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Abstract

Epithelial cells establish polarity by organizing into complex structures with a
characteristic central lumen in normal tissues. Lumen formation requires cells to orient their
polarity axis so that the apical domain faces the inside, and the basolateral domain faces the outside
of epithelial structures. Disrupted polarity is found frequently in epithelial malignancies, which
account for greater than 80% of human cancers, resulting in disrupted control of cellular processes
including proliferation, apoptosis, and adhesion. Our lab has previously shown that the
transmembrane aminopeptidase, CD13, is a key determinant of epithelial polarity orientation.
CD13 localization to the apical membrane is necessary for it to couple apical protein cargo to
Rabl1l endosomes and to capture endosomes in a Rab35-dependent mechanism to the apical
initiation site. In the context of CD13 deficiency, cells display inverted polarity as apical proteins
are found to be retained on the outer cell periphery and fail to accumulate at an intercellular apical
initiation site. However, the mechanism by which CD13 is directed to the apical membrane to
initiate lumen formation has yet been defined. Here, we show that early endosome-associated
protein, EEAL, associates with CD13 and is required for CD13 trafficking to the plasma membrane
to initialize apical membrane specification. In the absence of EEA1, cells display inverted polarity
and are unable to form central lumen, which phenocopies depletion of CD13. Further, we show
that phosphorylation of its intracellular tyrosine (Y6) is required for CD13 to correctly localize to
the plasma membrane. A non-phosphorylatable tyrosine-to-phenylalanine mutant (CD13-YG6F)
CD13 becomes trapped in EEAL1+ vesicles that are unable to localize to the apical membrane. Our
data provides insight into the mechanism behind early CD13 localization, which is fundamentally

necessary to understand apical-basal polarity formation in epithelial cells.



Résumé

Les cellules épithéliales établissent la polarité en s'organisant en structures complexes avec
des lumens centraux typiques dans les tissus normaux. La formation des lumens exige que les
cellules orientent leurs axes de polarité pour que les domaines apicaux font face a l'intérieur et les
domaines basolatéraux a I'extérieur des structures épithéliales. La perturbation de la polarité qui
se retrouve fréquemment dans les tumeurs malignes épithéliales, représentant plus de 80% des
cancers humains, résulte par la perturbation du contrdle des processus cellulaires, particulierement
la prolifération, l'apoptose et l'adhésion. La groupe McCaffrey a déja démontré que
I'aminopeptidase transmembranaire, CD13, est cruciale pour I'orientation de la polarité épithéliale.
La localisation de CD13 sur la membrane apicale est nécessaire pour coupler les protéines apicales
cargos aux endosomes Rab-11 et pour capturer les endosomes dans un mécanisme dépendant de
Rab-35 au site de I’initiation apical. Dans le contexte d'une déficience en CD13, les cellules
démontrent une polarité inversée car les protéines apicales sont retenues a la périphérie externe
des cellules et ne s'accumulent pas aux sites d'initiations apicaux intercellulaires. Cependant, le
mécanisme par lequel CD13 est dirigé vers la membrane apicale pour initier la formation du lumen
n'a pas été encore défini. Ici, nous démontrons que la protéine associée a I'endosome, EEAL, se lie
au CD13 et est nécessaire a orienter CD13 pour initier la spécification de la membrane apicale. En
l'absence d’EEAL, les cellules qui affichent une polarité inversée, sont incapables de former les
lumens centraux et de plus, agissent comme phénocopies de cellules pauvres en CD13. Nous
montrons aussi que la phosphorylation de la tyrosine intracellulaire (Y6) est nécessaire pour
localiser correctement CD13 aux membranes apicales. Une perte de phosphorylation par une
mutation CD13-Y6F piege CD13 dans les vésicules EEAL + et est incapable de se localiser sur la

membrane apicale. Nos résultats suggerent un nouveau mécanisme qui ameliore notre



comprehension sur la localisation de CD13 aux premiéres étapes de I’initiation des membranes
apicaux, qui est fondamentale pour comprendre la formation de la polarité apicale-basale dans les

cellules épithéliales.
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1. General Introduction and Literature Review

1.1 Epithelium Organization and Polarity

1.1.1 Epithelial Structure and Function

Epithelial cells expand during embryogenesis to form self-organized structures, including
stratified sheets, alveoli, ducts or tubes, that line major organ surfaces. They serve as building
blocks for tissues and organs that function together to generate a barrier between the tissue and the
external environment (Macara et al., 2014). A key property of epithelial cells is that they establish
plasma membrane polarity along the apical-basal axis to ensure that the apical membrane faces a
central lumen that constitutes the external environment and a basolateral membrane faces the
basement membrane and adjacent cells (Chatterjee & McCaffrey, 2014). Furthermore, at the level
of cell-cell contact and in tissues, epithelial cells display planar polarity in which cells are
organized along a polarity axis in the plane of the tissue through dynamic trafficking and feedback
interactions, influencing protein stability and localization (Butler & Wallingford, 2017). Polarized
epithelial cells create a barrier for selective transport of macromolecules for absorption or
secretion, and also spatially regulate various signaling pathways for diverse cellular properties
such as stem cell renewal, differentiation, survival, proliferation, metabolism, motility, and

adhesion (Nelson et al., 2013; Rodriguez-Boulan & Macara, 2014; Roignot et al., 2013).

1.1.2 Epithelial Homeostasis

The dynamic maintenance of epithelial tissues depends on the spatial organization of
signaling pathways within cells that balances epithelial cell proliferation, and apoptosis, which is
necessary to maintain tissue architecture and function (Chatterjee et al., 2016). In multicellular

organisms, the Yes-associated protein (YAP) transcription co-activator is essential for maintaining
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organ size homeostasis by promoting proliferation and inhibiting apoptosis by targeting specific
transcription factors (Zhao et al.,, 2011). The Hippo pathway inhibits YAP to avoid
overproliferation, which is a common feature of tumorigenesis. First discovered in Drosophila,
there are four proteins that make up the core components of the Hippo pathway. Mst1/2 kinase and
scaffolding protein Savl first complex together to phosphorylate and activate Lats1/2 kinase.
Mobl, another scaffolding protein, also acts to activate Lats1/2 kinase. The activated Lats1/2
kinase directly phosphorylates and inactivates YAP (Zhao et al., 2010). Our lab has previously
linked the Hippo pathway to aPKC of the Par complex, which is essential in maintenance of apical
membrane identity in epithelial cells. Specifically, gain of function of aPKC resulted in epithelial
transformation as incorrect apical-basal polarity orientation in cells prevented lumen formation.
Furthermore, aPKC was demonstrated to associate with Mstl1/2, thereby uncoupling it from
Lats1/2 kinase. As a result, inactivated Latsl/2 kinase was unable to phosphorylate YAP,
promoting nuclear accumulation of YAP and overproliferation of transformed cells (Archibald et
al., 2015). Others have extended such studies looking at the Hippo signalling pathway in the
context of polarity complexes by demonstrating that loss of adherens junctions and manipulation
of Scribble of the Scribs complex, necessary for basolateral membrane identity, resulted in
upregulation of Hippo target genes, thereby hyperactivating YAP, and relied on Yorkie, a
transcriptional factor downstream of the Hippo pathway, to coactivate the overproliferation

process (Chen et al., 2010).

Apoptosis, a mechanism designed for programmed cell death, follows two principle
signaling pathways. The first follows a more direct pathway that begins with ligation to a death
receptor, which then acts to recruit the precursor form of caspase-8 to the death-inducing complex

through adaptor protein Fas-associating protein with death domain (FADD). This activates
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caspase-8, which acts as an initiator to activate other effector caspases, such as caspase-3. The
second pathway is triggered by stimuli such as drugs, radiation, infectious agents, and reactive
oxygen species, which results in cytochrome C to be released from the mitochondria and bind to
Apoptotic Peptidase Activating Factor 1 (Apafl) and ATP. This further promotes activation of
caspase-9, which also acts similarly to caspase-8 to act as an initiator to activate effector caspases

(Kroemer & Reed, 2000; Kuwano, 2007).

1.1.3 Apical Basal Polarity

Normal epithelial cells require proper localization of apical and basolateral domains. These
domains are effectively modulated by cell-cell adhesions, which include adherens junctions,
desmosomes, and apicolateral tight junctions (Chatterjee et al., 2016). Adherens junctions are
composed of E-cadherin, a-catenin, and -catenin (Elsum et al., 2012), whereas tight junctions
contain transmembrane proteins, such as occludins, claudins, and junction adhesion molecule-A,
as well as intracellular adaptor proteins, such as zonula occludins (ZO1-3), that aide the linking of
transmembrane proteins to the cytoskeleton (Van Itallie & Anderson, 2014). Proper positioning of
these complexes is necessary to establish a proper polarity axis. Epithelial cells with distinguished
apical and basolateral domains are able to display proper cell-to-cell contact and communication,
which ultimately establishes coherent epithelial tissue growth and maintenance (Elsum et al.,

2012).

Within epithelial cells, establishing and maintaining apical-basal polarity relies on three
highly conserved polarity complexes: the Scribble complex (Scrib), Crumbs complex (Crb), and
‘partitioning defective’ Par complex, of which the first two complexes were originally identified
in Drosophila melanogaster and the last complex in Caenorhabditis elegans (Chatterjee et al.,

2016; Elsum et al., 2012). The Scribble complex, which regulates the basolateral identity of
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epithelial cells, is composed of Scribble (Scrib), discs large (Dlg), and lethal giant larvae (Lgl)
(Elsum et al., 2012). In Drosophila, this complex is localized to the cortex basally to the adherens
junction, whereas in mammalian epithelial cells, Scrib and DIg co-localize to the adherens
junction, extend basally, and overlap with Lgl (Bilder et al., 2000; Elsum et al., 2012). The activity
of all three genes leads to cortical localization of Lgl and junctional localization of Scrib and Dlg
(Bilder et al., 2000). Defining the apical identity of epithelial cells, there are the Crb complex,
which is composed of transmembrane protein Crumbs3 (Crb3), scaffold Protein Associated with
Lin7 1 (Palsl), and Palsl-associated tight junction protein (PatJ), and the Par complex, which
contains scaffolding protein Par3, adaptor protein Par6, atypical Protein Kinase C (aPKC), and
cell division control protein Cdc42 (Chen & Zhang, 2013; Pocha & Knust, 2013). Initially, Par3
localizes to tight junctions to recruit Par6 and aPKC (Bilder, 2003; Hirose et al., 2002). Par6
possesses a PDZ domain that binds Par3, which has a PB1 domain to form heterodimeric PB1-
PB1 interactions with aPKC and a semi-CRIB domain that binds Cdc42, which acts as a GTPase
to activate aPKC (Noda et al., 2001). Localization of Lgl depends on its phosphorylation by aPKC,
demonstrating a mutually antagonistic relationship with aPKC. When Lgl is phosphorylated, it is
unable to localize to the cortex and remains inactive; this process is evolutionarily conserved
(Yamanaka & Ohno, 2008). The Crbs complex also acts antagonistically to the Scrib complex,
although the precise regulatory pathway is unknown (Bilder et al., 2003; Chalmers et al., 2005).
The localization and distinct identity of each polarity complex allows regulation of apical-basal

cell polarity (Elsum et al., 2012) (Figure 1.1.3A).
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Tight Junction

Apical Membrane

Basolateral Membrane

Integrins

Adherens Junction

Apical Membrane

Par Complex

Crumbs Complex

Scribble Complex

Lgl2 _Scrib

Basolateral Membrane

Figure 1.1.3A Apical-basal polarity complexes in epithelial cells. Apical and basolateral
membrane identities of epithelial cells are developed and maintained as a result of three complexes.
Proteins in the Par complex (within black box) and Crumbs complex (within green box) are
necessary in maintenance of the apical membrane, and proteins in the Scribble complex (within
burgundy box) are necessary in maintenance of the basolateral membrane. Illustration was

modeled after on Biorender.
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1.1.3.1 Three-Dimensional (3D) Cultures

A well-established model to study apical-basal polarity and de novo lumen formation has
been the 3D tissue culturing of epithelial cells in basement membrane extract rich in laminin.
Unlike two-dimensional (2D) cultures that feature cells being attached and grown in flat dishes as
monolayers, the 3D culture more closely resembles the in vivo environment by permitting more
complex contacts between cells themselves or cells and the microenvironment. Specifically, cells
such as Madin-Darby canine kidney (MDCK) and Caucasian colon adenocarcinoma (Caco-2) are
able to generate cysts that establish apical-basal polarity that feature a single layer of polarized
cells surrounding a prominent hollow lumen (Caplan et al., 1987; Jewett & Prekeris, 2018; Pollack
et al., 1998) 2018; Pollack et al., 1998). 3D cultured cells display greater viability, more resistance
to drug therapies, and lower stiffness, and different proliferation rates as those cultured in 2D

(Edmondson et al., 2014; Kapatczynska et al., 2018)

1.1.3.2 Lumenogenesis

The epithelial plasma membrane is composed of an apical surface that faces a lumen and a
basolateral surface that contacts adjacent cells and the extracellular matrix; therefore, after
epithelial cells gain proper apical-basal polarity and form junctional complexes, they subsequently
form central lumen. Cell polarity is required for lumenogenesis, which is the process by which
space is created between cells to form hollow cavities (Martin-Belmonte & Mostov, 2008). There
are two major mechanisms that govern lumen formation. Budding, the first mechanism, uses pre-
existing polarized cellular sheets and tubes to form lumen. By permitting cells to invaginate
through apical constriction, therefore entrapping central lumen from apical spaces, they form
branches that subsequently extend through cell migration and division. The second mechanism is

de novo lumen formation where epithelial structures create lumen without any pre-existing polarity
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structures. This process occurs through two different processes: cavitation or hollowing. Cavitation
programs central cells to undergo apoptosis, a programmed cell death mechanism while permitting
cells at the periphery that contact the basement membrane to be protected from the apoptotic
pathway and further polarize. Hollowing features nascent apical lumen formation through
exocytosis and plasma membrane separation. Hollowing can occur by forming and expanding a
lumen within one cell or by forming and expanding lumen extracellularly to share the lumen with
multiple neighboring cells. Another form of de novo lumen formation is apicalization in which
cell-cell contact is converted to a free membrane surface to expand and form lumen (Jewett &

Prekeris, 2018).

1.1.3.3 Polarization Steps in Apicalization

In the context of polarity, the plasma membranes of single cells display a co-distribution of
apical and basolateral proteins. One of the best models to understand establishment of polarity is
seeding single epithelial cells in 3D culture and assessing localization of various polarity structures
through early timepoints of division and growth as they develop into polarized multi-cellular
structures that generate a hollow lumen (Figure 1.1.3B). The division of single cells into identical
daughter cells or mitosis, an essential process for all living organisms, serves as the basis for lumen
formation via apicalization. In the final step of cell division in the mitotic pathway, cytokinesis,
cells develop a cleavage furrow, which is driven by the interaction of an actomyosin contractile
ring with the plasma membrane (Frémont & Echard, 2018). Actin filaments (F-actin) and myosin-
Il constrict the cytokinetic furrow, and this further generates a narrow, intercellular, cytoplasmic
bridge filled with microtubule bundles that connect the two daughter cells (Skop et al., 2004). This
bridge eventually undergoes abscission, a process by which this bridge is severed (Mierzwa &

Gerlich, 2014).
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After the mitosis, the midbody, a microtubule-rich structure that is formed during cell division,
recruits apical proteins to the cell-cell junction by trafficking along the midbody microtubules,
generating an apical membrane initiation site (AMIS) (Frémont & Echard, 2018). After this site is
defined, apical trafficking largely depends on the Rab family of small monomeric GTPases that
mediate endocytosis of apical membrane proteins from the cell periphery deliver them to the
forming apical domain at the midbody (Bhartur et al., 2000; J. E. Casanova et al., 1999; Goldenring
et al., 1996; Wang et al., 2021). Following this, the AMIS matures into a pre-luminal apical patch
(PAP) by further recruiting apical proteins that act to exclude basolateral determinants. The PAP
Is characterized by spatial separation of tight junctions and presence of cingulin and ZO-1 (Bryant
etal., 2010; Ferrari et al., 2008). The tight junctions help create a boundary to maintain apical and
basal membrane domains, and a permeability barrier so that aquaporins can generate further
hydrostatic pressure to help drive lumen opening (Ferrari et al., 2008). In summary, polarized
vesicle exocytosis, hydrostatic pressure, and contractile forces help establish nascent central lumen
formation, establishing apical-basal polarity. The apical luminal space expands with subsequent

cell divisions that maintain the apical-basal axis (Jewett & Prekeris, 2018).
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CD13 Rab-dependent
Endosomes

Luminal Hollowing

Single Cell Stage 2-Cell Stage 4-Cell Stage Mature Cyst

Figure 1.1.3B Stepwise progression of lumen formation in normal epithelial cells. Single
epithelial cells undergrow continuous growth and cell division as they develop into mature cysts.
As single cells enter the 2-cell stage, CD13 accumulates at the AMIS site and subsequently recruits
Rab-dependent endosomes that mediate apical protein localization to this site. At the 4-cell stage,
the nuclei arrange themselves circularly along the periphery of the plasma membrane, and CD13
and recruited apical proteins are arranged around the central point in which cells will undergo
luminal hollowing. Mature cysts form prominent lumen in which the apical membrane is defined
and found at the inner cell periphery. Illustration was modeled after (Catterall et al., 2020; Wang

etal., 2021) on Biorender.
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1.1.4 Polarity in Disease

The establishment of apical-basal polarity in epithelia is essential for integrity and function
of tissues and organs (Wilson, 1997). The presence of genetic or acquired defects in polarity can
result in disease pathophysiological states (Wilson, 2011). In the mammalian kidney, proper
polarization of epithelia that line renal tubules are essential for the unidirectional vectorial
transport of ions and fluids. Reabsorption and secretion depend on insertion of specific transporters
and proteins in the apical membrane that line the renal tube lumen and basolateral membrane that
neighbours the interstitium and blood space. In the proximal tubule, for example, the apical
membrane of the proximal tubule contains sodium-coupled transporters implicated in reabsorption
through uptake of glucose and amino acids, amiloride-sensitive sodium/hydrogen (Na/H)
exchangers, and brush border proteolytic enzymes. The basolateral membrane contains sodium-
potassium-adenosinetriphosphatase (Na*/K*-ATPase), which acts as an electrogenic sodium pump
to actively transport sodium ions out of the cell to establish ion gradients for osmotic reabsorption
(Wilson, 1997). Autosomal dominant polycystic kidney disease (ADPKD) is a genetic disorder in
which Na*/K*-ATPase and epidermal growth factor (EGFR) are missorted from basolateral to
apical membrane and Na*/K*/2CI~ cotransporter (NKCC1) is missorted from apical to basolateral
membrane (Wilson, 2011; Wilson et al., 1991). Affecting 1 in 800 individuals, patients with
ADPKD develop large, fluid-filled cysts in the kidneys, and in certain cases, in the liver, which
lead to loss of renal function, kidney failure, and death. A mutation in poycystin-1, a protein
implicated in signaling and adhesion, has been discovered in 85% of ADPKD cases (Stein et al.,
2002). Localization of polycystin-1 to the adherens junctions and focal adhesions in the kidney is
necessary to maintain proper renal epithelial polarity, and given that the C-terminal cytoplasmic

domain of polycystin-1 stabilizes endogenous beta-catenin while stimulating TCF-dependent gene
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transcription in human embryonic kidney cells, studies suggest a close relationship between
polycystin-1 to the Wnt signaling pathway (Kim et al., 1999; Stein et al., 2002). Another system
impacted by cell polarity is the intestinal epithelium, which depends on distinct apical and
basolateral plasma membrane domains to provide barrier formation and uptake and transport of
nutrients. Microvillus inclusion disease (MVID) is a disease in which the intestinal epithelial cell
polarity is disrupted, resulting in symptoms like extremely watery diarrhea, dehydration, and
weight loss (Schneeberger et al., 2018). MVID is found in infancy as early-onset MVID, which
usually occurs within the first week of life, whereas late-onset MVID occurs within the first 3
months of life (Muller et al., 2008; Schneeberger et al., 2018). Studies have shown that MVID can
be caused by mutations in MYO5B, a type Vb myosin motor protein, or STX3, an apical receptor
implicated in membrane fusion of apical vesicles in enterocytes (Miiller et al., 2008; Wiegerinck
et al., 2014). Both proteins function as a part of the intracellular trafficking machinery within
epithelial cells (Schneeberger et al., 2018). In normal conditions, MYO5B interacts with Rablla
and Rab8 proteins, which are part of various recycling systems, to regulate intracellular protein
trafficking (Roland et al., 2007). With Rab8 being responsible for proper localization of apical
proteins in intestinal epithelial cells in mice, in its absence, apical peptidases and transporters seem
to mislocalize to lysosomes in the small intestines. The phenotype of Rab8 deficiency closely
resembles the effects of MVID, suggesting its relationship plays a role in the manifestation of the
disease (Sato et al., 2007). STX3, which is less frequently mutated in MVID patients, acts as an
apically targeted soluble N-ethylaleimide-sensitive factor attachment protein receptor (SNARE)
to establish and maintain polarity by assembling into complexes with vesicular SNARE proteins,

which are then attached to recycling vesicles (Delgrossi et al., 1997; Jahn & Scheller, 2006;
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Sharma et al., 2006). Disrupted STX3 function impaired delivery of apical markers in vitro, adding

to the literature that disrupted apical-basal polarity promotes disease (Wiegerinck et al., 2014).

Epithelial malignancies can arise when cells display a loss of growth control, altered tissue
organization, and loss of cell polarity. Specifically, disrupted cell polarity has been determined to
be frequent in epithelial malignancies, found in 86% of human cancers, which are called
carcinomas (Halaoui & McCaffrey, 2015). Disrupted apical-basal polarity as a result of alterations
to polarity genes is frequently observed in many carcinomas (Bostwick & Cheng, 2012; Elsum &
Humbert, 2013; Kamangar et al., 2006; Siziopikou, 2013; Zhan et al., 2008). All core polarity
genes from the three polarity complexes have been implicated in carcinogenesis; interestingly,
although apical-basal polarity itself is considered a tumor suppressive property, individual polarity
proteins have been described to have both tumour suppressive and promoting roles depending on
the context (Huang & Muthuswamy, 2010). Epithelial malignancies are prominent in cancers such
as breast cancer, which is a leading cause of cancer-related deaths worldwide in women (Kamangar
et al., 2006). Although the research conducted over the past two decades have led to considerable
progress in understanding the disease, specifically in the diagnoses and treatments, its high
heterogeneity at the molecular and cellular level leave unresolved clinical and scientific problems
(Perou et al., 2000; Sarlie et al., 2001). For example, a current unresolved controversy is based on
the explanations behind tumour heterogeneity. One explanation, the cancer stem cell hypothesis,
stipulates that differentiated cancer cells arise from cancer stem cells rather than cells that have
undergone self-renewing cell division. As a result, only the cancer stem cells are subject to genetic
changes that drive tumour progression and drug resistance. Another explanation is the clonal
evolution model, which postulates that a combination of properties, including the cell type of the

tumor-initiating cells, genetic and epigenetic alterations, and surrounding paracrine signals, drive
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the changes in various tumour cell phenotypes. These cells have the capacity to undergo self-

renewing division, and all contribute to tumour progression and drug resistance (Polyak, 2007).

Breast cancer is composed of two main histological types: ductal carcinomas, in which
cancer originates from cells in the mammary ducts and accounts for majority of breast cancer cases
at 85-90%, and lobular carcinomas, which arises from lobules that supply the ducts with milk
(Dossus & Benusiglio, 2015; Sharma et al., 2010). Specifically, ductal breast cancers progress
through a series of stages. Flat epithelial atypia (FEA) and atypical ductal hyperplasia (ADH) are
benign lesions. FEA lesions are composed of dilated ducts lined with one or more layers of
epithelial cells, whereas ADH are made up of disorganized multilayered ducts that possess several
cells lacking apical-basal polarity. These lesions predispose patients to development of ductal
carcinoma in situ (DCIS), which is characterized by its loss of ductal lumen and proliferation of
non-polarized malignant cells. As the myoepithelial layer is lost and cells begin to breach the
basement membrane, the cancer progresses towards an even more malignant phenotype called
invasive ductal carcinoma (IDC) (Rejon et al., 2016). Our lab recently demonstrated that genetic
amplification and alterations to epithelial polarity genes, PARD6B, PRKCI, SCRIB, and LLGL2
were implicated in the loss of polarity seen in epithelial cells with the progression of breast cancer.
As these genes reside in chromosomal regions containing known driver oncogenes, specifically
PARDG6B/SRC, PRKCI/PIK3CA, SCRIB/MYC, LLGL2/ERBB2, these core polarity proteins likely
contributed to the oncogenic potency of certain amplicons (Catterall et al., 2020). The variety of
diseases that are implicated in disrupted apical-basal polarity highlights the importance of

understanding the mechanisms surrounding development and maintenance of apical-basal polarity.
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1.2 Involvement of CD13 in Apical-Basal Polarity

1.2.1 General Functions of CD13

Aminopeptidase N (CD13), a dimeric membrane protein, belongs to the M1 family of zinc
dependent metalloproteases that are characterized by conserved HEXxHX18E zinc-binding
domains and GXMEN catalytic motifs. Structurally, CD13 has a short amino-terminal intracellular
domain, helical transmembrane anchor, and an extracellular stalk that connects to the C-terminal
catalytic ectodomain (Wong et al., 2012). The ectodomain cleaves terminal amino acids from
oligopeptides in various physiological functions such as angiotensin activation, amino acid
metabolism, and neuropeptide processing (Bauvois, 2004; Mina-Osorio, 2008). The N in its name
gives away its affinity for neutral amino acids on unsubstituted oligopeptides, amides, or
arylamides, apart from peptides that contain proline in the penultimate position (Hooper, 1994).
The catalytic activity of CD13 is implicated in the enzymatic regulation of various peptides (Mina-
Osorio, 2008). Playing a role in renal blood pressure regulation, renal tube CD13 decreases
basolateral Na*/K*-ATPase, which are preeminent Na* transporters in renal tubule epithelial cells,
affecting the regulation of Na* flux (Kotlo et al., 2007). CD13 also hydrolyzes the N-terminal
arginine in angiotensin 11l to generate angiotensin IV (Ang V), which promotes natriuresis
(Hamilton et al., 2001; Kaotlo et al., 2007). In kidneys, the primary Ang IV receptors are insulin-
regulated membrane aminopeptidases (IRAP), which are present in proximal and distal tubules,
vascular smooth muscle, and endothelial cells (Albiston et al., 2001; Hamilton et al., 2001; Handa,
2001). As Ang IV becomes activated through IRAP, they stimulate a cascade of pathways that
include mitogen activated protein kinases (MAPKS), such as extracellular-signal-regulated kinase
(ERK1/2), which has previously been reported as central regulators of cell proliferation, and

tyrosine phosphorylation of focal adhesion kinases and paxillin, which provide signaling and
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scaffolding functions (Chen et al., 2001; Danziger, 2008; Handa, 2001). The catalytic function of
CD13 extends to cytokines and chemokines by processing ligands such as CXC chemokine ligand
(CXCL11), which is produced by leukocytes, fibroblasts, and endothelial cells upon stimulation
with interferons (IFNS) (Loos et al., 2006). CD13 generates truncated CXCL11 forms, which
demonstrate reduced binding, signaling, and chemotactic properties for lymphocytes. Further
processing and truncation of CXCL11 by CD13 resulted in a reduction in the inhibition of
endothelial cell migration, demonstrating a loss of lymphocyte and NK-cell chemotaxis in addition
to an enhanced angiogenic environment. In the context of inflammation and cancer development,
CD13 impairs CXCL11 from attracting lymphocytes and NK cells to inflamed tissues and tumours

and helps generate new blood vessels used for tumour growth (Proost et al., 2007).

CD13 also exhibits several functions independent of its catalytic activity, such as cell-cell
adhesion in inflammatory cells, binding of cytokines, and acting as receptors for coronaviruses
(Bauvois, 2004; Pasqualini et al., 2000). Specifically, in the context of cell-cell adhesion, CD13
acts independently of its enzymatic function to act as a signal regulator for other molecules, such
as immunoglobulin G in human peripheral blood monocytes and anti-CD13 monoclonal antibodies
to induce homotypic aggregation in promonocytic U-937 cells (Mina-Osorio & Ortega, 2004;
Mina-Osorio et al., 2006). Previous studies have demonstrated that cross-linking of CD13 by
antibodies results in monocytic cell activation, characterized by increased FcR-mediated
phagocytosis, Ca?* flux, cytokine secretion, and increased adhesive capacity of the cells, through
signal transduction-dependent mechanisms (Mina-Osorio & Ortega, 2005; Mina-Osorio et al.,
2006; Santos et al., 2002). The increase in adhesion to the endothelium seems to act distinct from
inflammatory cytokines as this adhesion requires CD13 to cluster and combine into monocytic and

endothelial complexes. In the absence of CD13, adhesion was abrogated. CD13 seems to actively
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partake in the adhesive interaction based on the role of cell surface adhesion molecules to guide
the adhesion and migration of circulating leukocytes across the endothelial cells that line the blood
vessels to access site of injury during inflammation (Mina-Osorio et al., 2008). CD13 has also
been implicated in osteoarthritis by binding to 14-3-3¢ protein, a subchondral bone soluble
mediator that alters cartilage homeostasis by promoting deleterious biochemical interactions
between bone and cartilage (Nefla et al., 2015; Priam et al., 2013). CD13 was first identified to be
present on chondrocytes, and further analysis by knocking down CD13 indicated a reduction of
14-3-3¢-induced markers of osteoarthritis, MMP-3, and MMP-13. Given this, it was proposed that
CD13 acts as a direct binding receptor to 14-3-3¢ protein, and it promotes signals in chondrocytes
to induce catabolic phenotypes that promote progressive degradation of articular cartilage,
synovial inflammation, and remodeling of subchondral bone, which are characteristics of
osteoarthritis (Nefla et al., 2015). Finally, CD13 acts as a major viral receptor for coronaviruses in
several species, including transmissible gastroenteritis virus (TGEV) of swine, porcine respiratory
coronavirus, and feline infection peritonitis virus (Delmas et al., 1992; Delmas et al., 1994).
Human CD13 acts as the cellular receptor for HCoV-229E, identified by using murine fibroblasts,
which were found to only be susceptible to the virus after transfection with human CD13
expression (Yeager et al., 1992). In addition, human CD13 is implicated infection by additional
viruses such as cytomegalovirus since it incorporates CD13 into its envelope (Larsson et al., 1998).
Human CD13 has a high degree of similarity to porcine CD13 and feline CD13 by sharing similar
sequence identity and numerous N-linked glycosylation sequons (Altschul et al., 1997; Wentworth

& Holmes, 2001).
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1.2.2 Effect of CD13 on Polarity

Given the variety of non-catalytic functions that CD13 possesses, it was of interest to
examine a role for CD13 in epithelial polarity. Our lab recently demonstrated that CD13 is a
necessary component of the endocytic machinery that controls apical membrane specification and
lumen formation in Caco-2 cysts. Specifically, in early polarization steps, CD13 simultaneously
carries out two functions. First, CD13 associates with the apical Par6/Crumbs complex by coupling
it to its subapical endosomal compartments for Rab-11 dependent delivery to the midbody to
promote apical membrane formation. CD13 initially localizes to the newly formed cell-cell
contact site and subsequently is redistributed to accumulate at the nascent AMIS. These steps are
then necessary to correctly localize Rab35 to capture incoming apical recycling endosomes to
expand the apical domain. CD13 has been discovered to act as an apical protein in epithelial cells
by interacting with apical complex proteins such as Par6, aPKC, Pals1, and Crb3, but not Par3. In
the absence of CD13, lumenogenesis is blocked as it induces an inverted polarity phenotype in
Caco-2 cysts, characterized by apical complexes and tight junctions being positioned at the
periphery rather than basolateral proteins. The dynamics of early polarization steps leading to
lumenogenesis indicates that CD13 is necessary for proper trafficking and localization of apical
proteins to form lumen structures (Wang et al., 2021). Although we now understand the role of
CD13 in apical-basal polarity in epithelial cells, the mechanism by which CD13 initially localizes

to the cell-cell contact site remains yet unknown.

1.2.3 Role of the intracellular domain of CD13
Looking closer at how CD13 carries out its adhesion functions, monocytic CD13 has been
extensively studied to assess the mechanism by which it activates endothelial cells that are

necessary for resolving damaged tissues at injury sites (Mosser, 2003; Muller, 2011; Shi & Pamer,
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2011; Wiegerinck et al., 2014). While studying the tyrosine-kinase and microtubule-dependent
molecular mechanisms that mediate this, CD13 was found to induce phosphorylation of a variety
of proteins, including Src, FAK, and ERK on U937 monocytic cells. These kinases that are
implicated in CD13 adhesion are interconnected (Castellano & Downward, 2011; Subramani et
al., 2013). Src binds to FAK via the Src-SH2 domain, promoting FAK phosphorylation. This
further helps generate binding sites on FAK in SH2 domains for downstream molecules such as
PI3K and Rac. Rac and Raf phosphorylation promote activation of the ERK pathway (Chuderland
& Seger, 2005). Together, Ras and Src are also implicated in induction of calcium fluxes, which
as previously mentioned, are characteristic of monocytic cell activation upon CD13 induction
(Choi et al., 2005; Rausch et al., 1990; Rosado et al., 2000). The cytoplasmic tail of CD13,
composed of 7 amino acids, was initially thought to be inert, but a previous study looking into
tyrosine phosphorylation of CD13 indicates that its tyrosine 6 (Y6) residue is phosphorylated in a
Src-dependent manner (Subramani etal., 2013). Y6 phosphorylation is interesting because its short
cytoplasmic tail was originally thought to be too small to have any meaningful interactions with
the cytoskeleton (Shipp & Look, 1993). CD13 seems to become phosphorylated by a Src protein
tyrosine kinase, which in normal conditions, is activated as a result of stimulation of cell surface
receptors like tyrosine kinase and integrin receptors or by cellular stress (Okutani et al., 2006;
Subramani et al., 2013). Due to its interaction with a variety of proteins implicated in signal
transduction and cellular function, Src protein tyrosine kinase is involved in various cell regulation
processes, such as proliferation, differentiation, survival, and metabolism (Okutani et al., 2006).
Mutation of this conserved cytoplasmic residue tyrosine to phenylalanine altered the cytoskeleton,
and abrogated cell adhesion, and phosphorylation of SRC, FAK, and ERK (Subramani et al.,

2013). Tyrosine phosphorylation of surface proteins upon crosslinking of cell surface molecules,
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such as CD13, is indicative of the early stages in activation of leukocytes during inflammation
(Buono et al., 2011; Hegen et al., 1997). Given the downstream activation of Src, FAK, and ERK
intracellular signaling proteins by CD13, which all have well-established roles in inflammation, it
further adds to the idea that CD13 is largely implicated in regulating inflammatory adhesion and

monocyte trafficking (Subramani et al., 2013).

With this, our lab wanted to identify how Y6F may be implicated in restoring polarity
orientation in CD13-depleted Caco-2 cells. Interestingly, in control cysts with endogenous CD13
that expressed CD13-Y6F, polarity was maintained, indicating that Y6F does not behave as a
dominant negative protein. However, in the context of depleted endogenous CD13, overexpressed
CD13-Y6F localized to intracellular puncta in both early (2-cell) and mature (>10 cell) stages,
indicating that CD13-Y6F becomes locked in vesicular compartments rather than being
translocated to the outer plasma membrane. CD13 also had a reduced association with Par6. The
staining pattern of CD13-Y6F was reminiscent of the endoplasmic reticulum (ER); however, when
the cysts were stained for calreticulin, a marker of ER involvement, CD13-Y6F was found to be
only modestly retained within the ER (Wang et al., 2021). This suggested a yet unknown process

by which CD13-Y6F is trapped in the vesicular compartment.

1.2.4 Involvement of CD13 in Rab11 and Rab35-mediated Apical Protein Trafficking

The early polarization steps and apical trafficking largely depends on the Rab family of
small monomeric GTPases to mediate apical protein trafficking to the AMIS upon formation
(Wang et al., 2021). Rab proteins belong to a family of small GTP-binding proteins that function
as molecular switches as it alternates between the active GTP-bound state and the inactive GDP-
bound state. There are 11 known yeast isoforms and around 60 Rab proteins within mammalian

cells (Schimmoller et al., 1998). Rab GTPases reversibly associate with membranes through
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hydrophobic geranylgeranyl groups that are, in most cases, attached to carboxy-terminal Cys
residues. This association allows them to regulate intracellular vesicle trafficking by facilitating
vectorial traffic through associations with the cytoskeleton, regulating vesicle docking through
recruitment of effector molecules and forming molecular tethers, and priming the docking and
fusion of vesicles by activating SNARE molecules (Gonzalez & Scheller, 1999; Novick & Zerial,

1997; Schimmoller et al., 1998; Stenmark, 2009).

Intracellular trafficking is a necessary process for cellular activities to occur such as cellular
uptake, transportation of nutrients for metabolism and pathogens for degradation, and
transportation of signalling molecules (Muro, 2018). The specialized pathways that are used for
transportation of proteins, lipids, and solutes are called membrane trafficking pathways, and this
can be divided into two basic movement pathways: endocytosis and exocytosis (Kumar et al.,
2020; Watson et al., 2005). The early compartments of the endocytic pathway are composed of
Rab4, Rab5, Rab17, Rab18, and Rab20 (Lutcke et al., 1994; Litcke et al., 1993; van der Sluijs et
al., 1992). Early endosomes comprise two functionally distinct compartments (Ghosh et al., 1994).
First, internalized receptors and ligands enter the peripheral sorting endosome where proteins for
degradation are separated from other proteins that are recycled back to the plasma membrane.
Recycling to the plasma membrane can occur through the fast cycle, which features proteins being
trafficked directly by the sorting endosomes, or through the slow cycle, which traffics protein
through recycling endosomes (Dunn et al., 1989; Ghosh & Maxfield, 1995). Within the slow
endocytic vesicle recycling pathway of intracellular trafficking, the two Rab proteins at play are
Rabll and Rab35 (Stenmark, 2009). Rabll and Rab35 mediate the endocytosis of apical
membrane proteins to deliver them to the forming apical domain (Wang et al., 2021). The Rab11

subfamily is constituted of Rabl1a, Rab11b, and Rab25, and the Rab11 protein is apically located
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to play a central role in transcytosis and recycling of apical proteins for lumen formation in
epithelial complexes (Drivas et al., 1991; Jedd et al., 1997). Given this, our lab previously inquired
whether CD13 influences Rab11-dependent vesicle trafficking during epithelial polarization, and
we discovered that CD13 coalesces to the AMIS without Rab11 enrichment, indicating that CD13
localization occurs prior to Rab11 trafficking. Furthermore, CD13 was discovered to be required
for proper trafficking of Rabl1-mediated apical proteins (Wang et al., 2021). Rab35, another
recycling endosomal protein, controls the endocytic recycling pathway by localizing to the plasma
membrane and endocytic compartments. Rab35 is essential for maintaining the proper steps in the
later stages of cytokinesis, specifically in the intercellular bridge localization of molecules
essential for the post-furrowing steps (Kouranti et al., 2006). In the context of polarity, Rab35 acts
as a receptor to capture apical protein vesicles at the AMIS, and a previous study has indicated that
in the absence of Rab35, vesicles are unable to dock, resulting in apical proteins being recycled to
the cell periphery and displaying inverted polarity (Klinkert et al., 2016). Having determined the
involvement of CD13 for mediating Rab35, our lab discovered that CD13 also precedes Rab35
accumulation to the AMIS, and CD13 presence is necessary for apical cargo carrying endosomes

to properly dock (Wang et al., 2021).

1.3 Alternate Mechanisms of Apical and Basal Protein Sorting

Apical and basolateral membrane proteins are sorted in a biosynthetic pathway, relying on
specific transport carriers to deliver them to the appropriate plasma membrane domain (Drubin &
Nelson, 1996; Nelson & Yeaman, 2001). Unlike basolateral targeting signals that often involve
tyrosine or dileucine based motifs, there is less known about apical targeting signals (Matter &
Mellman, 1994). Some apical proteins have been associated with glycolipid raft domains through

their membrane-anchoring domains, and others have been shown to have N- or O-linked
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oligosaccharides in their extracellular domains that interact with lectin to specify apical transport
(Tkonen & Simons; Scheiffele et al., 1995). Apical targeting signals contrast basolateral signals by
functioning only in the absence of these signals (Matter & Mellman, 1994).

Apical and basolateral proteins depend on the process of endocytosis to be trafficked to their
proper location. Many proteins are transported in endosomes to maintain polarized distributions
(Mellman, 1996). Following endocytosis, the proteins are delivered to early endosomes, and these
endocytosed proteins are either able to recycle to the surface of origin, be degraded as late
endosomes or lysosomes, or be transcytosed to the opposite surface (Mostov et al., 2000). Studies
looking into adherens junction and tight junction proteins such as E-cadherin, occludin, and JAM-
1, which are key regulators of epithelial polarity, were shown to undergo this first process of
endocytosis to generate early endosomes in a clathrin-mediated process (Gonzalez-Mariscal et al.,
2003; Ivanov et al., 2004; Tsukita et al., 2001). However, rather than co-localizing with markers
of late and recycling endosomes, lysosomes, or Golgi, following their entrance into early
endosomes, they appear to be distributed into unique storage compartments, suggesting that apical
proteins may be alternatively undergoing transcytosis, a form of vesicular transport of
macromolecules from one side of the cell to the other within membrane-bound carriers (Bidaud-
Meynard et al., 2019; Tuma & Hubbard, 2003).

1.3.1 Transcytosis

Transcytosis is a mechanism that allows the movement of macromolecular cargo between two
environments without disrupting the distinct compositions of each environment (McBride et al.,
1999; Tuma & Hubbard, 2003). Vesicular transcytosis is predominantly studied in epithelial
tissues, although transcytosis is a process seen in a variety of cell types, including osteoclasts and

neurons (Hémar et al., 1997; Nesbitt & Horton, 1997). Transcytosis is a mechanism that has
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previously been proposed as a mechanism to position apical proteins like dimeric IgA (dIgA)
bound to polymeric immunoglobulin receptor (plg-R). The dIgA-plgR complex is transported
from the basolateral surface to apical surface in epithelia (Mostov et al., 2000). The complex’s
initial insertion to the basolateral surface depends on a basolateral targeting signal found on the
17-amino acid sequence in its cytoplasmic tail (Aroeti et al., 1993; Casanova et al., 1991). After
basolateral insertion, the complex is then internalized and transported to the apical domain (Hirt
et al., 1993; Song et al., 1994). This transcytosis process is made more efficient by the serine
phosphorylation of its cytoplasmic tail and by p62ve src-family tyrosine kinase, although how it
drives plg-R transcytosis remains unknown (Casanova James et al., 1990; Luton et al., 1999;

Mostov et al., 2000).

1.3.1.1 Endocytosis and Early Endosomes

The first process of transcytosis features molecules being endocytosed into early endosomes,
and early endosome antigen 1 (EEAL) acts as a marker for the docking of incoming endocytic
vesicles prior to fusion with early endosomes (Wilson et al., 2000). Internalized adherens junction
and tight junction polarity proteins such as occludin, E-cadherin, B-catenin, and JAM-1 were
found to co-localize with EEAL at early stages of endocytosis, suggesting its potential implication
in polarity formation (Gonzalez-Mariscal et al., 2003; Ivanov et al., 2004; Tsukita et al., 2001). In
a recent study looking into the apical polarity of cystic fibrosis transmembrane conductance
regulator (CFTR), basolaterally internalized CFTR relied on transcytotic endosomes, which were
EEA1+, for delivery to the apical membrane (Bidaud-Meynard et al., 2019). CFTR, the anionic
selective channel ABC transporter, was found to be predominantly expressed at the apical PM of
secretory and resorptive epithelia to maintain ionic composition and volume homeostasis of airway

surface liquid, preventing uncontrolled infection and inflammation of the lung, which are
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characteristic of cystic fibrosis deaths (Bidaud-Meynard et al., 2019; Rowe et al., 2005). In the
absence of transcytosis, CFTR was missorted and localized to the basolateral PM, suppressing its
transepithelial anion secretion efficiency. Specifically, this decreased apical Cl- secretion through
reduction of basolateral CI- entry, resulting in attenuated coupled water secretion and mucociliary
clearance of airway epithelia (Ballard et al., 2002; Bidaud-Meynard et al., 2019; Farmen et al.,
2005). Another study looking at Madin-Darby canine kidney (MDCK) cells determined that
NgCAM, a cell adhesion molecule that is apical in epithelia, was targeted to the apical surface
through transcytosis in a manner similar to CFTR (Anderson et al., 2005; Walsh & Doherty, 1997).
After NgCAM was determined to be an apical protein that was transcytosed from basolateral-to-
apical domain in MDCK cells, it was assessed whether its cytoplasmic tail was necessary for its
localization. Truncation of the NgCAM cytoplasmic tail prevented transcytosis and inhibited its
ability to localize to the apical membrane. Furthermore, given that many basolateral targeting
signals include critical tyrosine residues, tyrosine 33 in the cytoplasmic tail was mutated to alanine
to assess its function in NgCAM in its initial delivery and endocytosis at the basolateral domain
(Anderson et al., 2005; Matter et al., 1992; Schaefer et al., 2002; Tuvia et al., 1997). NgCAM was
unable to insert at the basolateral domain for proper transcytosis. It was then proposed that the
basolateral targeting of NgCAM may depend on phosphorylation of tyrosine by a src family kinase

(Anderson et al., 2005).

EEA1 acts as an effector protein of early endosomal Rab5 protein (Wilson et al., 2000). Recent
studies have shown that EEAL interacts with the GTP-bound form of Rab5 to mediate early
endosomal fusion in vitro (Simonsen et al., 1998). As mentioned, there are various mammalian
Rab proteins that are implicated in membrane transport. Specifically, Rabl, Rab2, Rab3D, Rab4,

Rab5, Rab6, and Rab11 have been implicated in regulating polarized plasma membrane transport,
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and of these Rab proteins, nine localize to the apical pole. Rab3D localizes to the apical plasma
membrane, Rab3B and Rab13 localize to the tight junction, and Rab5, Rabll, Rabl17, Rabl8,
Rab20, and Rab25 all localize to subapical structures (Tuma & Hubbard, 2003). Rab5B, the most
extensively studied isoform, localizes to the plasma membrane, clathrin-coated vesicles, or early
endosomes. Overexpression of Rab5B has shown to increase endocytic transport and stimulate
early endosome fusion in vitro (Christoforidis et al., 1999). Given the presence of Rab5 in early
apical and basolateral endosomes in hepatocytes, hepatic WIF-B cells, mouse kidney epithelial
cells, and MDCK cells, it became of interest to study Rab5 effector proteins implicated in early

endosomes (Christoforidis et al., 1999; Saitoh et al., 2017; Wilson et al., 2000).

1.3.1.2 Exocysts

In the generation and maintenance of epithelial polarity, a key process is the delivery of
newly synthesized and endocytosed proteins to the correct apical or basal PM domain (Yeaman et
al., 1999). The exocyst, an evolutionarily conserved eight-subunit protein complex made up of
Sec3, Secb, Sec6, Sec8, Secl0, Secl5, Exo70 and Ex084, generates protein-protein interactions to
tether exocytic carriers to their target membranes (Munson & Novick, 2006; Wang & Hsu, 2006).
In epithelial cells, the exocyst localizes to a variety of locations such as the Golgi apparatus, the
trans-Golgi network (TGN), and recycling endosomes, and is implicated in not only exocytosis
and cell polarity, but also in autophagy, cytokinesis, cell migration, and tumorigenesis (Lepore et
al., 2018; Wu & Guo, 2015; Yeaman et al., 2001). The exocyst complex requires all eight subunits
to tether secretory vesicles, and the loss of one subunit can result in cell death or an embryonic
lethal phenotype (Ahmed & Macara, 2017; Mizuno et al., 2015). The subunits exist as 2 distinct
sub-complexes: subcomplex 1 is composed of Sec3, Secb, Sec6, and Sec8, and subcomplex 2 is

composed of Secl0, Secl5, Exo70, and Exo84 (Ahmed et al., 2018; Nishida-Fukuda, 2019).
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Although these subcomplexes can be transported to the PM independently and associate with
vesicles, they cannot trigger fusion without its partner subcomplex. Vesicle fusion is tightly
controlled by the coordination of tethering complexes like the exocyst complex, GTPases, and
SNARE proteins (Nishida-Fukuda, 2019). Of the various GTPases, the Rab proteins represent the
largest proportion, and notably, Sec15 acts as an effector for Rab11 as the C-terminal region of
Sec15 binds to Rab11a in vitro in a GTP-dependent manner (Rodriguez-Boulan & Macara, 2014;
Zhang et al., 2004). In addition, Rab11 has been implicated in its association with the exocyst
complex to deliver Crb to the apical surface through the Golgi and apical recycling endosomes
(Roeth et al., 2009; Schliter et al., 2009). The exocyst complex and small GTPases remain at the
PM for around 10-18 seconds prior to vesicle fusion, and although the process of tethering exocyst
complexes is not well known, it is likely that this is when the complex promotes assembly of
SNARE proteins (Ahmed et al., 2018; Nishida-Fukuda, 2019; Rivera-Molina & Toomre, 2013).
Sec3 promotes formation of the initially binary trans-SNARE complex in vitro. The SNARE
proteins are necessary for vesicle fusion to provide the energy that is required for membrane fusion
of delivered cargo (Nishida-Fukuda, 2019; Yue et al., 2017). The process of vesicle fusion features
the apposition of two membranes, and this requires removal of hydration layers, local membrane
bending, merging of two proximal leaflets, and the expansion of fusion pores (Witkowska et al.,
2021). Prior to vesicle fusion, Sec3 leaves first, and this is subsequently followed by the exocyst

subunits (Yue et al., 2017).

In a study conducted using polarized MDCK cells, the exocyst complex was found to
selectively tether cargo vesicles that were directed toward the basolateral surface. Specifically,
exocyst subunits Sec6, Sec8, and Exo70 localized to early endosomes, transferrin-positive

common recycling endosomes, and Rabl1a-positive apical recycling endosomes. When Sec8 was
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blocked by antibodies, basolateral recycling, apical recycling, and basolateral-to-apical
transcytosis were affected, suggesting exocyst requirements by several endocytic pathways.
Namely, within transcytosis, the movement of apical recycling endosomes to the apical PM was
sensitive to the function-blocking Sec8 antibodies. Although the inhibition was incomplete,
suggesting a multiplicity of mechanisms affecting transcytosis, this also suggests a role that

exocysts may have in mediating the transcytotic process (Oztan et al., 2007).

1.3.1.3 CD13 in Transcytosis

CD13 endocytosis has previously been studied in the context of viral entry. Specifically,
CD13 acts as a receptor to bind human coronavirus 229E (HCoV-229E), and entry of HCoV-229E
viral particles relied on sequestration of CD13 to a caveolin-1 positive region in human fibroblasts.
Depletion of caveolin-1 reduced infection considerably, which suggests that caveolin-1 mediated
endocytosis is necessary for entry of HCoV-229E bound to CD13 in this subset of cells (Bayati et
al., 2021; Nomura et al., 2004). Alternatively, coronavirus transmissible gastroenteritis virus
(TGEV), which relies on CD13 as receptors, was reported to undergo endocytosis in apical plasma
membranes of MDCK cells using clathrin-coated pits (Delmas et al., 1992). The contrasting results
of these experiments were appropriated to CD13 acting in different ways depending on the cell
line, suggesting that CD13 relies on different forms of endocytosis depending on the species and

cell line used (Nomura et al., 2004).

Upon entry of CD13, CD13 has been reported in the context of inflammatory responses as
they have been observed to co-internalize with other proteins such as TLR4, CD14, and dynamin
into Rab5* early endosomes. CD13 is necessary to negatively regulate TLR4 signaling in order to
maintain inflammatory equilibrium and prevent accumulation of oxidative stress mediators and

tissue injury by regulating the innate immune response (Ghosh et al., 2015). In addition, our lab
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has already indicated that CD13 localization precedes and mediates apical protein trafficking by

Rab11* and Rab35* recycling endosomes (Wang et al., 2021),

In terms of CD13 release, it has been suggested that in fibroblast like synoviocytes, release
may be mediated in one of three ways: secretion through exocytosis, protease-mediated cleavage
from the cell surface, and secretion on the surface of extracellular vesicles such as exosomes.
Mechanisms surrounding the exocytosis of CD13 are not yet clear, suggesting that further studies

need to be done (Morgan et al., 2016).

39



Apical Membrane

Apical
Endocytosis

AEE
-EEAl1
-Rab5

BEE
-EEA1
-Rab5

Basolateral
Endocytosis

Basolateral Membrane

Figure 1.3.1 lllustrative representation of the transcytosis mechanism in epithelial cells.
Proteins are internalized at the basolateral membrane or apical membrane through the endocytosis
process. Basolateral proteins undergoing transcytosis are transported to Rab5- and EEAL-
containing basolateral early endosomes (BEE) and are then sorted and delivered to lysosomes for
degradation, to the basolateral surface for recycling, or to common recycling endosomes (CRE)
for further progression of transcytosis. Proteins are then delivered to apical recycling endosomes
(ARE), which are subsequently delivered to the apical membrane surface for exocytosis. Some

apical proteins undergoing transcytosis are sorted to apical early endosomes (AEE), which are also

Apical
Exocytosis

Lysosomal
Degradation

40

\

ARE
-Rabl11l
-Rab35

Basolateral
Recycling



EEAL* and Rab5*. These proteins are cycled through the CRE to undergo basolateral exocytosis
or directed to ARE for recycling at the apical surface. Illustration was modeled after (Fung et al.,

2018) on Biorender.

1.4 Hypothesis and Project Aims

In previous findings by our lab, we determined that CD13 localization occurs prior to and
independent of Rab11 and Rab35 enrichment, suggesting that it is not being localized through
recycling endosomes, but rather earlier in the early endosomal process. In addition, transcytosis
has been proposed to be responsible for transport of apical proteins (Mostov et al., 2000), and the
first process of transcytosis involves markers of early endocytosis, notably early endosome antigen
1 (EEAL), which acts as a marker for the docking of incoming endocytic vesicles to early
endosomes (Wilson et al., 2000). Given the localization of CD13 to the apical membrane, it

became of interest to us to look at EEAL in the context of CD13.

In addition, our lab determined that when CD13 was depleted, tyrosine 6 mutation in the
cytoplasmic tail of CD13 was unable to restore correct apical polarity orientation. However, the
mechanism of how this was occurring remained unknown (Wang et al., 2021). Recent studies
looking into apical proteins like NgCAM suggest that its initial delivery and endocytosis to the
basolateral membrane prior to being transcytosed depends on phosphorylation of tyrosine 33 on

its cytoplasmic tail (Anderson et al., 2005).

In this project, | hypothesize that early endosome antigen 1 (EEA1+)-positive vesicles and
phosphorylation of tyrosine 6 on CD13 by src Kinase are both necessary for the localization
of CD13 to the cell-cell contact site prior to apical membrane specification. These are the first

steps that permit CD13 to initially insert at the basolateral membrane and undergo transcytosis
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from the basolateral membrane towards the apical site. These steps are necessary to promote early

polarization, which is fundamentally essential in lumen formation.

To test my hypothesis, | have 2 main aims:

AIM 1: Understand the role of EEA1+ mediated vesicles in CD13 delivery in early polarization

steps

Immunofluorescence images of Caco-2 cells grown in 3D culture were analyzed to determine the

effect of EEA1-depletion on CD13 localization.

AIM 2: Understand how phosphorylation of Tyrosine 6 impacts CD13 delivery in early

polarization steps

Proximal ligation assays and immunofluorescence images of Caco-2 cells grown in 3D culture in
the presence or absence of dasatinib, a src kinase inhibitor, were analyzed to determine the effect

on CD13 localization.
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2. Materials and Methods

2.1 DNA and shRNA Constructs

The pLX317-CD13-V5 plasmid was purchased from Sigma (TRCN, CD13
TRCNO0000476147), and GFP-EEAL wt plasmid was a gift from Silvia Corvera (Addgene plasmid

#42307). pWPI-CD13-mCh was obtained by subcloning cDNA products to pWPI. pLX317-

CD13Y6F.v5 was generated using the QuikChange Il site directed mutagenesis kit according to

manufacturer’s instructions (Agilent #200523).

shRNAs targeting human EEA1 and CD13 were cloned in pLKO. The following sShRNAs

were acquired from the McGill Platform for Cellular Perturbation (MPCP):

sh5CD13:CCGGGTGACCATAGAGTGGTGGAATCTCGAGATTCCACCACTCTATGGTCA

CTTTTTG,

Sh4EEA1:CCGGCCCTTGAAAGTATCAAGCAAACTCGAGTTTGCTTGATACTTTCAAGG

GTTTTT,

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

2.2 Cell Culture

The Caco-2 human intestinal epithelial cell line and HEK293LT human embryonic kidney
cell line were purchased from American Type Culture Collection (ATCC). The cells were cultured
at 37°C in 5% CO2in complete media, composed of DMEM (Wisent #319-005-CL) supplemented
with 10% fetal bovine serum (Wisent 080-150), 100 U/ml penicillin, and 0.1mg/mL streptomycin

(Wisent #450201EL). For 3D cyst culture, Caco-2 cells were seeded at a density of 1.0 x 104
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cells/well in 8-well p-slides (Ibidi 80826) coated with 100% GelTrex (ThermoFisher Scientific
Al1413202) in media supplemented with 2% GelTrex. Cells were collected for
immunofluorescence after one or ten days in culture. For the dasatinib condition, Caco-2 cells were

treated with 1uM dasatinib (ApexBio BMS-354825) 1 hour after being plated in 3D culture.

2.3 3D Cell Culture in Suspension

Low adhesion dishes were made by dissolving 2g of Poly-HEMA (Poly 2-hydroxyethyl
methacrylate; Sigma Cat # P3932) in 100mL of 95% ethanol and rotating it for several hours at
65°C. 10 cm plates were then coated with 4mL of Poly-HEMA solution and dried overnight at
37°C. Caco-2 cells were first cultured at 37°C in 5% CO:2in complete media, composed of
DMEM (Wisent #319-005-CL) supplemented with 10% fetal bovine serum (Wisent 080-150),
100 U/ml penicillin, and 0.1mg/mL streptomycin (Wisent #450201EL). When Caco-2 cells were
80% confluent, media was aspirated, and cells were washed with 1x PBS twice and trypsinized
for 5 min at 37°C using 0.25% Trypsin (Wisent, Cat# 325-043-EL). Cells were centrifuged and
resuspended in 8mL of complete media supplemented with 2% Geltrex. The cells were then

plated in the Poly-HEMA coated plates for 24-26 hours and collected.

2.4 Transient Transfection

HEK293LT cells were plated in 100mm dishes at 2.0 x 108 cells per dish and transfected
with the appropriate plasmids using Polyethylenimine (PEI) as per manufacturer’s instructions
(Sigma #408727). Experiments using HEK293LT cells were performed 48 hours post-transfection.
Caco-2 cells were plated in 6-well dishes at 2.0 x 10° cells per well and transfected with the
appropriate plasmids using Lipofectamine LTX as per manufacturer’s instructions (Invitrogen

#15338030). Experiments using Caco-2 cells were performed 24 hours post-transfection.
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2.5 Lentivirus Production

Lentivirus was produced by performing calcium phosphate transfection of HEK293LT
cells in 6-well dishes with 3.3ug of lentiviral plasmid, 1ug of VSVG coat protein plasmid,
pMD2.G, 2.5ug of packaging plasmid, psPAX2. Viral supernatants were collected after 48 hours
and were aliquoted and frozen at -80°C. Caco-2 cells were infected with lentiviral supernatants

and selected by adding 15ug/mL puromycin for 10 days.

2.6 Immunoprecipitation and Immunoblotting

Cells were washed twice with ice-cold PBS and lysed in NP40 buffer (150 mM NaCl, 1% NP-
40, 50 mM Tris-HCI, pH 8.0) supplemented with 10mM NaF, 1mM NaVO04, calyculin A, and
protease inhibitor cocktail. Lysates were precleared with MagnaBeads (Thermo Fisher Scientific
#12321D) and then incubated with 2ug of antibody or 1gG control overnight at 4°C. Antibodies
were captured with MagnaBeads and washed three times with NP40 buffer. For immunoblotting,
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, assessed with Ponceau Red, and transferred to Nitrocellulose membrane (Bio-rad #
1620115). The primary antibodies used were: a-Tubulin 1/5000 (Sigma #T79026), CD13 1/1000
(Abcam #ab108382), EEA1 1/1000 (BD Biosciences # 610457), mCherry 1/1000 (DSHB #3D5-
s), Phospho-Tyrosine 1/1000 (Santa Cruz Biotechnology #sc-508), and mouse V5 1/5000
(ThermoFisher Scientific #R960-25). Data was analyzed using several programs including Excel

and JMP16.
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2.7 Immunostaining and Confocal Imaging

Caco-2 3D cysts 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 hour, and subsequently incubated
overnight in primary antibodies. For cysts treated with shrimp alkaline phosphatase (rSAP), cysts
were treated with 10U/ul rSAP post-fixation, and permeabilized and blocked similar to other
samples. The primary antibodies were used at the following dilutions: CD13 1/100 (Abcam
#ab108382), E-cadherin 1/200 (Cell Signaling #3195S), EEA1 1/200 (BD Biosciences # 610457),
Par6B (B-10) 1/100 (Santa Cruz Biotechnology #sc-166405), and Phalloidin 1/20 (Invitrogen
#A34055). The secondary antibodies conjugated to Alexa488 (at 1:750), Alexa546 (at 1:750), or
Alexa647 (at 1:200) (Jackson ImmunoResearch Laboratories). DNA was detected with Hoechst
dye 33258. Confocal imaging was performed using the LSM700 from Zeiss with 20X/0.8NA or
40X/1.4NA objective lenses with a varying laser power range of 350-700nm, varying scan speeds
of 7-9, and line averaging of 4. Images were then processed and analyzed using FIJI/Image]

software.

2.8 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 ZEN software
(Zeiss). Caco-2 cells were transiently transfected with CD13-mCherry and GFP-EEAL in 2D cell
culture. Cells were seeded in 3D culture prior to performing live imaging. For the dasatinib
condition, Caco-2 cells were treated with 1uM dasatinib (ApexBio BMS-354825) 1 hour after
being plated in 3D culture. Images were captured every 30 min with 7 slices (1um) using two
channels in an environmental chamber (37 °C, 5% CO2) for 3 days. Images were captured using

solid state lasers (405, 488, 555, or 633nm), with scan speeds of 7-9, and line averaging of 4.
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2.9 Proximity Ligation Assay

Caco-2 cells were first fixed in 2% (wt/vol) PFA for 20 minutes and permeabilized in 0.2%
(vol/vol) Triton-X for 10 minutes. Blocking, hybridization with PLA probes, ligation and
amplification were performed according to the manufacturer’s protocol (DuoLink in situ, Sigma).
Caco-2 cells were incubated using mouse anti-Phospho-Tyrosine antibody (Santa Cruz
Biotechnology #sc-508) and rabbit anti-CD13 antibody (Abcam #ab108382). Confocal imaging
was performed using the LSM700 from Zeiss with 40X/1.4NA objective lens, and images were

processed and analyzed using FlJI/ImageJ software.

2.10 Statistical Analysis

For analysis of the overlap of CD13-Y6F puncta with EEA1 and CD13 with E-cadherin,
local maxima were identified for using a cross-correlation function. To calculate cross-correlation,
images were cropped to regions-of-interest containing areas of interest, and the background for
each image was subtracted so that background pixels had a value of 0 using ImagelJ. Pearson’s
Linear Correlation Coefficient (p) was calculated using MATLAB. The p-value was calculated by
running 1000 simulations that randomized the position pixel/puncta positions for one channel. The
proportion of simulations that had a higher correlation co-efficient than the sample was the p-value.
Analysis of CD13 and E-Cadherin was also completed by identifying local maxima using a cross-
correlation function. The area of interest, which was the cell-to-cell contact site, was defined by
line tracing with a line thickness of 9 pixels, and the background for each image was subtracted so
that background pixels had a value of 0 using ImagelJ. Pearson’s Linear Correlation Coefficient (p)
was calculated using MATLAB. The p-value was calculated by running 1000 simulations that

randomized the position pixel/puncta positions for one channel. Statistical analysis was conducted
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by comparing two unpaired independent means using two-tailed t-tests, and p-values < 0.05 were
considered significant. Data involving statistics were based on two replicates. The data was further

analyzed using Excel and JMP16.
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3. Results

3.1 CD13 associates with EEA1 during early apical membrane formation

Previous studies from our lab identified that CD13 was involved in early stages of apical
membrane formation as it first established at the cell-cell contact site, followed by specification at
the adhesion line, compacted accumulation at the AMIS, and furthermore, maturation into the PAP
(Wang et al., 2021). To understand if EEAL* vesicles were implicated in mediating and localizing
CD13 in these early steps, we examined endogenous CD13 and EEA1 expression at early
timepoints of apical membrane formation, specifically in the 2-cell stage for Caco-2 cells cultured
in 3D for 24 hours. We defined early apical membrane formation into different stages: early
adhesion, late adhesion, and AMIS. Throughout these stages, we observed EEAL" vesicles
aggregating predominantly towards the central region between the two cells and localizing to the
sites of CD13 enrichment at each of the stages. The early adhesion stage was defined as EEA1+
vesicles being found both centrally and peripherally without the definition of CD13 at the adhesion
line (Figure 1A, Upper Panel). Notably, at the early adhesion stage, E-cadherin was already defined
at the adhesion line between the 2 cells (Figure 3.1.1A, Upper Panel). At the late adhesion stage,
CD13 became enriched at the adhesion line between the 2 cells alongside E-cadherin, and we
observed EEAL expression aggregating and surrounding CD13 at this line (Figure 3.1.1A, Middle
Panel). As CD13 condensed to form the AMIS, EEA1 was found to no longer be dispersed along
the adhesion line, but rather, found concentrated around the AMIS site (Figure 3.1.1A, Lower
Panel). To determine if EEAL and CD13 could physically interact, CD13-V5 was overexpressed
in HEK293 cells in order to immunoprecipitate V5 or 1gG as control and immunoblot for EEAL.
This identified that there was an approximately 7.5-fold greater enrichment relatively in the

interaction between CD13 and EEA1 compared to control (Figure 3.1.1B). Our live imaging of
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Caco-2 cells co-transfected with EEA1-GFP and CD13-mCherry further confirmed our findings
of EEAL and CD13 association during apical membrane formation as areas that were positive for
CD13 were predominantly found to also be positive for EEA1+ vesicles. Specifically, the white
arrow points to an example of an EEAl+ vesicle that is positive for CD13 moving and
incorporating into the cyst structure during early polarization timepoints (Figure 3.1.1C).
Therefore, these data demonstrate that CD13 can associate with EEAL during early apical

membrane formation.
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Figure 3.1.1 EEAL localizes near the apical domain of 3D Caco-2 during polarization. (A)
Confocal images of Caco-2 cysts (10,000 cells/well) cultured for 24 hours immunostained for
EEAL (red), CD13 (green), and E-cadherin (magenta), showing the localization of EEA1, CD13,
and E-cadherin at early adhesion, late adhesion, and AMIS stages. Note: the nuclear CD13 signal
is non-specific staining, confirmed by validating anti-CD13 antibody in CD13 knockdown cells.
Images are representative of 3 experimental replicates. (B) Immunoprecipitation was performed
on HEK293 cell lysates transfected with CD13-V5 with IgG or anti-V5 and blotted for EEAL.
Relative expression of two replicates was normalized to IgG and listed below. (C) Caco-2 cells
(200,000 cells/well) were co-transfected to express CD13-mCherry and EEA1-EGFP in 2D culture
and were subsequently plated in 3D culture (10,000 cells/well) to initiate cell polarization. Time-
lapse confocal images were captured every 30 min, and these images were taken at 13.5h, 14.5h,
and 15h respectively. Magenta, green, and white arrows demonstrate an example of an EEA1* and
CD13* vesicle localizing within the cyst structure during early polarization timepoints. Live

imaging results are representative of 2 experimental replicates. Scale bars: A, C, 10um.

3.2 EEA1 is necessary for correct localization of CD13 in early apical membrane formation

To further explore the role of EEA1 in apical membrane initiation, we examined the
consequences of EEA1-depletion by culturing control or sShEEA1-4 Caco-2 cells for 24 hours in
3D culture. The efficiency of the ShRNA promoting EEA1 knockdown was confirmed to decrease
EEAL expression by greater than 50% through Western blot (Figure 3.2.1A). Upon looking at the
2-cell stage, EEA1-depleted cells lacked central accumulation of CD13 at cell-cell contact sites
whereas control cells (shScr) initiated early apical membrane formation and had progressed to its
adhesion stage. E-cadherin remained constant in EEA1-depleted and control cysts (Figure 3.2.1B).

Furthermore, to identify the impact of EEAL in apical protein localization, EEA1-depleted cells
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were stained for Par6 (Figure 3.2.1C). Our lab has previously reported that Par6 localizes centrally
in the presence of CD13, whereas Par6 failed to accumulate centrally and was found on the outer
edges in the context of CD13 depletion (Wang et al., 2021). Our results indicated that in control
cysts, Par6 accumulated at the cell-cell contact site as expected, whereas with EEA1-depletion,
Par6 was displaced throughout the cell or found peripherally and failed to accumulate centrally
(Figure 3.2.1C). EEA1-depleted cells were then cultured for a 10-day duration in 3D culture in
addition to CD13-depleted cells for phenotypic reference and shScr cells as control (Figure
3.2.1D). Phenotypically, EEAl-depleted cysts mimicked CD13-depleted cysts in forming solid
structures, whereas the control cysts formed prominent lumen (Figure 3.2.1D). There was a
significant reduction in lumen formation in EEAl-depleted cysts (Figure 3.2.1E), further

suggesting that EEAL is necessary in the early steps to orient CD13 properly.
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Figure 3.2.1 EEA1 knockdown disrupts CD13 function to orient apical-basal polarity. (A)
Left- Caco-2 cells were transfected with sShEEA1-4 or shScr (control) prior to collection of cell
lysates. Western blotting was performed on cell lysates with anti-EEAL antibody to visualize
knockdown efficiency. (B) Caco-2 cells were transfected with shCD13-5 or shScr (control) prior
to collection of cell lysates. Western blotting was performed on cell lysates with anti-CD13
antibody to visualize knockdown efficiency. (C) Confocal images of Caco-2 cysts expressing
shScr or shEEA1-4 cultured for 24 hours and immunostained for CD13 (green) and E-cadherin
(magenta) at adhesion stage. (D) Confocal images of Caco-2 cysts treated with shScr or shEEA1-
4 cultured for 24 hours and immunostained for Par6 (red), CD13 (green), and E-cadherin
(magenta) at the late adhesion stage. (E) Confocal images of Caco-2 cysts treated with shScr,
ShEEA1-4, or shCD13-5 cultured for 10 days and immunostained for Phalloidin (red). (F)
Quantification of cysts with single prominent lumen in shScr (n=79), shEEA1-4 (n=77), and
shCD13-5 (n=52) treated Caco-2 cysts cultured in 3D for 10 days. Results are from 2 independent

experiments, and error bars represent standard errors. Scale bars: B-D, 10um.

3.3CD13-Y6F colocalizes with EEA1* vesicles

Tyrosine (Y6) within the intracellular domain was previously reported as necessary for
several non-catalytic functions of CD13 (Subramani et al., 2013). Previous studies conducted in
our lab have suggested that this residue is necessary to establish orientation of apical-basal polarity
in Caco-2 cysts in CD13-depleted cells. Cells with other point mutations within the CD13
intracellular domain were able to restore polarity orientation, suggesting the specificity of the
tyrosine residue. In addition, our lab observed that CD13-Y6F was localized and trapped in
intracellular puncta. Upon examining a marker for the endoplasmic reticulum (calreticulin), it was

found that only about 20% of CD13 puncta colocalized with this site (Wang et al., 2021). From
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this, we then became interested to see if CD13-Y6F puncta were being trapped in EEAL* vesicles,
so we immunostained to examine colocalization of CD13-Y6F and EEAL. In CD13-Y6F-
expressing cells with endogenous wild-type CD13, EEA1 localized in a similar manner to WT
Caco-2 cells as vesicles gathered towards the cell-cell contact site, aggregated towards CD13 upon
specification at the adhesion line, and condensed as CD13 condensed at the AMIS, indicating that
correct apical polarity orientation was maintained (Figure 3.3.1A). However, in CD13-depleted
CD13-Y6F cells, EEA1L failed to accumulate centrally, and CD13 seemed to be trapped in these
EEAL* vesicles, which were unable to be delivered to the site of cell-cell contact (Figure 3.3.1A).
Upon analysis of the correlation between EEA1 and CD13, it was determined that while EEA1
colocalized with about 10% of CD13 puncta in control cells, CD13-Y6F cysts showed that EEAL*
vesicles colocalized with about 90% of CD13 into intracellular puncta (Figure 3.3.1B). This
identified that the majority of CD13-Y6F was likely being trapped in EEA1* vesicles, rather than
being able to localize correctly to the site of cell-cell contact to begin adhesion and AMIS

development.
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Figure 3.3.1 Mutation of tyrosine 6 to phenylalanine in the intracellular domain of CD13
promotes trapping in EEA1* vesicles. (A) Confocal images of CD13-Y6F mutant Caco-2 cysts
treated with shScr cultured for 24 hours and immunostained for EEAL (red) and CD13 (green) at
adhesion and AMIS stages. (B) Confocal images of CD13-Y6F mutant Caco?2 cysts treated with
shCD13-5 cultured for 24 hours and immunostained for EEAL (red) and CD13 (green). (C)
Quantification of the proportion of CD13 puncta that overlap with positive puncta of EEAL in
CD13-Y6F mutant Caco2 cysts treated with shScr or shCD13-5. Dots represent the percentage of

correlation between EEAL and CD13 in individual Caco-2 structures. Scale bars: A, B, 10pum.

3.4CD13 becomes tyrosine phosphorylated in vesicles prior to mobilizing to adhesions

With the understanding that the mutation of tyrosine 6 within the intracellular domain of CD13
prevents correct mobilization of CD13, we then conducted proximity ligation assays to assess if
phosphorylation of tyrosine is implicated in the mobilization and further accumulation of CD13 at
the site of cell-cell contact for progression into early apical membrane formation. We assayed cysts
using antibodies against Phospho-tyrosine (P-Tyr) and CD13 to identify interactions among these
two targets. After Caco-2 cysts were grown for 24 hours, we discovered interactions of P-Tyr and
CD13 centrally and peripherally at the 2-cell stage, which was reminiscent of the pre-adhesion
stage (Figure 3.4.1A, Upper Panel). After cysts were grown for 30 hours, puncta of interaction
between these two targets were seen to accumulate predominantly at the site of cell-cell contact,
which was reminiscent of the adhesion stage (Figure 3.4.1A, Lower Panel). The puncta of
interaction were reminiscent of vesicles that were being mobilized with each subsequent stage.
Then, we treated these Caco-2 cysts with dasatinib, an inhibitor for site-specific tyrosine
phosphorylation by Src kinases, 1 hour after plating cells in 3D culture. We observed that

interactions of P-Tyr and CD13 were diminished as noted by the number of puncta, and the puncta

58



were located peripherally rather than at cell-cell contact site (Figure 3.4.1B). As a control, we
treated Caco-2 cysts with shrimp alkaline phosphatase (rSAP), known to remove 5’-phosphates
from DNA, RNA, and proteins, after fixation to confirm that tyrosine phosphorylation was
required for a positive result in this assay. Indeed, we observed a diminished number of puncta
and lack of puncta found at the site of cell-cell contact (Figure 3.4.1C). Upon quantification of
puncta in the 2-cell stage of Caco-2 cysts, we determined that the mean number of puncta found
in WT cysts was 11 whereas cysts treated with dasatinib or rSAP had a mean of 3 puncta (Figure
3.4.1D). Then, we performed analysis on the number of puncta that were found between the two
nuclei (at cell-cell contact site) compared to the number of puncta found peripherally around the
two nuclei. In WT cysts, there was a slightly greater number of puncta found centrally than
peripherally, whereas with dasatinib and rSAP controls, this difference was much more drastic,
with the minimal number of puncta being found on the peripheral sides of the nuclei (Figure
3.4.1E). Finally, to further identify interaction of P-Tyr with CD13, CD13-V5 was overexpressed
in Caco-2 cells, and cell lysates were then collected in order to immunoprecipitate P-Tyr or IgG
as control and immunoblot for V5. This identified that there was an approximately 3-fold greater

enrichment in the interaction between P-Tyr and CD13 compared to control (Figure 3.4.1F).
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Figure 3.4.1 Tyrosine phosphorylation of CD13 occurs in vesicles prior to early apical
membrane formation. (A) Confocal images of Caco-2 cells cultured in 3D following proximity
ligation assay using anti-P-Tyr and anti-CD13 antibodies. Interactions of P-Tyr and CD13 were
visualized and quantified as discrete red puncta. The upper panel demonstrates cyst after being
cultured in 3D for 24 hours where cyst is found in the pre-adhesion stage, in which puncta are
localized centrally and peripherally. The lower panel demonstrates cysts after being cultured in 3D
for 30 hours where cysts were at the adhesion stage, in which puncta are concentrated at cell-cell
contact site. (B) Confocal images of Caco-2 cells cultured in 3D for 30 hours and treated with
dasatinib (LuM) undergone proximity ligation assay using anti-P-Tyr and anti-CD13 antibodies.
Interactions of P-Tyr and CD13 are visualized and quantified as discrete red puncta. (C) Confocal
images of Caco-2 cells cultured in 3D for 30 hours and treated with rSAP post-fixation (10U/ul)
undergone proximity ligation assay using anti-P-Tyr and anti-CD13 antibodies. Interactions of P-
Tyr and CD13 were visualized and quantified as discrete red puncta. (D) Quantifications of total
puncta of individual Caco-2 cysts in WT (n=18), dasatinib (n=20), and rSAP (n=14) conditions as
seen in confocal images. (E) Quantifications of central and peripheral puncta of individual Caco-
2 cysts respectively in WT (n=18), dasatinib (n=20), and rSAP (n=14) conditions as seen in
confocal images. (F) Immunoprecipitation was performed on Caco?2 cells transfected with CD13-
V5 and cultured in 3D suspension method with IgG or anti-P-Tyr and blotted for V5. Ponceau
staining of tubulin was used as loading control. The graph below shows the quantification of band

intensities. Scale bars: A-C, 10um.
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3.5 Dasatinib treatment results in loss of central CD13 and EEA1 accumulation, preventing
early apical membrane formation

To further understand the role of src kinases in phosphorylating tyrosine 6 in the intracellular
domain of CD13, Caco-2 cysts were treated with dasatinib 1 hour after plating cells into 3D culture.
Cysts were then fixed and immunostained 24 hours after, and control cysts were those that were
not treated with dasatinib. In cysts with dasatinib treatment, CD13 was no longer found at the cell-
cell contact site (Figure 3.5.1, Lower Panel). EEAL, which was found to concentrate and surround
CD13 along the adhesion line in control cysts (Figure 3.5.1A, Upper Panel) also failed to
accumulate at the cell-cell contact site of treated cells (Figure 3.5.1A, Lower Panel). EEA1 was
found to be dispersed along the periphery of nuclei (Figure 3.5.1A, Lower Panel). The expression
of E-cadherin along the adhesion line remained consistent in both treatment and control cysts
(Figure 3.5.1A). Results from live-imaging of Caco-2 cells transfected with EEA1-GFP and CD13-
mCherry suggested that dasatinib was impacting early apical membrane formation. In contrast to
the non-dasatinib condition in which a large association between EEA1 and CD13 was observed
(Figure 3.1.1C), EEA1+ vesicles were shown to be distributed diffusely within the dasatinib-
treated cyst, and largely, these EEAL1+ vesicles did not seem to associate with CD13, further

indicating the impact of phosphorylation in early polarization steps (Figure 3.5.1B).
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Figure 3.5.1 Dasatinib prevents CD13 accumulation required for apical membrane
formation. (A) Confocal images of WT Caco-2 cells cultured in 3D for 24 hours with or without
treatment of dasatinib (LuM) and immunostained for EEAL (red), CD13 (green), and E-cadherin
(magenta) at the adhesion stage. (B) Caco-2 cells were transfected to express CD13-mCherry and
EEA1-EGFP in 2D culture and were subsequently plated in 3D culture to initiate cell polarization.
Cells were treated with dasatinib (LuM) 1h after plating in 3D. Time-lapse confocal images were
captured every 30 min, and these images were taken at 30h and 33h respectively. Scale bars: A-B

10pum.

3.6CD13 progression through the stage of early apical membrane formation
simultaneously promotes pushing and lateral spreading of E-cadherin

Our lab has previously investigated the roles of various polarity proteins in the context of
epithelial cells, including CD13 and E-cadherin. CD13 localizes to the apical membrane while E-
cadherin localizes to the basolateral membrane (Wang et al., 2021). However, what remains
elusive is how CD13 and E-cadherin localization become mutually exclusive after colocalizing at
the adhesion. In the adhesion stage, we observed CD13 and E-cadherin co-existing at the adhesion
line (Figure 3.6.1A). Upon further analysis, we observed a high correlation of CD13 and E-
cadherin at the adhesion stage, with a correlation coefficient of 0.7499 (Figure 3.6.1B, G). As cells
progressed to the AMIS stage, which was characterized by accumulation of CD13, E-cadherin
expression was diminished at the AMIS (Figure 3.6.1C). The correlation coefficient at the AMIS
was 0.0977, which was remarkably low (Figure 3.6.1D, G). Notably, E-cadherin expression was
the highest at the points adjacent to the CD13 accumulation at the AMIS, and expression decreased
as it moved further away from the AMIS (Figure 3.6.1D). The correlation coefficient at the cell-

cell contact site was -0.339, demonstrating that CD13 and E-cadherin become negatively
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correlated with further development of the apical membrane (Figure 3.6.1G). Moving towards the
pre-apical patch (PAP) stage, which was characterized by the maturation of the AMIS, we
observed CD13 expression further accumulating and elongating while E-cadherin became further
diminished and restricted towards the periphery of the cell (Figure 3.6.1E). Upon analysis of the
correlation coefficient, CD13 and E-cadherin were further negatively correlated with a value of -

0.7408 (Figure 3.6.1F, G).
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Figure 3.6.1 Functions of CD13 and E-cadherin during early apical specification of Caco-2
cells. (A) Confocal images of Caco-2 cysts cultured in 3D for 24 hours and immunostained for
CD13 (green) and E-cadherin (magenta) at adhesion stage. (B) Left: Specification of the line at
adhesion used to determine intensities of CD13 and E-cadherin at the given location. Right: Graph
of intensities of CD13 and E-cadherin along the distance of the cell-cell contact site. (C) Confocal
images of Caco-2 cysts cultured in 3D for 24 hours and immunostained for CD13 (green) and E-
cadherin (magenta) at the AMIS stage. (D) Left: Specification of line at cell-cell contact site used
to determine intensities of CD13 and E-cadherin at AMIS stage. The blue arrow specifies E-
cadherin expression from one end of the periphery to the AMIS. The red arrow specifies E-
cadherin expression from the AMIS to the other end of the periphery. Right: Graph of intensities
of CD13 and E-cadherin along the cell-cell contact site. The blue arrow indicates the slope of E-
cadherin expression from one end of the periphery to the AMIS. The red arrow indicates the slope
of E-cadherin expression from AMIS to the other end of the periphery. (E) Confocal images of
Caco-2 cysts cultured in 3D for 24 hours and immunostained for CD13 (green) and E-cadherin
(magenta) at the PAP stage. (F) Left: Specification of line used to determine intensities of CD13
and E-cadherin along PAP. Right: Graph of intensities of CD13 and E-cadherin along the distance
of PAP. (G) Graph of correlation coefficients between CD13 and E-cadherin at the stages of

adhesion, AMIS, and PAP. Scale bars: A-F, 10pum.

67



4. Discussion, Future Directions, Conclusion

4.1 Discussion

In this study, our results demonstrate that EEA1 mediates CD13 during epithelial lumen
formation by directing CD13 in the early apical-basal polarity orientation steps. Silencing EEA1
in Caco-2 cysts is characterized by a lack of CD13 accumulation at the cell-cell contact site,
preventing initiation of apical specification by CD13. Furthermore, EEAL depletion results in a
similar inverted polarity phenotype as found in CD13 depleted cysts, characterized as apical
complexes being positioned at the periphery of cell aggregates rather than basolateral proteins. We
also identify the requirement of tyrosine phosphorylation at the intracellular domain of CD13
within vesicles in order for CD13 to localize correctly to initiate apical specification. Upon
inhibition of tyrosine phosphorylation, as seen in cysts treated with dasatinib, CD13 is unable to
mobilize to the site of cell-cell contact, phenotypically mimicking cysts with EEAL depletion.
Finally, we identify a relationship between CD13 and E-cadherin in early polarization steps as it
progresses from co-existing at adhesion to CD13 accumulating centrally while simultaneously
pushing E-cadherin to the outer periphery of the cell. Here, we provide further understanding on
the early cellular functions involving CD13 localization, which are critical for CD13 to assert its

function in orienting apical-basal polarity for proper tissue function and epithelial homeostasis.

EEAL has been reported to be present in complex endosomal pathways in both polarized and
nonpolarized cells by docking incoming endocytic vesicles before fusion with early endosomes
(Wilson etal., 2000). In the context of polarity, EEAL has been implicated in targeting and delivery
of several proteins through a transcytotic manner in EEAl+ vesicles from the basolateral
membrane to the apical membrane (Anderson et al., 2005; Bidaud-Meynard et al., 2019). Past

studies in our lab focused on the role of CD13 in late endosome recycling but given that CD13
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accumulation at the future apical membrane site preceded Rabll and Rab35, which are key
proteins mediating apical endosome recycling, we sought to see if CD13 localization was
occurring through an early endosomal process in early polarization steps (Wang et al., 2021). My
results indicate that EEA1 mediates CD13 through various stages of early apical membrane
formation noted by accumulation of EEA1 in CD13-enriched areas. EEA1* vesicles surrounded
CD13 as it became enriched along the adhesion line at the adhesion stage, and after progression to
the AMIS stage, EEAL" vesicles displaced towards CD13 accumulation and were no longer found
evenly distributed along the adhesion line, suggesting a role of EEA1" vesicles in mediating CD13
localization. Furthermore, our imaging data revealed that EEA1 depletion in the 2-cell stage
resulted in an absence of CD13 localization during apical membrane initiation, suggesting that
EEAL* vesicles are needed for correct delivery of CD13. There is currently no known interaction
of EEA1 and E-cadherin, a well-established marker of the basolateral membrane, and this is further
suggested in my data as the displacement of E-cadherin remains undisrupted along the cell-cell
contact site (Nelson et al., 2013). It then became of interest to us to observe Par6 localization in
the context of EEAL depletion given that our lab previously observed Par6 being retained at the
cell periphery and being excluded from the cytoplasm in CD13-depleted cells (Wang et al., 2021).
Our results indicated that Par6 was unable to accumulate, indicating that disruption of EEA1*
vesicles at polarity initiation prevented trafficking of apical proteins at later stages. Finally, the
results in this thesis demonstrate that EEA1 depleted cells had diminished ability for lumen
formation. Solid cysts that were formed as a result of depletion phenocopied CD13-depleted cysts,
indicating EEAL* vesicle delivery of CD13 is necessary and acts as a preceding step in apical

membrane establishment.
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The involvement of EEAL* vesicles in apical protein transport has been extensively reported,
specifically in epithelial transcytosis of integral membrane proteins, which are first trafficked to
the basolateral membrane and destined for the apical surface (Mostov & Simister, 1985; Schaerer
et al., 1991). A useful model to study basolateral-to-apical transcytosis has been the trafficking
mechanism of polymeric immunoglobulin receptor (plgR). As part of the mucosal immune
response, plgR binds to dimeric IgA (dlgA) prior to internalization through clathrin-mediated
endocytosis in MDCK epithelial cells (Mostov et al., 1992). This is followed by recruitment and
activation of Src family kinase, p62Yes, which further leads to phosphorylation and activation of
downstream proteins involved in pIgR transcytosis (Luton et al., 1999). The IgA-receptor complex
is delivered to basolateral early endosomal compartments, noted by the colocalization of EEAL
and Rab5 at these endosomes (Bucci et al., 1994; Leung et al., 2000). The cargo is then processed
by common recycling endosomes to be directed to the lysosomes for degradation, recycled back
to the basolateral surface, or mediated towards the apical region for exocytosis (Brown et al., 2000;
E. Wang et al., 2000). The mechanism behind the route that digA-pIgR takes for exocytosis is yet
unclear. One hypothesis suggests that they are directed for exocytosis directly by common
recycling endosomes at the apical membrane. The other suggests that complexes are sorted to
Rab11-, Rab17-, and Rab25- containing apical recycling endosomes prior to delivery to the apical
membrane for exocytosis (James E. Casanova et al., 1999; X. Wang et al., 2000; Zacchi et al.,
1998). Proteins like cystic fibrosis transmembrane conductance receptor (CFTR) relies on EEAL*
endosomes as well but follow a slightly different mechanism to the trafficking of plgR. Unlike
plgR that are processed by common recycling endosomes, the commitment of CFTR to the apical
membrane precedes entry of cargo into Rab5* and EEA1* basolateral early endosomes (Bidaud-

Meynard et al., 2019). In addition, the transcytosis of CFTR was independent of N-glycans, AP-
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1B, Rab3b, Rab17, Rab25, and the exocyst complex, which are essential for apical transcytosis of
proteins like plgR (Hunziker & Peters, 1998; Nelms et al., 2017; Perez Bay et al., 2013; van
ljzendoorn et al., 2002). Finally, transcytosis of CFTR mostly avoided the use of common
recycling endosomes and apical recycling endosomes, which are frequently implicated in
transcytosis of other cargo (Jerdeva et al., 2010; Lalioti et al., 2016). Given our lab’s previous
work has implicated the role of CD13 in mediating apical protein trafficking through apical
recycling endosomes, it raises the possibility that the mechanism behind CD13 localization

through transcytosis closely follows the trafficking mechanism of plgR (Wang et al., 2021).

In our previous study, our lab reported that in the absence of wildtype CD13, mutation of Tyr
6 in the intracellular domain of CD13 (CD13-Y6F) results in CD13 being locked in a vesicular
compartment, which further prevents its ability to translocate to the plasma membrane, a necessary
process for correct polarity orientation. In CD13, tyrosine 6 is phosphorylated in a Src- dependent
manner (Subramani et al., 2013). Given that the staining pattern of CD13-Y6F was reminiscent of
ER, CD13, observed to be localized to intracellular puncta, was previously assessed to see if its
retention was occurring as a result of the ER. The results indicated that while there was a moderate
effect on ER retention, the majority of CD13 was not being accounted for (Wang et al., 2021). My
work adds to this, demonstrating that the majority of CD13-YG6F resides in EEAL* vesicles.
Together, these results indicate that phosphorylation of Y6 is necessary for efficient trafficking of

CD13.

Overall, src-family kinases seem to be implicated in trafficking of apical proteins at the entry
point when proteins are initially delivered to a membrane for endocytosis. For plgR, binding to
digA led to recruitment and activation of P62Yes, a Src family kinase in epithelial cells, and this

led to the downstream activation of proteins to promote endocytosis of the complex at the
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basolateral membrane and promotion of the transcytotic process (Luton et al., 1999; Mostov et al.,
1992). For NgCAM, initial delivery and endocytosis at the basolateral membrane within epithelial
cells relied on tyrosine 33 in the cytoplasmic tail. It was proposed that NgCAM relied on
phosphorylation of tyrosine 33 by a src-family kinase to undergo basolateral targeting (Anderson
et al., 2005). Src-family kinases have been implicated in the internalization process for endothelial
transcytosis as well. Transcytosis studies of albumin, which has critical functions in maintaining
transendothelial oncotic pressure gradients and transporting bloodborne substances such as lipids,
hormones, and peptides, have proposed that endothelial internalization of albumin relied on Src-
family kinases to mediate phosphorylation of caveolin-1 and GTPase dynamin2 (Schnitzer et al.,
1988; Schnitzer et al., 1994; Shajahan et al., 2004). Src-induced phosphorylated and activated
dynamin to bind to caveolin-1, promoting recruitment of caveolae, which were determined
necessary for aloumin endocytosis (Shajahan et al., 2004). In addition, low density lipoproteins
(LDL), implicated in cardiovascular health, have been determined to undergo transcytosis in
endothelial cells (Dehouck et al., 1997). LDL is internalized through caveolae-mediated, clathrin-
mediated, or caveolin and clathrin-independent endocytosis at the apical membrane (Fung et al.,
2018). LDL is then subjected to degradation in lysosomes or is mediated by activin receptor-like
kinase 1 (ALK1) receptors and scavenger receptor B1 (SR-B1) for transcytosis to the basolateral
membrane (Zhu et al., 2008). Similar to albumin transcytosis, endothelial transcytosis of LDL
relies on caveolae-mediated entry, and although the mechanism remains uncertain, it is speculated
that src kinases are implicated at the caveolae-level through effects on caveolin-1 in the

endocytosis process (Fung et al., 2018).

Given the implication of tyrosine and src-family kinases during early endosomal timepoints at

endocytosis, our current study aimed to look at the co-localization of EEA1 and CD13 to assess if
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EEAL* vesicles were the vesicular compartments locking in CD13. Our results suggest that the
majority of CD13-Y6F puncta are trapped in EEAl+ vesicles and that the tyrosine in the
intracellular domain is playing a role in localizing CD13 correctly, presumably at the initial

basolateral domain to undergo transcytosis.

Tyrosine residues of the cytoplasmic tail have been found to be critical in targeting apical
proteins to the initial basolateral domain for transcytosis. Absence of phosphorylation by src
kinases on these tyrosine residues has been shown to prevent transcytosis and inhibit displacement
of these proteins to the apical membrane (Anderson et al., 2005). Based on our results with CD13-
Y6F being trapped in intracellular puncta, we hypothesized that CD13 was acting in a similar
manner, requiring phosphorylation on the Tyr 6 for correct delivery to the cell-cell contact site to
begin early polarization steps. Our proximity ligation assay results support our hypothesis as we
observed puncta of interaction between anti-CD13 and anti-P-Tyr antibodies in WT Caco-2 cysts,
indicative of CD13 phosphorylation. In several cysts, the puncta were localized dispersedly around
the cell, which were reminiscent of the early adhesion stage in which CD13 had not accumulated
yet to the cell-cell contact site. In cysts that had undergone further progression of apical membrane
formation, the puncta were localized centrally between the nuclei, which were reminiscent of
EEAL* vesicles surrounding the CD13-enriched adhesion line during the late adhesion stage.
Cysts, treated with dasatinib, a src-family kinase inhibitor, displayed decreased puncta of
interaction between CD13 and P-Tyr, and these puncta were subjected to the outer periphery of
the nuclei, suggesting that phosphorylation is necessary for localizing CD13 to the cell-cell contact
site for apical membrane specification. Puncta found in cysts treated with phosphatase
phenocopied cysts treated with dasatinib, further verifying that P-Tyr is necessary for CD13

localization in early polarization steps. Further specificity verification of this PLA assay can be
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done by repeating this experiment using Caco-2 cells treated with CD13 shRNA. The residual
puncta in the periphery following dasatinib or rSAP treatment could reflect that some sites may be
inaccessible for dephosphorylation; however, it seems likelier that these treatments are effective
in depleting interaction rather than inhibiting interaction completely. A study looking at P-Tyr
expression to assess its posttranslational modifying effect on cancer, specifically in K562 leukemia
cells, used PLAs to follow the dynamics of P-Tyr protein localization. Here, they treated cells with
imatinib, a tyrosine kinase inhibitor, to identify any measurable differences of P-Tyr. Imatinib
decreased the P-Tyr levels significantly compared to the P-Tyr expression in the WT PLA, but it
was unable to abolish all activity, which was similar to our PLA results (Elfineh et al., 2014). It is
also important to note that although PLA allows quantification of interaction as discrete spots, the
strength of interaction cannot be assessed because fluorescence of each of these spots cannot be
compared to one another. Therefore, despite our data suggesting some signal in dasatinib and
rSAP conditions, resulting in residual puncta, Tyr may be weakly phosphorylated, resulting in
weak interaction between P-Tyr and CD13. This could be why these puncta are subjected to the
periphery and unable to access the cell-cell contact site, which is necessary for apical membrane

specification.

It is important to address that there are other limitations to using PLAs due to the assay
showing proximity rather than direct events occurring on CD13. Given the vast functions of CD13
to act in roles such as receptors, enzymes, and signaling molecules, and the various ligands that
CD13 has been shown to associate with, such as matrix metalloproteinases and carbohydrate
moieties such as galectin-4, we cannot completely exclude the possibility that CD13 is binding to
another protein that is tyrosine phosphorylated (Ghaffari et al., 2010; Mina-Osorio, 2008; Mina-

Osorio et al., 2007). In addition, although detection of interaction between P-Tyr and CD13 can
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be quantified, proximity ligation assays do not reveal site specific information as to where this
interaction is occurring. However, our imaging data of Caco-2 cysts treated with dasatinib further
support our findings from the proximity ligation assays and promote the notion that CD13 is the
protein undergoing phosphorylation. Inhibition of phosphorylation resulted in an absence of CD13
localization during apical membrane initiation, suggesting that phosphorylation is necessary for
delivery of CD13 to the cell-cell contact site. Furthermore, cysts treated with dasatinib
phenotypically mimicked cysts with EEAL depletion, marked by absence of CD13 between the

two nuclei.

Previous studies involving apical protein localization through transcytosis, specifically the
necessity of src-family kinase-dependent phosphorylation for internalization of apical proteins into
EEA1-mediated early endosomes, and our current results involving mislocalization of CD13 in
conditions of EEA1 depletion, CD13-Y6F mutation, and src-family kinase inhibition all suggest a
specific, novel mechanism by which CD13 is localizing in early polarization steps. CD13 exists in
vesicles that are EEAL1", and prior to delivery to the cell-cell contact site, CD13 undergoes
phosphorylation within these vesicles, notably at Tyrosine 6 of the intracellular domain. CD13
relies on vesicles being EEA1* and phosphorylation to be able to localize correctly to begin apical
membrane formation. In the absence of either one, CD13 is unable to contribute to its function of

orienting apical-basal polarity.

In the 2-cell stage of Caco-2 cysts, CD13, a protein that localizes apically, colocalized with E-
cadherin, which is a well-established marker of the basolateral membrane (Nelson et al., 2013).
Our imaging data demonstrates an initial correlative relationship between CD13 and E-cadherin at
the adhesion stage but demonstrates a subsequent change as the relationship becomes anti-

correlative as CD13 and E-cadherin progress through the AMIS and PAP stages. Interestingly, as
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E-cadherin displaces peripherally simultaneously to CD13 accumulation in AMIS and PAP stages,
we observe that the fluorescent expression of E-cadherin is brightest at sites closest to CD13. This
seems indicative of CD13 ‘pushing’ E-cadherin outwardly as it accumulates centrally; however,

the mechanism directing this remains unknown.

4.2 Future Directions

Our results identify a novel mechanism detailing how EEA1* vesicles and phosphorylation of
the CD13 intracellular domain allow for it to correctly localize for initiation of apical membrane
establishment. EEAL, as mentioned, acts as a marker to dock incoming endocytic vesicles prior to
fusion with early endosomes (Wilson et al., 2000). EEAL has been reported to be involved in
proper delivery of transcytotic endosomes to the apical membrane (Bidaud-Meynard et al., 2019;
Wilson et al., 2000), which has effectively been a basis of this study. However, it must be noted
that transcytosis requires endocytic pathways but also possesses exocyst requirements to
selectively tether cargo vesicles directed towards the target surface. Specifically, movement of
early endosomes, apical recycling endosomes, and transferrin-positive common recycling
endosomes all required components of the exocyst complex such as Sec6, Sec8, and Exo70 to
ensure proper delivery to the apical membrane (Oztan et al., 2007). Therefore, future studies in
this project should assess the function of the exocyst and identify whether depletion of exocyst

complexes prevent correct localization of CD13.

Other future directions in this project should look at how this novel mechanism involving
EEA1 and CD13 phosphorylation are implicated in the context of disease. Specifically, our lab has
identified that polarity can be re-established in transformed cells. Re-introduction of CD13 to
cancerous cells expressing various oncogenes promotes proper polarity in these cells and prevents

them from maintaining a malignant phenotype, characterized by epithelial structures lacking
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prominent lumen. Given the fact that cysts expressing EEAL depletion phenocopies cancerous
cells by disrupting lumen formation, it would be impactful to see how EEAL and phosphorylation
of the intracellular domain of CD13 are implicated within cancerous cells. In addition, our
preliminary data indicate that re-introduction of CD13 reverts malignant phenotype, and therefore,
it would be of interest for this project to see if EEAL and phosphorylation of CD13 are then able

to restore function as a result.

Finally, our results suggest an anti-correlative relationship between CD13 and E-cadherin as
cysts progress through its early polarization steps. We highlight that E-cadherin is specifically
enriched in areas that are neighboring CD13 during AMIS and PAP stages and hypothesize that
as CD13 accumulates, it pushes E-cadherin out of the emerging apical zone, thus restricting it to
the periphery. By assessing live-imaging of CD13 and E-cadherin, we would better be able to
understand the dynamics that are involved to have a more comprehensive understanding of early

apical-basal polarity.

4.3 Conclusion

The data presented in this thesis provide a crucial missing piece into understanding the early
mechanism by which CD13 localizes to begin apical membrane establishment. Based on these
results, I conclude that the intracellular domain of CD13 requires phosphorylation within EEAL*
vesicles to target and deliver CD13 correctly. My work sets the foundation to further uncover how
CD13 may be mediated through a transcytotic mechanism. In addition, my work opens up various
avenues for projects that focus on looking at this novel mechanism in the context of disease such

as cancer, potentially revealing novel targets to help establish potential therapeutics.
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