folding (arrowhead) from 96.3% (26/27) of discs in dig
RNAI alone, to 55.2% (21/38) (D) and hinge overgrowth (arrow) from 55.6% (15/27) to 15.8%

(6/38) of discs (E). Scale bars, 100um.
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Figure 4.9: GALA4 titration controls for dig RNAi
A-C. Co-expression of a control RFP RNAi construct with dlg RNAi (C) does not rescue the
phenotypes seen when dig RNAI is expressed alone (B). Scale bars, 100um.
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Figure 4.10: NURF RNAI rescues YKki target gene expression in dig tumors

A-C. ex-LacZ expression (a-B-gal) in control wing discs (A) was unaffected by either E(bx) (B) or
iswi (C) RNAI.

D-F. ex-LacZ levels were elevated in neoplastically overgrown regions of dlg RNAIi discs. (D,
arrows). E(bx) (E) or iswi (F) RNAi coexpression rescued both overgrowth and ex-LacZ levels.
G-1. ex-LacZ levels were also elevated in neoplastically overgrown areas of scrib RNAI discs (G).
Neither overgrowth nor ex-LacZ levels were rescued with co-expression of E(bx) (H) or iswi (1)
RNAI. The phenotype here was made less severe than in Figure 4G-I by reducing ptc®*GAL4
activity time, to facilitate comparison of normal to tumorous tissue. Scale bar = 100uM.
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Figure 4.11: DIg nuclear localization involves sequences outside of predicted NLSs

A. Diagram of Dlg protein, with predicted nuclear localization signals (NLSs) shown in relation
to conserved domains. Conservation of NLSs is shown in alignment of Dlg homologs. Mutations
in DIg?XNES*A gre shown in red.

B, C. dig null mutant wing discs are rescued by expression of DIgWVT (B) but not Dlg
D, E. Localization of DIgWT (D) under ptc-GAL4 is comparable to DIg?*N-S2A (E), although the
latter shows more cytoplasmic staining. Transgenes are detected by anti-DIg staining: compare to
endogenous protein localization neighboring the stripe.

F. Western blots of fractionated disc extracts expressing transgenic Dlg proteins, detected by a-
HA. Blots are also probed with Tubulin (a-tub) to mark the cytoplasmic fraction and Lamin (a-
lam) to mark the nuclear fraction. DIg"T and DIg?*Nt5>A are both found in the nuclear as well as
the cytoplasmic fraction. Scale bars in B,C=100pm, in D-E=10um.

2XNLS>A (C)
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Figure 4.12: Transgenic DIg localization in follicle epithelium

A-E. Clones overexpressing DIgWT (A, C) compared to DIg?*N-S>A (B,D) in cross-section (A, B)
or en face (C,D) views. White/black lines indicate clone boundaries. Localization is similar,
although DIg?*NLS>A ghows 20% lower cortical enrichment, quantified in (G).

E-F. When expressed in a scrib-depleted background, both DIgWT (E) and DI1g?*NtS>A (F) show
reduced cortical enrichment than when expressed in a WT background, quantified in (G)

H-J. dig null mutant follicle cell clones (H) are rescued by expression of DIgWT (I) but not
DIg?XNLS=A (), One-way ANOVA with Tukey’s multiple comparisons test. Error bars represent
S.D., data points represent measurements from single cells. **P<(0.01, ***P<0.001,
*#%4p<(0.0001. Scale bars, 10pum.
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Table 1. Complete Dig-APEX?2 proteomics hit list

Accession Number Permutation Log2 Fold gene name FlyBase ID
Test (p-value) Change by
Benjamini- Category
Hochberg (p< (APEX/
0.04787) Reference)

DLG1 DROME <0.0001 11.34 digl FBgn0001624
Q8SX89 DROME 0.001 10.05 kuk FBgn0038476
Q7KUX7 DROME (+3) | 0.001 9.81 elF4H1 FBgn0262734
ZW10 DROME 0.001 9.79 Zw10 FBgn0004643
Y1505 DROME 0.001 8.9 CG11505 FBgn0035424
AOAO0B4K7N9 DROME | 0.001 8.88 cnn FBgn0013765
(*+4)
Q9VDF4 DROME <0.0001 8.2 Cortactin FBgn0025865
AO0AO0B4LGI9 DROME | <0.0001 7.98 CG3760 FBgn0022343
D)
AOAOB4LEY1 DROME | <0.0001 7.35 Sec31 FBgn0033339
(+3)
GGYF1 _DROME 0.001 7.27 Gyf FBgn0039936
AO0A0B4K618 DROME | <0.0001 7.21 Fmrl FBgn0028734
D)
Q9VFT4 DROME <0.0001 7.2 rin FBgn0015778
E4NKG1 DROME <0.0001 7.18 Capr FBgn0042134
CADE DROME <0.0001 7.15 shg FBgn0003391
Q960D3 DROME (+1) | <0.0001 7.01 vig2 FBgn0046214
C8VV14 DROME <0.0001 6.98 Ald FBgn0000064
D5AEK7 DROME (+1) | 0.001 6.61 CG4729 FBgn0036623
Q9XTL2 DROME <0.0001 6.31 Stam FBgn0027363
Q7JZD3 DROME (+1) | <0.0001 6.28 Ebl FBgn0027066
X2JC16_ DROME 0.017 6.28 CG8184 FBgn0030674
Q9V426 DROME 0.003 6.26 vig FBgn0024183
41 DROME [2] <0.0001 6.25 cora FBgn0010434
E1JJF9 DROME (+2) <0.0001 5.98 Nrg FBgn0264975
CTNA_DROME <0.0001 5.95 alpha-Cat FBgn0010215
Q9W2I5 DROME- 0.016 5.85 CG10505 FBgn0034612
DECOY
Q7KTL4 DROME (+2) | <0.0001 5.81 sip2 FBgn0031878
EF1D DROME 0.001 5.77 eEF1delta FBgn0032198
AO0A0B4K7U5 DROME | <0.0001 5.71 lig FBgn0020279
(+2)
CAZ DROME 0.001 5.65 caz FBgn0285954
LVA DROME <0.0001 5.61 lva FBgn0029688
A1Z968 DROME <0.0001 5.6 NATI FBgn0010488
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B770Z0 DROME (+2) | 0.001 5.58 Dspl FBgn0278608
AO0AOB4LF26 DROME | 0.001 5.52 elF3;j FBgn0027619
MINEA1 DROME (+3) | <0.0001 5.49 stai FBgn0266521
M9PBD9 DROME (+1) | <0.0001 5.48 RanGAP FBgn0003346
EIF31 DROME <0.0001 5.47 elF3i FBgn0015834
B7Z120 DROME [7] 0.001 5.43 Tik FBgn0283657
AOA126BEE6 DROME | 0.001 5.39 CG8223 FBgn0037624
PNUT DROME <0.0001 5.38 pnut FBgn0013726
EF1B_ DROME <0.0001 5.35 eEF lbeta FBgn0028737
FAS3 DROME [3] <0.0001 5.34 Fas3 FBgn0000636
A1Z617 DROME <0.0001 5.32 BubR1 FBgn0263855
Q9VPF3 DROME 0.00082 5.27 CG11796 FBgn0036992
MOYPFES5_DROME (+2) | 0.001 5.25 cmb FBgn0036365
Q7K5M6 _DROME <0.0001 5.21 CG10939 FBgn0010620
PRDX1 DROME <0.0001 5.04 Jafracl FBgn0040309
Q9VFV9 DROME <0.0001 5.02 Droj2 FBgn0038145
RUVB1 DROME <0.0001 4.98 pont FBgn0040078
A4V4F2 DROME (+1) |<0.0001 4.97 Flo2 FBgn0264078

Top 50 identified proteins from the complete APEX dataset. The full table can be found at:
https://www.molbiolcell.org/doi/suppl/10.1091/mbc.E21-04-0187/suppl_file/mc-e21-04-0187-

s02.x1sx
Table 2. Curated DIg-APEX2 proteomics hit list
Accession Number Permutation Log2 Fold gene name FlyBase ID
Test (p-value) Change by
Benjamini- Category
Hochberg (p< (APEX/
0.04787) Reference)

DLG1 DROME <0.0001 11.34 digl FBgn0001624
Q8SX89 DROME 0.001 10.05 kuk FBgn0038476
ZW10 DROME 0.001 9.79 Zw10 FBgn0004643
Y1505 DROME 0.001 8.9 CG11505 | FBgn0035424
AOAO0B4K7N9 DROME | 0.001 8.88 cnn FBgn0013765
*+4)
Q9VDF4 DROME <0.0001 8.2 Cortactin FBgn0025865
AOAOB4LGI9 DROME | <0.0001 7.98 CG3760 FBgn0022343
D
AOAOB4LEY1 DROME | <0.0001 7.35 Sec31 FBgn0033339
(*+3)
GGYF1 _DROME 0.001 7.27 Gyf FBgn0039936
AO0A0B4K618 DROME | <0.0001 7.21 Fmrl FBgn0028734
D
Q9VFT4 DROME <0.0001 7.2 rin FBgn0015778
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E4NKG1 _DROME <0.0001 7.18 Capr FBgn0042134
CADE _DROME <0.0001 7.15 shg FBgn0003391
Q960D3 DROME (+1) <0.0001 7.01 vig2 FBgn0046214
C8VV14 DROME <0.0001 6.98 Ald FBgn0000064
DSAEK7 DROME (+1) | 0.001 6.61 CG4729 FBgn0036623
Q9XTL2 DROME <0.0001 6.31 Stam FBgn0027363
X2JC16_DROME 0.017 6.28 CG8184 FBgn0030674
Q7JZD3_DROME (+1) <0.0001 6.28 Ebl FBgn0027066
Q9Vv426 DROME 0.003 6.26 vig FBgn0024183
41 DROME [2] <0.0001 6.25 cora FBgn0010434
E1JJF9_DROME (+2) <0.0001 5.98 Nrg FBgn0264975
CTNA DROME <0.0001 5.95 alpha-Cat | FBgn0010215
Q9W2I5 DROME- 0.016 5.85 CG10505 | FBgn0034612
DECOY

Q7KTL4 DROME (+2) | <0.0001 5.81 sip2 FBgn0031878
AO0A0B4K7U5 DROME | <0.0001 5.71 lig FBgn0020279
(+2)

CAZ DROME 0.001 5.65 caz FBgn0285954
LVA DROME <0.0001 5.61 lva FBgn0029688
A17968 DROME <0.0001 5.6 NATI1 FBgn0010488
B720Z0_DROME (+2) 0.001 5.58 Dspl FBgn0278608
MONEA1 DROME (+3) | <0.0001 5.49 stai FBgn0266521
M9PBD9 DROME (+1) | <0.0001 5.48 RanGAP FBgn0003346
B77120 DROME [7] 0.001 5.43 Tik FBgn0283657
AOA126BEE6 DROME | 0.001 5.39 CG8223 FBgn0037624
PNUT DROME <0.0001 5.38 pnut FBgn0013726
FAS3 DROME [3] <0.0001 5.34 Fas3 FBgn0000636
A1Z617 DROME <0.0001 5.32 BubR1 FBgn0263855
Q9VPF3 DROME 0.00082 5.27 CG11796 | FBgn0036992
MOYPFES DROME (+2) | 0.001 5.25 cmb FBgn0036365
Q7K5M6 _DROME <0.0001 5.21 CG10939 | FBgn0010620
PRDX1 DROME <0.0001 5.04 Jafracl FBgn0040309
Q9VFV9 DROME <0.0001 5.02 Droj2 FBgn0038145
RUVB1 DROME <0.0001 4.98 pont FBgn0040078
A4V4F2 DROME (+1) <0.0001 4.97 Flo2 FBgn0264078
PFD6 DROME 0.001 4.95 Pfdn6 FBgn0036918
MONFR5 DROME (+1) | 0.001 4.95 yps FBgn0022959
1433E_ DROME <0.0001 4.94 14-3- FBgn0020238

3epsilon

Q9VWH9 DROME- 0.001 4.9 CG12204 | FBgn0031022
DECOY

Q86BMS5 DROME (+1) | <0.0001 4.87 Akap200 FBgn0027932
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A list of the top 50 hits from the curated list. The full table can be found at:
https://www.molbiolcell.org/doi/suppl/10.1091/mbc.E21-04-0187/suppl_file/mc-e21-04-0187-

s03.xlsx

Table 3. DIg-APEX2 proteomics GO analysis
The full table can be found at: https://www.molbiolcell.org/doi/suppl/10.1091/mbc.E21-04-
0187/suppl_file/mc-e21-04-0187-s04.xlsx

Table 4. Key Resources

fly line source identifier

dlg::EGFP Bloomington Flybase ID: FBst0059417
Drosophila Stock
Center

D174Gal4 Chen et al., 2008 | Flybase ID: N/A

UAS- Norbert Flybase ID: N/A

3xMyc::APEX2::DI | Perrimon

g

dlg**? Mendoza-Topaz | Flybase ID: FBal0240608
et al., 2008

dlg™’ Perrimon, 1988 | Flybase ID: FBal0002683

w Bloomington Flybase ID: FBst0001495
Drosophila Stock
Center

lgl::GFP-C Huang et al., | Flybase ID: FBal0247905
2009

scrib’ Bilder and | Flybase ID: FBal0103576
Perrimon, 2000

scrib’ Wu etal.,, 2001 | Flybase ID: FBal0127890

E(bx)::GFP Bloomington FlybaselD: FBst0068180
Drosophila Stock
Center

polybromo::GFP Bloomington FlybaselD: FBst0055823
Drosophila Stock

Center
HhGal4 Bloomington Flybase ID: FBal0121962
Drosophila Stock
Center
UAS-dlg-RNAi Vienna FlybaselD: FBst0463952
41136 Drosophila
RNAI Center
pte-Gald, Bloomington FlybaselD: FBti0002124
tubGal80ts (aka | Drosophila Stock
ptc*Gald) Center
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tub-GALS80ts

Bloomington
Drosophila Stock
Center

FlybaselD: FBti0027799

UAS-NLS-GFP

Bloomington
Drosophila Stock
Center

FlybaselD: FBti0012492

UAS-E(bx)-RNAi

Bloomington
Drosophila Stock
Center

FlybaselD: FBst0033658

UAS-iswi-RNAi

Bloomington
Drosophila Stock
Center

FlybaselD: FBst0032845

UAS-scrib-RNAi Bloomington FlybaselD: FBst0039073
39073 Drosophila Stock
Center
UAS-scrib-RNAi Bloomington FlybaselD: FBti0145013
35748 Drosophila Stock
Center
UAS-yki®1934 Zhang et al., | FlybaseIlD: FBal0265568
2009?77
UAS-dlg-RNAi Bloomington Flybase ID: FBst0039035
39035 Drosophila Stock
Center
UAS-GFP Bloomington FlybaselD: FBti0013988
Drosophila Stock
Center
ex-LacZ Bloomington FlybaselD: FBal0031223
Drosophila Stock
Center
act>y+>GAL4 Bloomington FlybaselD: FBst0030558
UAS-his::RFP Drosophila Stock
Center
hsFLP[122] Struhl and | FlybaseID: FBtp0001101
Basler, 1993
hsFLP[1] tub- | Lee and Luo, | FlybaselD: FBst0005134
GALS0 FRT194 1999
act-GAL4 UAS-GFP | Lee and Luo, | FlybaseID: FBst0042726
1999
UAS-Dlg-HA This study Flybase ID: N/A
UAS-DIg*NES>4_HA | This study Flybase ID: N/A
UAS-RFP-RNAi- Bloomington Flybase ID: FBst0067852
67852 Drosophila Stock

Center
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E(bx)[NURF301-4]

Bloomington
Drosophila Stock
Center

Flybase ID: FBst0009904

antibody

source

identifier

Rabbit
1:500 (IF)

anti-aPKC

Santa Cruz

Biotech

SC-937; RRID:AB 632229

Mouse anti-myc
1:500 (IF) 1:2000
(Western)

Sigma-Aldrich

M4439; RRID:AB_439694

Streptavidin-HRP
1:50,000 (Western)

Invitrogen

Cat. No: 19534-050

GP anti-Scrib 1:500
(IF) 1:2000
(Western)

Bilder Lab

Mouse anti-Dlg
1:1000 (IF) 1:5000
(Western)  1:2400
(PLA) 1:100 (IF)

DSHB

4F3 RRID; AB 528203

Mouse anti-Lamin
1:1000 (Western)

DSHB

adl67.10; RRID:AB 528336

Mouse anti-Tubulin
1:5000 (Western)

DSHB

E7; RRID:AB 528499

Rabbit anti-GFP | Torrey Pines TP401; RRID:AB 10013661
1:6000 (PLA)

1:45,000 (Western)

Rabbit  anti-B-gal | Abcam AB616; RRID:AB 305327
1:1000 (IF)

Rabbit anti-HA tag | Cell ~ Signaling | 3724; RRID: AB_ 1549585
1:500 (IF) Technologies

Mouse anti-HA tag | Cell ~ Signaling | 2367; RRID:AB 10691311
1:10,000 (WB) Technologies

Rabbit anti-cleaved | Cell ~ Signaling | 9578; RRID:AB_2721060
Drosophila  Dcp-1 | Technologies

1:500 (IF)

Mouse anti-GAL4 | Santa Cruz | SC-510; RRID:AB_627655
(RK5C1) 1:1000 | Biotech

(F)

chemical source identifier

PonceauS

Phalloidin-TRITC Sigma-Aldrich P1951; RRID:AB 2315148
1:500

DAPI Thermo D1306, RRID:AB 2629482
software source identifier

Fiji Imagel http://fiji.sc/
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Mlustrator Adobe www.adobe.com/uk/products/photoshop.html
Excel Microsoft https://products.office.com/en-us/excel
Prism Graphpad www.graphpad.com/scientificsoftware/prism/
Zen Zeiss ‘
Scaffold Proteome http://www.proteomesoftware.com/products/scaffol
Software d/
Cytoscape Cytoscape https://cytoscape.org/
Consortium
Clustal Omega EMBL-EBI https://www.ebi.ac.uk/Tools/msa/clustalo/
SnapGene Viewer SnapGene https://www.snapgene.com/
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Chapter 5:
Parallel regulation of epithelial polarity by endocytic traffic and the Scrib module

Mark J Khoury and David Bilder
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ABSTRACT

Intracellular vesicle trafficking is crucial for many developmental and homeostatic processes.
Delivery of specific cargo proteins to the appropriate subcellular compartment or membrane
domain allows cells to carry out their physiological functions and the resulting asymmetry is a
defining feature of cell polarity. Vertebrate cell culture assays have long provided evidence for
exocytic traffic in control of cell polarity. For the in vivo Drosophila system, evidence has been
less clear and more focused on endocytosis. Due to the phenotypic similarities between mutants in
Scrib module genes and those encoding endocytic regulators, we investigated the relationship
between the Scrib module and the endocytic trafficking pathway using the Drosophila follicle and
imaginal disc epithelia. We find that despite the highly similar mutant phenotypes, endocytosis
and the Scrib module regulate epithelial polarity in independent pathways. Scrib and DIg localize
to the basolateral membrane normally in the absence of endocytosis and aPKC-Lgl antagonism is
incompletely disrupted in endocytic mutants. Furthermore, genetic interactions reveal additive
phenotypes in Scrib module-endocytic double mutants. Although acting in parallel, apicobasal
antagonism does contribute to cargo sorting by the retromer complex and reciprocally, apical
endocytosis may provide negative feedback to limit apical domain spread. Finally, we rule out
mis-sorting of the Drosophila TNF receptor Grindelwald (Grnd) as contributing to the neoplastic
tumor phenotype in Scrib module mutants and show that Grnd can signal from the plasma
membrane in the absence of endocytosis. Our data provide insight into the functional relationship
between core cell polarity complexes and the intracellular trafficking machinery and highlight the
complexity of the cell polarity network.
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INTRODUCTION

Intracellular vesicle trafficking is an essential process by which cells can deliver
macromolecular cargoes to specific locations. In addition to internal membrane-bound
compartments, vesicle trafficking is used to sort proteins at the plasma membrane (Rodriguez-
Boulan et al., 2005; Roman-Ferndndez and Bryant, 2016; Stoops and Caplan, 2014). Localization
of specific molecules to different parts of the cell cortex is the defining feature of cell polarity
(Goldstein and Macara, 2007; Johnston, 2018; St Johnston and Ahringer, 2010). Many cell types,
notably epithelial cells, depend on polarity for their development, physiology and homeostasis
(Rodriguez-Boulan and Macara, 2014; St Johnston and Ahringer, 2010). Thus, it is intuitive that
directed vesicle trafficking and cell polarity must be functionally linked. Indeed, directed traffic is
crucial in a number of polarized cell types. Migrating cells use endocytosis to modulate the activity
of signaling receptors at the leading edge, shape chemokine gradients and remodel adhesion sites
(Jékely et al., 2005; Kriebel et al., 2008; Nishimura and Kaibuchi, 2007). Neurons use both
endocytosis and directed cargo sorting to selectively localize proteins to either axons or dendrites
(Al-Bassam et al., 2012; Farias et al., 2012; Lee et al., 2012; Sampo et al., 2003). In more
specialized cases, cells undergoing complex morphogenetic movements during embryogenesis
rely on endocytosis and other trafficking pathways to give rise to cell shape change, junctional
rearrangement and organ assembly (Lanahan et al., 2010; Lee and Harland, 2010; Pelissier et al.,
2003; Riggs et al., 2003; Roeth et al., 2009; Sokac and Wieschaus, 2008; Song et al., 2013).

In epithelial cells in particular, polarized transport has been heavily implicated in the
establishment and maintenance of cell polarity (reviewed in (Jewett and Prekeris, 2018; Mostov et
al., 2003; Roman-Fernandez and Bryant, 2016)). In vitro studies using epithelial cell lines has
demonstrated roles of endocytosis, recycling and secretion pathways in apical membrane
establishment and lumen formation by delivery of apical cargoes such as Crumbs3 and
podocalyxin; in the latter case by removing it from the basal surface and redirecting it to the apical
membrane initiation site (AMIS) (Bryant et al., 2010; Bryant et al., 2014; Schliiter et al., 2009).
Interestingly, work on polarized trafficking in epithelia in vertebrates has mostly focused on
exocytosis and recycling; biosynthetic traffic was proposed to be the major delivery route to the
basolateral membrane and most apical traffic was thought to be a combination of secretion and
transcytosis from the basolateral side (Bartles et al., 1987; Bryant et al., 2014; Deborde et al., 2008;
Hunziker and Fumey, 1994; Mostov et al., 2003). Specific sorting signals for apical versus
basolateral sorting have also been identified (Stoops and Caplan, 2014; Weisz and Rodriguez-
Boulan, 2009). Despite these advances, mechanistic links between trafficking and polarity proteins
have remained understudied and applicability of these findings to in vivo epithelia has been mixed
(Shivas et al., 2010).

A series of studies in Drosophila sparked renewed interest in crosstalk between trafficking
and polarity when it was found that cells mutant for genes encoding endocytic pathway
components exhibit loss of epithelial cell polarity and neoplastic overgrowth, strikingly
phenocopying mutants in the basolateral polarity regulating Scrib module (Lu and Bilder, 2005;
Menut et al., 2007; Moberg et al., 2005; Morrison et al., 2008; Robinson and Moberg, 2011;
Vaccari and Bilder, 2005; Windler and Bilder, 2010). Several intriguing models have been
proposed to account for how disrupted endocytosis could lead to polarity loss (Fletcher et al., 2012;
Shivas et al., 2010), but general mechanistic principles to link endocytosis and the Scrib module
in epithelia have been difficult to identify, although a few functional interactions have been
reported (de Vreede et al., 2014; Liu et al., 2017; Parsons et al., 2014).
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In this work, we sought to rigorously test the functional relationship between endocytosis
and the Scrib module. We demonstrate that both the Scrib module and endocytosis act to limit
apical domain spread in separate, parallel pathways and that endocytic dysfunction is insufficient
to account for Scrib module mutant phenotypes. Our work highlights the complexity inherent in
the cell polarity circuit and suggests that crosstalk between polarity and trafficking is likely
multilayered and indirect.

RESULTS
Scrib module localization is independent of endocytic trafficking

Epithelial cells mutant for genes in various steps of the endocytic trafficking pathway lose
apicobasal polarity and tissue architecture and form neoplastic tumors (Vaccari and Bilder, 2009).
Due to the similarity of these phenotypes and mutants of the Scrib module genes scrib, dlg and Igl,
we wondered if the defects in endocytic mutants reflected impaired function of Scrib module
proteins (Vaccari and Bilder, 2009). Because localization of polarity proteins to the plasma
membrane is crucial to their function (Johnston, 2018; Martin-Belmonte and Mostov, 2008;
Rodriguez-Boulan and Macara, 2014; St Johnston and Ahringer, 2010), we began by examining
the localization of Scrib, Dlg and Lgl in cell clones mutant for the endocytic adaptor gene, ap2c
(ap2 oX99243)(Windler and Bilder, 2010). We restricted our analysis to the follicle epithelium of the
ovary because the simple monolayered epithelial architecture allows facile evaluation of polarity.
However, we did not detect defects in localization of Scrib, DIg nor Lgl in ap2 o%¢%?# mutant cells
and all three proteins localized normally in the mutant clones compared to WT twin spots (Fig.
5.1A,B, quantified in 1C). As a second method of altering endocytic function, we increased
endocytic flux by overexpressing the early endosome regulator Rab5 along with a constitutively
active form of Rab11 (Rab11¢%), a regulator of recycling endosomes. Scrib and Dlg localization
was also normal in follicle cells co-overexpressing Rab5 and Rab11* (Fig. 5.1D). Finally, to test
the possibility that Scrib module localization is influenced by regulated turnover and degradation,
we overexpressed Hrs, an ESCRT-0 protein that mediates recognition of ubiquitinylated cargo for
internalization into multivesicular bodies (MVBs)(Grant and Donaldson, 2009). However, we did
not observe altered Scrib or Dlg localization in Hrs overexpressing cells (Fig. S.1E). Together,
these results indicate that Scrib module cortical localization is independent of endocytic trafficking
and suggests the possibility that the Scrib module functions upstream or in parallel to endocytosis
to regulate apicobasal polarity.

Apicobasal polarity antagonism retains function in endocytic mutants

As the Scrib module proteins localized normally in endocytic mutants, we wondered if they
were also functioning properly. The Scrib module functions to block spread of the apical Par
complex into the basolateral domain (Elsum et al., 2012). Lgl is the primary actor, as it is both a
substrate and a competitive inhibitor of the apical kinase, aPKC (Betschinger et al., 2003; Lee et
al., 2006; Wirtz-Peitz et al., 2008). In contrast, Scrib and Dlg participate indirectly, by protecting
Lgl from aPKC phosphorylation at the basolateral side (See Chapter 2, (Khoury and Bilder, 2020;
Ventura et al., 2020)). To assess the status of apicobasal antagonism, we analyzed the localizations
of aPKC and Lgl in ap20o%¢%?% mutant follicle cell clones. As expected, these cells exhibit
phenotypes of polarity loss, such as multilayering and aPKC and Lgl mislocalization in
multilayered areas of the epithelium (Fig. 5.2A). Unlike Scrib module mutants, aPKC
mislocalization was incompletely penetrant in ap2oX¢%?# mutant cells (Fig. 5.2A). Interestingly,
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we note that even though lateral aPKC spread is observed, mutual exclusion between apical and
basolateral identities can still maintained in some cases (Fig. 5.2B,C).

These results suggest that some amount of Scrib module function is maintained in the
absence of endocytosis. Consistent with this idea, when we co-depleted dlg and the endocytic
adaptor ap2a by RNAI, we observed enhanced aPKC spread to the lateral membrane, compared
to cells depleted for ap2« alone (Fig. 5.2F,G). In contrast, cells expressing ap2a RNAI alone
maintain cortical Lgl levels, although its basolateral distribution may be altered (Fig. 5.2D,H).
Interestingly, we noticed that although greatly enhanced in ap2« dig double depleted cells (Fig
5.21), ap2a depleted cells nevertheless exhibited a significant degree of aPKC mislocalization
compared to WT cells (Fig. 5.2I). Together, these results support the idea that endocytic traffic
and the Scrib module regulate polarity via incompletely overlapping mechanisms.

Endocytosis and the Scrib module exhibit additive interactions

To further probe the functional relationship between the Scrib module and endocytic
trafficking pathways, we examined the localization of the apically localized Notch receptor
(NECD), as a readout of endocytic traffic. In ap2« depleted follicle cells, NECD accumulated in
enlarged puncta associated with the cell cortex, presumably representing failed endocytic events,
as observed previously (Fig. 5.3A,B)(Windler and Bilder, 2010). In contrast, in d/g depleted cells,
NECD was weakly mislocalized to the lateral membrane, but did not strongly accumulate
intracellularly (Fig. 5.3C,D). When we combined ap2«a and dlg loss of function, we observed a
novel phenotype in which there was accumulation of NECD puncta as in ap2« alone, but also a
greatly enhanced basolateral cortical trapping compared dlg alone (Fig. 5.3E,F). We interpret this
to be an additive phenotype in the ap2«a dlg double depleted cells that arises because failure to
internalize NECD due to ap2 r loss reveals the mislocalization resulting from d/g knockdown. This
genetic interaction provides further support for a model where endocytosis and the Scrib module
function in separate, parallel pathways.

The balance of Par-Scrib antagonism regulates retromer

Previous work has shown that the Scrib module regulates cargo trafficking via the retromer
pathway, but how this contributes to polarity establishment or maintenance is not known (de
Vreede et al., 2014; Lohia et al., 2012). One hypothesis is that the Scrib module could control the
levels of specific polarity-relevant proteins at the membrane by controlling their recycling via
retromer. Crb has been proposed to be one such protein, since it is a retromer cargo (Pocha et al.,
2011; Zhou et al., 2011). Crb localization to the apical membrane is also known to be aPKC
dependent, and its lateral mislocalization in scrib mutants is rescued upon co-depletion of aPKC
(Khoury and Bilder, 2020; Morais-de-Sa et al., 2010; Sotillos et al., 2004). Therefore, we
wondered if Par-Scrib antagonism played a role in setting the balance of retromer-dependent
trafficking. Using Vps26 as a marker of the core retromer complex, we observed localization in
concentrated apical puncta in WT follicle cells (Fig. 5.4A”). Upon knockdown of dig, we observed
a depletion of this concentrated apical localization, similar to what has been described previously
in imaginal discs (Fig. 5.4A”)(de Vreede et al., 2014). When we co-depleted apkc within dig
knockdown cells, we observed largely restored apical Vps26 localization (Fig. 5.4B’). We also
noticed that NECD mislocalization to the lateral membrane was partially rescued in dlg apkc
double knockdown cells (Fig. 5.4A,B). Together, these data suggest that the balance of Par-Scrib
antagonism regulates retromer trafficking. Furthermore, our data using NECD localization suggest
that apical cargo sorting is independent of mutual antagonism between the apical and basolateral
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domains, as laterally mislocalized NECD in scrib mutants is rescued to its normal apical position
in the absence of both the Par complex and Scrib module.

aPKC maintains apical identity in part by limiting internalization of apical proteins

The ability of NECD to be properly trafficked to the apical membrane in the absence of a
functional polarity circuit is puzzling because previous work has argued for a model in which
polarity regulators directly influence endocytic trafficking to achieve a steady state polarized
distribution of transmembrane cargoes, such as Crb (Fletcher et al., 2012). These studies have
suggested that the Par complex stabilizes the apical localization of such proteins by inhibiting their
endocytosis (Georgiou et al., 2008; Harris and Tepass, 2008; Leibfried et al., 2008), whereas the
Scrib module may promote their recycling back to the apical surface (de Vreede et al., 2014;
Fletcher et al., 2012). Therefore, we wondered if the apical expansion phenotype seen in scrib
module mutants could be alleviated by removal of apical determinants through increased endocytic
internalization. To test this, we overexpressed constitutively active Rab5 (Rab5%¥%) in follicle
cells depleted of dig by RNAIi and assessed apical spread by examining aPKC localization.
Compared to dlg RNAI alone, cells co-expressing Rab5%L had reduced levels of aPKC
mislocalization to the lateral membrane (Fig. 5.5A-C). However, this was a partial rescue as dlg
cells expressing Rab5?®L still exhibited significantly increased lateral aPKC spread compared to
WT (Fig 5.5C). Together, these results support a model where the Par complex maintains apical
identity in part by limiting endocytosis of apical proteins.

Defective Grnd trafficking does not contribute to neoplasia in scrib mutants

In the imaginal disc, mutation in genes encoding Scrib module proteins or endocytic
regulators results in formation of neoplastic tumors (Vaccari and Bilder, 2009). It is known that
tumorigenic overgrowth in scrib mutants requires c-Jun N-terminal Kinase (JNK) signaling
activity (Igaki et al., 2006; Richardson and Portela, 2018). JNK is a mitogen activated protein
kinase (MAPK) pathway that is activated under a number of pathological and stress conditions in
Drosophila. In the context of tumorigenesis, it has been shown that in many cases, the Drosophila
Tumor Necrosis Factor Receptor (TNFR) homolog, Grindelwald (Grnd) is upstream of JNK
activation and is required for overgrowth and polarity loss phenotypes (Andersen et al., 2015; de
Vreede et al., 2018). Because mis-trafficking of mitogenic receptors has been previously shown to
be causative of tumorous overgrowth in certain neoplastic tumor suppressor mutants (Vaccari and
Bilder, 2005; Vaccari et al., 2009), we hypothesized that dysfunctional Grnd trafficking might be
a mechanism for neoplasia in scrib mutants. When we examined Grnd in d/g mutant wing imaginal
discs, we noticed mislocalization compared to WT, as noted previously (Fig. 5.6A,B)(de Vreede
et al., 2022). This is not due to increased grnd transcription (Bunker et al., 2015). The punctate
localization was reminiscent of endocytic compartments, thus we performed colocalization studies
of Grnd with a panel of markers for various vesicular compartments in the endocytic and
biosynthetic trafficking pathways. However, we noted no significant difference in colocalization
of Grnd with any of these markers or in the morphology of these compartments themselves in dlg
mutants compared to WT (Fig. 5.6C-T)(de Vreede et al., 2014). Treatment with lysosomal
degradation inhibitors also revealed no difference in Grnd accumulation in Arl8+ lysosomes in dlg
mutants compared to WT (Fig. 5.6U,V). Together, these data fail to find evidence for a specific
mis-trafficking of Grnd in scrib module mutants.

To assess whether there exists a general defect in endocytosis in scrib module mutants, we
used a pulse-chase assay where the extracellular domain of NECD is labeled with specific
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antibodies in live tissue ex vivo and then its internalization and trafficking along the endolysosomal
pathway can be followed (Le Borgne and Schweisguth, 2003). When we performed this assay in
dlg mutant wing disc tumors, we did not observe any obvious differences compared to WT at any
time point examined (Fig. 5.7A,B); NECD was internalized and degraded within 5 hours, as
previously described for WT cells (Lu and Bilder, 2005). We also repeated this experiment in
clones of cells knocked down for dlg, as it has been proposed that increased rates of endocytosis
facilitate elimination of d/g mutant cells in the context of cell competition (Igaki et al., 2009).
However, we failed to find any difference in NECD trafficking in dlg clones compared to
surrounding WT tissue (Fig. 5.7C), suggesting that scrib module mutants have no defects in
general endocytic trafficking, consistent with previous studies (de Vreede et al., 2014).

Grnd signaling in the absence of endocytosis

Given the lack of evidence for an endocytic defect in scrib mutants and for a Grnd-specific
trafficking defect, we wondered if JNK signaling downstream of Grnd reflected a conserved,
endocytosis-independent mechanism of tumor formation. grnd knockdown suppresses the
neoplastic tumor phenotype of early endocytic avl RNAI (Fig. 5.8A-C), consistent with previous
observation (Andersen et al., 2015). grnd knockdown and downstream JNK inhibition via
expression of dominant negative JNK (BskPN) are equally effective at suppressing the avl
phenotype, suggesting that Grnd is the main input to JNK signaling that drives neoplasia in this
context (Fig. 5.8C,D). Importantly, although blocking JNK signaling rescues the tumor phenotype
in avl mutants, endocytosis is not restored, as we do not observe intracellular NECD puncta as
seen in WT (Fig. 5.8E-G)(Vaccari et al., 2008; Windler and Bilder, 2010). In many cases,
mammalian TNFRs are internalized in multimeric complexes to large, specialized endosomes
called signalosomes where they are active in signaling (Schneider-Brachert et al., 2013; Schiitze
et al., 2008). Since the av/ phenotype is Grnd-dependent, we wondered whether this reflected an
ability of Grnd to signal from the plasma membrane. To test this we took advantage of a previously
established conditional cell ablation system that relies on expression of the TNF Eiger
(Egr)(Smith-Bolton et al., 2009) in combination with a temperature sensitive mutant of the early
endocytic regulator, Shibire (Drosophila dynamin, Shi*). This allowed us to induce Egr/Grnd-
dependent cell ablation while blocking endocytosis (Fig. 5.8K). When we induced ablation at the
restrictive temperature for Shi®, we observed identical extents of cell death in both the control and
Shi®-endocytosis inhibited cases and robust induction of MMP1, an Egr-JNK target gene (Fig.
5.8H-J). Similarly, we observed that overexpression of transgenic Egr in av/ depleted wing discs
was also able to cause cell death (Fig. 5.8L,M). These results suggest that Egr-Grnd signaling can
occur from the plasma membrane and does not require endocytosis.

DISCUSSION

Polarity proteins and endocytic regulators can be viewed as different evolutionary solutions
to an identical biological problem: asymmetric localization of proteins and other molecules within
the cell. Despite this, a detailed understanding of crosstalk between the cell polarity and vesicle
trafficking machineries is lacking. Work in mammalian tissue culture supports the idea that
membrane traffic is crucial to build a polarized cell (Jewett and Prekeris, 2018; Rodriguez-Boulan
et al., 2005; Romén-Fernandez and Bryant, 2016; Weisz and Rodriguez-Boulan, 2009). However,
the conservation of these findings to in vivo systems is unclear (Shivas et al., 2010; Vaccari and
Bilder, 2009). Similarly, the demonstration that endocytosis affects epithelial polarity in
Drosophila was surprising, both because exocytosis was thought to be the major contributor to
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polarity in vertebrate cells and because endocytosis is an essential process; thus the survival (and
polarity loss) of endocytic mutant cells was puzzling (Vaccari and Bilder, 2009). Here, we sought
to explore the relationship between the endocytic and basolateral polarity pathways. Our results
support a model where endocytosis and the Scrib module operate in distinct, parallel pathways to
polarize epithelial cells. We propose that both pathways function to limit the size and spread of
the apical domain, but may operate on different targets.

Localization of several apical polarity regulators has been previously shown to depend on
endocytic traffic (Stoops and Caplan, 2014). Specifically, Crb, the sole transmembrane protein
among polarity regulators, requires a combination of AP2-dependent endocytosis, retromer-
mediated recycling and Rab11 trafficking for its proper localization (DeBruhl et al., 2015; Fletcher
et al., 2012; Pocha et al., 2011; Roeth et al., 2009; Zhou et al., 2011). Intriguingly, it was recently
shown that, although not a transmembrane protein, aPKC also requires the Rab11 pathway for its
localization (Calero-Cuenca and Sotillos, 2018; Calero-Cuenca et al., 2016). As Crb localization
is also dependent on aPKC kinase activity (Morais-de-S4 et al., 2010; Sotillos et al., 2004), it will
be interesting to determine whether aPKC also regulates the endocytic itinerary of Crb. In contrast,
the dependence of Scrib module localization on intracellular traffic was not known. It has been
noted previously that both Scrib and Lgl often exhibit punctate staining patterns reminiscent of
vesicles (Bilder and Perrimon, 2000; Legouis et al., 2003; Liu et al., 2017; Parsons et al., 2014).
However, we find that localization of all three Scrib module proteins is unaffected by inhibiting
AP2-dependent endocytosis. This suggests that if Scrib module proteins do associate with vesicles,
it is not to regulate their own localization, but potentially an unknown effector function. We note
that while Scrib module localization is AP2-independent, other endocytic pathways could
contribute, as cells have multiple, non-equivalent endocytic pathways (Doherty and McMahon,
2009; Windler and Bilder, 2010).

For most polarity regulators, including the Scrib module, cortical localization is required
for function (Johnston, 2018; Martin-Belmonte and Mostov, 2008; Rodriguez-Boulan and Macara,
2014; St Johnston and Ahringer, 2010). The normal localization of Scriba bd Dlg in ap2 mutants
suggests that these proteins are still functional. The incomplete mislocalization of Lgl in ap?2
mutants in particular, suggests that Scrib and Dlg are still able to protect basolateral Lgl from
aPKC to some extent, in the absence of AP2-dependent endocytosis. Furthermore, the ectopic
lateral aPKC spread in ap2 mutants suggests that while endocytosis is dispensable for basolateral
polarity, it may be required to maintain apical polarity and/or limit apical domain spread. The
mechanisms and key apical molecules subject to this regulation will be important to determine.
Two possibilities are Crb and aPKC, as both have already been shown to be regulated by
endocytosis, as mentioned above. Consistent with the idea that endocytosis specifically regulates
the apical domain, we observe partial rescue of lateral aPKC spread in d/g mutants with increased
endocytic activity via activated Rab5 expression. This type of mechanism has been previously
proposed as a type of feedback in the polarity circuit (Fletcher et al., 2012).

Our findings suggest that both endocytosis and the Scrib module regulate or antagonize
apical polarity in parallel. Our genetic interaction experiments reveal a novel mislocalization
phenotype of the apical transmembrane cargo, Notch, suggesting that both the Scrib module and
endocytic pathways regulate its localization but in distinct manners. Our data suggest that the Scrib
module acts to block lateral spread of Notch, whereas endocytosis may promote recycling of
inappropriately localized Notch back to the apical membrane, perhaps via a transcytosis route.
Indeed, such a model is consistent with both the canonical function ascribed to the Scrib module
in preventing lateral spread of the Par and Crb complexes and with previously described recycling
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pathways for other transmembrane cargos, such as E-cadherin and FaslIl (Desclozeaux et al.,
2008; Laiouar et al., 2020; Lock and Stow, 2005; Roeth et al., 2009; Woichansky et al., 2016).
Additionally, mislocalization of Notch in polarity mutants has been attributed to the neoplastic
overgrowth phenotypes (Vaccari and Bilder, 2005; Vaccari et al., 2008; Windler and Bilder, 2010).

There is ample evidence for crosstalk between the Scrib module and various steps of the
intracellular trafficking route. In Drosophila Lgl associates with multiple vesicular compartments
and is suggested to regulate Notch trafficking and signaling (Parsons et al., 2014; Portela et al.,
2018). Lgl has also been implicated in N-cadherin trafficking in the developing mammalian
nervous system and polarized trafficking in neurons (Jossin et al., 2017; Wang et al., 2011). Scrib
also regulates basolateral cargo sorting in C. elegans epithelia, acting as a Rab5 effector,
facilitating Rab10 activity during cargo recycling (Liu et al., 2017). Both the Scrib module and Par
complex are also involved in cargo sorting through the retromer, an atypical Golgi-to-endosomal
recycling pathway (de Vreede et al., 2014; Gallon and Cullen, 2015; Lohia et al., 2012). In spite
of these appealing links, the mechanistic basis for their contribution to polarity is murky, although
several hypotheses have been proposed (Jewett and Prekeris, 2018; Roman-Fernandez and Bryant,
2016; Shivas et al., 2010). Previous studies have suggested that Crb is a likely candidate to mediate
crosstalk between polarity and trafficking, as it is the only transmembrane polarity regulator (de
Vreede et al., 2014; Fletcher et al., 2012; Lu and Bilder, 2005). However, crb and endocytic double
mutants do not rescue cell polarity (de Vreede et al., 2014). Thus, it is unlikely that there is a single
“polarity-regulating cargo” involved in the crosstalk between polarity and trafficking machinery
and the functional relationship is certain to be complex.

A second complicating factor arises when considering the second major branch of
intracellular traffic: exocytosis. This mode of vesicle transport has received much less attention in
the study of cell polarity in Drosophila, although some studies suggest that the exocyst complex,
required for vesicle fusion with the plasma membrane, participates in epithelial polarity by
regulating apical and junctional cargoes (Beronja et al., 2005; Blankenship et al., 2007; Langevin
et al., 2005; Li et al., 2007; Murthy and Schwarz, 2003). Interestingly, work in mammalian cell
culture originally proposed that exocytic traffic was the primary route for localization of
basolateral membrane proteins (Mostov et al., 2003; Stoops and Caplan, 2014). Indeed,
mammalian Lgl and its yeast homologs Sro7p and Sro77p interact with secretory machinery,
including Rab4 and SNARE proteins (Gangar et al., 2005; Grosshans et al., 2006; Hattendorf et
al., 2007; Rossi and Brennwald, 2011; Watson et al., 2015; Zhang et al., 2005). Dlg also associates
with myosin and kinesin motors to direct post-Golgi vesicles and the t-SNARE, syntaxin-18
(Asaba et al., 2003; Gorczyca et al., 2007). In addition, we have identified potential interactions
of Dlg with several members of the COPII coat complex, Vpsl3 and Rabl; all involved in
secretory traffic (Sharp et al., 2021). One model supported by these observations is that basolateral
polarity proteins, like the Scrib module, direct secretory traffic to the basolateral membrane and
then apically-destined cargoes are selectively internalized by endocytosis and recycled to the
apical membrane (Rodriguez-Boulan et al., 2004; Rodriguez-Boulan et al., 2005; Shivas et al.,
2010). This, together with our suggestion of the parallel activities of endocytosis and the Scrib
module would give rise to a plausible, integrated view of how polarity and membrane traffic
cooperate to polarize epithelial cells.

In addition to polarity itself, previous work has argued for involvement of endocytosis in
the JNK-dependent tumorigenesis and cell competition phenotypes of Scrib module mutant cells
(Igaki et al., 2009). Our data fail to find support for this, as Scrib module mutants have no apparent
defects in endocytosis or Grnd-specific trafficking, and neoplastic Grnd signaling can occur in the
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absence of endocytosis. What could be triggering Grnd-JNK signaling during neoplastic
transformation? Our data suggest that the receptor-ligand complex would not require
internalization to signal. Alternatively, internalization may only be required in the case of
competitive elimination (a scenario we did not examine), as mammalian TNFR signalosomes often
induce apoptosis (Schiitze et al., 2008). Therefore, by signaling from the surface in the tumor
context, the signal may be converted to pro-proliferative, rather than pro-apoptotic. The
mechanisms that would underlie this speculative sign inversion are unclear. Another possibility is
that signaling may be activated at the intracellular side of the receptor in a ligand-independent
manner; JNK activation at multiple downstream steps is sufficient to cause neoplastic
transformation in cooperation with oncogenic Ras (data not shown) (La Marca and Richardson,
2020). Finally, involvement of the second known Drosophila TNFR, Wengen (Wgn) is also
possible, although previous work failed to find evidence for involvement in endocytic mutant
phenotypes (Andersen et al., 2015; Kanda et al., 2002; Kauppila et al., 2003).

Overall, we propose a model in which the Scrib module and endocytosis regulate polarity
in parallel: the Scrib module prevents the spread of the apical domain by as yet unknown
mechanisms, perhaps by inhibiting aPKC activity via Lgl, while endocytosis maintains localization
of proteins at the apical domain by internalization from the basolateral domain and recycling. We
also demonstrate this separation of function in the physiological context of neoplastic tumor
formation. Our work provides an important advance in the understanding of the cell polarity
network by more clearly defining the functional relationship with the vesicle trafficking pathway
and illustrates the complexity in these interactions. Future studies of these relationships will be a
challenging but rewarding avenue to understand the mechanisms underlying the spatial
organization of cell biology.

MATERIALS AND METHODS
Fly stocks and genetics

Drosophila stocks were raised on cornmeal molasses food at 25°C. yw or OreR was used
as the WT control. All follicles shown are stages 5-8. Mutant alleles and transgenic lines used are
listed in Table 1. Mutant follicle cell clones were generated using AsFLP. For clonal GAL4
expression using AsFLP, larvae were heat shocked once for 13 minutes 120 hours after egg
deposition (AED). For all clones, adult females were fed with yeast and dissected 3 days after
eclosion. Pan-follicle cell expression was induced in adults using traffic jam-GAL4 (tj-GAL4) and
temperature-sensitive GALS80; these were fed yeast for 2 days before shifting to 29°C for 4 days.
Overexpression in imaginal discs used MS1096-GAL4. Larvae were dissected between 6 and 9
days AED, depending on the genotype. To induce wing disc ablation with the rn*>egr system,
crosses were kept at 18°C; larvae were upshifted to 29°C for 40 hours to induce egr expression
7dAED then returned to 18°C and dissected 48 hours later.

Immunofluorescence and microscopy

Follicles were dissected in Schneider’s medium containing 15% FBS and fixed with 4%
PFA in PBS for 20 minutes. Follicles were stained in PBS containing 0.1% Triton X-100, 1% BSA
and 4% NGS overnight at 4°C. Primary antibodies and dilutions are listed in Table 1. Following
secondary antibody incubation at 1:400 for 2 hours at room temperature, tissue was mounted in
glycerol-based antifade (Invitrogen). Imaginal discs were dissected from larvae in PBS, fixed with
4% PFA for 20 minutes and stained following the same protocol described above.
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Images were acquired using an inverted Zeiss LSM700 laser scanning confocal microscope
with LD C-Apochromat 40x/NA 1.1 W or Plan apochromat 63x/NA 1.4 oil objectives at
1024x1024 pixel resolution with 2 line averages. For each experiment, greater than 6 imaginal
discs or tissue from at least 5 females was analyzed and at least 10 ovarioles and 20 individual
follicles were examined.

Image analysis and quantification

Image processing and quantification was performed using Fiji software (Schindelin et al.,
2012). To quantify aPKC localization, intensity was measured by drawing a line along the lateral
and apical membranes of a single cell in medial section using the measure function in Fiji. A ratio
of lateral:apical intensities was then calculated per cell and used to compute an average ratio per
cell per genotype. Lgl cortical intensity measurements were obtained by drawing a line along the
membrane of interest of single cells and calculating averages per condition. Scrib and Dlg
localization was measured by drawing a line of consistent length perpendicular to the basolateral
membrane of single cells and using the plot profile function in Fiji. Apicolateral aPKC and Lgl
localization was analyzed similarly, except that lines were drawn along the lateral membrane. The
resulting data were then analyzed using Microsoft Excel and Graphpad Prism 6. For significance
in statistical tests: n.s.=p>0.05, *=p<0.05, **=p<0.01, ***=p<0.001 and ****=p<(0.0001. The
results of all statistical tests are found in Table 3. Figures were assembled using Adobe Illustrator.

Endocytosis assays

The Notch pulse-chase experiments were performed as previously described, with
modifications (Le Borgne and Schweisguth, 2003; Lu and Bilder, 2005). Briefly, wing imaginal
discs were first dissected in Schneider’s medium supplemented with 10% FBS and 1%
Penicillin/Streptomycin (Pen/Strep) then pulsed with 1:25 anti-NECD antibody for 2 hours at 4°C.
Following several washes in ice cold Schneider’s media at 4°C, discs were fixed either
immediately (t=0) or after 1 to 5 hours in warm Schneider’s media at room temperature.

Lysosomal inhibitor experiments were performed as previously described (de Vreede et
al., 2014). Wing imaginal discs were dissected in Schneider’s media containing 10% FBS and 1%
Pen/Strep and cultured for 4 hours in media containing 200uM leupeptin and 5S0mM NH4CI to
inhibit lysosomal degradation. Media was replenished after 2 hours. Discs were then fixed and
stained as described above.
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FIGURES
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Figure 5.1. Scrib and DIg localization is independent of endocytosis

(A,B) Dlg (A), Scrib (A”) and Lgl (B) localization is unchanged in ap2 o mutant follicle cell clones
(white lines) compared to control twin spots. (C) Line scan quantification of cortical DIg and Scrib
intensities from (A) across the basolateral membrane of single cells. (D) Ectopic activation of the
Rab5-Rabl1 pathway does not alter Dlg (D) or Scrib (D) localization in follicle cells. (E)
Overexpression of the ESCRT-0 cargo adaptor, Hrs, does not alter Dlg (E) or Scrib (E’)
localization. Scale bars 10pm. White lines indicate mutant or GAL4 expressing clones in this and
all subsequent figures. Error bars in (C) represent S.D. Pearson’s correlation, p<0.0001 in both
cases.
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Figure 5.2. Lgl-aPKC antagonism does not require endocytosis

(A) ap2o mutant follicle cells lose polarity and multilayer at the egg chamber poles. (B) High
magnification view of ap2o mutant cells: in some instances, aPKC and Lgl maintain mutually
exclusive localization even though aPKC mislocalizes. (C) Line scan of the basolateral membrane
bracketed in (B) showing an example of partially maintained exclusivity between Lgl and aPKC
localizations. (D-G) loss of dig enhances polarity phenotypes of ap2a depleted cells. Lgl (D) and
aPKC (E) are mildy affected in ap2 « depleted cells. Additional loss of dlg strongly enhances loss
of cortical Lgl (F) and aPKC lateral spread phenotypes (G). (H) Quantification of cortical Lgl
levels in ap2a compared to ap2 « dlg double depleted cells as a measure of membrane intensity in
single cells. (I) Quantification of aPKC mislocalization in ap2« compared to ap2« dlg double
depleted cells, represented as a ratio of lateral:apical membrane intensity in single cells. Scale bars,
10um. Error bars represent S.D. One way ANOVA with Tukey’s multiple comparisons test.
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Figure 5.3. Additive phenotypes of Scrib module and endocytic mutants

(A-B) In ap2«a depleted cells (B), Notch (NECD) is mislocalized and accumulates in intracellular
puncta. (C) In dlg depleted cells, Notch exhibits weak membrane retention. (D) In ap2 « dlg double
depleted cells, Notch mislocalizes to intracellular puncta as in cells depleted of ap2« alone, but
cortical retention is strongly enhanced compared to dlg depleted cells. Scale bars, 10um.
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Figure 5.4. Apicobasal antagonism regulates trafficking and retromer

(A) dlg depleted cells weakly mislocalize Notch to the lateral membrane and have reduced apical
levels of Vps26 (A’). (B) Co-depletion of apkc prevents the lateral Notch mislocalization in dlg
depleted cells and also restores apical Vps26 (B’). Scale bars, 10um.
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Figure 5.5. Endocytosis can regulate apical domain size independently of the Scrib module
(A) In dlg depleted cells, aPKC mislocalizes and spreads through the lateral cortex. (B)
Overexpression of constitutively active Rab5 in dlg depleted cells partially rescues aPKC
mislocalization in dl/g depleted cells. (C) Quantification of lateral aPKC spread in dlg depleted
cells with or with out Rab5?®L expression compared to WT, represented as a ratio of lateral:apical
aPKC membrane intensity in single cells. Scale bars, 10um. Error bars represent S.D. One way
ANOVA with Tukey’s multiple comparisons test.
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Figure 5.6. Grnd trafficking is not altered in d/g mutants

(A,B) Compared to WT (A), punctate Grnd levels are increased in dlg mutant wing imaginal disc
cells (B). dlg mutant cells do not show altered Grnd trafficking compared to WT at the level of the
early endosome (C,D), late endosome (E,F), MVB (G,H), recycling endosome (1,J), retromer (K,L,
O,P), rapid recycling pathway (M,N) or biosynthetic pathway (Q-T). Grnd lysosomal flux is
normal in dlg mutant cells, revealed by treatment with lysosomal degradation inhibitors (U,V).
Scale bars, 10pum.
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Figure 5.7. Scrib module mutants do not have general endocytic defects

(A-C) Wing imaginal discs were surface labeled ex vivo with anti-NECD antibody at 4°C and then
chased at RT for the indicated times. (A,B) Compared to WT cells (A), dig mutant cells do not
have defects in internalization, sorting and degradation kinetics of Notch. (C) Compared to
surrounding WT cells, dlg depleted clones (white dotted lines) do not have defects in normal
internalization and degradation of Notch.
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Figure 5.8. Grnd does not require endocytosis to signal
(A-D) Knockdown of the early endosome regulator av/ causes neoplastic tumors in wing imaginal
discs (B). Blocking JNK signaling by depleting grnd (C) or inhibiting Bsk (D) rescues av/ tumors.
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(E-G) Rescued av/ tumors with Bsk inhibition (F) or grnd depletion (G) do not have restored
endocytosis, as intracellular NECD puncta are not seen as in WT (E). (H-J) Egr expression
activates JNK signaling and causes cell death in wing imaginal discs (I). JNK activation and
ablation by Egr still occurs when endocytosis is blocked by Shi® expression (J). Shi' expression
alone does not cause cell death (H). (K) Schematic of the ablation paradigm. Larvae are grown at
the permissive temperature of 18°C until 7dAED. Shifting to the restrictive temperature (29°C)
for 40hr induces ablation by Egr overexpression and endocytic blockade by Shi®* expression. After
ablation larvae are returned to 18°C and dissected 1-2 days later. (L-M) Overexpression of Egr in
avl knockdown wing discs induces cell death (M) compared to av/ depletion alone (L). Scale bars,
200pm in A-D and H-J and 10pum in E-G and L,M. Conditional ablation system described in
(Smith-Bolton et al., 2009).
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Table 1. Key Resources

Reagent Reference and Source

Fly Stocks

ap2 oX0*437 BDSC: 65750

dlg*’? (Mendoza-Topaz et al., 2008)
Lgl::GFP (Dong et al., 2015)

tj-GAL4 Kyoto Stock Center: 104055
UAS-Rab5, UAS-Rab114 BDSC: 24616 & 9791
UAS-Hrs BDSC: 42692

UAS-ap2 o RNAiI BDSC: 32866

UAS-dlg RNAi BDSC: 39035

UAS-aPKC RNAi BDSC: 25946
UAS-Rab59%%¢ BDSC: 9773

Rab4, Rab5, Rab7, Rab9, Rabl1 EYFP lines | BDSC & (Dunst et al., 2015)
Vps26::EGFP BDSC: 67153

Golgi-YFP BDSC: 7193

ER-YFP BDSC: 7195
MS1096-GAL4 BDSC: 8860

UAS-avl RNAi (Andersen et al., 2015)
UAS-grnd RNAi (de Vreede et al., 2018)
UAS-BskPN BDSC: 6409

rn-GAL4 BDSC: 7405

rn-GAL4, tub-GALS0"; UAS-Egr (Smith-Bolton et al., 2009)
act>y+>GAL4 UAS-his::RFP BDSC: 30558

UAS-Egr::Venus

(de Vreede et al., 2018)

Antibodies

1:100 mouse anti-DIg (IHC)

Developmental Studies

(DSHB): 4F3

1:500 guinea pig anti-Scrib (IHC)

(Bilder and Perrimon, 2000)

1:200 rabbit anti-aPKC (IHC)

Santa Cruz Biotechnology: sc-216

1:25 mouse anti-Notch ECD

DSHB: C458.2H

1:500 guinea pig anti-Vps26

Generously provided by H. Bellen

1:500 mouse anti-Grnd

(de Vreede et al., 2018)

1:250 anti-Hrs

(Vaccari and Bilder, 2005)

1:200 anti-Arl8

DSHB: Arl8

1:100 mouse anti-MMP1

DSHB: 5H7B11, 3B8D12, 3A6B4
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Appendix 1: A preliminary Lgl proximity proteome

To discover functionally relevant protein Lgl binding partners, we took an APEX2-based
approach, wherein the promiscuous biotin ligase, APEX2, is fused to a bait protein of interest and
can biotinylate any nearby proteins within a 20nm radius. Biotinylated prey proteins are then
purified and submitted for mass spectrometry. Importantly, the APEX2 technique can be
performed in situ, in intact cells, and can identify low affinity, transient and low abundance
interactions that may be missed by traditional biochemical assays for protein-protein interaction
(Gingras et al., 2019; Hung et al., 2016). We had previously adapted this method to successfully
identify proteins in close proximity to the polarity regulator, Dlg, in intact epithelia (Sharp et al.,
2021).

To identify Lgl-proximal proteins, we expressed a functional UAS-Lgl:: APEX2 construct in in
larval epithelial cells using d174-GAL4 in an /g/ null mutant background. We then dissected the
thoracic imaginal discs (wing, haltere and leg discs) from wandering third instar (L3) larvae. These
tissues were biotin labeled in vivo, and the purified biotinylated protein sample prepared for mass
spec as previously described (Sharp et al., 2021).

The top 50 mass spec hits are given in Table 1. The full dataset can be downloaded at
http://www.ocf.berkeley.edu/~bilder/wp-
content/uploads/2022/03/Lgl APEX2 data_extended.xlsx

(note that fold change is reversed such that enriched proteins have a lower fold change, due to the
way the data were analyzed)

We identified expected proteins, such as Dlg and Scrib, as well as basolateral and junctional
proteins such as Kune, Cora and Nrg. Interestingly, Scrib and Dlg were not among the most highly
enriched in our dataset, supporting the idea that Scrib, DIg and Lgl do not exist in a stable complex,
although functionally they are mutually dependent (Ventura et al., 2020). We performed Gene
Ontology (GO) term analysis (Ashburner et al., 2000; Carbon et al., 2021; Mi et al., 2019) and
along with expected terms such as “protein binding,” “kinase binding,” and “cytoskeletal protein
binding,” we were surprised to see significant overrepresentation of what appear to be RNA
binding proteins, with terms such as “mRNA 3’UTR binding” and “Poly(U) binding” (Table 2).
Indeed, the top enriched term in the dataset was “Poly(G) binding,” suggesting that a large number
of Lgl proximal proteins and/or Lgl binding partners are themselves RNA binding proteins.
Examples of these in the dataset include Fmr1, Yps, Vig and Caprin. This is interesting, given that
a well-known Lgl binding partner is Fmr1 (aka FMRP), a highly studied mRNA binding protein
that is involved in promoting translation of specific mRNAs in neurons (Zarnescu et al., 2005).
The function of this putative Lgl activity is unclear.

Other GO terms of interest include “GTPase activity,” with Rhol, RhoGEF2 and Cdc42 in the
dataset, all of which have known polarity or epithelial morphogenesis roles. Interestingly, we
identified several secretory proteins including Sec24AB, Sec24CD, Sec23 and Syx1A, which is
consistent with early hypotheses that Lgl could be involved in exocytosis, based on the fact that
the putative yeast Lgl homolog, Sro7/77 regulates the exocyst and polarized vesicle secretion
(Lehman et al., 1999; Zhang et al., 2005).
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However, we were surprised that we did not identify certain known Lgl binding partners in our
dataset. For example, aPKC, arguably the most important Lgl regulator, was not present in the
data. This may reflect the fact that kinase-substrate interactions are very transient, and once
phosphorylated, Lgl would be ejected from aPKC’s active site, resulting in low-level labeling in
our experiment. Additionally, the majority of Lgl in the cell is at the basolateral cortex, meaning
that proximity to aPKC would be limited to a very small pool of Lgl protein. We also failed to
detect Pp1-87B in our dataset, a recently identified negative regulator of Lgl phosphorylation
(Moreira et al., 2019).

In summary, this dataset will be a valuable resource to our lab and to the community for future
studies of the enigmatic nature of Lgl function.

Table 1. Top 50 enriched Lgl-APEX2 hits

NAME SYMB | p- q- fold Wilcoxon | t-test p- | resampled
OL value | value | change | p-value value p-value
- CG1648 | 3.155E | 1.361E | 0.1732 0.05| 0.00091 0.0156
-06 -06 33
lethal (2) 1(2)gl 0.0000 | 0.0000 | 0.1758 0.05| 0.00145 0.0171
giant larvae 637 2249 1
scramblase 2 | scramb2 | 1.971E | 8.63E-| 0.1919 0.05| 0.00120 0.0168
-06 07 4
Aldolase 1 Aldl 0.0000 | 9.271E | 0.2034 0.05| 0.00114 0.0168
2449 -06 1
- CG8461 | 9.73E- | 4.40E- | 0.2044 0.05| 0.00462 0.0185
07 07 2
Vesicle Vtal 1.749E | 7.68E-| 0.2158 0.05| 0.00177 0.0141
trafficking 1 -06 07 7
Ran GTPase | RanGA | 0.0001 | 0.0000 0.223 0.05| 0.00133 0.0156
activating P 139 3866 6
protein
kune-kune kune 2.714E | 1.177E | 0.2231 0.05| 0.00158 0.0129
-06 -06 3
vig2 vig2 0.0000 | 0.0000 | 0.2241 0.05| 0.00123 0.0152
1563 0612 7
Ribosomal RpS10b | 0.0000 | 1.572E | 0.2344 0.05| 0.00116 0.0162
protein S10b 0367 -06 2
Caprin Capr 0.0000 | 0.0000 | 0.2398 0.05| 0.00160 0.0156
3198 1187 5
windpipe wdp 0.0000 | 1.035E | 0.2472 0.05| 0.00113 0.0171
0238 -06 6
eukaryotic el[F4H1 | 2.067E | 9.03E- | 0.2503 0.05| 0.00159 0.0144
translation -06 07 9
initiation
factor 4H1
Ebl Ebl 6.421E | 2.671E | 0.2505 0.05| 0.00241 0.0137
-06 -06 3
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vasa intronic | vig 0.0000 | 1.815E | 0.2581 0.05 | 0.00085 0.0169
gene 043 -06 15
epithelial emp 6.886E | 2.844E | 0.2583 0.05 | 0.00611 0.0169
membrane -06 -06 2
protein
lingerer lig 0.0000 | 0.0000 | 0.2612 0.05 | 0.00124 0.0159
7169 2506 9
pasiflora 2 pasi2 0.0000 | 4.682E | 0.2622 0.05| 0.0277 0.032
1166 -06
- CG3760 | 3.196E | 1.375E | 0.2667 0.05 | 0.00290 0.0176
-06 -06 6
failed axon fax 0.0000 | 8.824E | 0.2669 0.05 | 0.00241 0.0155
connections 2321 -06 3
squid sqd 0.0000 | 8.146E | 0.2674 0.05 | 0.00131 0.0168
2119 -06 8
eukaryotic eEFldel | 6.694E | 2.771E | 0.2704 0.05 | 0.00122 0.0158
translation ta -06 -06
elongation
factor 1 delta
Pendulin Pen 0.0001 | 0.0000 | 0.2714 0.05 | 0.00092 0.0153
807 5832 84
rasputin rin 8.012E | 3.277E | 0.2722 0.05 | 0.00098 0.0155
-06 -06 35
ubiquitin like | ubl 6.535E | 2.711E | 0.2734 0.05| 0.00118 0.016
-06 -06 5
- CG5174 | 0.0000 | 5.347E 0.275 0.05 | 0.00108 0.0155
1347 -06 9
Innexin 2 Inx2 6.136E | 2.564E | 0.2754 0.05 | 0.00303 0.0164
-06 -06 2
- CG1093 | 9.195E | 3.752E | 0.2764 0.05 | 0.00217 0.0151
9 -06 -06 5
coracle cora 0.0003 | 0.0001 | 0.2772 0.05 | 0.00104 0.0146
338 026 2
betal,3- GalT1 7.129E | 2.937E | 0.2775 0.05 | 0.00286 0.0159
galactosyltra -06 -06 8
nsferase 1
Fasciclin 3 Fas3 4.553E | 1.912E | 0.2832 0.05 | 0.00327 0.0157
-06 -06 6
Crk Crk 0.0000 | 4.365E | 0.2838 0.05 | 0.00120 0.0145
oncogene 1077 -06 3
Src oncogene | Src42A | 0.0000 | 4.251E | 0.2846 0.05 | 0.00286 0.0137
at 42A 1047 -06 8
Neuroglian | Nrg 0.0000 | 0.0000 | 0.2851 0.05| 0.00118 0.0167
1186 0475 4
Annexin B9 | AnxB9 | 0.0001 | 0.0000 | 0.2859 0.05 | 0.00551 0.0142
102 3747 1
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- CG4004 | 0.0000 | 5.642E | 0.2894 0.05 | 0.00405 0.0157
5 1432 -06 3
Innexin 3 Inx3 0.0000 | 0.0000 | 0.2904 0.05 | 0.00585 0.0172
1542 0605 3
Aldehyde Aldh-I1I | 0.0001 | 0.0000 | 0.2939 0.05 | 0.00707 0.0176
dehydrogena 429 4753 5
se type 111
Lasp Lasp 0.0000 | 5.485E | 0.2972 0.05| 0.00125 0.0159
1385 -06 9
multiprotein | mbfl 6.371E | 2.656E | 0.2979 0.05 | 0.00152 0.0153
bridging -06 -06 9
factor 1
Rhol Rhol 0.0000 | 8.686E | 0.2991 0.05| 0.00198 0.017
2274 -06 6
A kinase Akap20 | 0.0000 | 0.0000 | 0.2991 0.05| 0.00178 0.0158
anchor 0 8308 2881
protein 200
- CG1776 | 9.456E | 0.0000 | 0.2992 0.05| 0.00150 0.0167
5 -06 0385 8
belle bel 0.0000 | 0.0000 | 0.3012 0.05| 0.00104 0.0162
8808 3036 1
Cdc42 Cdc42 4.039E | 1.713E | 0.3028 0.05| 0.00169 0.0161
-06 -06 5
Secretory Sec24C | 0.0002 | 0.0000 | 0.3037 0.05| 0.00164 0.014
24CD D 024 6498
Cdc37 Cdc37 0.0000 | 4.937E | 0.3047 0.05| 0.00155 0.014
1238 -06 2
Chdo64 Chdo64 0.0000 | 0.0000 | 0.3053 0.05 | 0.00224 0.0167
3059 1141 5
Tetraspanin | Tsp42El | 0.0000 | 6.305E | 0.3056 0.05 | 0.00509 0.0149
42F1 1614 -06 1
stathmin stai 0.0000 | 0.0000 | 0.3103 0.05| 0.00185 0.0146
5285 1897 9
Table 2. GO term analysis of Lgl-APEX?2 data
GO molecular function complete upload_1 upload_1 upload
(fold (raw P-| 1
Enrichment) | value) (FDR)
poly(G) binding (GO:0034046) 75.11 4.33E-05 2.90E-
03
poly(U) RNA binding (GO:0008266) 27.31 3.51E-05 2.47E-
03
poly-purine tract binding (GO:0070717) 25.04 4.64E-05 3.04E-
03
poly-pyrimidine tract binding (GO:0008187) 20.03 9.58E-05 6.00E-
03
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protein tag (GO:0031386) 18.78 9.04E-04 4.73E-
mRNA 3'-UTR binding (GO:0003730) 13.97 3.00E-07 2.264E-
translation initiation factor activity (GO:0003743) 13.26 7.96E-08 (1)59 1E-
translation  factor  activity, RNA  binding | 12.35 1.05E-09 2:504E-
(GO:0008135) 07

translation initiation factor binding (GO:0031369) 12.02 5.30E-04 3.05E-
single-stranded RNA binding (GO:0003727) 10.99 3.25E-05 2.240E-
translation regulator activity, nucleic acid binding | 10.73 9.80E-10 231 4E-
(GO:0090079) 07

translation regulator activity (GO:0045182) 10.41 3.11E-10 1.28E-
actin filament binding (GO:0051015) 7.8 1.55E-05 (1).744E-
GTPase activator activity (GO:0005096) 7.61 1.84E-05 (1)?’66E-
SNARE binding (GO:0000149) 7.36 8.23E-04 2.347E-
ribonucleoprotein complex binding (GO:0043021) 7.27 2.64E-04 (1)25 8E-
myosin binding (GO:0017022) 7.22 8.93E-04 2.276E-
mRNA binding (GO:0003729) 7.22 1.83E-12 (1).232E-
actin binding (GO:0003779) 6.61 1.75E-06 2.996E-
kinase binding (GO:0019900) 6.32 2.19E-05 ?%85E-
cell adhesion molecule binding (GO:0050839) 6.09 6.37E-04 g§6OE-
protein kinase binding (GO:0019901) 5.91 2.68E-04 (1)25 8E-
enzyme activator activity (GO:0008047) 5.66 7.08E-06 (8).215E-
cytoskeletal protein binding (GO:0008092) 545 4.35E-11 245 1E-
GTP binding (GO:0005525) 533 1.20E-05 (l).820E-
guanyl ribonucleotide binding (GO:0032561) 52 1.51E-05 (1)?’45E-
GTPase activity (GO:0003924) 5.11 4.24E-05 §z9IE-
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protein-containing complex binding (GO:0044877) | 5.09 5.98E-09 1.57E-
06
guanyl nucleotide binding (GO:0019001) 5.04 1.98E-05 1.73E-
03
nucleoside-triphosphatase regulator activity | 4.98 2.20E-05 1.81E-
(GO:0060589) 03
GTPase regulator activity (GO:0030695) 4.98 2.20E-05 1.76E-
03
tubulin binding (GO:0015631) 4.48 2.63E-04 1.62E-
02
RNA binding (GO:0003723) 4.2 1.03E-13 9.93E-
11
nucleoside-triphosphatase activity (GO:0017111) 3.74 9.62E-06 1.07E-
03
pyrophosphatase activity (GO:0016462) 3.47 2.33E-05 1.81E-
03
hydrolase activity, acting on acid anhydrides, in | 3.39 3.14E-05 2.38E-
phosphorus-containing anhydrides (GO:0016818) 03
hydrolase activity, acting on acid anhydrides | 3.37 3.35E-05 241E-
(GO:0016817) 03
enzyme regulator activity (GO:0030234) 2.98 8.05E-05 5.16E-
03
protein binding (GO:0005515) 2.92 1.05E-23 3.04E-
20
purine  ribonucleoside  triphosphate  binding | 2.79 7.81E-07 1.50E-
(G0O:0035639) 04
purine ribonucleotide binding (GO:0032555) 2.71 1.38E-06 2.48E-
04
ATP-dependent activity (GO:0140657) 2.7 9.10E-04 4.68E-
02
ribonucleotide binding (GO:0032553) 2.67 1.79E-06 2.87E-
04
purine nucleotide binding (GO:0017076) 2.67 1.79E-06 2.72E-
04
enzyme binding (GO:0019899) 2.66 6.91E-04 3.83E-
02
nucleotide binding (GO:0000166) 2.44 5.85E-06 7.33E-
04
nucleoside phosphate binding (GO:1901265) 2.44 5.85E-06 7.02E-
04
carbohydrate derivative binding (GO:0097367) 24 5.20E-06 7.49E-
04
anion binding (GO:0043168) 2.34 1.12E-05 1.19E-
03
small molecule binding (GO:0036094) 2.29 1.15E-05 1.18E-
03
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nucleic acid binding (GO:0003676) 2.12 4.24E-07 8.72E-

heterocyclic compound binding (GO:1901363) 2.05 1.62E-10 2.579E-

organic cyclic compound binding (GO:0097159) 2.04 3.15E-10 (1).813E-

binding (GO:0005488) 1.87 1.13E-20 (1).763E-

molecular function (GO:0003674) 1.16 5.47E-06 ;71 6E-

Unclassified (UNCLASSIFIED) 0.39 5.47E-06 gf‘SOE-
04
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Appendix 2: Other experiments related to Scrib module function

dlg’™?° m/z dlg’™?° m/z

Context-dependent requirement of the DIg GUK domain

Different cell and tissue types may exhibit differences in their requirements for polarity proteins
(Pickett et al., 2019). In the wing imaginal disc and follicle epithelia, the Dlg GUK domain is
dispensable for polarity (Hough et al., 1997; Khoury and Bilder, 2020; Lu et al., 2021). To explore
whether this is universally true, we generated embryos that are maternal and zygotic mutant for
dlg'™?’ a GUK-truncating dlg allele. Surprisingly, in contrast to imaginal disc and follicle cells,
embryonic epidermis in d/g’"?’ m/z mutants exhibited highly penetrant multilayering and aPKC
mislocalization. Thus, the Dlg GUK domain is differentially required depending on the cell type
context.

Cortical Scrib Enrichment
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Testing Dlg SH3-HOOK function in trans assemblies

We found that the Dlg SH3 and HOOK domains comprise the minimal functional unit of the
protein that is required and sufficient to regulate Scrib localization (see Chapter 3). In addition to
intramolecular interactions, MAGUK SH3-HOOK-GUK domains can participate in
intermolecular assembly to generate ‘domain-swapped’ oligomers (McGee et al., 2001). To test
whether the Dlg SH3-HOOK module functions in both inter- and intramolecular modes to regulate
Scrib recruitment, we expressed the HOOK domain mutant, DIg?4%4 in an SH3 mutant
background (dig™?"). We found that compared to a dlg null mutant (dlg"™?), dlg”?’ mislocalized
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Scrib. Expression of Dig?54&4 in dlg™3’ mutant cells slightly, but significantly improved Scrib
cortical localization, suggesting that SH3-HOOK activity may partly involve intermolecular
domain swapping.

NB spindle angles
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The DIg HOOK domain may be dispensable for spindle orientation

Neuroblasts are asymmetrically dividing neural stem cells in the embryonic and larval Drosophila
brain that divide to produce one differentiating daughter cell (Ganglion Mother Cell) and one stem
cell (neuroblast). To ensure division asymmetry, neuroblasts must orient their spindles along their
apical-basal axis. DIg is known to be involved in this process (Golub et al., 2017; Siegrist and Doe,
2005); thus, we wondered if our recently characterized HOOK domain mutant construct,
DIg”SAKA “which has complete loss of function phenotypes in epithelial cells, would be able to
rescue neuroblast spindle orientation. We found that while WT cells had little variation in spindle
angle and most were between 0-10°, dlg mutant neuroblasts had more widely varying spindle
angles, consistent with previous studies. DIgASAKA expression partially rescued spindle angle
variance in d/g mutants, suggesting the HOOK domain is partly dispensable for spindle orientation.
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lg IS5A

Lgl phosphorylation is required for function

We previously proposed a model where Scrib and Dlg are required to ‘protect’ basolateral Lgl
from aPKC phosphorylation, where site-specific regulation of Lgl phosphorylation by Scrib and
Dlg enables Lgl’s aPKC-inhibiting activity via a competitive inhibition mechanism (Khoury and
Bilder, 2020). An important assumption of this model is that basolateral Lgl must be in a partially
phosphorylated state to act as a competitive aPKC inhibitor. Consistent with this idea, follicle cell
clones homozygous for a non-phosphorylatable Lgl allele (Lgl5>*) show phenotypes similar to Ig/
loss of function, including lateral aPKC spread (Dong et al., 2015). This suggests that in order to
be functional, Lgl must be an aPKC substrate, supporting the idea of competitive inhibition, a
phenomenon that has been demonstrated for other aPKC substrates (Graybill and Prehoda, 2014;
Holly and Prehoda, 2019; Lin et al., 2000).
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SCribRNA > [T > gIsAA SCribRNAI > g[SAA

LgIAsh::GFP
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Functional differentiation of Lgl phosphorylation sites

We previously proposed a model where Scrib and Dlg negatively regulate Lgl phosphorylation
through ‘protection’, limiting aPKC activity to specific residues that allow competitive inhibition
of aPKC. To explore evidence for this in vivo, we measured the cortical localization of transgenic
Lgl constructs in which only a single phosphorylation site is available, in WT versus scrib-depleted
backgrounds. We hypothesized that the degree of mislocalization of each construct in scrib-
depleted cells would allow us to infer the ‘protectedness’ of each phosphorylation site.
Interestingly, we found that only Lgl*AS, in which the S664 residue is the only available
phosphorylation site, exhibited significantly reduced cortical localization in scrib-depleted cells
These data are consistent with previous biochemical findings demonstrating that S664 has the
fastest phosphorylation kinetics of the three sites, suggesting that it is the most rapidly
phosphorylated upon loss of protection and supporting a competitive inhibition mechanism for the
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observed dominant effects of Lgl**S expression (Carvalho et al., 2015; Graybill and Prehoda,
2014; Khoury and Bilder, 2020). These data also support the functional non-equivalence of Lgl
phosphorylation sites observed in vivo, and suggest that contrary to cell culture experiments, Lgl
phosphorylation does not simply act additively to displace Lgl from the membrane (Graybill and
Prehoda, 2014; Moreira and Morais-de-S4, 2016).

Egg chambers bearing polarity mutant follicle cells rotate

Egg chambers in the Drosophila ovary elongate from an initial spherical shape to an oblong shape
in a process requiring a novel morphogenetic movement where the entire tissue rotates along its
short axis (Haigo and Bilder, 2011). This rotation process involves PCP signaling to set the rotation
direction (Chen et al., 2016b). Therefore, we wondered if this process was disrupted in apicobasal
polarity mutants. To our surprise, live imaging egg chambers composed of /g/ mutant follicle cells
revealed that rotation can still occur in the absence of apicobasal polarity (data not shown). This
raises questions about the ability of polarity mutant tissue to properly assemble a planar polarized
basement membrane, and if other aspects of this morphogenetic process are disrupted when
polarity is lost.

188





