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Abstract

Epithelial cells line most organ and tissue surfaces and provide an essential barrier that
separates physiological compartments. A nearly universal feature of epithelial cells is their
polarization into distinct apical and basolateral membrane domains that allows groups of cells to
organize into complex structures such as tubes and acini with a characteristic central lumen. This
process requires that cells coordinately orient their polarity axis so that the basolateral domain
is on the outside and apical domain inside epithelial structures. However, the cues that initiate
internalization of apical proteins from the periphery to establish an internal apical site are
incompletely understood.

To identify potential novel regulators of apical-basal polarity and lumen formation, | used
a biotin identification (BiolD) approach coupled with mass spectrometry in epithelial cells
cultured in a three-dimensional matrix. | report in this thesis several novel proteins involved in
lumen formation, including CD13, PARD3B, RALB, and HRNR, each of which is necessary for
epithelial organization and lumen formation. | also identified PTPN14 as a novel polarity-
associated protein, which regulates epithelial organization during oncogene-induced malignant
transformation.

| report that CD13 (Aminopeptidase N/APN/ANPEP) associates with the apical
Crumbs/Par6. Loss of CD13 induces an inverted polarity phenotype in which apical components
fail to accumulate at the appropriate location during cell division. | propose that CD13 acts as a
surface membrane receptor for Rabl1-mediated endocytosis of apical cargo that is necessary to

reorient apical proteins from the periphery to internal sites necessary for lumen formation.



Furthermore, | identified PTPN14 as a proximal protein for aPKC and PARG6 that localizes
to the apical membrane. Depletion of PTPN14 had a modest effect on the degree of aPKC-
enrichment at the apical membrane and did not affect lumen formation. However, PTPN14
protein expression was down-regulated in KRAS®'?V-expressing epithelial cells and re-
introduction of PTPN14 suppressed KRAS®?V-induced overgrowth and restored apical-basal
polarity and a central lumen. This suggests that PTPN14 is an important tumour suppressor that
maintains cell polarization to restrict cancer development.

Together, these results identify several novel players that regulate epithelial organization,

which have potentially important roles in the progression of cancer.



Résumé

Les cellules épithéliales tapissent la plupart des organes ainsi que la surface des tissus et
assurent une fonction de barriere indispensable, afin de séparer les compartiments
physiologiques. Une caractéristique presque universelle des cellules épithéliales est leur
polarisation en domaines membranaires apicaux et basolatéraux distincts, qui permettent aux
groupes de cellules de s’organiser en structures complexes, telles que des tubes et des acini avec
une lumiere centrale caractéristique. Ce processus requiert que les cellules orientent leur axe de
polarité de facon coordonnée, afin que le domaine basolatéral se situe a I'extérieur et le domaine
apical a I'intérieur des structures épithéliales. Cependant, les signaux qui initient I'internalisation
des protéines apicales a partir de la périphérie, afin d’établir un site apical interne, ne sont pas
encore completement compris.

Afin d’identifier de potentiels nouveaux régulateurs de la polarité apico-basale et de la
formation de la lumiére, j'ai utilisé une approche d’identification de la biotine (BiolD) couplée a
la spectrométrie de masse, sur des cellules épithéliales cultivées dans une matrice en trois
dimensions. Je rapporte dans cette these de nombreuses nouvelles protéines impliquées dans la
formation de la lumiére, incluant CD13, PARD3B, RALB et HRNR, chacune étant nécessaire a
I’organisation épithéliale et a la formation de la lumiere. J'ai également identifié PTPN14 comme
une nouvelle protéine associée a la polarité, qui régule I'organisation épithéliale au cours de la
transformation maligne, induite par un oncogene.

J’ai montré que CD13 (Aminopeptidase N/JAPN/ANPEP) s’associe au niveau apical avec
Crumbs/Par6. La perte de CD13 induit un phénotype de polarité inversée dans lequel les

composants apicaux ne s’accumulent pas au bon endroit, au cours de la division cellulaire. Je



suggere que CD13 agit comme un récepteur membranaire de surface pour Rab11 qui joue un
role de médiateur dans I'endocytose des protéines cargo apicales, étape nécessaire a la
réorientation des protéines apicales depuis la périphérie jusqu’aux sites internes, essentielle a la
formation de la lumiére.

De plus, j’ai identifié¢ PTPN14 comme une protéine proximale pour aPKC et PARG6, qui se
localise au niveau de la membrane apicale. La déplétion de PTPN14 avait un effet modeste sur le
degré d’enrichissement de aPKC au niveau de la membrane apicale et n’affectait pas la formation
de la lumiere. Cependant, I'expression de la protéine PTPN14 était diminuée dans les cellules
épithéliales exprimant KRAS®!?V et |a réintroduction de PTPN14 supprimait I'augmentation de la
croissance induite par KRAS®'2V et restaurait la polarité apico-basale ainsi que la lumiére centrale.
Cela suggere que PTPN14 est un suppresseur de tumeur important qui maintient la polarisation
cellulaire afin de restreindre le développement de cancers.

Ensemble, ces résultats identifient plusieurs nouveaux acteurs qui régulent I'organisation

épithéliale et qui ont des rbles potentiellement importants dans la progression du cancer.
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Contribution to Original Knowledge

During my studies, | have made three main contributions to original knowledge that | highlight
in this thesis:

1. | established three dimensional organotypic cultures for proximity proteomics screen as
an architecturally relevant system for identifying novel regulators of cell polarization and
lumen formation.

2. | discovered that CD13 is necessary to reorient apical proteins from the periphery to
internal sites, which is necessary for lumen formation.

3. | discovered that PTPN14 associates with aPKC/PAR6B complex and is important for

suppressing KRAS®'?V-induced transformation.
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Chapter 1: Introduction

Epithelial cells are major constituents of many tissues and can organize into complex
structures such as stratified sheets, alveoli, and tubes. A major function of epithelial cells is to act
as permeability barriers to separate internal from external environments and between tissue
compartments. Epithelial cells require exquisite control over cell-cell adhesions and cell-matrix
adhesions to ensure accurate cellular organization necessary to establish and maintain epithelial
structure and form a lumen (Bernascone et al., 2017; Carthew, 2005). A fundamental property of
simple epithelial cells is that they have an apical cortex facing a lumen and a basolateral cortex
facing extracellular matrix (ECM). This polarized organization is critical to maintain epithelial
homeostasis. Defects in epithelial tubular organization leads to developmental abnormalities
including human renal and intestinal disorders, such as polycystic kidney disease, renal tubular
acidosis, microvilliinclusion disease, and diabetes insipidus (Deen et al., 1995; Jarolim et al., 1998;
Mulders et al., 1997; Schneeberger et al., 2018; Wilson, 2011). Moreover, more than 80% of
human cancers arise from epithelial cells, and disruption of epithelial homeostasis is considered
a prerequisite for tumour formation and progression (McCaffrey and Macara, 2011; Sternlicht,
2006).

1.1 Polarity and epithelial organization

Cell polarity is involved in epithelial morphogenesis and presents as planar cell polarity,
apical-basal polarity, front-rear polarity, and mitotic spindle polarity (Muthuswamy and Xue,
2012). The cooperation of proteins that control polarity play fundamental roles in regulating
many aspects of epithelial biology by controlling the localization of key mediators involved in

regulating stem cell renewal, proliferation, apoptosis, survival, differentiation, cell motility, cell

23



adhesion, spindle orientation, genomic integrity, and tissue organization, processes with strong
links to development and cancer progression (Aranda et al., 2006; Bilder, 2004; Desai et al., 2009;
Dias Gomes et al., 2019; Durgan et al., 2011; Etienne-Manneville, 2008; Lee et al., 2006; Lin et al.,
2000; Rodriguez-Boulan and Macara, 2014; Saadaoui et al., 2014; Yamashita et al., 2010). The
homeostasis of cell polarity occurs through a network of polarity complexes consisting of proteins
and phospholipids that integrate and interpret cues from extracellular environment to regulate
intracellular signalling programs. Many studies have shown that disrupting polarity can alter cell
and tissue homeostasis, which contributes to carcinoma development (Halaoui et al., 2017;
Huang and Muthuswamy, 2010; Huebner et al., 2014). Therefore, polarity is a central process
relevant to normal development and disease progression.
1.1.1 Polarity complexes

Three major complexes regulate apical-basal polarization within epithelial cells: the PAR,
SCRIB, and CRB complexes, which localize at apical-lateral border (tight junction), basolateral
domain, and apical domain, respectively (Rodriguez-Boulan and Macara, 2014).
1.1.1.1 PAR complex

The Par proteins (for Partitioning defective, Par1-6) were first identified in Caenorhabditis
elegans embryos in which Par mutants disrupted an asymmetric first cell division. Parl and Par4
are serine/threonine kinases, Par2 is a zinc-finger protein, Par3 is the scaffold core for the
complex, Par5 is a 14-3-3 protein and Par6 is an adaptor that regulates another polarity kinase,
aPKC. All of these except Par2 are conserved in other species (Kemphues et al., 1988; Tabuse et
al., 1998; Watts et al., 1996). The Par complex consists of aPKC, Par3, Par6, and the small GTPase

Cdc42 (cell division control protein 42) and localizes to tight junctions. (Assemat et al., 2008;

24



Joberty et al., 2000; Lin et al., 2000) (Figure 1.1). Parl and Par4 are localized to the basolateral
membrane whereas Par5/14-3-3 proteins are not polarized but control the localization of other
Par proteins through phosphorylation-dependent binding. The Par complex interacts with diverse
effector proteins that establish and maintain their asymmetric distribution within cells to
regulate lumen formation, cell division orientation, cell migration, and plays a crucial role in
oncogenic signalling (Aranda et al., 2008; Archibald et al., 2015a; Archibald et al., 2015b;

McCaffrey et al., 2012).

aPKC
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Figure 1.1 A schematic diagram showing the interaction domains of PAR complex proteins
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Atypical PKC isoforms (PKCt/PRKCI and PKCL/PRKCZ) are 75 kDa serine/threonine protein
kinases that belong to the PKC family (Steinberg, 2008). All PKCs have a conserved catalytic
domain at the C-terminus, and the difference between atypical and other PKC isoforms is that
aPKCs have a regulatory PB1 (Phox Bem1) domain at N-terminal which directly interacts with
Par6 and is regulated by Cdc42, whereas conventional and novel PKC isoforms depend on Ca?* or
diacyl glycerol for their activation (Moscat et al., 2006; Noda et al., 2001; Rosse et al., 2010).

aPKCs are constitutively bound to Par6 and in addition to associating with Par3 in the Par
complex (Gunaratne et al., 2013) and can also associate with the Crumbs complex in mature
epithelial cells. Moreover, aPKC protects Par6 from proteasomal degradation in kinase-
independent manner, conversely, Par6 regulates the localization of aPKC and its kinase activity
(Durgan et al., 2011). A primary polarity role for apical aPKCs is to phosphorylate lethal giant
larvae (LGL; including LLGL1 and LLGL2), PAR1 and other basal lateral proteins to exclude them
from apical cortex (Rodriguez-Boulan and Macara, 2014; Smith et al., 2007; Suzuki et al., 2004).
aPKC-Par6 bind to Par3 through the catalytic domain of aPKC and the PDZ (post-synaptic density
protein 95 (PSD-95), discs large, Zonula occludens (ZO-1)) domain of Par6 (Bilder et al., 2003;
Hirose et al., 2002). Moreover, aPKCs have been implicated in the regulation of cell signaling that
contributes to signaling that promotes cancer (Fields and Regala, 2007; Rosse et al., 2010).

Par3 is a multidomain scaffolding protein that exist from two genes in humans and other
mammals, PARD3 and PARD3B. PARD3 encodes three splice forms with molecular weights of 180
kDa, 150 kDa, 100 kDa, which all contain three PDZ domains. Par3 resides at tight junctions in
epithelial cells (Izumi et al., 1998), and knockdown of Par3 in MDCK (Madin-Darby canine kidney)

cells delayed tight junciton assembly (Chen and Macara, 2005). Par3 (PARD3) also has a
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conserved N-terminal region that can form self-associations (Liu et al., 2020) and binds to the
junctional adhesion molecule-A (JAM-A) and phosphoinositide lipids (Krahn et al., 2010; Mizuno
et al., 2003). Since JAM-A forms cell-cell contacts prior to Par3 localization to the plasma
membrane, it is considered that JAM-A recruits Par3 (PARD3) to tight junctional complexes
(Ebnet et al., 2001; Itoh et al., 2001). Once Par3 is anchored to nascent tight junctions, it can
recruit Par6 and aPKC (Joberty et al., 2000) (Chen and Macara, 2005; Suzuki et al., 2001). Loss of
Par3, or expression of a mutant that cannot bind to aPKC, results in the mislocalization of aPKC
and the inappropriate activation of signalling pathways that promote tumour invasion and
metastasis (McCaffrey et al., 2012).

Par3B is a 140 kDa product of PARD3B, and is a homologue of cell polarity protein Par3
with a similar domain structure, however, it was shown not to interact with aPKC, and little is
known about the binding with Par6 (Gao et al., 2002; Kohjima et al., 2002). Par3B is highly
expressed in the kidney, lung, and skeletal muscle and has been shown that Par3B is localized at
tight junction with tight junction protein ZO-1 (Kohjima et al., 2002). Ectopically expressed the N-
terminal region of Par3B can disrupt the formation of tight junctions in MDCK cells (Gao et al.,
2002). A recent study indicated that Par3B binds to tumour suppressor protein LKB1 and
suppresses its kinase activity, and that ablation of Par3B causes rapid and profound stem cell loss,
indicating that it is vital for mammary gland stem cell maintenance (Huo and Macara, 2014).

Par6 is a 37 kDa adaptor protein that is expressed as multiple isoforms from different
genes (PARD6A, PARD6B, and PARDG6G). It contains conserved PB1, Cdc42/Rac interaction
binding (CRIB), and PDZ domain that mediates binding to aPKC, Cdc42 or Rac GTPase in the GTP-

bound state (Johansson et al., 2000; Noda et al., 2001), and Par3, respectively. The PDZ domain
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also mediates the association between Par6 and other proteins, including Llgl, Pals1, and Crb3
(Assemat et al., 2008; Gao and Macara, 2004; Lemmers et al., 2004; Lin et al., 2000). Llgl is
thought to regulate aPKC/Par6 trafficking to the plasma membrane, where it becomes activated
by Cdc42, leading to phosphorylation of Ligl and association with Par3. Phosphorylation of Par3
by aPKC subsequently releases the complex and enables Par6/aPKC to associate with the Crumbs
complex at the apical membrane (Hayase et al., 2013; Hurd et al., 2003).

The different isoforms of Par6 localize in cells differently, which indicates that they may
have distinct functions. For example, Pals1 binds strongly to Par6B but weakly to Par6A (Assemat
et al., 2008; Gao and Macara, 2004). Par6 proteins have many functions including cell migration,
organization of tight junctions, and cell growth (Suzuki and Ohno, 2006). For example, previous
studies demonstrated that overexpressed Par6B and Crb3 can disrupt tight junctions (Hurd et al.,
2003; Joberty et al., 2000; Lemmers et al., 2004). In addition, Par6B plays a major role with aPKC,
in regulating mitotic spindle orientation during epithelial morphogenesis (Durgan et al., 2011).
1.1.1.2 Scrib complex

The Scribble (Scrib) complex includes a group of proteins (Scrib, Lgl and Dlg) that localize
to the basolateral membrane, first discovered and characterized in Drosophila, and are highly
conserved in mammals (Bilder and Perrimon, 2000; Mechler et al., 1985; Stephens et al., 2018).
Proteins from the Scrib complex are crucial regulators of tissue development and homeostasis,
such as establishing basolateral identity in polarity, directing cell migration, maintaining cell-cell
contacts through adherens junctions integrity, responses to growth factors during
morphogenesis, vesicle trafficking, tissue growth, differentiation, and regulating mitotic spindle

asymmetry in epithelial cells (Albertson and Doe, 2003; Humbert et al., 2006; Khursheed and
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Bashyam, 2014; Qin et al., 2005; Rodriguez-Boulan and Macara, 2014; Stephens et al., 2018;
Yamanaka et al., 2003). Unlike the Par complex, the Scrib complex has a minor effect on tight
junctions, indicating that different polarity complexes influence apical and lateral junctions
(Rodriguez-Boulan and Macara, 2014).

Scrib is a 175 kDa cytoplasmic multidomain scaffold protein that has many functions in
diverse organisms. Scrib belongs to the LAP (LRR and PDZ) protein family and has 16 leucine-rich
repeats (LRRs) at its N-terminal, two LAP-specific domains (LAPSADa and LAPSADDb), a linker
region, and four PDZ domains (Assemat et al., 2008). These domains are essential for protein-
protein interaction to allow proper localization of Scrib to the basolateral membrane of epithelial
cells and maintains the integrity of basolateral domain (Bilder and Perrimon, 2000; Kallay et al.,
2006; Legouis et al., 2003; Mathew et al., 2002; Metais et al., 2005; Navarro et al., 2005; Qin et
al., 2005; Sun et al., 2009; Zeitler et al., 2004). Scrib has multiple phosphorylation sites that are
involved in regulating signaling pathways including mitogen-activated protein kinase (MAPK),
Phospho-Inositol-3-Kinase  (PI3K), Hippo, Wnt, and protein tyrosine phosphatase
and tensin homologue (PTEN) to mediate their localization and organize signaling modules (Adey
et al., 2000; Stephens et al., 2018).

DLG has five isoforms from separate genes in humans and the protein contains three PDZ
domains, a Src homology 3 (SH3) domain, a hook domain (also known as 4.1 binding domain) and
a guanylate kinase-like (GUK) domain at C-terminal, which are conserved in other membrane-
associated guanylate kinase (MAGUK) scaffold protein family, and a L27 domain. These diverse
protein-protein interaction domains allow Dlg to regulate apical-basal polarity, adherens junction

integrity, cell division orientation, apoptosis, and multiple signaling pathways including MAPK,
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PI3K and PTEN, Hippo, and Wnt to mediate localization of various proteins (Adey et al., 2000;
Etienne-Manneuville et al., 2005; Gaudet et al., 2011; lizuka-Kogo et al., 2007; Laprise et al., 2004;
Lee et al., 2002; Porter et al., 2019; Stephens et al., 2018; Ventura et al., 2020).

Ligl has two isoforms in humans and other mammals, LLGL1 (115 kDa) and LLGL2 (113 kDa)
and regulates cell polarity establishment, basolateral exocytotic machinery, actin-myosin
contractility, cell migration, cell-cell adhesion, mitotic spindle orientation and multiple signaling
pathways including MAPK, PI3K, Hippo, and Wnt to mediate cell localization (Bell et al., 2015;
Dahan et al., 2014; Dahan et al., 2012; Jossin et al., 2017; Musch et al., 2002; Stephens et al.,
2018; Zhang et al., 2005). Both isoforms contain N-terminal WD40 repeats (six in LLGL1 and five
in LLGL2), and a C-terminal region containing a polybasic region containing aPKC and Aurora
kinase phosphorylation sites (Cao et al.,, 2015; Kallay et al., 2006; Stephens et al., 2018).
Phosphorylation of LLGL by aPKC is required for excluding LLGL from the apical membrane and
facilitating its recruitment to the basolateral membrane during epithelial polarity establishment
(Kallay et al., 2006; Linch et al., 2013; Musch et al., 2002; Yamanaka et al., 2003). On the other
hand, LLGL also inhibits aPKC activity by binding to Par6 in the aPKC/Par6 complex and competing
with the binding of Par3 (Stephens et al., 2018).
1.1.1.3 CRB complex

The Crumbs complex (Crumbs/Crb, Palsl and Patj) localizes to the apical membrane
(Rodriguez-Boulan and Macara, 2014) and recruits aPKC and PAR6 to the apical cortex during
polarization (Margolis, 2018). There are three Crb isoforms, Crb1, Crb2, and Crb3. Crb1 (154 kDa)
and Crb2 (134 kDa) are type | transmembrane proteins with large extracellular domains that

contain a N-terminal signal peptide, EGF motifs (19 and 14 in Crb1 and Crb2, respectively), three
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Laminin A/G motifs (Assemat et al., 2008). In contrast, Crb3 (13 kDa) has a short extracellular
domain with O- and N-glycosylation sites (Medina et al., 2002).

CRB3 is the major CRB isoform in mammalian epithelia (Fogg et al., 2005; Lemmers et al.,
2004; Makarova et al., 2003) and exists as two alternate splicing forms: Crb3a and Crb3b
(Lemmers et al., 2004). The cytoplasmic domain of Crb3a contains a FERM (four-point-one, ezrin,
radixin, moesin) protein-binding domain and a C-terminal PDZ-binding domain consisting of
glutamic acid-arginine-leucine-isoleucine (ERLI) residues. Crb3b is similar but has C-terminal
sequence CLPI (cysteine-leucine-proline-isoleucine) that does not bind to PDZ domains (Margolis,
2018). Crb3b associates with the PDZ-domains of Par6 and Pals1, which is essential for regulating
apical polarity. Moreover, Crb3 links to the actin cytoskeleton through its FERM domain and is
required for tight junction development, apical membrane expansion, cilia biogenesis, and lumen
formation in cultured epithelial cells (Bryant et al., 2010; Meder et al., 2005; Schluter et al.,
2009b). However, studies were not able to show obvious defects of polarity and cell-cell junctions
in CRB3 knockout mice, suggesting that there may be redundancy in CRB3-mediated polarity
mechanisms (Charrier et al., 2015; Margolis, 2018; Whiteman et al., 2014). Additionally, Crb3
links cell polarity with tissue mechanics and proliferation through regulation of the Hippo/Yes-
associated protein (Yap) pathway (Ling et al., 2010; Szymaniak et al., 2015). The Crb complex is
negatively regulated by the Coracle group, which consists of Moesin, Yurt, Coracle, Neurexin IV
(Nrx-1V) and Na*, K*-ATPase, and is required for establishing basolateral membrane identity
(Laprise et al., 2009).

Pals1, also known as membrane-associated palmitoylated protein 5 (MPP5), is a 77 kDa

scaffold protein and associated with tight junction formation and cell polarity by linking Crb3 and
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Patj (Fogg et al., 2005; Roh et al., 2002b). Pals1 belongs to the MAGUK family (Kamberov et al.,
2000), it has multiple protein-protein interaction domains including two L27 domains, a PDZ
domain, an SH3 domain, a hook domain and a GUK domain (Rodriguez-Boulan and Macara, 2014).
The first L27 domain interacts with Patj and the second associates with Lin7 which functions in
tight junction formation (Straight et al., 2006). A previous study indicated that loss of Palsl
resulted in loss of expression of Patj, a delay in the polarization of MDCK monolayers, and failure
to form luminal cyst in MDCK 3D organoids (Straight et al., 2004). Moreover, loss of Pals1 leads
to the accumulation of E-cadherin puncta in the cell periphery, and disruption of E-cadherin
trafficking, suggesting that Pals1 is also required for adherens junctional functions (Wang et al.,
2007).

Patj is a 196 kDa scaffold protein that is expressed mainly in epithelial tissues and localizes
to tight junctions. Patj contains an N-terminal L27 domain binds to Palsl, and multiple PDZ
domains that mediate diverse interactions with tight junction proteins, including ZO-3 and
Claudinl (Lemmers et al., 2002; Roh et al., 2002a; Roh et al., 2002b). Similar to other members
of the Crb copmplex, Patj is also involved in tight junctions assembly (Lemmers et al., 2002;
Michel et al., 2005; Shin et al., 2005) and the depletion of Patj leads to the mislocalization of Crb3
and Pals1, as well as tight junction markers (occludin and Z0O-3), suggesting that Patj stabilizes
the Crb complex between the apical domain and tight junctions (Michel et al., 2005). Moreover,
Patj also plays a crucial role in directional migration of MDCK cell by regulating the localization of

aPKC and Par3 to the leading edge (Shin et al., 2007).
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1.1.1.4 Other polarity regulators

Apical-basal polarity is also regulated by additional proteins not part of the three
canonical polarity complexes, including the protein serine/threonine kinases Parl, Par4/Lkb1,
and phospho-protein interactor Par5/14-3-3Z. These proteins play an important role in epithelial
polarity organization. Parl has a kinase and an ubiquitin-associated (UBA) domains, which is
phosphorated and regulated by aPKC and LKB1. Parl is recruited to the basolateral cortex and
phsophorylates Par3 to disrupt the Par complex and therefore exclude it from basolateral cortex
(Lizcano et al., 2004; Suzuki et al., 2004). Parl also regulates cell division orientation through
regulating RhoA activity, which affects recruitment of the core spindle orientation machinery (G
ai, LGN, and NuMA) (Lazaro-Dieguez et al., 2013). Par5 is distributed in cytoplasm and it can
bind to phosphorylated Par3, Parl, or Ligl to relocate these proteins to the cytoplasm, thereby
ensuring the fidelity of apical and basolateral segregation (Benton and St Johnston, 2003).

Cdc42, Racl, and RhoA belong to RHO GTPase family and crosstalk with each other to
regulate multiple cellular processes, including polarization (lden and Collard, 2008). For example,
Cdc42 is a master regulator of cell polarity that interacts with Par6 and changes its conformation,
which in turn activates aPKC kinase activity to phosphorylate substrates in the apical domain
(Yamanaka et al., 2001). Cdc42 can also influence the spatio-temporal activation of Racl, which
suppresses RhoA activity at adherens juctions (ten Klooster et al., 2006; Wildenberg et al., 2006).
In turn, RhoA inhibits Racl activity by disrupting the Par complex, which is a scaffold for GTPase
regulators (Nakayama et al., 2008).

Phosphoinositides are required for many biological functions, including regulation of

membrane traffic, the cytoskeleton, nuclear events and the permeability and transport functions
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of membrane (Di Paolo and De Camilli, 2006). There are seven phosphoinositide isoforms and
are regulated by phosphoinositide kinases and phosphatases in different organelles such as
plasma membrane, endoplasmic reticulum, Golgi complex, early endosome, and late endosome
(Di Paolo and De Camilli, 2006). Phosphoinositides are implicated in defining cell polarity identity
though crosstalk with small GTPases (Krahn and Wodarz, 2012). In yeast, phosphatidylserine
regulates Cdc42 targeting and activation during cell division (Fairn et al., 2011).
Phosphatidylinositol-3,4,5-trisphosphate (PtdIns(3,4,5)P3) is stably localized at the basolateral
plasma membrane (Gassama-Diagne et al., 2006) and PtdIns-4,5-bisphosphate (PtdIns(4,5)P;) is
localized at apical plasma membrane (Martin-Belmonte et al., 2007). This balance is regulated by
the phosphatase PTEN, which is localized at the apical domain through an interacting with Par3
and is antagonized by PI3K (Maehama and Dixon, 1998; von Stein et al., 2005).
1.1.2 The regulation of protein-protein interactions in polarity

The spatiotemporal coordination of polarity protein interactions is crucial to establish and
maintain epithelial organization. The asymmetric segregation of the plasma membrane into
unique domains is positively or negatively regulated through a network of protein-protein
interactions, controlled largely by phosphorylation (Rodriguez-Boulan and Macara, 2014). Par3
associates with nascent tight junctions through JAM-A which then recruits aPKC through either a
direct interaction or through an indirect association with Par6 to form interdependent Par
complex at the apical-lateral membrane. After being recruited to the apical Par complex, aPKC
kinase activity is positively regulated by Cdc42, which is localized to the apical membrane by PTEN
through annexin 2 (Joberty et al., 2000; Martin-Belmonte et al., 2007). Activated aPKC then

phosphorylates and dissociates from Par3, and then binds to the Crb complex via PAR6 (Morais-
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de-Sa et al., 2010). Apical aPKC/Par6 is necessary to stabilize the Crb complex and promote the
formation of mature epithelial structures from the premature junctional structures (Morais-de-
Sa et al., 2010).

Not only does aPKC kinase activity act as a determinant for apical complexes, but it is also
crucial for restricting the localization of basolateral proteins. For example, aPKC phosphorylates
Ligl, Parl, and Yurt, causing them to dissociate from the apical plasma membrane (Suzuki et al.,
2004). Conversely, Parl1 phosphorylates Par3 to exclude it from the basolateral membrane, which
consequently precludes aPKC/Par6 from the basolateral membrane. Yurt also negatively
regulates Crb to promote basolateral membrane stability (Laprise et al., 2009).

1.1.3 Polarity and cancer

Over 80% of cancers arise from epithelial cells, which are called carcinoma. Polarity plays
a significant role in regulating multiple aspects of epithelial growth control and tissue
morphogenesis and disruption of epithelial homeostasis is considered a prerequisite for tumour
formation (Aranda et al., 2006; McCaffrey and Macara, 2011; Rodriguez-Boulan and Macara,
2014). A polarized epithelial architecture organizes cells so that they can interpret both intrinsic
and extrinsic signals from the microenvironment to regulate cell behaviors such as proliferation,
apoptosis, and migration, which when they become dysregulated promote cancer initiation,
growth, and metastasis (Bergstralh and St Johnston, 2012; Ellenbroek et al., 2012; Halaoui and
McCaffrey, 2015b; Huang and Muthuswamy, 2010; Huebner et al., 2014). Previous studies from
our lab demonstrated that apical-basal polarity is progressively lost during breast carcinoma
development, but surprisingly, polarity genes are not necessarily down-regulated at the mRNA

level (Catterall et al., 2020; Halaoui et al.,, 2017). Instead, loss of polarity occurs through
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asymmetric cell divisions that produce a polarized and non-polarized cell, the latter which
proliferate faster and likely outcompete the polarized population (Halaoui et al., 2017).
Remarkably, the process is reversible, and inactivation of the driver oncogene results in re-
acquisition of the polarity program and lumen formation through apoptosis-mediated cavitation
(Halaoui et al., 2017).

aPKC isoforms (iota and zeta) are reported to have oncogenic or tumour-suppressive
functions depending on the isoform and cancer type. aPKCit (PRKCI) is amplified and
overexpressed in multiple cancers, including hepatocellular carcinoma, pancreatic
adenocarcinoma, and breast cancer (Halaoui and McCaffrey, 2015b). In lung cancer, PKCt
associates with a guanine nucleotide exchange factor Ect2 that activates a pathway involving
RAC1/Mek1/2-Erk1/2 to promote malignant transformation and proliferation (Murray et al.,
2011; Regala et al., 2005). PKC1 cooperates with other oncogenes and was shown to be required
for oncogenic RAS transformation of the colon epithelium in vivo (Murray et al., 2004). On the
other hand, PKCC was shown to act as a tumor suppressor in invasive prostate carcinoma in vivo,
by regulating c-myc function (Kim et al., 2013).

Par6 is overexpressed and amplified in breast cancer (Nolan et al., 2008), and displays
diverse localization patterns (polarized/apical, uniform membrane, cytoplasmic, and nuclear) in
preinvasive and advanced breast cancers (Catterall et al., 2020; Halaoui et al., 2017). Mislocalized
Par6 results in loss of tissue organization downstream of oncogenic signalling (Aranda et al., 2008)
and correlates with increasing grade and the presence of nodal metastasis (Catterall et al., 2020).
Par6 contributes to cancer progression in part by associating with the transforming growth factor

(TGF)B receptor type-1 to promote EMT (Ozdamar et al., 2005). Moreover, human epidermal
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growth factor receptor 2 (HER2/ErbB2) is amplified or overexpressed in about 25% of breast
cancers and uncouples Par6/aPKC from Par3 to disrupt apical-basal polarity in human mammary
epithelial cells to promote malignant transformation (Aranda et al., 2006). Furthermore, Par6 has
also been shown to cooperate with Par3 to regulate actomyosin contractility and collective cell
migration by interacting with discoidin domain receptor 1 (DDR1) (Hidalgo-Carcedo et al., 2011).

Par3 functions as a tumor promoter or a suppressor, depending on context. For example,
our lab demonstrated that loss of Par3 promotes breast tumorigenesis and metastasis through
active aPKC-dependant regulation of matrix remodelling (McCaffrey et al., 2012). Moreover, in
ErbB2-induced tumour epithelial cells, loss of Par3 also contributes to metastasis through
decreasing cell-cell cohesion (Murray et al., 2004). However, in keratinocytes, knockout Par3
impairs Ras-activated Erk1/2 and Akt signaling, which leads to reduce proliferation and increase
apoptosis, which protects cells from cancer development (lden et al., 2012).

A common theme is that polarity proteins have diverse roles in cancer to support or
suppress cancer development and progression. For example, the role of Crb3 as a tumor
suppressor is supported by a study reporting that repression of Crb3 was associated with tumor
migration and metastasis in immortal baby mouse kidney epithelial cells (Karp et al., 2008). The
Scrib complex also exerts a tumor suppressive role in mammalian epithelial cancers including
lung, prostate, breast, and colon, and regulates various signaling pathways which are related to
cell proliferation, survival and migration (Stephens et al., 2018). For example, deregulation of
Scrib results in mammary tumorigenesis (Zhan et al.,, 2008) and premalignancy and tumour
progression in the mammary gland by modulating the MAPK/Fral pathway (Godde et al., 2014).

However, Scrib also has protumorigenic activity since reduction of Scrib slows breast cancer cell

37



MDA-MB-231 migration and prevents mammary tumorigenesis in vivo (Anastas et al., 2012). Loss
of LIgl1/2 induces a mesenchymal phenotype, tissue overgrowth, and loss apical-basal polarity in
mammary epithelial cells (Russ et al., 2012). A study has shown that Dlg is targeted by high risk
oncogenic human papillomavirus E6 proteins for proteasome mediated degradation (Gardiol et
al., 1999). Lkb1 has been widely investigated for its tumor suppressor function, which contributes
to deregulate cell polarity, metabolism, extracellular matrix deposition, and signaling (Halaoui
and McCaffrey, 2015b). Moreover, germline mutations in Lkb1 are linked with Peutz-Jeghers
syndrome (PJS), which is a disorder that predisposes to gastrointestinal polyposis and cancer.
Additionally, loss of Lkb1 in mice induces intestinal polyposis, however, this does not cause
transformation, suggesting that Lkb1 is involved in establishing a pre-cancerous niche (Bardeesy
et al., 2002). Furthermore, loss of Lkb1 reduces the latency of ErbB2-mediated mammary gland
tumorigenesis compared with ErbB2 expression alone, indicating the suppressive role of Lkb1 in
cancer (Andrade-Vieira et al., 2013).

Epithelial-mesenchymal transition (EMT) plays an important role in epithelial-derived
cancers, it is characterized by loss of polarity and junctions. EMT can be induced by TGF signaling
and transcription factors including Zeb1, Twist and Snail (Thiery et al., 2009). Zeb1 and Snail have
been shown to directly repress Crb3, Ligl2, and E-cad mRNA expression (Davalos et al., 2012). In
turn, polarity proteins also can regulate EMT. For example, Ligl has been demonstrated to
suppress Snail carcinogenesis and induce epithelial markers (Kashyap et al., 2013). On the other
hand, a tyrosine phosphatase, Shp2, interacts with Par3 through its SH2 domain and ectopic
expression of Shp2 has been shown to diminish the phosphorylation of Par3 which prevents

formation of the Par complex and enhances EMT (Zhang et al., 2016). In summary, most, if not
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all, core polarity regulators have important roles in diverse cancer types. However, there remain
significant gaps in knowledge regarding how polarity proteins integrate diverse pathways in
normal and disease states. Furthermore, it is not yet fully clear how loss of polarity and
organization at the cell and tissue level enable cancer progression.
1.1.4 Cell polarization/lumen morphogenesis
1.1.4.1 Morphological steps of lumenogenesis

The formation of a lumen is essential to create epithelial tubes and acini during tissue
morphogenesis. Moreover, the lumen is often filled or disrupted during cancer progression.
Lumenogenesis can occur by three major mechanisms: 1) budding - polarized epithelial sheets
bud or fold to entrap a central lumen from the apical space (Jewett and Prekeris, 2018); 2)
cavitation - solid epithelial structures create a hollow space by eliminating cells at the core
through apoptosis; 3) apicalization - de novo lumen formation in which a cell-cell contact is
converted to a free membrane surface that expands to form a lumen. There are many different
cell and animal models for which de novo lumen formation occurs via apicalization, including the
vertebrate vasculature, zebrafish notochord, and MDCK tubules grown in 3D cultures (lruela-
Arispe and Beitel, 2013; Jewett and Prekeris, 2018; Lubarsky and Krasnow, 2003). During de novo
lumen formation by apicalization, the midbody, which is a microtubule-rich structure that forms
during cell division, is considered the first symmetry-breaking cue that determines the time and
site of the prospective lumen. Recruitment of apical proteins and formation of a lumen
progresses through a well-defined set of steps, for which the molecular mechanisms are
incompletely understood. Apical proteins are initially recruited to the cell-cell junction by

trafficking along midbody microtubules to establish an apical membrane initiation site (AMIS)
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(Blasky et al., 2015; Li et al., 2014; Peterman and Prekeris, 2019; Schluter et al., 2009b; Wang et
al., 2014). Further recruitment of apical proteins excludes basolateral determinants which allows
the AMIS to mature into a pre-apical patch (PAP) which is bordered by tight junctions and
requires recruitment of Cingulin (CGN) and ZO1 through trafficking and membrane
rearrangements (Bryant et al., 2010; Ferrari et al., 2008). It is hypothesized that apical
glycoproteins such as podocalyxin (gp135) push opposing apical membranes apart to initiate
lumen formation, which proceeds via rho-associated protein kinase (ROCK)-mediated
contractility of cells at the apical cortex assists lumen formation (Ferrari et al., 2008; Meder et al.,
2005). With tight junctions in place to create a permeability barrier, aquaporins (water channels)
generate hydrostatic pressure to further drive lumen opening (Ferrari et al., 2008). Therefore, a
combination of polarized vesicle exocytosis, hydrostatic pressure, electrostatic repulsion, and
cytoskeletal mechanics establish a nascent lumen. This complex series of events requires the
precise coordination through multiple protein networks including Rho GTPases (Cdc42, Racl,
RhoA) and their regulators, polarity complexes (Par, Crb), phosphatidylinositol phosphatases,
microtubule binding proteins, and Rab-GTPases. How trafficking of apical proteins is regulated
during this process remains incompletely understood (Jewett and Prekeris, 2018).

The extracellular matrix (e.g. collagens and laminins) acting through integrin receptors
and the cytoskeleton can control the orientation of apical-basal polarity, and therefore also
contributes to lumen formation (Bedzhov and Zernicka-Goetz, 2014; Lee and Streuli, 2014

Monteleon et al., 2012; O'Brien et al., 2001; Taniguchi et al., 2015; Vogel et al., 2015).
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1.1.4.2 Rab GTPases

Rab proteins are a family of small Ras-like GTPases that act as master regulators to
establish the secretory and endocytic pathways. They cycle between active (GTP-bound) and
inactive (GDP-bound) states that are established by GEFs and GAPs, respectively. In the active
GTP-bound configuration, Rabs recruit a variety of effector proteins, including cytoskeletal
motors, vesicle tethering proteins, and the SNARE (soluble N-ethyl-maleimide-sensitive factor
protein attachment protein receptor) complex, which together target vesicles to mediate diverse
functions at multiple trafficking steps, including vesicle budding, uncoating, motility, tethering,
and fusion (Hutagalung and Novick, 2011). Approximately 1/4 of the 70 different Rab proteins
have been implicated in regulating polarity trafficking machinery (Rab4, Rab5, Rab6, Rab7, Rabs,
Rab10, Rab11, Rab13, Rab14, Rab17, Rab22, Rab25, Rab27, and Rab35) (Blum et al., 2020;
Hutagalung and Novick, 2011; Klinkert and Echard, 2016; Klinkert et al., 2016; Lu and Wilson,
2016; Rodriguez-Boulan and Macara, 2014; Zerial and McBride, 2001). Rab GTPase-driven
membrane trafficking is a highly coordinated event through the spatiotemporal regulation of
various proteins that are context specific (Novick, 2016; Rink et al., 2005). For example, Rab
GTPases mediate apical trafficking of Podocalyxin, however, different sets of Rab GTPases
coordinate its delivery during cell polarization in 2D and 3D epithelial cultures (Mrozowska and
Fukuda, 2016).

Among Rab proteins, the functional role of the Rabl1l subfamily and their effector
proteins have been widely investigated in epithelial trafficking (Casanova et al., 1999). The Rab11
family consists of Rabl11la, Rabl1lb, and Rab25, which play a crucial role in transcytosis and

lumenogenesis in diverse systems (Bhartur et al., 2000; Bryant et al., 2010; Casanova et al., 1999;
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Desclozeaux et al., 2008; Li et al., 2007; Rathbun et al., 2020; Roman-Fernandez and Bryant, 2016;
Shaye et al., 2008). More specifically, the Rab11 subfamily is apically localized and are known to
mediate recycling and transport of apical polarity proteins during lumen establishment (Elias et
al., 2015; Fremont and Echard, 2018; Golachowska et al., 2010; Goldenring et al., 1996; Prekeris
et al., 2000; Shivas et al., 2010; Winter et al., 2012).

During lumen formation, Rab11 recruits its effector Rabin8 (a Rab8 GEF), which activates
Rab8A on recycling endosome (RE) and thereby the vesicles tether and fuse at the nascent apical
membrane through recruiting the exocyst component Secl15. This process is important for
recruiting Myosin-5b to recycling endosomes, and subsequently with STX-3 and Munc18-2 to
regulate Rab11-Rab8 cascade during polarity establishment (Li et al., 2007; Roland et al., 2011;
Vogel et al.,, 2015). Furthermore, phosphatidylinositol (4,5)-bisphosphate-binding protein,
Annexin2 (Anx2) and Cdc42 mediate the interaction with aPKC through associating with
Rab8a/Rablla vesicles, suggesting that the membrane traffic and polarity machineries
cooperate to generate the apical identity during lumenogenesis (Bryant et al., 2010). Another
Rab11 effector is FIP5, which sequentially interacts with SNX18, KIF3A, and CGN to mediate apical
vesicle delivery (Roland et al., 2011) and targets to the AMIS during initial steps of lumen
formation (Li et al., 2014; Mangan et al., 2016; Willenborg et al., 2011). FIP5-SNX18 interaction
can only occur during telophase and cytokinesis and is inhibited by GSK3-dependent
phosphorylation of FIP5 during metaphase and anaphase, showing FIP5 is a key temporal
regulator during lumen formation (Li et al., 2014). CGN is recruited to the AMIS through
interaction with ZO-1 and interacts and regulates Rab11FIP5 vesicle (Mangan et al., 2016).

Another FIP family member, FIP2, is also required for lumen formation via interacting with the
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clathrin-adaptor protein Eps15 which are necessary in establishing junctions (Lapierre et al., 2012;
Lapierre et al., 2017). Gp135 is part of the CD34 family of transmembrane sialomucin proteins
and is an apical membrane marker in lumenogenesis (Meder et al., 2005). A previous study
indicated that Rablla-containing endosomes assists apical glycoprotein Gp135 recycling and
delivery to the apical surface (Bryant et al., 2010). Furthermore, synaptotagmin-like protein Slp2-
a targets Rab27-containing vesicles for apical delivery to the AMIS and initiates single lumen
formation through binding membrane enriched Ptdins(4,5)P.. Moreover, Slp4-a as an effector of
Rab27, Rab8, and Rab3 and together with STX3 to regulate vesicle tethering and fusion in
epithelial cells (Galvez-Santisteban et al., 2012).

In parallel to the Rabl11-regulated trafficking pathway, Rab35 is another regulator for
docking apical vesicles by interacting with cytoplasmic domain of gp135 directly and tethering
apical vesicles contain aPKC, Cdc42, and Crumbs3 to the AMIS during lumenogenesis. Studies
have demonstrated that Rab35 inactivation results in inverted apical-basal polarity in 3D cysts,
suggesting the crucial role of Rab35 in polarity establishment (Klinkert et al., 2016; Mrozowska
and Fukuda, 2016). Furthermore, a recent study has shown that IRSp53 is required for directing
the trafficking of gp135 to AMIS and stabilizing the Rab35 to control lumen formation (Bisi et al.,
2020).

Small GTPase ARF6 modulates apical trafficking (Altschuler et al., 1999) and tubulogenesis
(Tushir et al., 2010). EFA6 regulates lumen coalescence and enlargement by interacting with o-
actinin 1 and is a GEF for ARF6 (Eva et al., 2017). A recent study shows that Rab14 regulates
vesicles trafficking to the apical membrane by affecting ARF6 and Cdc42 activation, and midbody

positioning during cell division (Lu and Wilson, 2016). Moreover, another study demonstrated
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that Rab14 colocalized with Rab22 in endosomes, and acts as upstream of Rab22 which transport
EFA6 to the AMIS to modulate ARF6 in the establishment of polarity (Blum et al., 2020).
1.1.5 Polarity and trafficking

The trafficking machinery involved in polarization is composed of secretory organelles
(the endoplasmic reticulum (ER) and Golgi complex) and endosomal compartments that form a
dynamic network that is crucial for tissue function and organization. The secretory organelles and
endosomal compartments including apical sorting endosome (ASE), apical recycling endosome
(ARE), common recycling endosome (CRE), multi-vesicular body, Trans-Golgi network (TGN),
Golgi complex, and basal sorting endosome (BSE). Various sorting events, including indirect post-
endocytic recycling and transcytotic routes and direct biosynthetic trafficking routes, contribute
to the asymmetric distribution of membrane-associated proteins in polarized epithelial cells
(Jewett and Prekeris, 2018). Each vesicular trafficking event is mediated through distinct
mechanisms. For example, dynamin-2 is involved in apical routes by mediating the fission of
apical transport vesicles at the level of AREs (Thuenauer et al., 2014), however, protein kinase D
(PKD) regulates vesicles trafficking from TGN in the basolateral routes (Yeaman et al., 2004).

Another essential component of the intracellular trafficking machinery are microtubule
and actin motors (myosin, dynein, and kinesin), that serve as tracks for recycling and biosynthetic
vesicle delivery (Aguilar-Aragon et al., 2020; Rodriguez-Boulan et al., 2005). For instance, the
actin-binding motor Myosin5b (Myo5B) associates with different Rab GTPase to modulate
different membrane trafficking pathways (Roland et al., 2011). The exocyst complex is another
regulator for trafficking, acts as tethering complex that is required for vesicles docking and fusion

to plasma membranes at junctional complexes, as well as apical and basolateral membrane
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domains (Grindstaff et al., 1998; Oztan et al., 2007). Vesicle fusion with apical or basolateral
membranes is mediated by vesicular SNAREs (v-SNAREs or VAMPs) and target SNAREs (t-SNAREs
or syntaxins) proteins (Rodriguez-Boulan et al., 2005).

Cell polarity proteins have been shown to be involved in regulating trafficking pathways.
For example, Par5/14-3-3 is required for in Rabl1-positive ARE positioning and apical-basal
polarity in C. elegans intestines (Balklava et al., 2007). In MDCK cells the Par complex modulates
membrane trafficking by affecting cortical polarization and apical exocytosis during lumen
formation and Llgl is involved in basolateral exocytic machinery via integrating with STX4 (Bryant
et al., 2010; Musch et al., 2002).

Therefore, a complex network of trafficking proteins coordinates with polarity regulators
to establish and maintain lumen in epithelial tissues. Understanding the mechanisms of lumen
formation is of importance for understanding tissue development, and in cancer, in which the
lumen is filled as an early event.

1.2 Model systems to study epithelial morphogenesis

Epithelial cells are an essential cell type in multicellular organisms. Many of the
fundamental properties that underlie their organization and function are conserved across
species, and the core set of molecular tools are also highly conserved. However, the assembly of
epithelial molecular networks can be modified to achieve specific functions in different contexts.
Invertebrate and mammalian models are widely used and have been instrumental in

understanding cell polarity.
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1.2.1 Invertebrate model organisms

Polarity has been widely studied in yeast, worms, and flies, which have been essential for
identifying many major polarity proteins and fundamental concepts of cell polarity regulation,
which are often evolutionarily conserved across the animal kingdom.

The yeast Saccharomyces cerevisiae performs a process known as budding, it is an
experimental model system for understanding cell asymmetry and growth polarity. Yeast cells
break symmetry and establish polarity through positively modulating the actin cytoskeleton,
membrane trafficking machinery, and the small GTPase Cdc42 signaling network, and orienting
the site of asymmetry amplification when there are spatial cues such as bud scars and
pheromone gradients (Slaughter et al., 2009). Cdc42 was shown to localize to plasma membrane
and define the site for budding when yeast cells begin to divide. Moreover, Cdc42 is able to
polarize and perform budding without cues and acts upstream of cytoskeletal polarization
(Irazoqui et al., 2003). These discoveries in yeast also are essential for cell polarity in other
organisms.

C. elegans is another invertebrate model which has been widely studied in polarity. The
C. elegans embryo has the anterior-posterior cortex that becomes polarized by GPR1 and GPR2
and LIN-5 after fertilization and triggers an asymmetric first cell division (St Johnston and Ahringer,
2010). Zygote (fertilized oocyte) is oriented by the position of the sperm centrosome and Par
genes which were discovered and defined as crucial genes for localization in early C. elegans
embryos (Kemphues et al., 1988). Parl and Par3 are evolutionarily conserved and are part of Par-
aPKC molecular machinery which is implicated in cell polarity in many model systems. Several

studies suggest that Par complex and kinase protein Parl or RING (really interesting new gene)-
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finger protein Par2 are mutually exclusive and are localized at different domains (Suzuki and
Ohno, 2006). Moreover, Parl and Par2 are associated with Llgl and localized to the posterior of
the zygote (Hoege et al., 2010), whereas Par3, Par6, aPKC and Cdc42 are localized to the anterior
of the zygote (Ajduk and Zernicka-Goetz, 2016).

The fruit fly Drosophila was the first model investigated that establishes epithelial apical-
basal polarity in the early embryo. Therefore, epithelial polarization, spindle orientation and
asymmetric cell division has been extensively studied in Drosophila (Ajduk and Zernicka-Goetz,
2016; Franz and Riechmann, 2010). Cdc42 and Par proteins are conserved and control polarity in
fly epithelia, and many apical-basal polarity regulators were also discovered in this model system
(Tepass, 2012). For example, Lgl, Scrib, Dlg have been shown to regulate the belt of adherens
junctions, polarity, and growth control in Drosophila epithelia (Bilder et al., 2000). Cdc42, aPKC
and Par6 form a complex with either Bazooka (Baz)/Par3 or Crumbs and its PDZ domain-
containing binding partner Stardust (Crb-Sdt complex) at apical cortex which are important for
polarity establishment and maintaining epithelial polarity (Franz and Riechmann, 2010). A study
demonstrated that Baz/Par3 acts as a regulator in modulating localization of adherens junctions
when epithelial folding (Wang et al., 2012). Moreover, aPKC/Par-6/Baz have been shown to
interact with Inscuteable (Insc) which is required for recruiting Partner of Inscuteable (Pins) to
the apical cortex and orients asymmetric cell divisions (Schober et al., 1999). On the other hand,
Parl phosphorylates the CR1 and CR3 domain of Baz which contains both lipid-binding and aPKC-
binding regions to prevent Baz recruiting to the plasma membrane via interacting with 14-3-3
(Benton and St Johnston, 2003). Another polarity regulator Patj was found to be in a complex

with Crb-Sdt and support apical-basal polarity (Zhou and Hong, 2012). A previous study
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demonstrated that apical FERM-domain proteins Expanded and Merlin bind to Crb and deliver
Crb to the apical domain (Ling et al., 2010). Moreover, Expanded and Merlin are in a complex and
function together with Kibra which can be phosphorylated by aPKC and are localized at the apical
domain of epithelial cells (Buther et al., 2004; Yu et al., 2010). Whereas basolateral FERM-domain
proteins Yurt and Coracle together with the membrane proteins Nrx-IV and Na*, K*-ATPase and
can restrict Crb localization from the basolateral membrane (Laprise et al., 2009). Overall,
invertebrate model studies provide many important conserved polarity characteristic and
functions which are also found in many higher organisms.
1.2.2 Mammalian polarity models

Mammalian polarity models have been used for various research since they are most
closely related to human. In vitro studies in human cells or in vivo studies in mouse have been
widely applied for understanding cell biology, cell development, drug discovery, tissue
morphology, mechanisms of diseases. Mammalian in vitro study tools include two-dimensional
(2D) and three-dimensional (3D) cell cultures, which provide a platform for examining epithelial
biology. 2D cultures have been used widely in cell biology since 1900s, however, traditional 2D
cultures do not share many features of the in vivo environment. Over the past few decades, and
accelerated in the past few years, studies have shifted toward 3D cultures instead of 2D cultures
by optimizing and manipulating the cell environment to better mimic organ physiology.
1.2.2.1 Two-Dimensional (2D) cultures

In 2D cell cultures, cells attach and are grown on flat dishes as a monolayer. Various 2D
cell culture conditions such as culture media apply on different cell types in culture, specialized

cell culture media is required for specialized cell types. 2D cells receive equal amounts of growth
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factors and nutrition from culture media and are susceptible to external factors such as drugs or
inhibitors. Since there are no regional confinement, 2D cells typically have lower sub-culturing
times than 3D cultures with an increased proliferation rate compared to 3D and in vivo contexts
(Edmondson et al., 2014). Moreover, plastic or glass dishes are very stiff, which provide unnatural
mechanical environments for cells. Since cells grow as sheets, 2D cultures are not suitable for
studies of epithelial morphogenesis and lumen formation.
1.2.2.2 Three-dimensional (3D) cultures

In vitro 3D cell cultures more closely resemble the in vivo environment in terms of
mechanical properties and epithelial organization. 3D cultures allow more complex cell-cell
contact and cell-microenvironment contact with co-culture techniques and the intercellular
signalling programme is similar to in vivo (Chaicharoenaudomrung et al., 2019; Edmondson et al.,
2014; Lancaster and Knoblich, 2014; Langhans, 2018). The environment of mammalian cell
cultures are ECM-like matrices containing collagen, entactin, fibronectin, laminin, and
polyethylene glycol (PEG)-based hydrogels, which can help the communication between cells and
microenvironment and have been considered to be crucial for determining the basal cortex and
generating cell polarity in the epithelial cells (Baker and Chen, 2012; Yonemura, 2014). For
example, basal membrane determinants, such as integrins, act as a receptor to the surface of the
cells and tether to the ECM to integrate and interpret signals from surroundings (Lee and Streuli,
2014). Interestingly, cells show different sensitivity to ECM and present different phenotypes in
polarity establishment when cells are coated with the same ECM components but using a hanging
drop method, suggesting that the approach to perform 3D cultures affects the morphology or

response of cells (Yonemura, 2014). Moreover, 3D culture cells can also be grown as spheroids
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(Breslin and O'Driscoll, 2013) or organoids which have the ability to renew and self-organize into
complex structures with some functionality of an intact organ (Lancaster and Knoblich, 2014).
Studies have shown that 3D culture have multiple characteristics and processes which is different
from 2D culture: 3D culture has great viability, 3D culture are more resistant to drugs treatment,
3D culture has low stiffness, the gene or protein expression are more similar to in vivo, and 3D
culture exhibit different stages of cell cycle (Edmondson et al., 2014; Kapalczynska et al., 2018).
Currently, there are many options to implement 3D culture, including scaffolds, scaffold-free
platforms for spheroid growth, gels, bioreactors, and microchips. There are two major types of
3D culture for studing polarity: cells grown on matrix or cells embedded within matrix.

3D MDCK and Caco-2 have been used for studying cell polarity since they can establish
apical-basal polarity and form prominent hollow lumen in 3D spheroids with high efficiency.
Moreover, a previous study has shown that the environment of 3D culture facilitates cell
differentiation and cells are able to form the complex structures via developmental processes
(Cukierman et al., 2002). 3D cultures recapitulate several molecular mechanisms, which are
conserved in vivo (Beauchamp et al., 2015; Kadoshima et al., 2013; Nam et al., 2010; Park et al.,
2006). Therefore, 3D culture is a practical and applicable tool for filling the gap between in vitro
and in vivo research, which might decrease the use of animal models.

However, different 3D culture experiments are designed by considering factors such as
cell types, research needs, application, and the budgets. There are limitations for 3D culture
system: it cannot yet fully recapitulate the full complexity of in vivo environments; the capacity
to scale up or down a single 3D culture format is hard to manipulate; it is hard to handle the post

culturing processing; it is challenging to perform large-scale studies or high throughput screening
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(Edmondson et al., 2014; Montanez-Sauri et al., 2015). To date, 3D cultures can be easily analyzed
by imaging microscopy such as light fluorescence, and confocal microscopy. In summary, 3D
culture systems show great potential and advantages for research compared to 2D cell culture
and provide a better understanding of cell biology and diseases which will facilitate the
development of novel therapies for epithelial diseases like cancer.
1.3 General hypothesis and Objectives

The organization of epithelial apical-basal polarity and lumen formation are complex
processes that are essential for normal physiology in many tissues and are disrupted in cancer.
However, the regulation of these events are incompletely understood. Thus, the hypothesis of
this thesis is that novel effectors of the cell polarity programme direct lumen formation in
epithelial cells. In Chapter 2, | present work on development of a 3D suspension culture method
for efficient lumen formation that is amenable to generate sufficient quantities of cells for
proteomic studies. Using this, | used BiolD to identify novel proteins in proxmity to PAR6B and
investigated their role in apical-basal polarity and lumen formation. In Chapter 3, | present a
study on CD13 that revealed an unexpected role for this protein in the orientation of apical-basal
cell polarity and establishing the prospective site for lumen formation by regulating apical-
determinant trafficking. In Chapter 4, | present a study on a role for the tumour suppressor
PTPN14 in regulating cell polarity in the context of KRAS cell transformation. In Chapter 5, |
present a general discussion on mechanisms of cell polarity and lumen formation, and proposed

future directions of the work presented in this thesis.

51



Chapter 2: A Proximity Proteomics Screen in Three-Dimensional Organotypic

Cultures Identifies Novel Regulators of Lumen Formation

Authors: Li-Ting Wang? and Luke McCaffrey>234

'Rosalind and Morris Goodman Cancer Research Centre, McGill University, Montreal, QC, Canada
H3A 1A3

2Division of Experimental Medicine, McGill University, Montreal, QC, Canada H4A 3J1

3Gerald Bronfman Department of Oncology, McGill University, QC, Canada H4A 3T2
4Correspondence: luke.mccaffrey@mcgill.ca

Keywords: cell polarity, PAR6B, atypical protein kinase C, BiolD, 3D, Par complex, Protein-Protein
Interaction, PARD3B, RALB, HRNR, Caco-2

52


mailto:luke.mccaffrey@mcgill.ca

Abstract

Apical-basal cell polarity plays a fundamental role in regulating many aspects of epithelial
cell biology including stem cell renewal, proliferation, survival, differentiation, cell motility, cell
adhesion, and tissue organization, processes with strong contributions to normal development
and cancer progression. Polarity proteins are known to contribute to lumen formation by
coordinating apical membrane specification between cells. Here we used proximity-dependent
biotin identification (BiolD) to identify novel proximity proteins of the apical protein PAR6B in 2D
and 3D cultures. Whereas the core Par-polarity complex was conserved in 2D and 3D culture, we
identified novel PAR6B proximity proteins enriched in 2D or 3D environments, including PARD3B,
HRNR, and RALB. We show that PARD3B is more highly expressed in 3D cultures and is required
for lumen formation, whereas its expression is lower in 2D cultures with no apparent phenotype
when depleted using shRNA. We also identified Hornerin/HRNR and RALB as PAR6B-proximity
proteins that are novel regulators of epithelial organization and lumen formation. These results
provide an applicable approach to explore functional protein networks linking cell polarity and

lumen formation.
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2.1 Introduction

Cell polarity is a fundamental property of epithelial cells that is crucial for their
organization and homeostasis. The establishment of apical-basal polarity allows epithelial cells
to adopt different structures in which the apical membranes are juxtaposed in neighbouring cells.
For example, epithelial cells cultured on flat 2D surfaces form polarized monolayers with the
apical membrane exposed to culture medium, whereas they organize into monolayer acini with
a central lumen when cultured in 3D extracellular matrix (Baker and Chen, 2012). 3D cultures
have multiple characteristics and processes that differ from 2D cultures including greater viability,
more resistance to drug treatments, and lower stiffness in 3D environments (Baker and Chen,
2012). The differences in cell organization in 2D and 3D cultures are accompanied by changes in
gene expression, with some genes involved in lumen formation upregulated in 3D environments
(Edmondson et al., 2014; Kapalczynska et al., 2018; Roman-Fernandez et al., 2018). 3D culture
systems therefore show many advantages and offer great potential for understanding
development of tissue organization in normal and disease states.

The apically positioned Par complex consists of PARD3, PAR6B, and aPKC, which regulates
many aspects of epithelial organization including apical-basal polarity, tight junction formation,
cell division orientation, and cell migration (Assemat et al., 2008; Joberty et al., 2000; Lin et al.,
2000; Rodriguez-Boulan and Macara, 2014) (Figure 2.3 B). PAR6B has many physiological
functions and is required for efficient lumen formation in epithelial cells in 3D culture (Durgan et
al., 2011). Moreover, PAR6B is overexpressed and amplified in breast cancers, and some
oncogenes disrupt epithelial organization by uncoupling PAR6B from the Par complex (Aranda et

al., 2006; Nolan et al., 2008; Ozdamar et al., 2005). PAR6B and aPKC also associate with a second
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apical complex, the Crumbs complex, through direct interactions with PALS1 and CRB3 (Assemat
et al.,, 2008; Gao and Macara, 2004; Lemmers et al.,, 2004; Lin et al., 2000). PAR6B is a
multidomain adaptor that controls aPKC localization and activity, and conversely, aPKC protects
PAR6B from proteasomal degradation in kinase-independent manner (Durgan et al.,, 2011).
PARG6B also couples with the two apical complexes through protein-protein interaction domains
including a PB1, Cdc42/Rac interaction binding (CRIB) and a PDZ domain. The PB1 domain of
PARG6B couples with the PB1 domain of aPKC, the CRIB domain of PAR6 binds to Cdc42 or Rac
GTPase (Johansson et al.,, 2000; Noda et al., 2001), whereas the PDZ domain binds diverse
partners including LLGL, PALS1, CRB3 and PARD3 (Figure 2.3 B). Therefore, PAR6B is a dynamic
polarity regulator that associates with multiple apical complexes and is necessary to maintain
epithelial organization.

PARD3B is a homologue of cell polarity protein PARD3 and has a similar domains structure,
however, studies have indicated that unlike PARD3, PARD3B does not interact with aPKC and the
association with PAR6B is controversial (Gao et al., 2002; Kohjima et al., 2002). The function of
PARD3B in epithelial cell polarity is unclear. PARD3B is highly expressed in the kidney, lung, and
skeletal muscle and has been shown that PARD3B is localized at tight junctions with tight junction
protein ZO-1 (Kohjima et al., 2002). Ectopically expressed the N-terminal region of PARD3B can
disrupt the formation of tight junctions in MDCK cells (Gao et al., 2002). Recent studies indicate
that PARD3B binds to tumour suppressor protein Lkb1 and suppresses its kinase activity, whereas
ablation of PARD3B causes rapid and profound stem cell loss that is vital for mammary gland

stem cell maintenance (Huo and Macara, 2014).
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Proximity-dependent biotin identification (BiolD) was developed to characterize protein-
protein interaction networks and has been applied successfully in different model systems to
screen a wide range of proteins and investigate protein networks and functions (Choi-Rhee et al.,
2004; Cronan, 2005; Kim and Roux, 2016; Li et al., 2017; Varnaite and MacNeill, 2016). BiolD is
based on proximity-dependent cellular biotinylation by fusing a biotin ligase to either the N- or
C-terminus of a protein-of-interest over a period of time (typically 24-48 hrs) in living cells. The
biotinylated proteins are isolated using streptavidin affinity purification and can be analyzed by
mass spectrometry (Roux et al., 2012). Whereas wild-type BirA specifically biotinylates acetyl-
CoA carboxylase through releasing a primed bioAMP molecule, which covalently attaches to a
specific lysine of its substrate peptide (Kwon and Beckett, 2000; Kwon et al., 2000), modification
of the biotin ligase BirA from Escherichia coli (R118G, BirA*) allows promiscuous biotinylation of
proximal proteins (~10nm radius), irrespective of whether they are directly or indirectly
interacting in the same neighborhood, by generating high reactive and short-lived bioAMP (Roux
et al., 2012). Since the proximal proteins are attached by stable covalent modification, harsh lysis
condition can be applied to solubilize most proteins (Lambert et al., 2015). Moreover,
promiscuous biotin ligase (BiolD2) from A. aeolicus is a smaller, more biotin-sensitive biotin ligase,
thus improving on the original BiolD (Kim et al., 2016). This technique will allow for understanding
of signaling networks in previously inaccessible biological settings.

Here, we apply an integrative approach using BiolD2 in 2D and 3D epithelial cultures to
identify potential novel PAR6B-proximity proteins as potential regulators of apical-basal polarity
and lumen formation. Our results show that PAR6B has a common set of proteins in 2D and 3D

environments, as well as unique proteins in each condition. We report that PAR6B is in proximity
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to PARD3B in epithelial cells cultured in 3D and both are required for lumen formation. Moreover,
we identify HRNR and RAS like proto-oncogene B (RALB) as PAR6B proximal proteins that are
essential for lumen formation and epithelial organization. Collectively, these results demonstrate
that 3D epithelial cultures are amenable to proteomics studies and that proximity-based

methods can identify novel regulators of lumen formation.

2.2 Results

2.2.1 Suspension culture of Caco-2 supports lumen formation

To identify potential novel regulators of lumen formation we chose to first identify
proteins in proximity to PAR6B, an apical protein involved in lumen formation in 3D Caco-2 cysts,
using proximity biotinylation (BiolD). Caco-2 cells were implemented in this study because they
efficiently form lumen in 3D culture (Figure 2.1 A) (Jaffe et al., 2008). Culture of cells in 3D
environments for lumen formation typically involved embedding cells in solid basement
membrane extract (BME), or culturing cells on top of a solid layer of BME with 2-4% soluble BME
in the culture medium (Figure 2.1 B). While these formats efficiently generate 3D structures with
a lumen, there are limitations for their use in proteomic analysis. First, embedding cells within or
on top of solid BME is costly to obtain sufficient cells for proteomic screening. Second, cells need
to be extracted from the solid BME gels and processed prior to proteomic analysis, which can
lead to sample loss. Therefore, we sought to develop a suspension culture format to culture 3D
Caco-2 cysts that would alleviate these challenges.

For suspension cultures, we generated non-adhesion dishes by coating standard tissue

culture dishes with polyHEMA, an inert biopolymer that prevents cell adhesion to the plastic
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surface (Figure 2.1 B). To determine if cells could grow into 3D structures with a central lumen in
suspension culture, we seeded single cell suspensions in the presence 0-2% BME and cultured
them for 10 days. Whereas cells in the absence or low concentration (0.5%) of soluble BME failed
to form 3D structures with a central lumen, cells in 1-2% BME efficiently formed lumen (Figure
2.1 C, D). Cells grown in 1 and 1.5% BME tended to clump together, whereas clumping was
minimal in 2% BME. Therefore, 2% BME represents the optical concentration for lumen
formation in suspension Caco-2 cells. Immunostaining for apical (aPKC, PAR6, F-actin) markers
and ECM proteins like laminin confirmed that cell polarity and epithelial architecture was
indistinguishable between Caco-2 cells cultured in semi-embedded or non-adherent conditions
(Figure 2.1 E, F). An advantage of non-adherent cultures is the potential to scale cell production.
To this end, we examined lumen formation efficiency at a range of cell concentrations (3.75-
15x10* cells/ml). Up to 6.25x10% cells/ml, >90% of cells generated 3D structures with a single
lumen, similar to semi-embedded cysts, whereas above this the efficiency deteriorated with

increased proportion of fused cysts or cysts with no lumen (Figure 2.1 G).
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Figure 2.1: The condition for 3D organotypic cell culture model of Caco-2 cells. (A) Confocal
images for PAR6B (green) in 2D and 3D Caco-2 cells. (B) Schematic showing 3D organotypic cell
culture model for semi-embedded and suspension Caco-2 cells. (C) Brightfield images showing
the phenotype of 3D organotypic suspension Caco-2 cells in different percentage (0-2%) of BME
with complete DMEM culture media. (D) Quantification of the percentage of lumen formation in
different percentage (0-2%) of BME. (E) Brightfield images of 3D organotypic suspension Caco-2
cells were captured from day5 to day10. (F) Confocal images were captured for 3D organotypic
cells for semi-embedded and suspension Caco-2 cells immunostained for aPKC (green), PAR6B
(red), F-actin (magenta), and Laminin (grey) showing both 3D culture cells have the same
phenotype with apical-basal polarity and form a single prominent lumen. (G) Quantification of
the percentage of different Caco-2 cells phenotype (no lumen, fused cysts, single prominent cyst)
at different cell numbers (3.75-15x10* cells/ml) in 3D organotypic suspension cell culture. Cells
were seeded in 8-well Ibidi plates. Scale Bars: A, 50um; C, 100um; E, 200um; F, 50um (left panel);

20um (right panel).
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2.2.2 Identification of known and novel PAR6B proximity proteins

To initially validate expression of BirA*PAR6B, HEK293 cells were transiently transfected
with pWPI-BirA*-PAR6B or a control plasmid expressing mCherry (pWPI-BirA*-mCherry), which
produced fusion proteins at the expected sizes (BirA*-PARD6B, 85kDa; BirA*-mCherry, 50kDa)
(Figure 2.2 B). These plasmids express a myc-tag before BirA* and the fusion protein, as well as
an IRES-GFP cassette to identify transduced cells (Figure 2.2 A). Expression was further confirmed
by blotting for a myc-tag and the expression of the fusion protein were detected by anti-myc,
and anti-PAR6B (Figure 2.2 B) and the biotinylation of the proximity interactors of the BirA*-
PAR6B or BirA*-mCherry were detected by HRP (horseradish peroxidase) streptavidin
(Supplemental Figure S2.1).

We next used lentivirus to generate stable expression of BirA*-PAR6B and BirA*-mCherry
in Caco-2 cells. To obtain exogenous expression levels of BirA*-fused PAR6B similar to
endogenous levels of PAR6B, we used a low dose of lentivirus virus (multiplicity of infection (MOI
=0.2) and used fluorescent activated cell sorting (FACS) to split cells into three groups based on
GFP expression (lowest 25%, middle 50%, highest 75%). The expression BirA*-PAR6B was
evaluate by western blot, and it was determined that it was expressed similar to endogenous
PAR6B in the cells with lowest GFP-expression (Figure 2.2 C). These cells were used for
subsequent experiments. BirA*-PAR6B localized to the apical membrane, similar to endogenous

PARG6B and did not disrupt lumen formation (Figure 2.2 D, E).
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Figure 2.2: The validation for BiolD method. (A) Diagram showing lentiviral constructs for the
expression of BirA*PAR6B and BirA*-mCherry. Expression is driven by an EF1la promoter and an
internal ribosomal entry site (IRES) directs expression of GFP. (B) Myc-tagged BirA*-mCherry
(control) and BirA*-PAR6B expression were confirmed in HEK293 cells by western blot analysis.
(C) To provide consistent expression levels, Caco-2 cells were infected with lentiviral constructs
shown in (A) at a low multiplicity of infection (MOI = 0.2) to ensure single site integration. Three
levels of expression were isolated by FACS of the coupled GFP marker: lowest 25%, the middle
50%, and the highest 75%. The expression of BirA*-PAR6B was determined by western blot with
PARG6B antibodies. The ratio of BirA*-PAR6B: endogenous PAR6EB is denoted at the bottom of the
blot. (D) Confocal images were captured for control (uninfected) and BirA*-PAR6B-expressing 3D
Caco-2 cells immunostained for myc-tag (magenta) and PAR6B (yellow) to demonstrate that
BirA*-PAR6B localizes to the apical membrane, similar to endogenous PAR6B. GFP was visualized
by direct fluorescence. (E) Widefield images (brightfield and GFP fluorescence) were captured
and overlaid, demonstrating that BirA*-PAR6B-expressing 3D Caco-2 cells form a single

prominent lumen. Scale Bars: D, 10um; E, 100um.
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2.2.3 Identification of PAR6B proximity proteins in polarized Caco-2 cells

To identify apical proteins proximal to PAR6B, we grew cells for 8 days in suspension
culture, a time when the lumen is fully established. At this time, we added biotin for 48 hrs, then
lysed cells and pulled-down biotinylated proteins using streptavidin beads. In parallel, we
performed experiments on Caco-2 cells cultured in tissue culture dishes in standard two-
dimensional (2D) format, to determine if unique proteins could be identified in Caco-2 cells that
form alumen (3D) and those that polarize in the absence of lumen formation (2D). From triplicate
experiments, 8645 peptides from 526 proteins were identified in 3D samples, whereas 13329
peptides from 600 proteins were identified in 2D samples. We filtered the list of PAR6B-proximity
proteins using the following criteria: 1) peptides were detected in at least two of the three
replicates; 2) the average peptide count was at least twice the count in the control; 3) the peptide
count was <10 for each control replicates. This filtering process resulted in 47 proteins in 3D
samples and 34 proteins in 2D. This filter is justified, since it includes known PAR6B-associated
proteins, whereas more stringent cut-offs excluded some known interactions. Proteins that are
associated with PAR6B are listed in Figure 2.3 A. High confidence hits (Saint Score > 0.75) included
polarity proteins known to directly associated with PARD6B (LLGL1, LLGL2, PARD3, PRKCI (aPKCt),
PRKCZ (aPKCCE), and CDC42) as well PARD3B, an ortholog of PARD3 (Kohjima et al., 2002). As
expected, the Par proteins and LLGL were also identified as high-confidence hits from cells grown
in 2D (Supplementary Fig. S2.2 A). We also identified PTPN14 and HRNR as high-confidence hits
with unknown roles in cell polarity or lumen formation. Additional proteins known to associate
with the Par complex (WWC1/Kibra, TP53BP2/ASPP2, SQSTM1/p62) were also identified as lower

confidence interactions (Saint Score < 0.75) (Supplementary Fig. S2.2 A) (Joberty et al., 2000;
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Yamanaka et al., 2003). Strikingly, we did not observe any proteins from the Crumbs complex in
proximity to PAR6B in either 2D or 3D experiments, despite reported data supporting PAR6GB as
a component of both the Par and Crumbs complexes. To further explore relationships between
PARG6B proximity proteins, we used STRING protein-protein interaction networks as well as Gene
Ontology for candidates from 3D and 2D samples (Figure 2.3 C, D and Supplementary Fig. S2.2 B,
C). This identified three clusters related to 1) Apical basal polarity and trafficking, 2) protein
translation and folding, 3) metabolic processes. Of the PAR6B-proximal proteins identified in 3D
and 2D screens, 40 were common, 19 specific to 3D samples and 10 specific to 2D samples (Figure
2.4 A). Furthermore, for two proteins (PARD3B and RALB), peptide spectra were identified in both
2D and 3D samples but were enriched > 5-fold in the 3D samples, indicating some differences in
proximity networks between 2D and 3D samples (Figure 2.4 B). To determine if differences in
observed peptide spectral counts between 2D and 3D could result from differences in gene
expression, we compared 2D and 3D using RNA-seq. However, mRNA expression was not

substantially different for these genes (Figure 2.4 C).
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Figure 2.3: Identification of BirA*-PAR6B vicinal proteins in 3D cell culture samples by
proteomics analysis. (A) The Saint score and peptide counts for PAR6B targets identified in 3D
BirA*-PAR6B-expressing Caco-2 cells are shown with different color and size, which were
analysed by SAINT analysis. BiolD was successful at identifying known interaction partners for
PARG6B such as CDC42, LLGL1/2, PARD3, and aPKC, novel vicinal proteins were also identified. (B)
Graph showing the known interaction domains and interactors for Par complex (aPKC, PAR6B,
PARD3). Proteins in red are known interactors for PAR6B and were identified in BirA*-PAR6B
mass spectrometry data. Proteins in blue are known interactors for PAR6B and were not
identified in BirA*-PAR6B mass spectrometry data. Proteins in orange indirectly associate with
PAR6B and were identified in BirA*-PAR6B mass spectrometry data. (C) The interaction between
proteins which were identified in 3D BirA*-PAR6B-expressing Caco-2 cells by BiolD based on the
STRING database. Line darkness indicates the strength of the predicted relationship between the
proteins. (D) The graph showing fold enrichment of different biological processes of BirA*-PAR6B

vicinal proteins in 3D samples based on Gene Ontology. FDR: False Discovery Rates.
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Figure 2.4: The comparison of BirA*-PAR6B vicinal proteins in 2D and 3D screens by proteomics
analysis. (A) Venn diagram showing the number of BirA*-PAR6B vicinal proteins that were
identified in 2D and 3D BiolD screens. (B) Graph showing the spectral count of the BirA*-PAR6B
proximal proteins which were identified in 2D and 3D screens. Proteins in red are more than 5-
fold enrichments of peptide spectra in 3D screens. (C) RNA-seq data showing the difference of
gene expression in 2D and 3D samples. Higher expression of mRNA in 3D samples are shown in

green, higher expression of mRNA in 2D samples are shown in blue.

69



2.2.4 PARD3B localizes to the apical membrane and is required for lumen formation

Since the association of PARD3B with the Par-complex is not well established, we were
surprised to find it in proximity to PAR6B in our experiments. Moreover, we were intrigued that
it was enriched in 3D samples compared to 2D samples. We first confirmed the result obtained
from mass spectrometry analysis that PARD3B is enriched using streptavidin pull-downs from
Caco-2 cells expressing BirA*-PAR6B in 3D versus 2D culture (Figure 2.5 A). Moreover, PARD3 was
a less abundant proximity partner for PAR6B in 3D versus 2D, whereas PRKCI and PRKCZ were
equivalent as detected by immunoblot, suggesting there may be a Par3 isoform switch between
2D and 3D cultures. Consistent with this idea, we observed opposite expression profiles between
the major splice form of PARD3 (150 kDa) and PARD3B in 2D and 3D Caco-2 cells in whole cell
lysates (Figure 2.5 A, B). Expression of PARD3 and PARD3B mRNA was not substantially different
between 2D and 3D cultures, nor was their expression changed in 2D cultures following
treatment with the proteasome inhibitor MG132, indicating that the difference in expression of
Par3 isoforms between 2D and 3D environments is not controlled by transcription or proteasomal
degradation (Supplemental Figure S2.3 A). Consistent with previous results (Kohjima et al., 2002),
we were unable to detect an association between endogenous PARD3B and PARD6B or PARD3
by co-immunoprecipitation (Figure 2.5 B, Supplemental Figure S2.3 B), suggesting that
association of PARD3B with the Par-complex may not be stable under immunoprecipitation
conditions used. Finally, we examined the localization of PARD3B in both 2D and 3D cultures,
which revealed colocalization with PAR6B (Figure 2.5 C). Taken together, this data suggests a role
for PARD3B which is associated with PAR6B, although more thorough studies will need to be

performed to further understand a PARD3B-containing polarity complex.

70



To examine the function of PARD3B in lumen formation, we evaluated two independent
shRNA targeting PARD3B in Caco-2 cells grown in 3D culture. Whereas control cells generated
cysts with a single prominent lumen, cells expressing shRNA to PARD3B formed cysts with small
multiple lumen (Figure 2.5 D, E), reminiscent of the multi-lumen phenotype observed when
PARD3, PRKCI, or PARD6B are depleted in 3D culture (Durgan et al., 2011; Hao et al., 2010). In 2D
cultures, expression of PARD3B shRNA did not impair cell polarization or junction formation, as
determined by immunostaining for PARD6B and F-actin (Supplemental Figure S2.3 C). Collectively
these results demonstrate that PARD3B is required for lumen formation and support a role for

PARD3B as part of a Par complex in this process.
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Figure 2.5: PARD3B is proximal to PAR6B and is required for lumen formation. (A) Pull-downs
were performed with streptavidin in 2D and 3D BirA*-mCherry and BirA*-PAR6B-expressing
Caco-2 cells. (B) Immunoprecipitation were performed with anti-PAR6B in 2D and 3D Caco-2 cells.
(C) Confocal images were captured for 2D (top panel) and 3D (bottom panel) BirA*-PAR6B-
expressing Caco-2 cells immunostained for PAR6B (green) and PARD3B (red). (D) Confocal images
were captured for 3D shScr, sh3PARD3B, and sh4PARD3B knock-down Caco-2 cysts
immunostained for PAR6B (green) and F-actin (red). (E) Quantification of the percentage of cysts
with single open lumen in 3D shScr, sh3PARD3B, and sh4PARD3B knock-down Caco-2 cells. Scale

Bars: C, 30um; D, 50um.
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2.2.5 Hornerin (HRNR) and RALB are novel proteins involved in lumen formation

To determine whether additional PAR6B-proximity proteins identified in our BiolD screen
were also involved in lumen formation, we further examined RALB and HRNR, both of which have
not previously been associated with lumen formation or apical-basal polarity. To investigate if
RALB is involved in lumen formation, we examined 3D Caco-2 cells expressing control shRNA
(shScr), or two-independent shRNA directed to RALB (sh1-RALB and sh5-RALB). Whereas cells
form a single layer surrounding the lumen in control cysts, in cysts expressing RALB-shRNA, cells
displayed collapsed and disorganized lumen and had regions of stratification (Figure 2.6 A, B).
Despite RALB-shRNA-expressing cysts have a smaller size, the number of cells/cyst cross section
was not different from control (Figure 2.6 C). In 2D cultures, RALB-depleted cells were similar to
controls and had no obvious alterations in cell polarity or epithelial organization (Figure 2.6 D).

Similarly, we investigated a potential role for HRNR in lumen formation and epithelial
organization. In 3D cysts, expression of two independent HRNR-shRNA resulted in multiple
microlumen and disorganized structures with small, condensed nuclei (Figure 2.7 A-C). Moreover,
HRNR-shRNA cells in 2D cultures also showed severe epithelial disorganization, with large cells
with irregular nuclear size, and disrupted cortical PAR6B and F-actin (Figure 2.7 D-F). These data
indicate that HRNR has a previously unappreciated role in epithelial organization and lumen

formation.
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Figure 2.6: RALB knockdown disrupts the morphology of 3D Caco-2 cysts. (A) Confocal images
were captured for 3D shScr, sh1RALB, and sh5RALB knock-down Caco-2 cysts immunostained for
PAR6B (green) and F-actin (red). (B) Quantification of the percentage of cysts with single open
lumen in 3D shScr, sh1RALB, and sh5RALB knock-down Caco-2 cysts. (C) Quantification of the
number of cells per cross-section cyst in 3D shScr, sh1RALB, and sh5RALB knock-down Caco-2
cysts. (D) Confocal images were captured for 2D shScr, sh1RALB, and sh5RALB knock-down Caco-

2 cells immunostained for PAR6B (green) and F-actin (red). Scale Bars: A,D, 50um.
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Figure 2.7: HRNR knockdown disrupts morphology of 2D and 3D Caco-2 cells. (A) Confocal
images were captured for 3D shScr, sh2HRNR, and sh5HRNR knock-down Caco-2 cysts
immunostained for PAR6B (green) and F-actin (red). (B) Quantification of the percentage of cysts
with single open lumen in 3D shScr, sh2HRNR, and sh5HRNR knock-down Caco-2 cysts. (C)
Quantification of the number of cells per cross-section cyst in 3D shScr, sh2HRNR, and sh5HRNR
knock-down Caco-2 cysts. (D) Confocal images were captured for 2D shScr, sh2HRNR, and
sh5HRNR knock-down Caco-2 cells immunostained for PAR6B (green) and F-actin (red). (E)
Quantification of the number of cells per field in 2D shScr, sh2HRNR, and sh5HRNR knock-down
Caco-2 cells. (F) Quantification of the percentage of cells with micro nuclei in 2D shScr, sh2HRNR,

and sh5HRNR knock-down Caco-2 cells. Scale Bars: A, 50um; D, 100um.
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2.3 Discussion

We took advantage of BiolD to identify novel proteins involved in cell polarity and lumen
formation. Based on our mass spectrometry results, we show that BiolD identifies well-
characterized protein interactors of PAR6B in both 2D and 3D culture as well as novel proximity
proteins. An alternative approach to identify novel genes associated with polarization or lumen
formation would be to perform a high-throughput functional screen using shRNA or CRISPR
libraries. Limitations to this approach are that effects observed may be indirectly related to
polarity signaling (Jackson and Linsley, 2010; Lin et al., 2005). An advantage of a proximity-based
screen is that it identifies proteins that are likely part of a complex with a protein of interest,
which is validated by a functional assay. Moreover, we present a novel 3D suspension culture
method that is amenable to generating large numbers of cells for use with mass spectrometric
analysis, while minimizing the use of BME, the most expensive component for 3D culture.

To date, the function and the binding partners of PARD3B remain unclear. In one study,
PARD3B was shown to have differential binding to different PAR6B isoforms (Gao et al., 2002).
However, another study indicated that PARD3B is incapable of binding to PAR6B and aPKC
(Kohjima et al., 2002). Although we did not detect an interaction between PAR6B and PARD3B
using conventional coimmunoprecipitation experiments, we did find that they were proximal
based on our BiolD data. This could reflect that a PARD3B/PAR6B complex is not stable under the
same conditions used to isolate PARD3/PAR6B complexes and may explain differences in the
literature. Moreover, we show that PARD3B localizes to the apical domain and is necessary for
lumen formation. Therefore, our data support that PARD3B is a component of, or functionally

coupled to the Par polarity complex. Interestingly, we found that PARD3B was expressed at lower
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levels in 2D versus 3D cultures, and that depletion of PARD3B did not impact polarization in 2D
cultures. Previous studies indicated that genes involved in lumen formation are upregulated in
3D epithelial cultures (Roman-Fernandez et al., 2018). We found that PARD3B protein, but not
mMRNA, was up-regulated in 3D cultures, suggesting that protein translation or stability may also
play a role in regulating polarity proteins involved in lumen formation.

Moreover, we performed BirA*-PKC in 3D model to investigate the proximal interactor
for PKC (see Chapter 4), strikingly, BirA*-aPKC mass spectrometry results also indicated that
PARD3B may be also associated with aPKC, this is a novel finding since PARD3B had been shown
not interact with PAR6B and PKC, suggesting that it is crucial to set up 3D model to examine the
protein-protein interactions and their functions.

Hornerin/HRNR is a S100 protein family member, which are involved in numerous
biological functions including inflammatory and immune responses, calcium homeostasis, the
dynamics of cytoskeleton constituents, as well as fundamental cellular processes and signaling
cascades (Marenholz et al., 2004). HRNR has been studied mostly in the skin epithelium (Henry
et al., 2011; Makino et al., 2001; Takaishi et al., 2005; Wu et al., 2009), but is also expressed in
human breast tissue, mammary epithelial, stromal cells and extracellular matrix (Fleming et al.,
2012; Fleming et al., 2010). HRNR has been shown to act as a regulator of tumor vascularity
(Gutknecht et al., 2017) and HRNR fragments have distinctive intracellular localization in breast
cancer cells indicating there are unknown functions of HRNR (Fleming et al., 2012). However,
HRNR had not been investigated in cell polarity or lumen formation prior to this study and future

studies will be necessary to understand its role in polarized epithelia and whether a defect in
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lumen architecture reflect a general defect in epithelial organization, or a more specific role in
lumen formation.

RALB, a member of a subfamily of Ras-related GTPases, binds to its effectors such as
exocyst once it is activated and to mediate epithelial tight junction formation (Hazelett et al.,
2011; Rosse et al., 2006). Moreover, the binding of RALB-exocyst (Exo84) recruits to the midbody
of cytokinetic bridge to drive abscission during cytokinesis (Cascone et al., 2008). This indicates
that the association of PAR6B and RALB may involve in early cell polarization or mitotic process.
However, the mechanism of how RALB regulate in cell polarity or lumen formation requires

further investigation.
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2.4 Materials and Methods

2.4.1 Cell culture

Human intestinal epithelial cell line Caco-2 cells were purchased from American Type
Culture Collection (ATCC). Caco-2 cells were cultured at 37°C in 5% CO; in DMEM (Wisent #319-
005-CL) supplemented with 10% fetal bovine serum (Wisent #080-150), 100 U/ml penicillin, 0.1
mg/ml streptomycin (Wisent #450201EL). Human embryonic kidney cell line HEK293LT (ATCC),
were cultured at 37°Cin 5% CO2in DMEM supplemented with 10% fetal bovine serum, 100 U/ml
penicillin, 0.1 mg/ml streptomycin. For semi embedded 3D cell culture, Caco-2 cells were seeded
in 8 well p-slide (Ibidi #80826) on top of a layer of 100% GelTrex (ThermoFisher Scientific
#A1413202) in media supplemented 2% GelTrex at 37 °C under humidified atmosphere of 5 %
CO.. GelTrex is a growth factor basement membrane matrix extract (BME) that contains laminin,
collagen IV, entactin, and heparin sulfate proteoglycans which mimic the basement membrane
context. For suspension -cell culture, cells were seeded on polyHEMA-coated plate in media
supplemented 2% GelTrex at 37 °C under humidified atmosphere of 5 % CO».

To obtain enough cells and cysts number for mass spectrometry analysis, one million of
low expression cells of BirA*-mCherry and BirA*-PAR6B were seeded on four 15 cm plates in 2D
or 3D cell culture, 2D or 3D cells were collected after 24 hrs incubation with 50 uM biotin.
Biotinylated proteins were lysed and isolated by binding to streptavidin beads and identified by

mass spectrometry.
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2.4.2 DNA and shRNA constructs

PAR6B was amplified by PCR from human cDNA. myc-BiolD2-MCS was a gift from Kyle
Roux (Addgene plasmid # 74223). pWPI was a gift from Didier Trono (Addgene plasmid #12254).
The PCR products were digested and inserted into myc-BiolD2-MCS. Fused products were
digested and were inserted into pWPI for virus production. Plasmids were verified by DNA
sequencing.

shRNAs targeting human PARD3B, RALB, and HRNR mRNA were cloned in pLKO. Lentiviral
supernatants were produced in HEK293LT cells as described previously. Caco-2 cells were
infected with lentiviral supernatants and selected by the addition of 20 pg/ml puromycin for 10
days.

The shRNA used were acquired from the McGill Platform for Cellular Perturbation (MPCP)
sh3PARD3B CCGGCCATGCTTTGAGAACTGTCAACTCGAGTTGACAGTTCTCAAAGCATGGTTTTTG,
sh4PARD3B CCGGCCTGGTTACTGGGTGAAGATTCTCGAGAATCTTCACCCAGTAACCAGGTTTTTG,
sh1RALB CCGGCGTGATGAGTTAAAGTTGTATCTCGAGATACAACTTTAACTCATCACGTTTTTG,
sh5RALB CCGGGAGTTTGTAGAAGACTATGAACTCGAGTTCATAGTCTTCTACAAACTCTTTTTG,
sh2HRNR CCGGGCTTTAGTCAACACAAGTCTACTCGAGTAGACTTGTGTTGACTAAAGCTTTTTTG,
sh5SHRNR CCGGGCAGCGGTAGTGTCTTTACTTCTCGAGAAGTAAAGACACTACCGCTGCTTTTTTG) and
a non-targeting scrambled shRNA was used as a control.

2.4.3 Transient transfection

HEK293LT cells were seeded at 2 x 10° cells per well in 100mm dishes and transfected
with plasmids using Polyethylenimine (PEI) as per manufacturer's instructions (Sigma # 408727).

All experiments were performed 24 h post-transfection.
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2.4.4 Lentivirus production

Lentivirus was produced by calcium phosphate transfection of HEK293LT cells in 15-cm
dishes using 50 pg of lentiviral plasmid, 37.5 pg of packaging plasmid (psPAX2), and 15 ug of
vesicular stomatitis virus G (VSVG) coat protein plasmid (pMD2.G). Viral supernatants were
collected after 48 hrs. Viral supernatants were concentrated by precipitation in 40% polyethylene
glycol 8000 (Bioshop # PEGS800.1) followed by centrifugation and then re-suspended in the
culture medium. Concentrated virus was aliquoted and frozen at -80°C then titred using
HEK293LT cells.

2.4.5 Affinity capture of biotinylated proteins

Cells were incubated for 24 h in complete media supplemented with 50 uM biotin. After
two PBS washes, cells were lysed in 600ul ice cold RIPA lysis buffer (50 mM Tris—HCI (pH 7.5), 150
mM NaCl, 1% NP-40, 1 mM EDTA, 1 mM EGTA, 0.1% SDS and 0.5% sodium deoxycholate. PMSF
(1 mM), DTT (1 mM) and Sigma protease inhibitor cocktail (P8340, 1:500). The lysates were
treated with benzonase for 1h on ice an equal volume RIPA lysis buffer was added. For each
sample, 30 pl of streptavidin-sepharose bead slurry (GE Healthcare, Cat 17-5113-01) was pre-
washed three times with 1 mL of lysis buffer by pelleting the beads with 400g centrifugation and
aspirating off the supernatant before adding the next wash. After three sessions of sonication
and centrifugation at 16,500g, supernatants with biotinylated proteins were incubated pre-
washed streptavidin beads for 3 h at 4 °C with rotation. Beads were collected and washed twice
with RIPA buffer and three times with 1 mL with 50 mM ammonium bicarbonate (pH 8.0). Beads
were then resuspended in 100 pl of 50 mM ammonium bicarbonate, 10% of the sample was

saved for immunoblotting analysis. Bound proteins were removed from the magnetic beads with
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100 pl of Laemmli SDS-sample buffer saturated with biotin at 98°C for 10 mins. BiolD samples
and controls were analyzed by mass spectrometry in at least three biological replicates.

2.4.6 Immunoblotting and immunoprecipitation

Growth medium was removed from the dishes, and cells cultured in 3D were washed
twice with ice-cold PBS. RIPA buffer (50 mM Tris-HCl, pH 8, 0.15 M NacCl, 0.1% SDS, 1% NP-40, 1%
sodium deoxycholate, 50 mM NaF, 5 mM orthovanadate, 1 mM DTT) with proteinase inhibitor
cocktail (Sigma # 11836170001) was used to lyse cells. Cell lysates were centrifuged at 13,000
rpm at 4°C for 20 min, and the supernatant was collected. Total proteins were denatured by SDS
sample buffer and boiling in water for 5 min. The total proteins were separated by SDS-PAGE and
transferred to Nitrocellulose membrane (Bio-rad # 1620115). Membranes were blocked in Tris-
buffered saline containing 5% milk and 0.1% Tween 20. The primary antibodies and secondary
horseradish peroxidase antibody were used. The primary antibodies were used as follows: aPKCt
1/1000 (BD Transduction #610175); PKCzeta 1/1000 (Cell signaling #9368S), a-Tubulin 1/5000
(Sigma #T9026), PAR6B 1/1000 (Santa Cruz #sc-67393), mCherry 1/1000 (Abcam #ab167453),
GAPDH 1/1000 (Novus Biologicals #NB300-322), myc 1/1000 (Origene # TA150121), PARD3A
(Sigma #07-330) and PARD3B 1/1000 (Santa Cruz #sc-398761). The proteins were detected by
enhanced chemiluminescence method. Bands were visualized using SuperSignal West Pico
Chemiluminescent Substrate (Bio-rad #1705061) and exposure to UltraCruz radiographic film
(Santa Cruz # sc-201696). For immunoprecipitation, cells were washed twice with ice-cold PBS
and then lysed in NP40 buffer (150 mM NaCl, 1% NP-40, 50 mM Tris-HCI, pH 8.0) containing a

protease inhibitor cocktail. Lysates were precleared with MagnaBeads (Thermo Fisher Scientific

85



#12321D) and then incubated with 2 pg of antibody or isotype control overnight at 4°C.
Antibodies were captured with MagnaBeads and washed three times with NP40 buffer.

2.4.7 Immunostaining and imaging

3D cysts were fixed with 2% paraformaldehyde/PBS for 10 min and permeabilized in 0.5%
Triton X-100/10%Goat serum/10% fish gelatin/PBS for 1 hour and incubated overnight in primary
antibodies. The primary antibodies were used as follows: PAR6B 1/200 (Santa Cruz #sc-67393),
aPKCt 1/100 (BD Transduction #610175), PARD3B 1/100 (Santa Cruz #sc-398761), myc 1/100
(Origene # TA150121), GFP 1/500 (Abcam #ab13970), and Phalloidin 1/100 (Invitrogen #A34055).
The secondary antibodies conjugated to Alexad488, Alexa546 and Alexa647 (Jackson
ImmunoResearch Laboratories) were used at 1:750. DNA was detected with Hoechst dye 33258.
Confocal imaging was performed using LSM700 from Zeiss with 20X/0.8NA or 40X/1.4NA
objective lenses and processed using FlJI/Image) software.

2.4.8 Statistical Analysis

Comparison of two unpaired independent means was performed using a student’s t-test.

Statistics were determined using Excel, and GraphPad Prism 6. All images are representative from

at least three replicates.
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2.7 Supplemental Figures
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Supplemental Figure S2.1: Validation of BiolD approach in 2D and 3D samples. Associated with
Figure 2.2. (A) Western blotting showing BirA*-PAR6B and BirA*-mCherry promiscuously
biotinylate endogenous proximal proteins in 2D and 3D cell culture samples. The expression

levels of identified proteins were determined with streptavidin-HRP.
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Supplemental Figure S2.2: Identification of BirA*-PAR6B vicinal proteins in 2D cell culture
samples by proteomics analysis. Associated with Figure 2.3. (A) Saint scores and peptide counts
for PAR6B targets identified in 2D BirA*-PAR6B-expressing Caco-2 cells are shown with different
color and size, which were analysed by SAINT analysis. BiolD was successful at identifying known
interaction partners such as CDC42, LGL1/2, PARD3, WWC1, and aPKC, novel vicinal proteins
were also identified. (B) The interaction between proteins which were identified in 2D BirA*-
PAR6B-expressing Caco-2 cells by BiolD based on the STRING database. Line darkness indicates
the strength of the predicted relationship between the proteins. (C) Graph showing fold
enrichment of different biological processes of BirA*-PAR6EB vicinal proteins in 2D samples based

on Gene Ontology.
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Supplemental Figure $2.3: PARD3B knockdown did not disrupt the morphology of 2D Caco-2
cells. Associated with Figure 2.5. (A) Caco-2 cells were treated with solvent or 5uM proteasome
inhibitor MG132 for 24 hrs. The presence of PARD3B, PARD3, tubulin was determined by western
blot analysis. (B) Immunoprecipitation were performed with anti-PARD3B in 2D Caco-2 cells. (C)
Confocal images were captured for 2D PARD3B knockdown Caco-2 cells immunostained for
PARG6B (green) and F-actin (red). Orthogonal slices through a field of cells stained for PAR6B
(green) and F-actin (red) in 2D PARD3B knockdown Caco-2 cells. Scale Bars: C, 50um (left panel);

10um (right panel).
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Conceptual link for Chapter 3

In Chapter 2 | found that the most abundant PAR6B-proximity proteins are known interactors,
which is not surprising. However, | detected several proteins with lower peptide spectral counts
from mass spectrometry and demonstrated that they have pivotal functions in polarity and
lumen formation. Inspired by this, | observed that some proteins did not pass our selection
criteria, with a small number of peptides in few replicates, but with a relatively high number of
total spectral counts compared to the controls. This drove me to find additional candidates that
might have functions in polarity and lumen formation. Manual inspection of these proteins
identified CD13 (aminopeptidase N), an apically localized transmembrane protein, with unknown
roles in polarity or lumen formation. Interestingly, CD13 has a very short intracellular domain (8
amino acids) with a single lysine residue capable of biotinylation by BiolD methods. Given this, it
seems unlikely that CD13 would pass typical statistical methods to identify high-probability hits
using methods such as Saint analysis. Therefore, based on manual selection of this candidate, |
depleted CD13 in epithelial cells to determine if it had a role in epithelial organization or lumen
formation. This initial experiment was successful and demonstrated that CD13 was required for
polarity orientation. The characterization of CD13 with apical polarity complexes and a role in

lumen formation is presented in Chapter 3.
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Abstract

Polarized epithelial cells can organize into complex structures such as tubes and acini with
a characteristic central lumen. Lumen formation requires that cells coordinately orient their
polarity axis so that the basolateral domain is on the outside and apical domain inside epithelial
structures. We have identified the transmembrane Aminopeptidase N (CD13/APN/ANPEP) as a
key determinant of epithelial polarity orientation. CD13 localizes to the apical membrane and
associates with an apical complex with Par6 and Pals1, but not Par3. CD13 also associates with
Rab11 at the plasma membrane and is decorated by Rab11-endosomes during apical membrane
initiation. CD13-deficient cells display inverted polarity in which apical proteins are retained on
the outer cell periphery instead of basolateral proteins, have altered Rab11 trafficking patterns,
and fail to form a central lumen. We present a model by which CD13 acts as a membrane receptor
for Rabl1-mediated endocytosis of apical cargo that is necessary to reorient apical proteins from

the periphery to internal sites necessary for lumen formation.
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3.1 Introduction

Epithelial cells are a major building block of numerous tissues and organs that provide a
barrier between tissue compartments and the external environment (Macara et al., 2014). An
important property of many epithelial cells is establishing polarity along an apical-basal axis such
that the apical membrane faces a lumen that is contiguous with the external environment. This
creates a barrier that allows selective vectoral transport of macromolecules for absorption or
secretion. In addition, polarized epithelial cells spatially regulate signaling pathways that control
diverse cellular properties including stem cell renewal, differentiation, survival, proliferation,
metabolism, motility, and adhesion that control tissue growth and organization (Nelson et al.,
2013; Rodriguez-Boulan and Macara, 2014; Roignot et al., 2013). Disrupted apical-basal cell
polarity and associated signaling pathways is frequent in epithelial malignancies, which account
for greater than 80% of human cancers (Halaoui and McCaffrey, 2015a).

Epithelial cells are characterized by the presence of multiple dynamic complexes that
associate with unique apical and basolateral membrane domains that are separated by tight
junctions (Macara et al., 2014). Many established regulators of apical-basal polarity are multi-
domain scaffold and adaptor proteins, that associate with transmembrane proteins that anchor
them to the plasma membrane (McCaffrey and Macara, 2012). For example, Crb3 is a
transmembrane apical protein that interacts with Pals1, Patj, and Par6 to form an apical Crumbs
complex (Roh et al., 2003). Podocalyxin is another apical transmembrane protein that associates
with Ezrin, which binds filamentous actin and links the apical membrane to the cytoskeleton
(Orlando et al., 2001). Meanwhile, transmembrane junctional proteins bind to Par3 as part of an

apical-lateral Par-complex associated with Par6 and aPKC (Horikoshi et al., 2009). Therefore, Par6
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is a multi-functional polarity adaptor that can associate with multiple polarity complexes through
protein-protein interaction sites including a PDZ domain that binds Palsl or Par3, a semi-CRIB
domain that binds Cdc42, and a PB1 domain forms a heterodimeric PB1-PB1 interaction with
aPKC.

Epithelial cells cultured in 3D basement membrane extract rich in laminin are a well-
established model of apical-basal polarity (Caplan et al., 1987; Yu et al., 2005). In this model,
apical and basolateral proteins are initially co-distributed on the plasma membrane of single cells.
Following the first cell division, an apical membrane initiation site (AMIS) is established at the
location of the cytokinetic midbody (Fremont and Echard, 2018). Rab-positive recycling
endosomes have been identified as important players of apical trafficking (Nokes et al., 2008;
Sato et al.,, 2007; van ljzendoorn, 2006). Rab-dependent endocytosis internalizes apical
membrane proteins and delivers them to the nascent apical domain at the middle cell clusters,
thus establishing an apical-basal polarity axis with an internal apical membrane that expands to
establish a central lumen. Rab11 is an apically located small GTP-binding protein that plays a
central role in transcytosis and recycling of apical proteins for lumen formation in diverse
epithelial systems (Bhartur et al., 2000; Bryant et al., 2010b; Casanova et al., 1999; Desclozeaux
et al., 2008; Golachowska et al., 2010; Goldenring et al., 1996; Li et al., 2007; Prekeris et al., 2000;
Roman-Fernandez and Bryant, 2016; Shaye et al., 2008; Shivas et al., 2010; Winter et al., 2012).
For example, Rab11 and the exocyst complex are required for lumen formation by delivering Crb
to the apical surface via the Golgi and then apical recycling endosomes (ARE) (Roeth et al., 2009;

Schluter et al., 2009a).
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Strikingly, depletion of mammalian polarity proteins often results in multi-lumen
phenotypes resulting from misoriented cell divisions (Durgan et al., 2011; Hao et al., 2010; Jaffe
et al., 2008b). However, the apical-basal polarity axis remains intact with the apical domain
oriented towards the interior and the basolateral domain oriented to the periphery of
multicellular structures. Notably, inverted (inside-out) polarity is observed in some
developmental contexts (e.g., preimplantation embryo) and is associated with metastasis of
colorectal cancer cells (Zajac et al., 2018). However, the mechanisms that control the orientation
of apical-basal polarity remain to be fully elucidated.

CD13 (Aminopeptidase N, APN) is a type Il membrane-bound zinc dependent
metalloprotease that is widely expressed on cell surface of epithelial, immune, and fibroblasts. It
can also exist as a soluble form in plasma, serum, and urine (Favaloro et al., 1993). CD13 has a
short amino-terminal intracellular domain, a helical transmembrane anchor, an extracellular
stalk that connects the C-terminal catalytic ectodomain. The peptidolytic ectodomain cleaves
terminal amino acids from of peptides in diverse physiological processes including angiotensin
activation, amino acid metabolism, ECM degradation, neuropeptide processing, and trimming
peptides bound to MHC-II complexes (Bauvois, 2004; Mina-Osorio, 2008; Wong et al., 2012). In
contrast, several studies have indicated that CD13 also functions independent of enzymatic
activity, including cell-cell adhesion between inflammatory cells, intracellular trafficking in
monocytes, and migration of fibroblasts and immune cells (Bauvois, 2004; Chang et al., 2005;
Curnis et al., 2000; Pasqualini et al., 2000). Many non-catalytic functions instead require a
tyrosine (Y6) in the highly conserved intracellular domain. Y6 can be phosphorylated in a Src-

dependent manner, and mutation to phenylalanine abrogates cell adhesion (Mina-Osorio et al.,
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2006; Subramani et al., 2013) and B1-integrin recycling during cell migration (Ghosh et al., 2019b).
Other non-catalytic functions for CD13 include acting as a receptor for coronaviruses, and it has
been used as a receptor for tumor-homing peptides that guide experimental anti-cancer drugs
to tumours expressing high levels of CD13 (Bogenrieder et al., 1997; Di Matteo et al., 2011;
Guzman-Rojas et al., 2012; Ito et al., 2009; Kehlen et al., 2003; Rocken et al., 2005; Terauchi et
al., 2007). In epithelial cells, CD13 localizes to the apical membrane, however its function in this
cell type has largely remained elusive.

Here, we characterize CD13 as a novel polarity protein which involved in early polarization,
where it is required to promote the association and recruitment of polarity proteins to the
emerging apical domain. Our data demonstrate that depletion of CD13 expression impairs the
localization of apical traffic protein-Rab11l and impairs transcytosis of apical components,
resulting in an inverted apical-basal polarity axis. Collectively, these observations reveal CD13 as
a crucial element of the endocytic machinery that controls the site of apical membrane

specification and lumen formation.

3.2 Results

3.2.1 CD13 associates with Par6 at the apical membrane.

We identified CD13 in a BiolD screen for proteins potentially associating with aPKC and
Par6 in Caco-2 cells, an established cellular model to study apical-basal polarity (Durgan et al.,
2011; Jaffe et al., 2008b). CD13 was previously reported to localize at the apical membrane in
epithelia and its expression increases during apical-basal polarization in Caco-2 cells (Vogel et al.,

1992; Wessels et al., 1990). We therefore hypothesized that CD13 may have a role in apical-basal
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polarity. We first established that endogenous CD13 and exogenous CD13-V5 were enriched at
the luminal membrane of 3D Caco-2 cysts and they colocalized with Par6 and other apical
markers (aPKC, Ezrin, Pals1, F-actin) (Figure 3.1 A,B; Supplemental Figure S3.1 A-D). Staining
against endogenous CD13 also revealed substantial cytoplasmic staining that persisted following
CD13 knock-down, indicating that this is non-specific staining by the antibody (Supplemental
Figure S3.1 E). CD13 did not overlap with E-cadherin or ZO-1, indicating that it does not localize
to adherens or tight junctions (Supplemental Figure S3.1 F,G).

To determine if CD13 formed a complex with Par6 and/or aPKC, we performed co-
immunoprecipitation experiments from 3D Caco-2 cell lysates. These results confirm that CD13
associates with Par6 and aPKC (Figure 3.1 C). Par6 can associate with either Par3 or Pals1 as part
of the Par or Crumbs complexes respectively (Joberty et al., 2000; Wang et al., 2004). We
detected Palsl co-precipitating with CD13, whereas we did not detect Par3 in CD13 co-
immunoprecipitates. This indicating that CD13 interacts with Par6 as part of the Crumbs complex
and is independent of the Par complex (Figure 3.1 D, E). This was confirmed by co-precipitation
of CD13 with Crumbs3 (Supplemental Figure S3.1 H). We next wondered if CD13 was required for
the association of Par6 with the Crumbs complex. We therefore knocked down CD13 using two
independent shRNA and immunoprecipitated Par6. These data revealed that the association of
Par6 with Pals1 was reduced by CD13 knockdown, whereas the association between Par6 and
aPKC or Par6 and Par3 were not affected (Figure 3.1 F). These data provide further support that
CD13 associates with Par6 and the Crumbs complex but not Par3. This is consistent with our
localization data showing CD13 enriched in the apical membrane, but not tight junctions, which

contain Par3.
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As an adaptor, Par6 associates with known partners through conserved protein-protein
interaction domains, including PB1, semi-CRIB, and PDZ (Rodriguez-Boulan and Macara, 2014).
To determine if the association of CD13 with Par6 was dependent on these regions, we generated
Par6 variants with internal deletions of each domain (Figure 3.1 G) and tested their ability to
associate with CD13. As expected, Par62”®! and Par62"%Z disrupted interactions with aPKC and
Pals1, respectively (Figure 3.1 H). Whereas CD13 retained the capacity to associate with Parg2scRi®
and Par62PPZ, it did not associate with Par62”8! (Figure 3.1 H).

PB1 domains form heterodimeric (PB1-PB1) connections between proteins and mutation
of lysine 19 (Par6X*®A) in the PB1 domain of Par6 disrupts its association with aPKC (Nolan et al.,
2008). Since CD13 does not have a PB1 domain, it cannot form a canonical PB1-PB1 interaction
with Par6. We therefore wondered if CD13 associated with Par6 through aPKC or by a different
mechanism. To test this, we expressed and immunoprecipitated wild-type Par6 or Par6X*°A, As
expected Par6*'°? did not associate with aPKC, however, it retained an association with CD13
(Figure 3.1 1). Consistent with our domain-deletion experiments, inactivating point mutations in
the semi-CRIB (Par6213¢) and PDZ domain (Par6™?3>W) did not impact the association of CD13
with Par6 (Figure 3.1 1). Therefore, CD13 associates with Par6 through the PB1 domain-
dependent mechanism that does not require aPKC binding to Par6. Together, these data
demonstrate that CD13 localizes to the apical membrane and is part of an apical complex with

Par6.
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Figure 3.1: CD13 localizes at the apical domain of 3D Caco-2 cysts and associates with PB1
domain of Par6. (A) Confocal images of polarized 3D cysts of cultured Caco-2 cells
immunostained for CD13 (magenta) and Par6 (green). (B) Confocal images of polarized 3D cysts
of cultured Caco-2 cells immunostained for CD13-V5 (green) and Palsl (magenta). (C) Co-
immunoprecipitation of CD13 and EGFP, PKCt or Par6 was performed with anti-myc in HEK293
cells. The presence of CD13 in immunoprecipitates was determined by western blot analysis. (D)
Immunoprecipitation was performed with anti-V5 in stably expressed CD13-V5 Caco-2 cells. (E)
Immunoprecipitation was performed with anti-IgG or anti-PAR6 in stably expressed CD13-V5
Caco-2 cells. (F) Immunoprecipitation was performed with anti-PARG6 in shScr, sh4-CD13 and sh5-
CD13 knock-down Caco-2 cells. (G) Schematic diagram showing different deletion domains of
PAR6. (H) Co-immunoprecipitation of CD13 and wild type or Par6 deletion mutants was
performed with anti-myc in HEK293 cells. (I) Co-immunoprecipitation of CD13 and wild type,
mutant flag-Par6 (K19A, M235W), or deletion proline 136 was performed with anti-flag in

HEK293 cells. Bars: A and B, 50um.
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3.2.2 CD13 is required to orient apical-basal polarity in Caco-2 cells.

A role for CD13 in cell polarity is not known. To investigate if CD13 is involved in
lumenogenesis, we examined cyst formation of Caco-2 cells expressing control shRNA (shScr) or
two-independent shRNA (sh4-CD13 and sh5-CD13), which efficiently reduced CD13 protein
expression by >85% (Figure 3.1 F). After 9 days in culture, control cysts formed with a single
prominent lumen, whereas CD13-depleted cysts were significantly smaller and fewer were able
to form a single prominent lumen (94% for shScr; 38-43% for shCD13; Figure 3.2 A-C). We
attempted to delete CD13 from Caco-2 cells using CRISPR/Cas9, however we were unable to
recover viable clones (not shown). To investigate the effect on apical-basal polarity, we
immunostained cysts for Par6. Whereas control cysts predominantly localized Par6 internal at
the central lumen, CD13-depleted cysts showed diverse localization patterns for Par6 (Figure 3.2
D). Internal (luminal) apical staining was observed in some CD13-depleted structures, which had
a single prominent lumen, similar to control cysts (Figure 3.2 E-F). A second phenotype exhibited
Par6 localization to the outer edge of CD13-depleted structures (peripheral). Finally, some CD13-
depleted structures displayed an intermediate of these two phenotypes (mixed) (Figure 3.2 D-F).
In mixed cases, we observed multiple microlumen or misshapen collapsed lumen with weak
staining of apical markers (Figure 3.2 E). We confirmed apical reorientation to the periphery of
CD13-depleted Caco-2 cysts with an independent apical marker, Ezrin (Figure 3.2 G,H).

In normal polarized epithelial cells, apical and basal markers are mutually exclusive. Since
we frequently observed apical markers mis-localized to the outer edge of CD13-depleted cell
structures, we wondered if there was mixing of apical and basal proteins or whether apical and

basal membranes remained mutually exclusive. B1-integrin-containing complexes localizes to the
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basal surface and associate with ECM proteins like laminin (Yu et al., 2005), which was observed
in control Caco-2 cysts. In contrast, we observed that Bl-integrin was often mis-localized to
intercellular patches and laminin was not sequestered around the periphery of CD13-depleted
cysts (Figure 3.2 G,1,J). E-cadherin was localized to cell-cell contacts in both control and CD13-
depleted cells and therefore not affected by CD13-depletion. Interestingly, in some cases we
observed both internal and peripheral apical localization in different cells within the same 3D
structure, indicating that polarity orientation is not coordinated between adjacent cells
(Supplemental Figure S3.2 A). Collectively, these results indicate that CD13 is required to
establish the correct orientation of apical-basal polarity and subsequent lumen formation in

Caco-2 cysts.
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Figure 3.2: Knockdown CD13 decreases the size of cysts and mislocalizes apical proteins to the
periphery of 3D Caco-2 cysts. (A) Phase contrast images showing the phenotype of shScr, sh4-
and sh5-CD13 knock-down in 3D Caco-2 cysts after 5, 7, and 9 days in culture. (B) Quantification
of the size of 3D Caco-2 structures for shScr (n=806), sh4-CD13 (n=961) and sh5-CD13 (n=1312)
knock-down after 5, 7, and 9 days in culture. (C) Quantification of cysts with single prominent
lumen of shScr (n=806), sh4-CD13 (n=961) and sh5-CD13 (n=1312) knock-down in 3D Caco-2 cysts
on day 10. (D) The schematic diagram showing different phenotypes (internal, peripheral, mixed)
of apical Par6. (E) Images for Par6 (green) and F-actin (magenta) showing different Par6
localization (internal, peripheral, mixed) in 3D Caco-2 cysts. Yellow arrow heads indicate
peripheral Par6 localization. (F) Quantification of Par6 localization (internal, peripheral, mixed)
of shScr (n=358), sh4-CD13 (=336) and sh5-CD13 (n=187) knock-down in 3D Caco-2 cysts after 10
days in culture. (G) Images for Ezrin (green) and laminin (magenta) showing cells have lost general
apical-basal identity in CD13 knock-down 3D Caco-2 cysts. (H) Quantification of internal Ezrin in
shScr (n=168) and sh4-CD13 (n=150) 3D Caco-2 cysts after 10 days in culture. (I) Images for E-cad
(green) and B1l-integrin (magenta) showing cell polarity are disrupted in CD13 knock-down 3D
Caco-2 cysts. (J) Quantification of intact basal laminin in shScr (n=71) and sh4CD13 (n=35) 3D

Caco-2 cysts after 10 days in culture. Bars: A, 200um; E, 50um; G and I, 30um.
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3.2.3 CD13 is required to position apical membrane-initiation site between cells

Lumen formation occurs through initial specification of an apical membrane site that
matures into a pre-luminal apical patch (PAP), and then expands to open a luminal cavity (Bryant
et al., 2010a). To determine if CD13 was involved in early stages of apical membrane
establishment, we first examined CD13 localization in pre-luminal stages when apical-membrane
specification occurs. Prior to apical membrane initiation, we observed CD13 at the cell-cell
adhesion that was decorated with E-cadherin (Supplemental Figure S3.3 A). The apical membrane
initiation site (AMIS) is established by recruitment of apical membrane determinants with
coincident displacement of E-cadherin. At this stage, we observed recruitment of CD13 at focal
sites of E-cadherin displacement (Supplemental Figure S3.3 Aii, white arrow). The apical foci of
CD13 expanded to form a pre-luminal apical patch (PAP), which was strongly anti-correlated with
E-cad localization (Supplemental Figure S3.3 A,B).

Since CD13 can associate with Par6, we also investigated their co-localization during
apical membrane initiation. Par6 did not colocalize with CD13 at the cell-cell adhesion stage, prior
to apical membrane initiation, but was colocalized with CD13 at the AMIS and PAP stages (Figure
3.3 A). Similar results were obtained with Palsl (Supplemental Figure S3.3 C). The unique
localization of CD13 at the cell adhesion followed by its accumulation at the AMIS prompted us
to investigate the dynamics of this event in more detail using time-lapse imaging. For this, we
expressed mCherry-tagged CD13 (CD13-mCh) and GFP-tagged Par6 (GFP-Par6) in Caco-2 cells,
and imaged from single cell stage (before apical membrane initiation) through lumen formation.
After the first cell division, CD13-mCh transiently localized to the cell-cell contact surface,

confirming our data from fixed images (Figure 3.3 A,B). Cell contact-associated CD13-mCh was
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then redistributed diffusely in the cytoplasm and coalesced into puncta that eventually
aggregated into a compacted blob that subsequently expanded to form a nascent lumen (Figure
3.3 B). The early CD13-mCh puncta were mostly GFP-Par6-negative, and aggregation of these
puncta into a larger single patch was co-incident with GFP-Par6 accumulation (Figure 3.3 C;
Supplemental Video S3.1). This result suggests that Par6 may help stabilize CD13 during apical
membrane specification and lumen formation. Therefore, these data demonstrate that CD13
accumulates at a site for apical membrane initiation and subsequent lumen formation.

To explore a role for CD13 in apical membrane initiation we examined the consequences
of CD13-depletion on cells 24 hrs after seeding. At this time, cells have divided (i.e., 2-cell stage)
and 80% of control cells (shScr) have initiated apical membrane specification, as marked by Par6
accumulation at the interior (Figure 3.4 A, B). At this time, some control cells had minor residual
Par6 on the periphery, which represent 3D structures that had not yet fully polarized (Figs. 4A, C,
and 3A). In contrast, 40-60% of CD13-depleted cells failed to accumulate any Par6 at an internal
site and >90% instead retained Par6 on the periphery (Figure 3.4 A-C). This does not result from
delayed apical specification at internal sites in 2-cell structures, because we also observed Par6
on the periphery in 4-cell structures when a lumen has initiated in controls, and after 10-days in
culture, when control structures have a well-established lumen (Figs. 2E,F, 4A). Similar effects
were observed with independent apical markers, Pals1 and Ezrin, and tight junction maker ZO-1
(Supplemental Figure S3.4 A-F).

In the subset of CD13-depleted 2-cell structures with internal Paré accumulation, we also
observed robust Par6 staining on the periphery (Figure 3.4 D). Moreover, we observed that the

position of internal Par6 accumulation at internal sites was offset to the side of the 2-cell
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structure and not between the nuclei (Figure 3.4 D). To quantify this, we calculated the Par6
Offset Index, in which a value of 1 represents the middle of the structure, and values approaching
0 are displaced towards the periphery (Figure 3.4 E). This reveals that whereas control cells
typically accumulate Par6 at the center of 2-cell structures (Offset Indexshser = 0.91 +/- 0.1),
internal Par6 accumulation is offset towards the periphery of CD13-depleted 3D structures
(Offset Indexshcpiz-a = 0.19 +/- 0.16); Figure 3.4 E,F).

Previous studies reported that the cytokinetic midbody positions the apical membrane
initiation site (Li et al., 2014; Schluter et al., 2009a; Wang et al., 2014). Therefore, we examined
whether the midbody position was affected by CD13 knockdown. We did not observe apoptosis
or multi-nucleated cells in control or CD13-knockdown, indicating that cell-division per se was
not blocked under these conditions (not shown). In control cells, the midbody formed between
nuclei at the middle of 2-cell structures (Offset Indexshscr = 0.82 +/- 0.19) with Par6 accumulating
at the center of the midbody. In contrast the midbody in CD13-depleted cells was displaced
towards the cell edge (Offset Indexshcpiz-2 = 0.35-0.45 +/- 0.32-0.35) and Par6 did not accumulate
at the midbody (Figure 3.4 G-l) indicating that trafficking of proteins to initiate apical membrane
at the midbody was impaired. Collectively, these data indicate that CD13 is required to direct

apical membrane components to the midbody to initiate internal apical membrane formation.

112



Profile catter
CD13-V5 Par6 CD13-V5/Par6/Nuclei Inset 180 150 S

%100 A %120 :
= 80 A AN - .

—_— 0 25 50 75 100

(Par6)

Adhesion

—
)
o

o]
o

Pixel intensity

ey
o

o

0 25 50 75 100

(Par6)

2 8

Pixel intensity
B O
o o

N
(=]

(=]
=]

0 25 50 75 100
(Par6)

[(e)

GFP-Parl

CD13-mCherry

GFP-Par6

113



Figure 3.3: CD13 is recruited to the apical membrane-initiation site before Par6 in 3D Caco-2
cysts. (A) Left-confocal images for CD13-V5 (green) and Par6 (magenta) showing the localization
of CD13 and Par6 at adhesion, AMIS, and PAP stage in 2-cell 3D Caco-2 structures. Middle-Profiles
depicting fluorescent intensity (8-bit) of Par6 and CD13 along the cell-cell edge from blue to
yellow arrows. Right-Scatter plots showing the relationships between Par6 and CD13 pixel
intensities. (B) DIC/fluorescence images showing selected frames from time-lapse series during
cell polarization of 3D cultured Caco-2 cells. Images were captured every 25 min for 62 hrs. (C)
Fluorescence images showing selected frames from a time-lapse series of CD13-mCh and GFP-
Par6 in Caco-2 3D structures. Cells were virus-infected with CD13-mCherry and EGFP-Par6 in 2D
culture and transferred to 3D culture to perform live imaging. Images were captured every 25 min

for 8 h Green and magenta arrows show the colocalization of Par6 and CD13. Bars: A, B, 10um.
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Figure 3.4: Depletion of CD13 disrupts early polarization of 3D Caco-2 cysts by mislocalizing
Par6 and the midbody. (A) Confocal images of Par6 (magenta) in control (shScr) and CD13 knock-
down 3D Caco-2 structures. (B and C) Quantification of the percentage of 3D structures with
internal (B) and peripheral (C) Par6 localization in control shScr (n=173), sh4-CD13 knock-down
(n=151) and sh5-CD13 knock-down (n=89) 3D Caco-2 structures. (D) Confocal images of Par6
(magenta) and E-cad (green) in control and CD13 knockdown 3D Caco-2 structures. (E) Diagram
showing the offset index of Par6 in 2-cell 3D Caco-2 structures. A value of one indicates a midbody
at the centre of the 3D structure, and values approaching 0 represent midbody positioned closer
to the edge. (F) Quantification of Par6 offset index from shScr (n=22) and sh4-CD13 knock-down
(n=26) 2-cell 3D Caco-2 structures. (G) Confocal images of tubulin (magenta) and Par6 (green) in
2-cell 3D Caco-2 structures. (H) Diagram showing the offset index of the midbody. for the edge
and the centre (where midbody locates) on 2-cell structure. (I) Quantification of midbody offset
index from shScr (n=20), sh4-CD13 knock-down (n=15) and sh5-CD13 knock-down (n=24) on 2-

cell 3D Caco-2 structures. Bars: A, D, G, 10pum.
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3.2.4 CD13 associates with Rab11 and directs protein trafficking

The Rab family of GTPases have important roles in vesicle trafficking, and the Rab11 family
plays a vital role in transcytosis and lumenogenesis (Bryant et al., 2010b; Casanova et al., 1999;
Desclozeaux et al., 2008; Li et al., 2007; Roman-Fernandez and Bryant, 2016; Shaye et al., 2008).
In migrating cells, CD13 was also shown to regulate integrin endocytosis by Rab11 (Ghosh et al.,
2019a). To determine if CD13 may influence Rabl1l-dependent endocytosis during epithelial
polarization, we first investigated the localization of CD13 and Rab11 during apical membrane
initiation in Caco-2 cells. In single cells prior to polarization, we observed partial colocalization of
CD13 and Rabll at the plasma membrane and some vesicles (Figure 3.5 A). During apical
membrane initiation (AMIS), Rab11l was observed diffusely surrounding CD13, which became
more concentrated to a ring of Rab11 that decorated the edge of CD13 in the pre-luminal apical
patch (PAP) (Figure 3.5 A). This localization pattern demonstrates that CD13 accumulation at the
future apical membrane site precedes Rab11. Therefore, we examined whether Rab11 trafficking
was influenced by CD13 during apical membrane initiation and lumen formation. In control cells,
Rab11 was distributed to the plasma membrane in single cells, which was redistributed to areas
between the nuclei and accumulated adjacent to Par6-positive apical membrane in 2-cell
structures and at later stages (>2 cells) when the lumen begins to form (Figure 3.5 B, C). In CD13-
depleted cells, Rab11 was also distributed at the plasma membrane in single cells, but failed to
accumulate between nuclei of 2-cell and >2-cell structures, instead it accumulated with no
obvious pattern, and often at multiple sites that were not necessarily adjacent to Par6-positive
apical membrane (Figure 3.5 B, C). Using live imaging, we observed that accumulation of Rab11

occurred within a similar timescale between control and CD13-depleted samples (Figure 3.5 D;
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Supplemental Video S3.2; Supplemental Video S3.3), suggesting that CD13 does not control the
kinetics of Rab11 accumulation, but is necessary for correct positioning of Rab11 to the center of
structures.

To determine if CD13 could associate with Rab11, we first co-expressed GFP-Rab11 and
CD13-V5 in HEK293 or Caco-2 and performed co-immunoprecipitation experiments. From this
data, we observed Rab11 in CD13 precipitates supporting a potential association between the
two proteins (Figure 3.5 E, 6E). To determine if CD13 and Rab11 were associated at the plasma
membrane of Caco-2 cells, we performed temporal image correlation microscopy (tICM) to
investigate the correlated dynamics of GFP-tagged Rab11 and mCherry-tagged CD13 in time and
space using total internal reflectance fluorescence (TIRF) microscopy. ICM relies on the coupled
fluctuations of two different-colored fluorescent molecules moving in and out of the illumination
beam and can determine if two different molecules associate in a physical complex, but cannot
reveal direct binding. Whereas the cross-correlation amplitude between GFP control and CD13-
mCherry was negligible, we observed a high cross correlation amplitude between GFP-Rab11 and
CD13-mCherry (Figure 3.5 F-H). These results indicate that CD13 associates with Rab11 and is

required for Rab11 accumulation at internal apical membrane sites.
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Figure 3.5: Knockdown CD13 disrupts early polarization by mislocalizing Rab11 to the periphery
of 3D cultured Caco-2 cells. (A) Confocal images for GFP-Rab11 (green) and CD13-mCherry
(magenta) showing the relative localization of CD13 and Rab11 at 1-cell, and adhesion, AMIS, and
PAP stage in 2-cell 3D Caco-2 structures. White arrow shows the colocalization of Rab11 and
CD13. (B) Confocal images of GFP-Rab11 (green) and Par6 (magenta) showing Rab11 mislocalizing
to the periphery in CD13 knock-down 3D Caco-2 cysts. Yellow arrow shows the mislocalized
Rab11. (C) Quantification of the percentage of Rab11 accumulation at the middle of shScr (n=92)
and shCD13 (n=24) at 2 cell and >2 cell 3D Caco-2 structures. (D) DIC/confocal images showing
selected frames from time-lapse series of shScr and shCD13-4 3D Caco-2 structures. Images were
captured every 25 min for 12 h. (E) Co-immunoprecipitation of CD13-V5 and GFP-Rab11 was
performed with anti-V5 in HEK293 cells. The presence of Rabl1 in immunoprecipitates was
determined by western blot analysis using anti-GFP. (F) Relative cross correlation amplitude
profile of cells co-expressing GFP or Rab11-GFP and CD13-mCherry fusions over time. Tau
represents the time separation between two acquired images. (G) Co-binding intensity profile of
Caco-2 cells co-expressing GFP (n=12) or Rab11-GFP (n=9) with CD13-mCherry. (H) Relative cross
correlation amplitude profile of cells co-expressing GFP (n=18) or Rab11-GFP (n=17) with CD13-

mCherry fusions at the first time-point. Bars: A, 50um; C, 10pum; F, S5um.
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3.2.5 The CD13 intracellular domain is required to orient apical-basal polarity

Next, we examined regions of CD13 that were required for polarization in Caco-2 cells.
CD13 has an extracellular M1 peptidase domain and a short N-terminal intracellular domain. To
evaluate whether peptidase activity was necessary for CD13 polarity functions, we conducted
rescue experiments in CD13 depleted cells using vectors that expressed wild-type CD13 or a
series of catalytically inactive mutants (H388A, H392A, or E411A) and examined polarity
orientation (Figure 3.6 A). In all cases polarity orientation was restored, indicating that CD13
catalytic activity is not essential for orienting apical-basal polarity (Figure 3.6 B,C, Supplemental
Figure S3.5 A,B). Tyrosine (Y6) within the intracellular domain was previously reported to be
necessary for some non-catalytic functions of CD13 (Subramani et al., 2013). We therefore
investigated if this residue was also necessary to establish the orientation of apical-basal polarity
in Caco-2 cysts by re-expressing wild-type or Y6 mutant (Y6F) in control and CD13-depleted cells.
Whereas wild-type CD13 was able to restore the correct apical polarity orientation, Y6F failed to
restore polarity orientation (Figure 3.6 B,C). CD13 containing other mutations within the
intracellular domain were also able to restore polarity orientation, demonstrating specificity of
the tyrosine residue (Figure 3.6 A-C, Supplemental Figure S3.5 A,B).

We extended these studies to evaluate CD13-Y6F at early stages when apical membrane
is initiated at internal sites (2-cell). Consistent with our above data, the CD13-Y6F mutant was
deficient in restoring internal apical sites in CD13-depleted cells (Figure 3.6 D). Interestingly, we
did not observe mis-oriented polarity in control cysts with endogenous CD13 that express CD13-
YF6, indicating that it does not behave as a dominant negative protein (Figure 3.6 B-D). Moreover,

we observe in both early (2-cell) and mature (>10 cells) 3D structures, that CD13-Y6F was
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localized to intracellular vesicles instead of the outer plasma membrane and did not overlap with
or associated with endogenous Par6 (Figure 3.6 D, E). Therefore, these results indicate that the

Tyr-6 is required for CD13 localization to the plasma membrane and association with Par6.
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Figure 3.6: The intracellular domain of CD13 is required to maintain apical-basal polarity. (A)
Schematic diagram showing mutation sites at intracellular and peptidase domain of CD13. (B)
Images for CD13-V5 (magenta) and Par6 (green) showing the rescue phenotype in wild type and
different CD13 mutants of shScr and shCD13 3D Caco-2 cysts. (C) Quantification of the percentage
of Par6 internally in wildtype (shScr, n =515; shCD13, n=292), CD13-Y6F (shScr, n=462; shCD13,
n=433), CD13-S8A (shScr, n=541; shCD13, n=333), and CD13-H388A (shScr, n=452; shCD13,
n=336) of shScr (n=428) and shCD13 (n=492) 3D Caco-2 cysts. (D) Images for CD13-V5 (magenta)
and Par6 (green) showing the rescue phenotype in wild type and CD13-Y6F mutant of shScr and
shCD13 3D Caco-2 cysts on 2-cell structures. (E) Immunoprecipitation was performed with anti-
IgG or anti-V5 in stably expressed CD13-wild type or CD13-Y6F Caco-2 cells. Bars: B, 50um, D,

10pm.
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3.3 Discussion

Together, our results demonstrate that CD13 (also known as APN and ANPEP) is a novel
factor that controls epithelial lumen formation by directing the orientation of apical-basal
polarity. Silencing of CD13 induced an inverted polarity phenotype in Caco-2 cysts, which was
characterized by apical complexes and tight junctions positioned at the periphery of cell
aggregates, while basolateral proteins were excluded from the outer edge and interactions with
the matrix were impaired (Figure 3.7 A). The formation of a central lumen requires precise
coordination of multiple intra- and intercellular events that establish a polarity axis, position
apical determinants between cells, and separate cell-cell contacts to expand a central luminal
cavity (Blasky et al., 2015; Bryant et al., 2010b; Datta et al., 2011; Fremont and Echard, 2018).
This architecture is essential for normal tissue function and epithelial homeostasis and is
frequently disrupted or lost in diseases including cancer (Halaoui and McCaffrey, 2015b; Saito et
al., 2018).

Par6 can associate with two apically directed polarity complexes: The Par complex by
binding Par3 at tight-junctions, or the Crumbs complex through Pals1 and Crumbs3 at the apical
membrane (Joberty et al., 2000; Wang et al., 2004). Our results show that CD13 is an apical
protein, which is supported by previous studies showing that CD13 localizes to the apical brush
border (Fairweather et al., 2012; Riemann et al., 1999). We extend this to demonstrate that CD13
associates with an apical complex containing Par6, aPKC, Pals1, and Crb3, but not Par3 (Figure
3.7 B). This interaction requires the PB1-domain of Par6 and the intracellular domain of CD13.
Although Par6 interacts with aPKC through its PB1 domain (Wilson et al., 2003), a point-mutation

in the PB1-domain of Par6 that disrupted its interaction with aPKC retained the capacity to
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associate with CD13. Moreover, deletion or mutation of other protein-protein interaction
domains within Par6 that mediate its known interactions (Rodriguez-Boulan and Macara, 2014)
also retained the ability to associate with CD13. Therefore, we conclude that Par6 either binds
CD13 directly through its PB1 domain, or indirectly through an unidentified intermediate. Efforts
to detect a direct interaction between purified Par6 and a peptide of the CD13 intracellular
domain were unsuccessful (data not shown), and we cannot distinguish these possibilities at
present. Therefore, CD13 associates with an apical Crumbs complex containing Par6.

Our imaging data reveal that CD13 is dynamically localized during apical membrane
initiation and lumen formation in a pattern that is distinct from other apical proteins. In non-
polarized cells, apical proteins are distributed to the cell periphery and re-distributed to the
midbody thorough Rab11-mediated endocytosis to form an apical membrane initiation site that
marks the position of the future lumen (Jaffe et al., 2008a; Roman-Fernandez and Bryant, 2016;
Schluter et al., 2009b; Wang et al., 2000). While CD13 also localized to the periphery in non-polar
cells, unlike other apical proteins, it temporarily localized to the cell-cell adhesion that is also
positive for E-cadherin. CD13 then redistributed through vesicles that accumulated internally, co-
incident with delivery of other apical proteins that converged to establish an internal apical
membrane site that excludes E-cadherin (Figure 3.7 C).

Cell division represents the earliest known symmetry breaking event to position a central
lumen in 3D cysts and in vivo (Cerruti et al., 2013; Mangan et al., 2016; Rathbun et al., 2020).
However, the cues that initiate internalization of apical proteins from the periphery to establish
an internal apical site are currently unknown. We propose that CD13 represents this long sought-

after factor, which regulates Rabl1-dependent endocytosis of apical proteins necessary to
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establish an internal lumen. In support of this model, our results show that CD13 colocalizes and
associates with Rab1l in the peripheral plasma membrane and a subset of vesicles in non-
polarized cells. Second, Rabl1-postive endosomes are recruited to and decorate CD13 patches
at internal sites. Third, in the absence of CD13, cells fail to internalize apical proteins and
redistribute them to the midbody. Forth, Rab11 is mislocalized and does not accumulate at a
single internal site in CD13-deficient cells. Therefore, based on our results, it is likely that CD13
acts at multiple steps in orienting apical-basal polarity with a major role as a membrane cue for
Rab11-dependent apical protein endocytosis.

Rab11 is required for mitotic spindle orientation through affecting dynein-dependent
endosome localization at poles (Hehnly and Doxsey, 2014). Rab11 also plays an important role in
regulating the trafficking of proteins for cell abscission and loss of Rab11 causes cytokinetic
failure and multinucleated cells (Mangan et al.,, 2016). We did not observe cytokinetic
deficiencies or multinucleated cells in our experiments, indicating that CD13 regulates a subset
of Rabll-dependent endocytic events, likely restricted to apical membrane trafficking in
epithelial cells. However, we cannot exclude other trafficking roles for CD13 that are context
specific. For example, in mouse embryonic fibroblasts, CD13 is required for endocytosis of B1-
integrin to Rab11-positive endosomes during cell migration (Ghosh et al., 2019b).

Although cell division appeared able to proceed in CD13-deficient cells, we did observe
asymmetric placement of the midbody away from the center of cell aggregates. Interestingly, the
relationship between the apical domain and midbody is bi-directional. In addition to the midbody
serving to direct endocytic trafficking of apical proteins, apical proteins also direct the position

of the midbody, and depletion of some apical proteins can cause displacement of the midbody

127



that leads to ectopic lumen formation (Jaffe et al., 2008b; Lujan et al., 2016). In the context of
CD13, we speculate that apical membrane retained at the periphery of cell aggregates may cause
the midbody to be pulled away from the center, although alternatives where CD13 more directly
controls midbody position are also possible.

Our data indicate that catalytic activity of CD13 is dispensable for its role in organizing
apical-basal polarity. However, the tyrosine residue within the short intracellular domain (Tyr6)
is specifically required to establish an internal apical domain and lumen. Consistent with this,
other studies have found the same tyrosine residue is required for non-catalytic functions,
including cell adhesion and migration (Ghosh et al., 2019b; Subramani et al., 2013), indicating
that this residue may have diverse roles in regulating diverse functions through the intracellular
domain. Our results reveal that Y6 was necessary for the association with Par6 whereas this
residue was dispensable for CD13 to associate with Rab11. This supports a role for CD13 in linking
the apical polarity complex to Rab11 at the plasma membrane to allow apical protein endocytosis.
As a model, we propose that CD13 associates with the apical Crumbs complex through Par6,
which acts as a surface receptor to recruit Rab11 (Figure 3.7 C step 1). Rab11 then mediates the
internalization of apical proteins into endosomes (Figure 3.7 C step 2). Rab11 then delivers apical
proteins to midbody, which coalesce with CD13 to establish an internal apical site necessary for
lumen formation (Figure 3.7 C step 3). Since Rab11-positive endosomes accumulate on the edge
of CD13 patches, we hypothesize that CD13 may also capture or retain apical endosomes at this
site with newly delivered apical proteins. This model is supported by our detailed microscopic

and live imaging analysis.
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In summary, our study identifies CD13 as an essential protein required for symmetry
breaking by enabling endocytosis of apical proteins for redistribution to an internal position

necessary for lumen formation.
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Figure 3.7: Proposed model for CD13 functions in apical specification in Caco-2 cells (A)
Organization of control Caco-2 3D structures displaying apical-basal polarity and epithelial
organization, and CD-13-depleted cells showing inverted apical-basal polarity and impaired
lumen formation. (B) CD13 associates with apical complex containing Par6, aPKC, Pals1, and Crb3.
(C) Proposed events by which CD13 functions to establish the orientation of apical-basal polarity.

See discussion for a further explanation.
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3.4 Materials and Methods
3.4.1 Cell culture

The Caco-2 human intestinal epithelial cell line was purchased from American Type
Culture Collection (HTB-37). Caco-2 cells were cultured at 37°Cin 5% CO, in DMEM (Wisent #319-
005-CL) supplemented with 10% fetal bovine serum (Wisent #080-150), 100 U/ml penicillin, 0.1
mg/ml streptomycin (Wisent #450201EL). For 3D culture, Caco-2 cells were seeded in 8-well p-
slides (Ibidi #80826) at a density of 1.25 x10* cells per well on top of a thin layer of 100% GelTrex
(ThermoFisher Scientific #A1413202) in media supplemented 2% GelTrex. After one or ten days
in adherent culture, cells were collected for immunofluorescence. Human embryonic kidney cell
line HEK293LT (ATCC), were cultured at 37°C in 5% CO2 in DMEM supplemented with 10% fetal
bovine serum, 100 U/ml penicillin, 0.1 mg/ml streptomycin.

3.4.2 DNA and shRNA constructs

The pLX317-CD13-V5 plasmids were purchased from Sigma (TRCN, CD13
TRCN0000476147). pK-myc-Par6C was a gift from lan Macara (Addgene plasmid # 15474). pWPI
was a gift from Didier Trono (Addgene plasmid #12254). GFP-Rab11 were provided by Robert
Lodge. pSecTag_Myc-CRB3A were provided by Patrick Laprise. pWPI-myc-EGFP, pWPI-myc-aPKCL,
pWPI-myc-Par6, pWPI-CD13-mCh, pWPI-EGFP-Par6, pWPI-flag-Paréwt were obtained by
subcloning cDNA products to pWPI. pLX317-CD13Y6F-v5, pLX317-CD13Y6E-V5, pLX317-CD13%8A-V5,
pLX317-CD13%8P-V5, pLX317-CD13"388A.y5 pLX317-CD13H392A-v5, pLX317-CD13E41AV5, pK-myc-
Par6C216-%5 pK-myc-Par6C2%>-168 pK-myc-Par6C2168-246 pWPI|-flag-Par6X*°A, pWPI-flag-Par62Pr13,
and pWPI-flag-Par6M?*>Wwere generated using the QuikChange Il site directed mutagenesis kit

according to manufacturer’s instructions (Agilent #200523).
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shRNAs targeting human CD13 mRNA were cloned in pLKO. Lentiviral supernatants were
produced in HEK293LT cells as described previously. Caco-2 cells were infected with lentiviral
supernatants and selected by the addition of 20 pg/ml puromycin for 10 days.

The shRNA used were acquired from the McGill Platform for Cellular Perturbation (MPCP)

sh1CD13 CCGGCCCTCTTCATTCACTTCAGAACTCGAGTTCTGAAGTGAATGAAGAGGGTTTTTG,
sh2CD13 CCGGCCTCAATGTGACGGGCTATTACTCGAGTAATAGCCCGTCACATTGAGGTTTTTG,
sh3CD13 CCGGCCTGAGCTACTTCAAGCTCATCTCGAGATGAGCTTGAAGTAGCTCAGGTTTTTG,
sh4CD13 CCGGCCACAGCAAGAAGCTCAACTACTCGAGTAGTTGAGCTTCTTGCTGTGGTTTTTG,

sh5CD13 CCGGGTGACCATAGAGTGGTGGAATCTCGAGATTCCACCACTCTATGGTCACTTTTTG) and a
non-targeting scrambled shRNA was used as a control.

3.4.3 Transient transfection

HEK293LT cells were seeded at 2 x 108 cells per well in 100mm dishes and transfected
with plasmids using Polyethylenimine (PEl) as per manufacturer's instructions (Sigma # 408727).
Caco-2 cells were seeded at 4 x 10% cells per well in 24 well and transfected with plasmids using
Lipofectamine LTX as per manufacturer's instructions (Invitrogen #15338030). All experiments
were performed 24 h post-transfection.

3.4.4 Lentivirus production

Lentivirus was produced using calcium phosphate transfection of HEK293LT cells in 15-cm
dishes with 50 ug of lentiviral plasmid, 37.5 pg of packaging plasmid (psPAX2), and 15 ug of VSVG
coat protein plasmid (pMD2.G). Viral supernatants were collected after 48 hrs and were

concentrated by precipitation in 40% polyethylene glycol 8000 (Bioshop # PEG800.1) followed by
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centrifugation and then re-suspended in the culture medium. Concentrated virus was aliquoted
and frozen at -80°C, then an aliquot was titred in HEK293LT cells.

3.4.5 Immunoblotting and immunoprecipitation

Cells were lysed in RIPA lysis buffer (50 mM Tris-HCI, pH 8, 0.15 M NaCl, 0.1% SDS, 1% NP-
40, 1% sodium deoxycholate, 50 mM NaF, 5 mM orthovanadate, 1 mM DTT) supplemented with
proteinase inhibitor cocktail (Sigma # 11836170001). Total proteins were separated by SDS-PAGE
and transferred to Nitrocellulose membrane (Bio-rad # 1620115). The primary antibodies used
were: aPKCt 1/1000 (BD Transduction #610175), a-Tubulin 1/5000 (Sigma #T79026), Par3 1/1000
(Millipore #07-330); Par6B 1/1000 (Santa Cruz #sc-67393), V5 1/5000 (Thermo Fisher Scientific #
R960-25); flag 1/1000 (Delta Biolabs # DB125), CD13 1/1000 (Abcam # ab108382), Pals1 1/1000
(proteintech group #17710-1-AP), myc 1/1000 (Origene # TA150121), and GFP 1/1000 (Abcam
#ab13970). For immunoprecipitation, cells were washed twice with ice-cold PBS and then lysed
in NP40 lysis buffer (150 mM NaCl, 1% NP-40, 50 mM Tris-HCI, 10 mM NaF, 1 mM NaVOa, pH 8.0)
containing a protease inhibitor cocktail and calyculin A. Lysates were precleared with
MagnaBeads (Thermo Fisher Scientific #12321D) and then incubated with 2 pg of antibody or
isotype control overnight at 4°C. Antibodies were captured with MagnaBeads and washed three
times with NP40 buffer.

3.4.6 Immunostaining and imaging

Cells from three-dimensional cultures were fixed with 2% paraformaldehyde/PBS for 10
min, permeabilized in 0.5% Triton X-100/10% Goat serum/10% fish gelatin/PBS for 1 hr and
incubated overnight in primary antibodies. The primary antibodies were used at the following

dilutions: Par6B 1/200 (Santa Cruz #sc-67393), aPKCt 1/100 (BD Transduction #610175), Par3
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1/200 (Millipore #07-330), CD13 1/100 (Abcam #ab108382), E-cadherin 1/200 (Cell Signaling
#3195S), Z0O-1 1/100 (Cell Signaling #8193), Ezrin 1/200 (Cell Signaling #3145), Pals1 1/100
(proteintech group #17710-1-AP), Bl-integrin 1/200 (Abcam #ab30394), V5 1/200 (Thermo
Fisher Scientific # R960-25), laminin 1/200 (Abcam #ab11575), a-Tubulin 1/200 (Sigma #T9026)
and Phalloidin 1/100 (Invitrogen #A34055). The secondary antibodies conjugated to Alexa488,
Alexa546 and Alexa647 (Jackson ImmunoResearch Laboratories) were used at 1:750. DNA was
detected with Hoechst dye 33258. Confocal imaging was performed using LSM700 from Zeiss
with 20X/0.8NA or 40X/1.4NA objective lenses and processed using FlJI/Image) software.

3.4.7 Live-imaging

Live-imaging of Caco-2 3D structures was performed using a LSM700 confocal microscope
with a LD plan-Neofluar 20X/0.4NA Korr M27 objective lens with 1% laser power and ZEN
software (Zeiss). Caco-2 cells were virus-infected with CD13-mCherry, EGFP-Par6, or GFP-Rab11
in 2D culture for stable gene expression. Cells were seeded in 3D culture prior to performing live
imaging. 8-bit images were captured every 25 min with 5 slices (28 um), two channels in an
environmental chamber (37 °C, 5% CO»).

3.4.8 Temporal image correlation microscopy (tICM)

To measure the proteins dynamics, the tICM were implemented using a TIRF (total
internal reflectance fluorescence) microscope. Caco-2 cells were transient transfected with
CD13-mCherry and GFP-Rab11 in 2D culture. After 24 hours, cells were seeded on 8 well ibidi
plate supplemented with 5% GelTrex-media at 37°Cin 5% CO; in DMEM supplemented with 10%
fetal bovine serum, 100 U/ml penicillin, 0.1 mg/ml streptomycin for 24 hours prior to performing

live imaging. TIRF was obtained using a Spectral Diskovery unit (Spectral Applied Research,
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Richmond Hill, ON) attached to an inverted Leica DMI6000B microscope (Leica Microsystems,
Wetzler, Germany) with a Leica Plan ApoChromat 63x/1. 47 NA TIRF oil immersion objective lens.
The platform incorporates a 488 nm diode laser, 561 nm diode-pumped solid-state laser, 642 nm
didode laser (Spectral Applied Research) with two ImagEMX2 Digital EM-CCD Cameras
(Hamamatsu, Hamamatsu City, Japan). A 100-Watt X-Cite 120 LED (370-700 nm) source was
applied to allow visualization of fluorescence proteins by eye. The platform was integrated with
MetaMorph 7.1 image acquisition software (Molecular Devices Inc.) Each image was set to collect
1000 frames with a 30 ms interval.

3.4.9 Statistical Analysis

Comparison of two unpaired independent means was performed using a student’s t-test.
Statistics were determined using Excel, and GraphPad Prism 6. All images are representative from

at least three replicates.
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3.7 Supplemental Figures
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Supplemental Figure S3.1: CD13 associates with apical proteins and localizes at the apical
domain of 3D Caco-2 cysts at day 10. Associated with Figure 3.1. (A) Images of polarized 3D cysts
of cultured Caco-2 cells for F-actin (green) and CD13 (magenta). (B) Images of polarized 3D cysts
of cultured Caco-2 cells for CD13-V5 (green) and Par6 (magenta). (C) Images of polarized 3D cysts
of cultured Caco-2 cells for CD13-V5 (green) and F-actin (magenta). (D) Images of polarized 3D
cysts of cultured Caco-2 cells for CD13-V5 (green) and Ezrin (magenta). (E) Images of control and
knockdown CD13 3D cysts of cultured Caco-2 cells for CD13 (green). (F) Images of polarized 3D
cysts of cultured Caco-2 cells for CD13-V5 (green) and E-cad (magenta). (G) Images of polarized
3D cysts of cultured Caco-2 cells for CD13-V5 (green) and ZO-1 (magenta). (H) Co-
immunoprecipitation of CD13 and CRB3 was performed with anti-IgG or anti-myc in HEK293 cells.
The presence of CD13 in immunoprecipitates was determined by western blot analysis using anti-

V5. Bars: A-G, 20um.
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Supplemental Figure S3.2: CD13 depletion disrupts the basement membrane of 3D Caco-2
cysts. Associated with Figure 3.2. (A) Images for Ezrin (green) and laminin (magenta) showing

cyst has lost apical-basal identity in CD13 knock-down 3D Caco-2 cysts. Bars: A, 30 um.
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Supplemental Figure $3.3: Recruitment of CD13 to focal sites with E-cadherin displacement in
early 3D Caco-2 cysts. Associated with Figure 3.3. (A) Images for CD13-V5 (green) and E-cad
(magenta) showing the relative localization of CD13 and E-cad at adhesion, AMIS, and PAP stage
in two cell structures of 3D Caco-2 cysts. Graphic profile depicting changes in fluorescent intensity
(A.U.) from blue to yellow arrows. Adjacent scatter plots showing the relationships between
CD13 and E-cad. (B) Quantification of the correlation coefficient of CD13 and E-cad at adhesion,
AMIS, and PAP stage in two cell structures of 3D Caco-2 cysts. (C) Images for CD13-V5 (green) and
Pals1 (magenta) showing CD13 is recruited to the pre-luminal apical patch before Palsl in two

cell structures of 3D Caco-2 cysts. Bars: A, C, 10 um.
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Supplemental Figure S3.4: CD13 depletion disrupts early polarization in 3D Caco-2 cysts.
Associated with Figure 3.4. (A) Low-power confocal images for Pals1 (green) showing mislocalized
Pals1 in CD13 knock-down 3D Caco-2 cysts at early stages. (B) Quantification of the percentage
of Pals1 localization of shScr (n=235), sh4-CD13 knock-down (n=326) and sh5-CD13 knock-down
(n=154) in 3D Caco-2 cysts at early stages. (C) Images for Ezrin (green) and laminin (magenta)
showing cysts have lost general apical identity in CD13 knock-down 3D Caco-2 cysts at early
stages. (D) Quantification of the percentage of Ezrin localization of shScr (n=153), sh4-CD13
knock-down (n=162) and sh5-CD13 knock-down (n=147) in 3D Caco-2 cysts at early stages. (E)
Images for ZO-1 (green) and Par6 (magenta) showing ZO-1 and Par6 mislocalizing to the periphery
in CD13 knock-down 3D Caco-2 cysts at early stages. (F) Quantification of the percentage of ZO-
1 localization of shScr (n=302), sh4-CD13 knock-down (n=278) and sh5-CD13 knock-down (n=146)

in 3D Caco-2 cysts at early stages. Bars: A, C, 100um; E, 30um.
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Supplemental Figure S3.5: The intracellular domain of CD13 is required to maintain apical-basal
polarity. Associated with Figure 3.6. (A) Images for CD13-V5 (magenta) and Par6 (green) showing
the rescue phenotype in different CD13 mutants of shScr and shCD13 3D Caco-2 cysts. (B)
Quantification of the percentage of Par6 internally in wildtype (n of shScr=515, shCD13=292),
CD13-Y6E (n of shScr=555, shCD13=285), CD13-S8D (n of shScr=400, shCD13=337), CD13-H392A
(n of shScr=475, shCD13=298), and CD13-E411A (n of shScr=513, shCD13=283) of shScr (n=428)

and shCD13 (n=492) 3D Caco-2 cysts. Bars: A, 50um.
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Conceptual link for Chapter 4

Approximately 85% of cancers arise from epithelial cells. Cancer progression is associated
with extensive epithelial remodelling, in which luminal cavities fill with malignant cancer cells. In
Chapters 2 and 3, | reported on mechanisms that promote lumen formation. In this chapter |
explore changes in cell polarity associated with cancer progression. Since aPKCi/PRKCI is
frequently over-expressed in tumours and is required for KRAS-mediated tumourigenesis, |
evaluated differences in PRKCI-proximity proteins in the absence or presence of KRAS®*?V using
BiolD. This identified PTPN14 as a proximity protein to PRKCI, which was reduced in KRAS®1?V-
expressing cells. In Chapter 2, | reported that PTPN14 was also a high-confidence interactor with
PAR6B, suggesting that PTPN14 is associated with an apical complex with PAR6B and PRKCI. In
Chapter 4, | explore a potential role for PTPN14 as a tumour-suppressor by regulating apical-basal

polarity.
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Abstract

Changes in epithelial polarity are coupled with cancer progression. Here, we implemented
a BiolD screen in 3D culture to identify PRKCI-proximity proteins in control and KRASS!?V-
transformed Caco-2 cells. From this screen we identified PTPN14 and found that it localizes at
apical domain and associates with PRKCI. Both PTPN14 and PRKCI protein levels are reduced by
KRAS®1?V expression, with PTPN14 downstream of PRKCI. We report that PTPN14 is dispensable
for growth and polarization of control Caco-2 cysts, whereas re-introduction of PTPN14
suppressed KRAS®'?V-induced transformation by restricting KRAS®*?V-induced cell growth and
restoring apical-basal polarity and a central lumen. This demonstrates that PTPN14 is an

important tumour suppressor that maintains cell polarization to restrict cancer development.

151



4.1 Introduction

Altered epithelial cell polarity is associated with development of carcinoma (Halaoui et al.,
2017). Cell polarity proteins play a fundamental role in regulating many aspects of epithelial
growth control and maintaining apical-basal polarity by controlling the localization of key
mediators involved in regulating stem cell renewal, proliferation, apoptosis, survival,
differentiation, cell motility, cell adhesion, and tissue organization (Rodriguez-Boulan and
Macara, 2014), processes involved in both development and cancer progression. The Par, Crumbs,
and Scribble complexes are three major polarization complexes that localize to the apical (Par
and Crumbs) or basal (Scribble) membranes and regulate epithelial organization (Rodriguez-
Boulan and Macara, 2014).

Most proteins in the apical polarity complexes are adaptors or scaffolding proteins, except
for atypical protein kinase C (aPKC, which has two isoforms, PRKCI and PRKCZ) which regulates
polarization and signaling by phosphorylating diverse target proteins to regulate their function
or localization (Gunaratne et al., 2013; Rodriguez-Boulan and Macara, 2014; Smith et al., 2007,
Suzuki et al., 2004). aPKCt/PRKCI is required for cell polarity, proliferation and migration and is
commonly up-regulated in multiple cancer types including breast (Kojima et al., 2008), prostate
(Yu et al., 2004), pancreas (Evans et al., 2003) and colon cancer (Murray et al., 2004).

Recent studies indicate that PRKCI is required for Ras-induced transformation and
tumorigenesis in many cancer types (Murray et al., 2004; Murray et al., 2009; Regala et al., 2009;
Regala et al., 2005a). For example, studies demonstrate that PKCt is required for KRAS-driven

transformed growth in vitro and tumorigenicity in vivo through a KRAS-PKC-Racl-Pak-Mek-Erk
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signaling axis in pancreatic ductal adenocarcinoma (PDAC) and non-small cell lung cancer (NSCLC)
cells (Regala et al., 2005; Scotti et al., 2010).

The proto-oncogenic Ras proteins are GTPases that are regulated through GEFs and GAPs.
GEFs act as Ras activators by promoting the exchange of a bound GDP molecule with a GTP
molecule (Zhang et al., 2005a). In the GTP-bound state, Ras can expose two regions named switch
| and switch Il to form a conformation that allows Ras to recruit effector proteins and activate
various signalling pathways (Pacold et al., 2000). On the other hand, GAPs amplify 100,000-fold
the endogenous GTPase activity of Ras and return it to the GDP-bound state. (Gideon et al., 1992).
Ras proteins, including harvey rat sarcoma viral oncogene (HRAS), kirsten rat sarcoma viral
oncogene (KRAS), and neuroblastoma RAS viral oncogene (NRAS), share over 90% sequence
identity at the amino acid level (Baines et al., 2011).

KRAS is the most prevalent and most oncogenic among Ras isoforms and is one of the most
frequently mutated genes (21%) across all cancers, with the highest prevalence in pancreatic,
colorectal, endometrial, biliary tract, lung, and cervical cancers (Nakhaeizadeh et al., 2016; Prior
et al., 2012; Schubbert et al., 2007). Recurrent point mutations typically occur at codons 12, 13,
or 61 and promote GTP binding to produce a constitutive activate protein (Quinlan and Settleman,
2009). Mutations at codon 12 of KRAS are the most frequent, with G to T transitions at the second
base of codon 12 produces G12V mutations, which are among the second common mutations of
KRAS (Prior et al., 2012).

Several studies have demonstrated a relationship between KRAS and polarity. For example,
mutations in the KRAS gene disrupt apical-basal polarity through inhibiting normal glycosylation

of the Bl-integrin chain of the collagen receptor in colon epithelial cells (Yan et al., 1997a).
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Moreover, oncogenic KRAS expression is associated with up-regulated carcinoembryonic antigen
(CEA) expression and disruption of epithelial cell polarization (Yan et al., 1997b). A recent study
indicated that recurrent KRAS mutations lead to papillary renal neoplasm with reverse polarity
(PRNRP) (Al-Obaidy et al., 2019). Activated KRAS also involves loss of apical-basal polarity, luminal
cavity formation with apoptosis in human CRC HCT116 3D cell culture (Tsunoda et al., 2010).
Furthermore, mutation or inhibition of the kinase activity of RAF (rapidly accelerated
fibrosarcoma), a KRAS effector, results in tumour growth and apical-basal polarity disruption in
human colorectal cancer (Borovski et al., 2017; Magudia et al., 2012; Patankar et al., 2019).
PTPN14, also known as PEZ, PTP36 and PTPD2, is a 130 kDa cytosolic non-receptor protein
tyrosine phosphatase (PTP) that is highly expressed in multiple tissues including kidney, skeletal
muscle, lungs, and placenta (Smith et al., 1995; Uhlen et al., 2015). PTPN14 has a FERM protein-
binding domain at N-terminal, a linker central region contains an acidic region and two PPxY
motifs, and a PTP catalytic domain at its C-terminus (Barr et al., 2006; Chishti et al., 1998; Smith
et al., 1995). The PPxY motifs of PTPN14 directly bind to the WW domains of YAP and KIBRA
(kidney and brain protein) which are components of the Hippo signalling pathway and negatively
regulate YAP in a cell density-dependent manner, indicating the important role of PTPN14 in
Hippo signaling pathway (Liu et al., 2013; Michaloglou et al., 2013; Poernbacher et al., 2012;
Wang et al., 2012a; Wilson et al., 2014). KIBRA is a scaffold protein with WW, C2-like and aPKC-
binding domains and it can be phosphorylated by aPKC (Buther et al., 2004). PTPN14 forms a
complex with KIBRA and LATS (large tumor suppressor) and regulates the Hippo signaling
pathway by dephosphorylating Yap to exclude it from the nucleus and negatively regulates its

transcriptional co-activator activity (Liu et al., 2013; Wang et al., 2012; Wilson et al., 2014).
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PTPN14 has an important developmental role and regulates of organogenesis, TGFf3
expression, lymphangiogenesis, cell-cell adhesion, cell-matrix adhesion, cell migration, and cell
growth. Knockdown of PTPN14 results in developmental defects in the brain, heart, pharyngeal
arches, and somites in zebrafish embryos (Wyatt et al., 2007) and gives rise to developmental
defects in Drosophila (Poernbacher et al., 2012). Overexpression of PTPN14 induces EMT by
provoking TGFf signaling through Smad4 in epithelial MDCK cells (Wyatt et al., 2007). In addition,
PTPN14 dephosphorylates -catenin at adherens junctions and blocking this led to decreased
cell-cell adhesion and enhanced cell motility (Wadham et al., 2003).

PTPN14 has been shown to act both a tumor promoter or tumor suppressor depending on
the context, indicating the level of PTPN14 activity may be critical to maintain the cellular
homeostasis or that different substrates in different contexts dictates its contribution to cancer.
PTPN14 is altered in a variety of human cancers including breast, skin, and liver cancers, mostly
by gene amplification (Bonilla et al., 2016; Cerami et al., 2012; Gao et al., 2013; Li et al., 2011;
Sjoblom et al.,, 2006). Inhibition of PTPN14 expression attenuated ERBB2-mediated
morphological changes such as multiacinar phenotype in 3D mammary organoid, showing
PTPN14 acts as a positive regulator of ERBB2 signalling in human breast cancer (Ramesh et al.,
2015). On the other hand, PTPN14 deficiency leads to lymphatic hyperplasia with lymphedema,
suggesting the tumor suppressive role of PTPN14 in lymphangiogenesis (Au et al., 2010).
Moreover, PTPN14 suppressed the invasiveness and metastasis of triple-negative breast cancer
cells in breast cancer xenografts model through restricting the intracellular trafficking of soluble
and membrane bound proteins, protein kinase C delta (PRKCD) and Ras and Rab interactor 1

(RIN1), which are correlated with decreased overall survival in breast cancer (Belle et al., 2015).
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Another study has shown that PTPN14 might be involved in regulating the migratory and
proliferative properties in colorectal cancer since PTPN14 directly dephosphorylates breast
cancer anti-estrogen resistance protein 1 (BCAR1/p130cas) at tyrosine residue 128 (Y128) which
regulates cell growth, migration, and invasion (Cabodi et al., 2006; Zhang et al., 2013).

Here, we applied BiolD to identify PRKCI-proximity proteins in control and KRAS®?V-
transformed epithelial cells. We show that PTPN14 associates with PRKCI and is localized at the
apical domain in polarized epithelial cells. In KRAS®'?V-transformed cells, PTPN14 is down-
regulated, which is permissive for overgrowth and disruption of epithelial architecture, since re-
expression of PTPN14 promotes polarity, lumen formation, and suppressed growth, which is
independent of Yap. We therefore reveal that PTPN14 can act as a tumour suppressor by

regulating cell polarity and epithelial organization.

4.2 Results

4.2.1 BirA*-PRKCI expression in 3D Caco-2 cells

To understand changes in polarity signaling during cell transformation, we implemented
a BiolD screen of PRKCI-proximity proteins using Caco-2 cells, a human intestinal adenocarcinoma
cell line. This ideal model readily forms polarized epithelial structures in 3D culture, which can be
transformed by expressing KRAS®?V to generate enlarged irregularly shaped structures without
a lumen that resemble cancerous tissue (Figure 4.4 B). To determine if oncogenic KRAS altered
proteins associated with the apical polarity complex, we performed BiolD with BirA*-PRKCI in
Caco-2 cells expressing KRAS®1?Y, or the control parental cell line. BirA*-EGFP was expressed in

both parental and KRAS®'?V-expressing Caco-2 cells as a BirA* control. To generate cells that
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stably express a transcriptionally functional myc-epitope conjugated BirA*-PRKCI-fusion protein
construct, the promiscuous biotin ligase, BirA mutant (R118G, hereafter called BirA*), was fused
to EGFP as control or PRKCI and expressed in Caco-2 cells. We chose to study the aPKC-iota
isoform (PRKCI) since it is a major effector of the apical polarity complexes and has been
implicated in numerous cancers (Fields and Regala, 2007; Murray et al., 2011).

The expression of BirA*-PRKCI in pWPI vector is driven by an EFla promoter and an
internal ribosomal entry site (IRES) directs expression of GFP. To obtain the endogenous
expression level where exogenous BirA*-PRKCI levels are similar to endogenous levels of PRKCI,
Caco-2 cells were virus infected with low dose of lentivirus virus (multiplicity of infection (MOI) =
0.2) of BirA*-PRKCI and were sorted with low (25%), medium (50%), high (75%) expression
according to the expression of GFP (Figure 4.1 A). BirA*-PRKCI expression at low expression (25%)
reaches the level as endogenous PRKCI in Caco-2 cells, which were confirmed by western blotting
and immunostaining (Figure 4.1 B-D). We confirmed that BirA*-PRKCI was expressed at a
physiological level and localized to the apical membrane and did not interfere with polarization
or lumen formation (Figure 4.1 C).

To validate the construct for BiolD approach, HEK293 cells were transient transfected
with pWPI-BirA*-PRKCI or pWPI-BirA*-EGFP and the expression of the fusion protein was
detected by anti-Myc (Supplemental Figure S4.1 A) and the biotinylation of the proximity
interactors of the BirA*-PRKCI or BirA*-EGFP were detected by HRP (horseradish peroxidase)
streptavidin (Supplemental Figure S4.1 B). To obtain enough cysts for mass spectrometry analysis,
one million Caco-2 cells expressing BirA*-EGFP or BirA*-PRKCI were seeded into four 15 cm plates

for 9 days in 3D culture, cysts were collected after 24 hrs of incubation with 50 uM biotin.
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Furthermore, we confirmed that BirA*-PRKCI biotinylated two direct binding partners, PAR6B
and PARD3, further confirming that BirA*-PRKCI is functional within Caco-2 cells. Interestingly,
we observed similar amounts of PAR6B and PARD3 in the streptavidin pull-down from parental
and KRAS®?V-expressing Caco-2 cells, indicating that this oncogene does not disrupt the core
components of the Par complex (Supplemental Figure S4.1 C). Novel interactions were validated
by co-immunoprecipitation experiments and analysed using Scaffold, Cytoscape, and compared

to Biogrid, and Crapome databases.
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Figure 4.1: Optimization of the BirA*-PRKCI expression in Caco-2 cells. (A) Graph showing the
percentage of GFP expression in Caco-2 cells with different dose of lentivirus virus (0-0.8 MOI) of
BirA*-PRKCI. Different expression (25%-low, 50%-medium, 75%-high level) of BirA*-PRKCI with
0.2 MOI in Caco-2 cells were generated by fluorescent activated cell sorting (FACS). (B) Caco-2
cells expressed with different level of exogenous myc epitope-tagged BirA*-PRKCI were validated
by western blotting with anti-PRKCI, and anti-myc. (C) Confocal images were captured for Caco-
2 cysts expressed with different level of BirA*-PRKCI immunostained for PRKCI (red), GFP (GFP)
and F-actin (grey) showing the localization of PRKCI. (D) Line plot showing the PRKCI fluorescent
intensities from apical to basal membrane of Caco-2 cysts expressed with different level (control-
red, 25%-green, 50%-blue, 75%-yellow) of BirA*-PRKCI. Each line is from a single representative

cell. Scale Bars: C, 50um.
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4.2.2 Identification of PRKCI-proximity proteins in parental and KRAS®'?V-transformed
Caco-2 cells

To identify apical proteins proximal to PRKCI in parental and KRAS®*?V-transformed
samples, we grew cells for 9 days in suspension culture, a time when the lumen is fully established.
At this time, we added biotin for 24 hrs, then lysed cells and pulled-down biotinylated proteins
using streptavidin beads. From triplicate experiments, we filtered the list of PRKCI-proximity
proteins using SAINT scores and peptide counts as cut-offs. Prey from BirA*-PRKCI in control and
KRAS®?V-transformed Caco-2 samples were plotted according to the spectral counts and SAINT
score, indicating the abundance of proximal proteins of PRKCI in control and KRAS®?V-
transformed Caco-2 samples (Figure 4.2 A). Of the PRKCI-proximal proteins identified in parental
and KRAS®?V-transformed samples, 6 were common, 5 specific to control samples and 6 specific
to KRAS®'?V-transformed samples (Figure 4.2 B). High confidence interactions included polarity
proteins known to directly associated with PRKCI (LGL1/2, PARD6B, SQSTM1) (Sanchez et al.,
1998; Yamanaka et al., 2003), as well proteins that have not been reported in the literature such
as PTPN14 (Figure 4.2 A). PTPN14 was identified as a significant novel proximal protein for BirA*-
PRKCI in both control and KRAS®*?V-transformed Caco-2 samples (Figure 4.2 A). Moreover, SAINT
analysis indicates that PTPN14 shows higher abundance in control samples compared to
KRAS®?V-transformed samples according to the total spectral counts which is consistent with
other studies showing that PTPN14 acts as a tumor suppressor (Laczmanska and Sasiadek, 2011;
Wang et al., 2004) (Figure 4.2 A,C). To further explore relationships between PRKCI proximity
proteins in control and KRAS®'?V-transformed Caco-2 samples, we used STRING protein-protein

interaction networks as well as Gene Ontology for candidates from control and KRAS®2V-
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transformed Caco-2 samples (Figure 4.2 D, and Supplemental Figure S4.2 A,B). This identified two
clusters related to 1) Cell polarity and trafficking, 2) Cell movement/Cell adhesion (Control/

KRASG12Y),
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Figure 4.2: Identification of BirA*-PRKCI vicinal proteins in control or KRAS¢'?V-transformed
Caco-2 samples by proteomics analysis. (A) Significance Analysis of INTeractome (SAINT) analysis
were analyzed using 1.0% False Discovery Rate (FDR) as protein and peptide threshold with 1 as
minimum number of peptides. Total spectrum count was analyzed. SAINT scored probability of
identified proteins to be true interactors from 0 to 1, where 0 indicates a false interactor and 1
indicates a true interactor. The cutoff for identifying BirA*-PRKCI vicinal proteins here is 0.5. The
Saint score and peptide counts for PRKCI targets identified in control or KRAS®*?V-transformed
Caco-2 samples are shown with different color and size. BiolD was successful at identifying known
interaction partners for PRKCl such as LGL1/2, PARD3, PARD6B, and SQSTM1 (in red), novel vicinal
proteins were also identified. (B) Venn diagram showing the number of BirA*-PRKCI vicinal
proteins which were identified in control and KRAS®'?V screens. (C) Quantification of the fold
change of PTPN14 normalized total spectra in control or KRAS®'?V screens. (D) STRING
virtualization showing the interaction between proteins which were identified in BirA*-PRKCI-
expressing control or KRAS®'?V-transformed Caco-2 samples by BiolD based on the STRING
database. Line darkness indicates the strength of the predicted relationship between the proteins.

Known interactors for PRKCI are shown in red.
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4.2.3 PTPN14 is associated with the Par complex and is dispensable for lumen formation

in Caco-2 cells

We previously identified PTPN14 as a high-confidence hit in a BiolD screen for PAR6B
proximity proteins in Caco-2 cells. The presence of PTPN14 in proximity to PRKCI here provides
additional evidence that PTPN14 is likely associated with the Par-complex. To confirm this, we
first examined the localization of PTPN14, and detected endogenous PTPN14 and exogenous V5-
tagged PTPN14 (PTPN14-V5) localized apically with apical markers-PAR6B and F-actin in polarized
Caco-2 cyst (Figure 4.3 A,B, and Supplemental Figure S4.3 A). To confirm the interaction between
PRKCI and PTPN14, we performed co-immunoprecipitation experiments between PTPN14-V5
and myc-tagged-PRKCI or myc-EGFP in HEK293 cells. We were able to detect myc co-precipitating
with V5 (Figure 4.3 C), indicating that PTPN14 associates with PRKCI, which supports the results
from BiolD. To determine if endogenous PTPN14 formed part of a complex with PRKCI, we
performed immunoprecipitation experiments from control and KRAS®*?V-transformed 3D Caco-2
cell lysates. We not only detect PARD3 and PAR6B but also detect endogenous PTPN14 in
immunoprecipitates in control myc-PRKCI expressed 3D Caco-2 cysts (Figure 4.4 D). Taken
together, these data indicate that PTPN14 is part of a complex with PRKCI, PAR6B, and PARD3.

A role for PTPN14 in cell polarity or lumen formation has not been previously reported.
Given that we found it associated with the Par complex, we further investigated a role for PTPN14
in apical-basal polarity by depleting it using two-independent shRNA (sh3-CD13 and sh5-CD13)
(Supplemental Figure S4.3 B). We did not observe any obvious defects in the overall cyst
morphology or lumen formation (Figure 4.3 D,E). However, the apical localization of PRKCI was

moderately reduced in PTPN14-deficient cells, whereas localization of basolateral marker E-
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cadherin appeared unaffected (Figure 4.3 D,F,G). Collectively, these results suggest that PTPN14
is required to efficiently polarize PRKCI but is dispensable for lumen formation in Caco-2 cysts.
However, we cannot exclude that residual PTPN14 may be sufficient to maintain polarity and

lumen formation.
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Figure 4.3: PTPN14 is associated with PRKCI and is dispensable for lumen formation in Caco-2
cells. (A) Confocal images were captured for polarized Caco-2 cysts immunostained for PTPN14
(green) and E-cad (magenta) showing PTPN14 localizes to apical membrane. (B) Line plot showing
PTPN14 fluorescent intensities from apical to basal membrane of polarized Caco-2 cysts. (C) Co-
immunoprecipitation of PTPN14-V5 and myc-EGFP or myc-PRKCI was performed with anti-myc
in transient transfected HEK293 cells. The presence of PTPN14 in immunoprecipitates was
determined by western blot analysis using anti-V5. (D) Confocal images were captured for shScr,
sh3- and sh5-PTPN14 knock-down Caco-2 cysts immunostained for PTPN14 (green), E-cad (grey),
and F-actin (red). (E) Quantification of the percentage of cysts with single prominent lumen in
shScr, sh3- and sh5-PTPN14 knock-down Caco-2 cysts. (F) Confocal images for PRKCI (green) and
F-actin (magenta) showing the phenotype of shScr, sh3- and sh5-PTPN14 knock-down Caco-2
cysts. (G) Quantification of the fold change of apical enrichment of PRKCI in shScr, sh3- and sh5-

PTPN14 knock-down Caco-2 cysts. Scale Bars: A, 20um; D, 50um; F, 30um.
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4.2.4 PTPN14 suppresses KRAS®?V-induced transformation in Caco-2 cells

To explore a potential role for PTPN14 and PRKCI in KRAS transformation, Caco-2 cells
were stably modified to express constitutively active KRAS®?V. Immunoblot analysis of cell
lysates indicated that PTPN14 and PRKCI protein were downregulated in KRAS®*?V-transformed
Caco-2 cysts compared to controls, whereas mRNA was unaffected (Figure 4.4 A, and
Supplemental Figure S4.4 A). KRAS®'?V-expression generated solid spheres of cells with collapsed
small lumen demarcated by F-actin (Figure 4.4 B, and Supplemental Figure S4.4 B). The apical
membrane of these structures had reduced enrichment of PRKCI compared to controls and
PTPN14 was not detected at the apical membrane (Figure 4.4 B,C, and Supplemental Figure S4.4
B).

Since polarity was altered by KRAS®?V expression, we investigated whether it affected
PAR6B and PARD3 expression and ability assemble the Par complex. We observed that PAR6B
was also reduced in KRAS®*?V-expressing samples, consistent with co-stability of PRKCl and PAR6B
(Durgan et al., 2011), whereas PARD3-expression was not affected by KRAS®'?V (Figure 4.4 D). To
determine if KRAS®12V-expression affected the ability of the Par complex to form, we expressed
myc-PRKCI in Caco-2 cells and immunoprecipitated with anti-myc antibodies. Under these
experimental conditions, PAR6B was detected in the pull-down of both control and KRAS®*?V-
expressing cells, consistent with their constitutive association (Figure 4.4 D). The reduced PAR6B
band intensity in the KRAS®'?Y compared to control pull-down likely reflects lower expression
levels of PARGB in these KRAS®!?V cells. In contrast, PARD3 was not detected in the myc-PRKCI
pull-down containing KRAS®'?V (Figure 4.4 D). Since we were able to detect PARD3 in proximity

to PRKCI at similar levels in control and KRAS®*?V-expressing cells using BiolD with BirA*-PRKCI
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(Supplemental Figure S4.1 C, and Figure 4.2 A), these results together suggests that KRAS®2Y may
affect the stability of the Par-complex rather than its formation per se.

Given the association between PRKCI and PTPN14 and the co-downregulation of both
proteins in response to KRAS®'?V-expression, we wondered whether one may regulate the
expression of the other. To understand this potential relationship, we knockdown PRKCI or
PTPN14 in Caco-2 cells. Whereas knockdown of PRKCI resulted in a strong reduction in PTPN14-
protein, knockdown of PTPN14 caused an up-regulation of PRKCl-expression (Figure 4.4 E,F). This
indicates that PTPN14 associates with PRKCI and each reciprocally influences the protein
expression of the other. Since PTPN14-expression requires PRKCI, it is possible that reduction of
PTPN14 in KRAS®'?V-expressing cells is a consequence of reduced PRKCI expression. However, we
cannot exclude that PTPN14 may be affected by KRAS®'?Y through an alternative mechanism.

To determine if reduced PTPN14 in KRAS®'?V-expressing cells has a functional
consequence for the malignant phenotype (enlarged solid structures with reduced polarity), we
enforced expression of V5-tagged PTPN14 in KRAS®?V-expressing Caco-2 cells using lentivirus.
Strikingly, overexpression of PTPN14 resulted in reformation of a prominent open lumen,
enrichment of PRKCI to the apical membrane, and reduced the size of KRAS®'?V-expressing Caco-
2 cells (Figure 4.4 G-1). Moreover, in 2D cultures, enforced expression of PTPN14 reduced the
growth of KRAS®'?V-expressing cells (Supplemental Figure S4.4 C,D). Overall, these findings
highlight that disruption of cell polarity by KRAS®'?V acts through PTPN14 and highlight its pivotal
functions in apical-basal polarity organization during cancer progression.

Previous studies have shown that PTPN14 is a tumour suppressor that regulates

Yap/Hippo signaling (Liu et al., 2013; Michaloglou et al., 2013; Wilson et al., 2014) and Yap has
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been shown that it acts as a major effector of mutant KRAS during tumor progression (Zhang et
al., 2014). In a KRAS-induced pancreatic cancer model, PTPN14 was required for Yap-dependent
tumourigenesis (Mello et al., 2017). We therefore wondered whether PTPN14 may regulate
KRAS®*?V-induced malignant transformation through YAP. However, consistent with previous
reports (Elbediwy et al., 2016), we did not observe YAP-translocation to the nucleus in KRAS®2V-
transformed Caco-2 cells (Supplemental Figure S4.5 A,B). As a positive control, we could detect
oncogene-induced YAP nuclear translocation in Caco-2 cells expressing constitutively active
SRCE>27K (Supplemental Figure S4.5 C). Therefore, our data indicate that PTPN14 likely acts as a
tumour suppressor through an alternative signaling mechanism related to PRKCI regulation

rather than Hippo signaling in this model of KRAS®'2Y malignant transformation.
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Figure 4.4: PTPN14 suppresses KRAS¢'?V-induced transformation in Caco-2 cells. (A) Western
blotting was performed with anti-PRKCI and anti-PTPN14 in control and KRAS®*?V-transformed
Caco-2 cysts. (B) Confocal images were captured for control and KRAS®*?V-transformed Caco-2
cysts immunostained PRKCI (green) and F-actin (magenta) showing the expression and
localization of PRKCI. (C) Quantification of the fold change of apical enrichment of PRKCI in
control and KRAS®'?V-transformed Caco-2 cysts. (D) Immunoprecipitation of myc-EGFP or myc-
PRKCI was performed with anti-myc in control and KRAS®'?V-transformed Caco-2 cysts. (E)
Western blotting was performed with anti-PRKCI and anti-PTPN14 in PRKCI knockdown Caco-2
cells. PTPN14 is downregulated in PRKCI knockdown Caco-2 cells. (F) Western blotting was
performed with anti-PRKCI and anti-PTPN14 in shScr, sh3- and sh5-PTPN14 knock-down Caco-2
cells. PRKCI is up-regulated in PTPN14 knockdown Caco-2 cells. (G) Confocal images were
captured for KRAS®?V-transformed Caco-2 cysts with or without PTPN14 overexpression
immunostained for PTPN14-V5 (yellow), PRKCI (green), and F-actin (blue). (H) Quantification of
the fold change of apical enrichment of PRKCI in control, KRAS®'?V-transformed Caco-2 cysts, and
KRAS®?V-transformed Caco-2 cysts with PTPN14 overexpression. (I) Quantification of the fold
change of cyst size of cultured KRAS®?V-transformed Caco-2 cysts with or without PTPN14

overexpression. Scale Bars: B, 30um; G, 100um.
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4.3 Discussion

In this study we used BiolD to investigate novel proximal proteins to PRKCI in 3D epithelial
cultures and compared polarized cells with those transformed by KRAS®'?Y, Malignant
transformation of epithelia is associated with increased proliferation, loss of apical-basal polarity
and disruption of epithelial organization by stratification or lumen filling (Halaoui et al., 2017).
We successfully detected high-confidence associations (Saint score > 0.75) with PAR6B, a
constitutive partner for PRKCI and both LLGL1 and LLGL2, known phosphorylation targets for
PRKCI, thus validating that both interactors and substrates were detected in this screen. We
observed a high-confidence association with p62 only in KRAS®*?V-expressing cells. p62 regulates
proliferation, metabolism, stress signaling and autophagy and is known that it binds directly to
aPKC isoforms through the PB1 domain (Moscat and Diaz-Meco, 2012). This supports that p62 is
a key aPKC effector that contributes to cancer progression.

We also identified PTPN14 as a PRKCI-proximity interaction, which is consistent with our
previous results (see Chapter 2) in which we also found PTPN14 as a PAR6B-proximal protein. We
report that PTPN14 localizes to the apical membrane and associates with PAR6B and PRKCI, and
collectively, this supports that PTPN14 is part of a PAR6B/PRKCI complex. Interestingly, PRKCI
was important for PTPN14 protein levels. Previous studies have shown that PAR6B and aPKC are
interdependent for protein stability to control epithelial organization: aPKC prevents PAR6B from
degradation in a kinase-independent manner, on the other hand, PAR6B is required for
maintaining aPKC in an inactive conformation (Durgan et al., 2011). Our data (Figure 4.4 E,F) show
that PRKCI regulates PTPN14 protein levels, suggesting that PTPN14 might be similarly regulated

as part of a complex.
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The physical link between PAR6B/PRKCI and PTPN14 is currently unknown, however, one
possibility is through KIBRA. PTPN14 interacts with KIBRA which is a cytoplasmic protein and has
been shown to regulate a variety of cellular functions including cell growth, apoptosis, directional
cell migration, mitotic spindle assembly and MAPK activation (Wilson et al., 2016). KIBRA has two
N-terminal WW domains, a C2 domain, a glutamic acid-rich domain and a PDZ binding motif. The
WW domains of KIBRA contain two conserved tryptophan residues which are required for
recognizing proline-rich sequences PPxY (Kremerskothen et al., 2003). KIBRA can localize at the
apical domain and influences cell polarity by inhibiting aPKC, but is also an aPKC substrate (Buther
et al., 2004; Jin et al., 2015; Yoshihama et al., 2011). Furthermore, studies indicate that KIBRA
can interact with Par complex or PTPN14 to activate LATS1 and negatively regulate the YAP in
hippo signaling pathway (Moleirinho et al., 2013; Wilson et al., 2014; Xiao et al., 2011). This
suggests that PTPN14 might be in a complex or cooperate with KIBRA to regulate cell polarity,
however, this needs to be formally tested.

Although there is not extensive literature regarding cell polarity and PTPN14, a few studies
describe the role of PTPN14 that can be indirectly linked to cell polarity. In mammary 3D epithelial
cells, PTPN14 is required for ERBB2-mediated loss of polarity and lumen filling (Ramesh et al.,
2015). Moreover, Kibra was identified to be a Patj interactor in yeast two-hybrid screen using a
podocyte cDNA library and modulates the motility of podocytes (Duning et al., 2008). Our data
show that depletion of PTPN14 has a modest effect on polarity and decreases the enrichment of
PRKCI at the apical membrane, however this is insufficient to affect lumen formation or epithelial

organization. This could result from residual PTPN14 being sufficient for lumenogenesis, or that
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PTPN14 is required for optimal PRKCI polarization, but not to establish apical-basal polarity per
se.

PTPN14 has been shown to act as a tumor suppressor since it has been demonstrated
that there are PTPN14 mutations which leads to a loss of enzyme function of PTPN14 in colorectal
cancers (Laczmanska and Sasiadek, 2011; Wang et al., 2004). Furthermore, PTPN14 expression
was significantly lower in liver metastases compared to primary tumors, which were investigated
by orthotopic implantation of the human pancreatic cancer cell line MiaPaca-2 in severe
combined immunodeficiency (SCID) mice (Niedergethmann et al., 2007). In this study, we also
found PTPN14 acts as tumor suppressor since PTPN14 expression is downregulated in KRAS®2V-
transformed cells and overexpression of PTPN14 repolarizes the phenotype of KRAS®?V-
transformed Caco-2 cysts. Moreover, we show the regulation of PTPN14 by KRAS®'?V
transformation is post-transcriptional since the mRNA level of PTPN14 and PRKCI have no change
in KRAS®'?V-transformed Caco-2 cells, suggesting that the regulation PTPN14 and PRKCI by
KRAS®!?V transformation could be due to translational modification or protein stability. Strikingly,
we report that forced expression of PTPN14 in KRAS®'?V-expressing cells was able to reverse
malignant characteristics including overgrowth, loss of polarity, and lumen filling, providing
strong evidence that PTPN14 is a potent tumour suppressor.

A major pathway by which PTPN14 functions as a tumour suppressor is by negatively
regulating Yap signaling. Moreover, previous studies have also shown that overexpression of
aPKC isoforms induced overgrowth by inducing YAP signaling (Archibald et al., 2015). Some
reports indicate that RAS depended on its ability to stabilize YAP by counteracting Hippo pathway

activity in some contexts (Hong et al., 2014). However, we did not observe changes in Yap
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localization in our model, which is consistent with previous reports that KRAS acts independent
of Yap signaling in Caco-2 cells (Elbediwy et al., 2016). The mechanism by which re-introduction
of PTPN14 repolarize the KRAS®*?V-transformed cell and the regulation of the association of PRKCI
and PTPN14 which is involved in KRAS®*?V transformation are unclear at present and will need
further investigation. Collectively, our study indicates that PTPN14 acts as a tumour suppressor

through Yap-independent functions by regulating apical cell polarity.
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4.4 Materials and Methods

4.4.1 Cell culture

The Caco-2 human intestinal epithelial cell line was purchased from American Type
Culture Collection (HTB-37). Caco-2 cells were cultured at 37°Cin 5% CO, in DMEM (Wisent #319-
005-CL) supplemented with 10% fetal bovine serum (Wisent #080-150), 100 U/ml penicillin, 0.1
mg/ml streptomycin (Wisent #450201EL). For 3D culture, Caco-2 cells were seeded in 8 well p-
slide (Ibidi #80826) at a density of 1.25 x10* cells per well on top of a thin layer of 100% GelTrex
(ThermoFisher Scientific #A1413202) in media supplemented 2% GelTrex. After one or ten days
in adherent culture, cells were collected for immunofluorescence. Human embryonic kidney cell
line HEK293LT (ATCC), were cultured at 37°C in 5% CO2 in DMEM supplemented with 10% fetal
bovine serum, 100 U/ml penicillin, 0.1 mg/ml streptomycin.

4.4.2 DNA and shRNA constructs

PRKCI was amplified by PCR from human cDNA. pcDNA3.1 mycBiolD was a gift from Kyle
Roux (Addgene plasmid # 35700). The PCR products were digested (by Notl and BamHI for PRKCI;
by Notl and Hindlll for EGFP) and inserted into pcDNA3.1 mycBiolD. pWPI was a gift from Didier
Trono (Addgene plasmid #12254). Products were digested by Nhel and Hindlll and were inserted
into pWPI for virus production. The pLX317-PTPN14-V5 plasmids were purchased from Sigma
(TRCN, PTPN14 TRCN0O000479328).

shRNAs targeting human CD13 mRNA were cloned in pLKO Lentiviral supernatants were
produced in HEK293LT cells as described previously. Caco-2 cells were infected with lentiviral
supernatants and selected by the addition of 20 pg/ml puromycin for 10 days.

The shRNA used were acquired from the McGill Platform for Cellular Perturbation (MPCP)
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sh1PTPN14 CCGGAGAGTCACCTCCAGACAACATCTCGAGATGTTGTCTGGAGGTGACTCTTTTTT,

sh2PTPN14 CCGGGCGGTAATATACAGGTGGAATCTCGAGATTCCACCTGTATATTACCGCTTTTT,
sh3PTPN14 CCGGCGGGAAGAGAATCGAGTTGATCTCGAGATCAACTCGATTCTCTTCCCGTTTTT,
sh4PTPN14 CCGGCGCTCAGTACAAGTTTGTCTACTCGAGTAGACAAACTTGTACTGAGCGTTTTT,

sh5PTPN14 CCGGCCTCAGAGAGTATGTGCTATTCTCGAGAATAGCACATACTCTCTGAGGTTTTT and a
non-targeting scrambled shRNA was used as a control.

4.4.3 Transient transfection

HEK293LT cells were seeded at 2 x 10° cells per well in 100mm dishes and transfected
with plasmids using Polyethylenimine (PEI) as per manufacturer's instructions (Sigma # 408727).
Caco-2 cells were seeded at 4 x 10* cells per well in 24-well plates and transfected with plasmids
using Lipofectamine LTX as per manufacturer's instructions (Invitrogen #15338030). All
experiments were performed 24 h post-transfection.

4.4.4 Lentivirus production

Lentivirus was produced using calcium phosphate transfection of HEK293LT cells in 15-cm
dishes with 50 ug of lentiviral plasmid, 37.5 ug of packaging plasmid (psPAX2), and 15 ug of VSVG
coat protein plasmid (pMD2.G). Viral supernatants were collected after 48 hrs and were
concentrated by precipitation in 40% polyethylene glycol 8000 (Bioshop # PEG800.1) followed by
centrifugation and then re-suspended in the culture medium. Concentrated virus was aliquoted
and frozen at -80°C, then an aliquot was titred in HEK293LT cells.

4.4.5 Affinity capture of biotinylated proteins

Biotinylation was induced by adding 50 uM biotin for 24 h to biotinylate proximal proteins

(10-20 nm) to identify the interacting partners and substrates. After two PBS washes, cells were
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lysed in 600ul ice cold RIPA lysis buffer (50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1% NP-40, 1 mM
EDTA, 1 mM EGTA, 0.1% SDS and 0.5% sodium deoxycholate. PMSF (1 mM), DTT (1 mM) and
Sigma protease inhibitor cocktail (P8340, 1:500). The lysates were treated with Benzonase for 1h
on ice an equal volume RIPA lysis buffer was added. For each sample, 30 uL of streptavidin-
sepharose bead slurry (GE Healthcare, Cat 17-5113-01) was pre-washed three times with 1 mL of
lysis buffer by pelleting the beads with 400g centrifugation and aspirating off the supernatant
before adding the next wash. After three sessions of sonication and centrifugation at 16,500g,
supernatants with biotinylated proteins were incubated pre-washed streptavidin beads for 3 h
at 4 °C with rotation. Beads were collected and washed twice with RIPA buffer and three times
with 1 mL with 50 mM ammonium bicarbonate (pH 8.0). Beads were then resuspended in 100 plL
of 50 mM ammonium bicarbonate, 10% of the sample was saved for immunoblotting analysis.
Bound proteins were removed from the magnetic beads with 100 ul of Laemmli SDS-sample
buffer saturated with biotin at 98°C for 10 mins. BiolD samples and controls were analyzed by
mass spectrometry in at least three biological replicates.

4.4.6 Immunoblotting and immunoprecipitation

Cells were lysed in RIPA lysis buffer (50 mM Tris-HCI, pH 8, 0.15 M NaCl, 0.1% SDS, 1% NP-
40, 1% sodium deoxycholate, 50 mM NaF, 5 mM orthovanadate, 1 mM DTT) supplemented with
proteinase inhibitor cocktail (Sigma # 11836170001). Total proteins were separated by SDS-PAGE
and transferred to Nitrocellulose membrane (Bio-rad # 1620115). The primary antibodies were
used as follows: aPKCt 1/1000 (BD Transduction #610175), Streptavidin 1/10000 (Jackson IR
through #Cedarlane), o-Tubulin 1/5000 (Sigma #T9026), Par3 1/1000 (Millipore #07-330), Par6B

1/1000 (Santa Cruz #sc-67393), PTPN14 1/1000 (R&D Systems #MAB4458), V5 1/5000 (Thermo
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Fisher Scientific # R960-25), and myc 1/1000 (Origene # TA15012). For immunoprecipitation, cells
were washed twice with ice-cold PBS and then lysed in NP40 lysis buffer (150 mM NacCl, 1% NP-
40, 50 mM Tris-HCI, 10 mM NaF, 1 mM NaVOs, pH 8.0) containing a protease inhibitor cocktail
and calyculin A. Lysates were precleared with MagnaBeads (Thermo Fisher Scientific #12321D)
and then incubated with 2 ug of antibody or isotype control overnight at 4°C. Antibodies were
captured with MagnaBeads and washed three times with NP40 buffer.

4.4.7 Immunostaining and imaging

Cells from three-dimensional cultures were fixed with 2% paraformaldehyde/PBS for 10
min, permeabilized in 0.5% Triton X-100/10% Goat serum/10% fish gelatin/PBS for 1 hr and
incubated overnight in primary antibodies. The primary antibodies were used at the following
dilutions: aPKCL1 1/100 (BD Transduction #610175), PTPN14 1/1000 (R&D Systems #MAB4458), E-
cadherin 1/200 (Cell Signaling #3195S), V5 1/200 (Thermo Fisher Scientific # R960-25), myc 1/100
(Origene # TA150121), GFP 1/500 (Abcam #ab13970), and Phalloidin 1/100 (Invitrogen #A34055).
The secondary antibodies conjugated to Alexa488, Alexa546 and Alexa647 (Jackson
ImmunoResearch Laboratories) were used at 1:750. DNA was detected with Hoechst dye 33258.
Confocal imaging was performed using LSM700 from Zeiss with 20X/0.8NA or 40X/1.4NA
objective lenses and processed using FlJI/Image) software.

4.4.8 Statistical Analysis

Comparison of two unpaired independent means was performed using a student’s t-test.
Statistics were determined using Excel, and GraphPad Prism 6. All images are representative from

at least three replicates.
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Supplemental Figure S4.1: Validation of BiolD approach. Associated with Figure 4.1. (A) Myc
epitope-tagged BirA*-EGFP (as wildtype) and BirA*-PRKCI in pWPI vector were generated for
transient expression in HEK293 cells and cells were cultured with 50 mM biotin for 24 hours.
Western blotting analysis using myc indicates the expression of BirA*, BirA*-EGFP (left panel) and
BirA*-PRKCI (right panel). (B) Western blotting showing BirA*, BirA*-EGFP (left panel) and BirA*-
PRKCI (right panel) promiscuously biotinylate endogenous proximal proteins which were
detected with streptavidin-HRP. (C) Control and KRAS®'?V-transformed Caco-2 cells were
expressed with BirA*-EGFP or BirA*-PRKCI and cultured with 50 mM biotin for 24 hours.
Immunoprecipitation was performed with streptavidin beads, followed by western blotting

analysis for PRKCI, PARD3, PARD6B.
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Supplemental Figure S4.2: Identification of BirA*-PRKCI vicinal proteins in control and KRAS%?V
screens by Gene Ontology. Associated with Figure 4.2. (A) Graph showing fold enrichment of
different biological processes of BirA*-PRKCI vicinal proteins in control screens based on Gene
Ontology. The BirA*-PRKCI vicinal proteins in control samples are involved in cell polarity and
cytoskeleton organization. FDR: False Discovery Rates. (B) Graph showing fold enrichment of
different biological processes of BirA*- PRKCI vicinal proteins in KRAS®'?Y screens based on Gene
Ontology. The BirA*-PRKCI vicinal proteins in KRAS®'?V screens are involved in cell polarity and

junctional organization.
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Supplemental Figure S4.3: PTPN14 is associated with PARD6B and localizes to apical membrane
of polarized Caco-2 cysts. Associated with Figure 4.3. (A) Confocal images were captured for
PTPN14-V5-expressed 3D Caco-2 cysts immunostained for PTPN14-V5 (green), Par6 (red), and F-
actin (grey) showing the co-localization of PTPN14 and PARD6B. (B) Western blotting shows the

knockdown efficiency of different shRNAs for PTPN14 in Caco-2 cells. Scale Bars: A, 50um.
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Supplemental Figure S4.4: PTPN14 suppresses KRAS®'?V-induced transformation in Caco-2 cells.
Associated with Figure 4.4. (A) mRNA abundance of PTPN14 and PRKCI was compared between
control and KRAS®*?V-transformed Caco-2 cells. (B) Confocal images were captured for control
and KRAS®'?V-transformed Caco-2 cysts immunostained for PTPN14 (green) and F-actin (magenta)
showing the expression and localization of PTPN14. (C) Images for PTPN14-V5 (green) showing
overexpression of PTPN14 suppresses KRAS®'?V-induced transformation in Caco-2 cells. (D)
Quantification of number of cells per field in KRAS®*?V-transformed Caco-2 cells with or without

PTPN14 overexpression. Scale Bars: B, 30um; C,100um.
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Supplemental Figure $4.5: KRAS%!?V expression in Caco-2 cysts does not induce Hippo signalling.
Associated with Figure 4.4. (A) Confocal images for YAP (green) and F-actin (red) showing the
localization of YAP in control and KRAS®'?V-transformed Caco-2 cysts. (B) Quantification the
percentage of nuclear YAP in control and KRAS®'?V-transformed Caco-2 cysts. (C) Confocal images
for YAP (green) showing YAP translocates to the nucleus in SRC>?’-expressed Caco-2 cysts. Scale

Bars: A, 100um; C, 50um.
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Chapter 5: Discussion, Future Directions, and Conclusions

In this body of work, | identified and characterized the functions of novel polarity-
associated proteins in lumen formation using a three-dimensional cell culture model. First, |
provided an approach for proteomic studies using a 3D suspension model that efficiently
generates highly polarized epithelial structures. This enables generating large batches of cells
while minimizing the amount of basement membrane matrix necessary and cost. | implemented
BiolD to investigate the novel proteins associated with PAR6B and PRKCI/aPKCtin 3D Caco-2 cells.

Many concepts were discussed in the individual Chapters 2, 3 and 4. Here, | will expand
and integrate these concepts and will present some preliminary data that extends our
understanding of polarity in cancer that is related to Chapters 3 and 4. Finally, | will discuss
additional questions raised by this thesis work and propose future studies to address them.

5.1 Novel proteins are involved in lumen formation were identified by 3D BiolD approach

Lumen formation is a vital process for development of tissues and organs such as gut,
kidney, blood vessels, and lung. Cell polarity is necessary for lumen formation, and the machinery
for cell polarization is becoming better understood with recent studies using proteomics to
identify the components of the cell polarity machinery. However, our understanding of lumen
formation and epithelial morphogenesis lags. The results presented in this thesis integrate
discovery screens (BiolD) with functional studies, which is essential for identifying novel cell
polarity effectors that are crucial for lumenogenesis and epithelial tissue organization. An
advantage of a proximity-based screen is that it identifies proteins that are likely part of a
complex with a protein of interest, which gives clues to a general mechanism, and is validated by

functional assays. BiolD provides a complementary approach to established methods used to
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characterize potential protein-protein interactions in complexes (Choi-Rhee et al., 2004; Cronan,
2005). BiolD can detect proteins that directly interact either transiently or stably, indirect
interactions, or vicinal proteins that do not interact directly or indirectly (Varnaite and MacNeill,
2016). My results provide a means of identifying neighboring and potentially interacting proteins
in novel 3D suspension culture method that is amenable to generating large numbers of cells
necessary for mass spectrometric analysis, while minimizing the use of BME, the most expensive
component for 3D culture. | implemented this 3D cell culture model for BiolD to identify protein-
protein interactions in cell polarity and to demonstrate that 3D cell culture presents different
protein-protein interactions than 2D. This indicates that the cellular environment of different
models is crucial for investigating polarity protein interactions in epithelial cell.

While unbiased approaches for statistically scoring proteomics hits using criteria such as
the SAINT score are useful for identifying high-probability interactions, they are not without their
limitations. For example, low abundance proteins or proteins not amenable to biotin ligation may
not be readily detected and not pass through quality control criteria. In this regard, manual
inspection of data can identify potential interactions that would be otherwise overlooked. Based
on my mass spectrometry data, the core polarity proteins for PRKCI and PAR6B were readily
identified as high-confidence hits, as well as other novel proteins including PTPN14 and HRNR.
We also identified lower-confidence hits (RALB) that demonstrated involvement in cell polarity
and lumen formation in functional studies. However, CD13 was only identified in a preliminary
BiolD screen for Par-complex proximal proteins. BiolD utilizes a biotin ligase, BirA* that allows
promiscuous biotinylation to exposed lysines on proximal proteins irrespective of whether they

are direct or indirectly interaction or located in the same neighborhood within an approximately

197



10 nm radius by generating high reactive and short-lived bioAMP (Roux et al., 2012). For CD13,
there is only one lysine in its intracellular domain (MAKGFYIS) that can be biotinylated by BirA*.
Moreover, endogenous CD13 is expressed at low level in Caco-2 cells, providing potential
explanations to why CD13 only showed up rarely and with low peptide counts. Therefore, this
information indicates that some novel interactors may be neglected from mass spectrometer
analysis by using highly stringent criteria.
5.2 The role of novel proteins in lumen formation

The formation of a central lumen requires precise coordination of multiple intra- and
intercellular events that establish a polarity axis, position apical determinants between cells, and
separate cell-cell contacts to expand a central luminal cavity (Blasky et al., 2015; Bryant et al.,
2010; Datta et al., 2011; Fremont and Echard, 2018). This architecture is essential for normal
tissue function and epithelial homeostasis, but is frequently disrupted or lost in diseases including
cancer (Halaoui and McCaffrey, 2015a; Saito et al., 2018). It has been shown that lumen
formation requires trafficking of apical polarity proteins such as Ezrin, Podocalyxin, and Crumbs3
from the peripheral membrane to an internal site to assist first cell division (Bryant et al., 2014;
Schluter et al., 2009b). However, the cues that initiate internalization of apical proteins from the
periphery to establish an internal apical site are currently unknown. For example, Crumbs3
knockout mice do not show obvious polarity and cell-cell junction defects, suggesting that
compensatory mechanisms may support cell polarity. Crumbs3 has been shown to function as
regulator for actomyosin dynamics or growth control, however, its intracellular domains are
redundant for polarity mechanism (Charrier et al., 2015; Margolis, 2018; Whiteman et al., 2014).

My results demonstrate that CD13 is a novel factor that controls epithelial lumen formation by
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directing the orientation of apical-basal polarity. My imaging data reveal that CD13 is dynamically
localized during apical membrane initiation and lumen formation in a pattern that is distinct from
other apical proteins. In non-polarized cells, apical proteins are distributed to the cell periphery
and re-distributed to the midbody through Rabll-mediated endocytosis to form an apical
membrane initiation site that marks the position of the future lumen (Jaffe et al., 2008b; Roman-
Fernandez and Bryant, 2016; Schluter et al., 2009a; Wang et al., 2000). While CD13 also localized
to the periphery in non-polar cells, unlike other apical proteins, it temporarily localized to the
cell-cell adhesion that is also positive for E-cadherin. CD13 then redistributed through vesicles
that accumulated internally, co-incident with delivery of other apical proteins that converged to
establish an internal apical membrane site that excludes E-cadherin. Although studies reveal
diverse tissues that undergo lumen initiating in vivo, such as in mouse aorta (Strilic et al., 2009),
zebrafish neuroepithelial (Tawk et al., 2007), Drosophila pupal photoreceptor and tracheal tube
and Drosophila terminal tracheal cells (Baer et al., 2009; Gervais and Casanova, 2010), most
mechanistic studies for lumen formation have been implemented using 3D in vitro culture models.
Studies indicate that fundamental mechanisms of lumen formation observed in 3D models
recapitulate events in vivo (Cerruti et al., 2013; Mangan et al., 2016; Rathbun et al., 2020),
however, it will be important to understand additional layers of complexity during tissue
morphogenesis in more complex and diverse environments found in vivo, and this would be
important for CD13, which is expressed in multiple cell types and may regulate cell organization

differently between tissue or cell types.
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5.3 The role cell trafficking in lumen formation

Cell division represents the earliest known symmetry breaking event to position a central
lumen in 3D cysts and in vivo (Cerruti et al., 2013; Mangan et al., 2016; Rathbun et al., 2020). |
propose that CD13 regulates Rabl1l-dependent endocytosis of apical proteins necessary to
establish an internal lumen. In support of this model, my results show that CD13 colocalizes and
associates with Rab11l in the peripheral plasma membrane and a subset of vesicles in non-
polarized cells. Second, Rab11-postive endosomes are recruited to and decorate CD13 patches
at internal sites. Third, in the absence of CD13, cells fail to internalize apical proteins and
redistribute them to the midbody. Forth, Rab11 is mislocalized and does not accumulate at a
single internal site in CD13-deficient cells. Therefore, based on my results, it is likely that CD13
acts at multiple steps in orienting apical-basal polarity with a major role as a membrane cue for
Rabl1l-dependent apical protein endocytosis. Rab11l is required for mitotic spindle orientation
through affecting dynein-dependent endosome localization at poles (Hehnly and Doxsey, 2014).
Rab11 also plays an important role in regulating the trafficking of proteins for cell abscission and
loss of Rab11 causes cytokinetic failure and multinucleated cells (Mangan et al., 2016). | did not
observe cytokinetic deficiencies or multinucleated cells in our experiments, indicating that CD13
may regulate a subset of Rabll-dependent endocytic events, likely restricted to apical
membrane trafficking in epithelial cells. However, | cannot exclude other trafficking roles for
CD13 that are context specific. For example, in mouse embryonic fibroblasts, CD13 is required
for endocytosis of Bl-integrin to Rabl1-positive endosomes during cell migration (Ghosh et al.,
2019). Since other Rab proteins-Rab4, Rab5, Rab6, Rab7, Rab8, Rab10, Rab11, Rab13, Rab14,

Rab17, Rab22, Rab25, Rab27, and Rab35 have been implicated in polarized epithelial trafficking
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machinery (Blum et al., 2020; Klinkert and Echard, 2016; Klinkert et al., 2016; Lu and Wilson, 2016;
Rodriguez-Boulan and Macara, 2014), whether CD13 regulates other Rab proteins is unknown.
Moreover, since Rab proteins are also involved in other mechanisms, there could be other
alternative Rab-dependent processes that CD13 is involved in that we are not yet aware of. These
guestions could be answered through investigating CD13 knockdown in other Rab-dependent
processes such as phagocytosis, pinocytosis, and exocytosis.

The midbody is created within the intercellular bridge during cytokinesis and directs
trafficking of apical membrane to a position between cells (D'Avino and Capalbo, 2016; Overeem
et al., 2015) (Jaffe et al., 2008a). Interestingly, the relationship between the apical domain and
midbody is bi-directional. In addition to the midbody serving to direct endocytic trafficking of
apical proteins, apical proteins also direct the position of the midbody, and depletion of some
apical proteins can cause displacement of the midbody that leads to ectopic lumen formation
(Jaffe et al., 2008a; Lujan et al., 2016). Although my findings show that cell division appeared able
to proceed in CD13-deficient cells, | did observe asymmetric placement of the midbody away
from the center of cell aggregates. In the context of CD13 depletion, | speculate that apical
membrane retained at the periphery of cell aggregates may cause the midbody to be pulled away
from the center, although alternatives where CD13 more directly controls midbody position are
also possible (Mangan et al.,, 2016). Therefore, this information demonstrates that lumen
formation is a complex and dynamic process that requires spatial and temporal coordination for

epithelial lumen morphogenesis.
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5.4 Loss of apical-basal polarity is reversed upon polarity protein induction.

The progression of carcinoma (epithelial cancers) is associated with loss of apical-basal
polarity, and collapse and filling of the lumen to generate solid ducts (Halaoui et al., 2017). Since
CD13 is essential for lumen formation, we hypothesized that CD13 may be important to regulate
lumen integrity in malignant cells. To explore this possibility, we immunostained PAR6B and CD13
in human breast tissue samples and observed that CD13 colocalizes with PAR6B to the apical
membrane in normal ducts, but CD13 and PARG6B are lost from the apical membrane in pre-
invasive and invasive regions (Figure 5.1 A; arrow), indicating that disrupted CD13 is associated
with loss of cell polarity and disease progression.

Since CD13 is a potent promoter of apical-basal polarity in Caco-2 cells, and KRAS®1?Y
expression disrupts polarity and generates solid structures in 3D culture, | have begun to explore
a role for CD13 in regulating polarity during malignant-transformation. To understand a role for
CD13 in malignant cells we evaluated Caco2 cells expressing oncogenic KRAS (KRAS®'?Y), an
important driver of colon cancer (Hardiman, 2018). | modified Caco-2 cells to stably express
constitutively active KRAS®'?Y and observed that the protein level of induced CD13 increased 8-
9-fold in 3D Caco-2 cysts (Figure 5.1 B). To further examine a role of CD13 and apical-basal polarity
in KRAS®*?V transformation, cDNA for EGFP or CD13 under doxycycline-inducible promoter for
inducible CD13 expression was introduced to cells using lentivirus. CD13 or EGFP expression were
induced by adding of doxycycline to the culture every two days (Figure 5.1 C). Non-transformed
Caco-2 cells formed polarized cysts in 3D culture with a regular, hollow central lumen, however,
KRAS®1?V-transformed cysts produce solid, irregular structures with disrupted cell polarity, as

expected (Figure 5.1 D). However, when CD13 was induced in KRAS®*?V-transformed Caco-2 cysts
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(cultured 4 days prior to CD13 induction and 6 days after) | observed that KRAS®*?V-transformed
Caco-2 cysts reverted to structures with apical-basal polarity and a hollow lumen (Figure 5.1 E, F;
Figure 5.2). To investigate the dynamics of lumen formation, | labeled cells with GFP-tagged
PAR6B and tracked cell cysts for several hours after induction. Strikingly, CD13 induction reversed
the transformation phenotype to polarized normal like cyst (Figure 5.3 A). This demonstrates that
disruption of cell polarity was reversible upon CD13 induction. Interestingly, in cysts with
heterogeneous CD13 expression in individual cells, | observed that the lumen collapse around
cells with undetectable or low expression of CD13 in the apical domain in CD13-induced KRAS®12V-
transformed Caco-2 cysts (Figure 5.3 B). This suggests that the requirement for CD13 in cell
polarity not only in normal condition cysts but also oncogene-transformed epithelial cells. Overall,
these findings highlight that disruption of cell polarity by KRAS¢'2V constitutively expression is
reversible upon CD13 induction. Thus, CD13 is an apical determinant regulator of epithelial cell
polarity during lumen formation that is required for polarization and suppressing carcinogenesis.
Future studies investigating the mechanism of repolarization of CD13 in cancer progression will

help to understand how CD13 suppress the progression of epithelial cancers.
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Figure 5.1 Loss of apical-basal polarity is reversed upon CD13 induction. (A) Image of human
breast tissue immunostained for PAR6B (red) and CD13 (green) showing CD13 colocalizing with
PAR6B to the apical membrane in normal ducts. CD13 is lost from the apical membrane in pre-
invasive regions with Par6 in the cytoplasm. Asterisk (*) shows stromal CD13 staining. Yellow
arrows show cytoplasmic Par6. (B) Western blotting was performed with anti-CD13 in KRAS®2V-
transformed 3D cysts of cultured Caco-2 cells. (C) Western blotting was performed with anti-GFP,
V5, and HA in KRAS®'?V-transformed Caco-2 cells with or without doxycycline-induced EGFP or
CD13 expression. (D) Image of day4 3D cysts of cultured KRAS®*?V-transformed Caco-2 cells
without doxycycline-induced EGFP or CD13 expression immunostained for Par6 (red) and F-actin
(grey). (E) Image of 3D cysts of cultured KRAS®'?V-transformed (right panel) Caco-2 cells with or
without doxycycline-induced EGFP or CD13 expression immunostained for Par6 (red). Yellow
arrow heads indicate polarized Par6. (F) Quantification of lumen positive (top) and cyst size
(bottom) of 3D cysts of cultured KRAS®'?V-transformed Caco-2 cells with or without doxycycline-

induced CD13 expression. Bars: A, D, E, 50um
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Figure 5.2 Loss of apical-basal polarity is reversed upon CD13 induction. (A) Widefield images
of wild type (left panel) or KRAS®'?V-transformed (right panel) 3D Caco-2 cysts with or without
doxycycline-induced EGFP or CD13 expression immunostained for EGFP (green) and CD13-V5

(red). Bars: A, 200um
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Figure 5.3 CD13 is involved in cell repolarization in KRAS%'?'-transformed cysts. (A)
DIC/fluorescence images showing selected frames from time-lapse series of GFP-Par6 during cell
polarization in inducible-CD13 of KRAS®*?V-transformed Caco-2 cysts. Images were captured
every 35 min for 115 hrs. Yellow arrows show the coalescence lumen formation. (B) Confocal
images of KRAS®'?V-transformed Caco-2 cysts with CD13 induction immunostained for CD13-V5
(red). Yellow arrows indicate the area where CD13 is absent in heterogeneous cysts. Images are

examples from different samples. Bars: A, 30um; B, 100pum.
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5.5 The role of novel proteins in epithelial polarity programme

CD13 is a widely expressed protein that has been shown to localize to the apical brush
border (Fairweather et al., 2012; Riemann et al., 1999). The results presented in this thesis show
that CD13 associates with an apical polarity complex containing PAREB, aPKC, PALS1, and CRB3,
but not PARD3. Moreover, | show that PAR6B-CD13 interaction requires the PB1-domain of Par6
and the intracellular domain of CD13. However, although PAR6B interacts with aPKC through its
PB1 domain (Wilson et al., 2003), a point-mutation in the PB1-domain of PAR6B that disrupted
its interaction with aPKC retained the capacity to associate with CD13, deletion or mutation of
other protein-protein interaction domains within PAR6B that mediate its known interactions
(Rodriguez-Boulan and Macara, 2014) also retained the ability to associate with CD13. This
indicates that PAR6B either binds CD13 directly through its PB1 domain, or indirectly through an
unidentified intermediate. My data indicate that catalytic activity of CD13 is dispensable for its
role in organizing apical-basal polarity. However, the tyrosine residue within the short
intracellular domain (Tyr6) is specifically required to establish an internal apical domain and
lumen. Consistent with this, other studies have found the same tyrosine residue is required for
non-catalytic functions, including cell adhesion and migration (Ghosh et al., 2019; Subramani et
al.,, 2013), indicating that this residue may have diverse roles in regulating diverse functions
through the intracellular domain. My results reveal that Tyr6 was necessary for the association
with Par6 whereas this residue was dispensable for CD13 to associate with Rab11. This supports
arole for CD13 in linking the apical polarity complex to Rab11 at the plasma membrane to allow

apical protein endocytosis.
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Based on my observations, silencing of CD13 induced an inverted polarity phenotype in
Caco-2 cysts, which was characterized by apical complexes and tight junctions positioned at the
periphery of cell aggregates, while basolateral proteins were excluded from the outer edge and
interactions with the matrix were impaired. Polarity inversion phenotypes have been examined
and several mechanisms involved in polarity inversion, including defects of trafficking mechanism
so that polarity proteins could not internalize into internal domain, or polarity proteins could not
be trafficked properly directly to the apical initiation site (Klinkert et al., 2016). Alternatively,
signaling pathways from extracellular matrix components also have obvious effect on apical-
basal identity, for example, cysts performed inverted polarity due to dominant-negative Racl
(O'Brien et al., 2001), depleting small GTPase Arf6 (Monteleon et al., 2012), or blocking of B1-
integrin function (Bryant et al., 2014). In our model, since CD13 is involved not only in cell
trafficking but also the integrity of basement membrane. what remains unknown is whether
CD13 orients apical-basal polarity only by maintaining the trafficking of apical proteins or
whether it also induces changes in basement membrane during lumen formation. In addition,
there could be alternative mechanisms by which CD13 regulates polarity that we are not yet
aware of. For example, recent studies demonstrate that apical junction proteins undergo phase
separation to establish of apical-basal polarity (Rouaud et al., 2020). In Drosophila neuroblasts
asymmetric divisions, N-terminal domain of PARD3 autonomously promotes phase separation
and the binding of PAR6B also helps to promote PARD3 phase separation (Liu et al., 2020). Since
CD13 also promotes apical-basal cell polarization establishment, it might also be involved in a
phase separation mechanism. Related to this, we observed coalescence of CD13 at the site of

apical membrane initiation. These questions could be answered through a more extensive
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investigation of CD13 and polarity protein dynamics and further understanding these interactions.
This could be supplemented with studies in corresponding mouse models to validate the cellular
and molecular mechanisms of tissue physiology.

Whether the involvement of CD13 in cell polarity is a common mechanism in other cell
types and tissues is not fully understood, since CD13-null mice show few developmental, fertility,
behavioral or physiological abnormalities (Rangel et al., 2007; Winnicka et al., 2010). Moreover,
during tissue morphogenesis, the loss of deleted molecules often results in gain of function in
similar molecules to compensate for the deficit (Maddison and Clarke, 2005), so it is possible
another protein ca substitutes the function of CD13 to integrate the apical-basal polarity
programme. It is possible that since the formation of epithelial tissue such as ducts and sheets
are the major of tissue function, some polarity machineries may provide redundant mechanisms
to ensure proper tissue morphogenesis.

My thesis work focused on understanding a mechanism for lumen formation through CD13.
However, | identify additional novel regulators of epithelial morphogenesis and lumen formation
that were functionally validated, including HRNR and RALB. The depletion phenotypes of these
are distinct from each other and from CD13, suggesting that diverse cellular events may be crucial
for lumen formation. Future studies should focus on clarifying the interaction of HRNR and RALB
with apical polarity complexes and understanding mechanistically how they contribute to
polarity and lumen formation.

Finally, loss of apical-basal polarity is associated with tumour progression. The data |
presented for both PTPN14 and CD13 supports that loss of polarity is an essential step for

initiating tumours, at least in the context of KRAS®*?V. Remarkably, inducing apical-basal polarity
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after cells develop a malignant phenotype (i.e., overgrowth, loss of polarity, lumen filling) can
reverse this phenotype and returns cells to a normal architecture, while oncogene expression
persists. Although KRAS mutations are prevalent in human cancers, no treatment is currently
available that targets KRAS. My studies indicate that restoring polarity may be an option to block

malignant growth in cells expressing oncogenic KRAS, and possibly other oncogenes.

5.6 Conclusions

The objective of my thesis studies were to further investigate the functions of polarity
signaling and lumen formation. The first objective was to identify novel regulators of lumen
formation in three-dimensional organotypic cultures by using a proximity proteomics screen. |
identified proximal protiens for PAR6B, including PARD3B, HRNR, and RALB that are required for
proper lumen formation. This adds previously unidentified components that regulate lumen
formation, and indicates that an intricate signaling network is required for epithelial
morphogenesis. The suspension culture model provides an applicable approach to explore three-
dimensional protein-protein interaction networks and represents a robust model for functional
validation.

The second objective was to examine the cell polarity functions in lumenogenesis and
epithelial polarity. | found that CD13 localizes to the apical membrane and associates with an
apical complex with Crumbs complex. CD13-deficient cells display inverted polarity in which
apical proteins are retained on the outer cell periphery instead of basolateral proteins, have
altered Rab11 trafficking patterns, and fail to form a central lumen. This novel finding

demonstrates that CD13 acts as a membrane receptor for Rab11-mediated endocytosis of apical
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cargo that is necessary to reorient apical proteins from the periphery to internal sites necessary
for lumen formation.

The final objective was to investigate polarity effectors important for malignant
transformation. | implemented BiolD in 3D cultures expressing oncogenic KRAS®?Y, a frequent
mutation in human cancers. | identified PTPN14 which localizes at apical domain and is associated
with Par complex. | found that PTPN14 is a potent tumour suppressor of KRAS®'2V that appears
to act independent of Yap. This reveals that PTPN14 is a novel PAR6B/PRKCl-associated protein
that is required for maintaining cell polarization to restrict cancer development. The collection of
findings in this thesis further highlight that importance of three-dimensional culture model for
investigating polarity interactions and contributes substantially to our understanding of the

mechanisms for polarization and lumen formation.
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