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ABSTRACT

Epsin3 (EPN3) belongs to the Epsin family of endocytic adaptors, which in humans comprises 3
members: Epsinl (EPN1), Epsin2 (EPN2) and EPN3. Differently from the other members, EPN3
is expressed at very low levels in almost all tissues and its function is unknown. Previous data have
shown that EPN3 is overexpressed in about 47% of breast cancers, correlating with an aggressive
tumor phenotype and increased risk of distant metastasis. At the cellular level, in vitro studies
performed on MCF10A, a non-tumoral immortalized breast epithelial cell line, showed that
overexpression of EPN3 (but not of EPN1) induces the appearance of fibroblast-like properties.
Here, we found that EPN3 overexpression is able to induce the so-called partial epithelial-to-
mesenchymal transition, pEMT, a condition characterized by a mix of epithelial and
mesenchymal features that makes cells capable of easily converting between an epithelial and a
mesenchymal state. Mechanistically, we showed that EPN3 interacts with the endocytic
machinery (clathrin heavy chain and AP2) and with components of adherens junctions (p120, B-
catenin, a-catenin), and increases E-Cadherin endocytosis, suggesting an alteration of E-Cadherin
turnover, known to be necessary to allow EMT. Indeed, the increased E-Cadherin endocytosis
activates the pEMT through the B-catenin/TCF4 pathway. Moreover, EPN3 overexpression in
MCF10A cells upregulates the TGF} pathway and synergizes with it, both in TGFp signaling and
in induction of E-Cadherin endocytosis. Interestingly, EPN3-induced pEMT generates a TGFj-
dependent loop that can be reverted by TCF4 or TGFBR1 KD, but it is not addicted to EPN3

expression once established.




Interestingly, endogenous EPN3 expression is also implicated in the regulation of the TGF[
pathway and E-Cadherin endocytosis, indicating that EPN3 function upon overexpression is an
exaggeration of its physiological function. In vivo, we generated an EPN3 inducible knock-in
mouse, which overexpresses the transgene specifically in epithelial cells. High EPN3 levels did not
cause significant differences during mammary gland development in puberty, but instead
increased secondary and tertiary branching morphogenesis in adult virgin mice, increasing N-
Cadherin expression in the epithelial ducts, supporting in vitro findings in MCF10A cells.

Together, these data show that EPN3 is a novel prognostic factor for breast cancer metastasis
acquisition, acting directly on E-Cadherin endocytosis and turn-over, resulting in a pEMT highly
plastic and dynamic and that could recapitulate also branching alterations in mouse mammary
gland. Moreover, preliminary evidences suggest that the upstream endocytic event is able to
induce a transcriptional activation that becomes independent of the first genetic lesion, a

possibility that would have a profound impact in breast cancer treatment.
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INTRODUCTION

1. INTRODUCTION

During my PhD, I worked on a project focused on the characterization of the function of a novel
putative pro oncogenic protein, Epsin3 (EPN3), in breast cancer (BC) development and
progression. This introduction aims to summarize the most relevant literature related to the
different topics connected to my thesis, ranging from endocytosis to cell-cell junctions, and
epithelial-to-mesenchymal transition (EMT) to mammary gland development and morphology.

One of the turning points in the (r)evolution of life was the acquisition of the ability of
different cells to cooperate with each other and gain specific functions. In this context, the
possibility of cells to physically interact with each other, create junctions and sense the
microenvironment marks a major biological breakthrough. Nowadays, scientists are trying to
understand how cells are connected to each other and why dysregulation of the processes that
allow cell interaction can contribute to diseases, included cancer.

Adherens junctions (AJs) are the most studied cell-cell junctions in epithelial sheets,
responsible for a wide range of functions. AJ turnover and plasma membrane (PM) stability are
strongly controlled and many indications link the dysregulation of this control to cancer, in
particular, to invasiveness and metastasis. Besides transcriptional regulation, protein synthesis
and degradation, one of the main and more dynamic mechanisms of regulation of PM
composition and of AJ turnover is exerted by the endocytic process. Thus, unraveling the
mechanisms of A] endocytosis could contribute to our understanding of how cells communicate

and interact with each other, and how dysregulation of this process could contribute to cancer.
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INTRODUCTION

1.1. MECHANISMS OF ENDOCYTOSIS

Endocytosis is the process of intracellular uptake of molecules through the PM '. Many routes are
known to allow this process, which are characterized by the dimension and the type of the cargo,
the membrane tension, and the type of endocytic machinery required. For example, phagocytosis
is necessary to allow internalization of cargos bigger than 500 nm, such as bacteria, and does not
require a membrane coat . Macro-pinocytosis, on the other hand, is implicated in uptake of
fluidic molecules from the extracellular space and again does not require a coat °. Clathrin-
mediated endocytosis (CME) is defined as the main endocytic route of PM receptors, involving
the formation of small membrane invaginations (150-200 nm) coated with clathrin, called
clathrin-coated pits (CCPs) *”. Although CME is the best characterized mechanism of receptor
endocytosis, there is increasing evidence of alternative clathrin-independent routes, i.e., caveolae-
mediated *°, endoplasmic reticulum-mediated '°, actin-mediated "', flotillin-mediated **', and so

on (for a detailed review see '*).

1.1.1. Clathrin-mediated endocytosis: the clathrin-coated vesicle formation cycle

More than 50 molecular players are implicated in the CME pathway, the best characterized being
adaptor protein 2 (AP2) '°, which directly links PM receptors to clathrin. Other endocytic proteins

participate in the various phases of CCP formation at the PM and vesicle release in the cytosol,

19,

including Eps15 16 Epsins 7 FCHO1,2 *, Dynamin % and Auxilin *'. So far, the evidence
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INTRODUCTION

acquired suggests that CME can be divided into 5 steps and that the huge number of players could

act as modules of protein complexes “*** (Figure 1):

ii.

iii.

Initiation. This is the first step in the formation of the CCP. At this step, clathrin and AP2
are concomitantly recruited to the PM, inducing an initial bending of PM. Experimental
evidence suggests that the nucleation site corresponds to places with high concentrations
of phosphatidylinositol-4,5-bisphosphate (PtdIns(4,5)P,), a particular type of PM
phospholipid that is enriched at the PM and in endocytic vesicles **.

Growth. This step is highly connected to the functions of clathrin. The clathrin molecule
is composed of 2 chains, one heavy (CHC) and one light (CLC). Normally 3 CHCs and 3
CLCs assemble to form the so-called triskelion, a trimeric complex of heavy and light
chains **. During CCP formation, the triskelia assemble onto the membrane producing
hexagons and pentagons, creating the clathrin lattice. The function of the coat is to
maintain the bending of the membrane and allow the correct formation of the pit *°.
Stabilization and cargo selection. The third step in CCP formation confers cargo
specificity to the nascent CCP. Here, the most important component is AP2 °, which
presents as a heterotetramer able to bind directly PtdIns(4,5)P, but also to recognize
cargos, both directly through specific motifs in the receptor tail, and indirectly through

7% Indeed, several adaptor proteins have a fundamental role at

other adaptor proteins *
this stage of CME, participating in membrane bending and conferring specificity to cargo

selection. For example, Dishvelled recruits Frizzled after Wnt ligand stimulation > Numb

19



INTRODUCTION

recruits Notch *°, and Epsins recruit monoubiquitinated receptors, such as epidermal

growth factor receptor (EGFR) ***!

. It is also known that the presence of the cargo itself is
required to complete CCP formation, since if the amount of cargo included in the nascent
CCP does not reach a certain threshold, CCPs disassemble and are not released in the
cytosol (the so-called ‘abortive CCPs’) **, or their formation is delayed **.

iv.  Budding and scission. The critical protein in this step is dynamin, a GTPase enzyme able
to perform membrane fission, assembling at the neck of the CCP (for a review on the
mechanisms of dynamin action, see 19).

v.  Uncoating. Once the pit is formed, the coating is no longer required and has to be
disassembled in order to be ready for the formation of other CCPs. The most relevant
molecular players here are synaptojanin and auxilin. It is known that - at least in neurons
- one of the first steps in uncoating is the dephosphorylation of PtdIns(4,5)P, into

PtdIns(4)P, by the phosphatase synaptojanin **. After this dephosphorylation, auxilin

binds to clathrin and recruits Hsc70, an ATPase that detaches the triskelia *°.

These steps lead to the correct formation and internalization of the CCP, which can enter into the
endosomal compartment, where the cargos can be recycled back to the PM, degraded through the

lysosome compartment, or retro-transported to the Golgi compartment.

20
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™ O
/
— —
e R ()
Initiation Growth Stabilization and Budding Uncoating
pit commitment and
cargo capture Scission
Clathrin — Endocytic Actin Hsc70
AP2 accessory proteins: dynamin auxilin
PIP2 Eps15, epsin,
FCHo 1/2, CALM/AP180
dynamin
~45-80 sec

~100 proteins

Figure 1: Assembly and disassembly of an endocytic clathrin-coated pit (CCP)

Initiation of the CCP occurs with recruitment of AP2 adaptor complexes, associated at the plasma membrane with
PtdIns(4,5)P2, that recruits clathin triskelions. Stable growth of the CCP requires endocytic accessory proteins
(Eps15, epsin, FCHo1/2, intersectin, CALM/AP180). These adaptors confer also cargo specifity to the nascent CCP.
Dynamin, assisted by actin polymerization when the membrane is under tension, drives membrane scission and
coated-vesicle release. Hsc70, recruited by auxilin, mediates clathrin uncoating and release of a free vesicle. Text
beneath the diagram indicates the overall timescale and the stages at which various components appear to function.

Figure taken from ‘.

1.1.2. Endocytosis in the regulation of signaling and cell response

Although endocytosis has been historically ascribed as a mere mechanism necessary for cells to
“eat and feed”, over the last decades this classical concept has widely changed. Endocytosis is the
connection between extracellular and intracellular processes and it is critical in the regulation of
receptor-mediated signaling, acting at multiple levels:

e At the PM. For example, Receptor Tyrosine Kinases (RTKs), such as EGFR, are able to

induce a signaling cascade upon ligand recognition that can be regulated through receptor
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INTRODUCTION

availability at the membrane. Indeed, internalization of EGRF through CME sustains
recycling at the PM and signaling *°, while endocytosis through other clathrin-
independent pathways, direct the receptor to degradation '°. Similar regulation has been
observed also for transforming growth factor beta receptors (TGFPRs), a family of
serine/threonine receptor kinases, where the internalization through CME sustains
pathway activation, while caveolae-dependent endocytosis promotes receptor degradation
37

Endosomal and intracellular trafficking. Endosomes are often used as signaling stations
after internalization. For example, activation of MAP kinase by the EGFR is known to be
sustained and to become productive in the endosomes after receptor internalization ***.
Similarly, the TGFPR continues to activate its signaling pathway even after endocytosis
through CME: trafficking to the SARA-endosomes allows TGFPBR to phosphorylate small
mother against decapentaplegic 2 (SMAD2), which then forms a complex with SMAD4
and translocates to the nucleus where it regulates transcription of target genes (for
detailed information of TGFP / SMAD pathway see section 1.4.1.1) *°.

Motility and migration. Cell migration requires continual rearrangement of membrane
composition and plasticity, so it is not surprising that endocytosis, particularly CME, is
fundamental to this process. Specifically, migration requires rapid and constant
membrane remodeling, which is achieved by highly regulated endo/exocytosis cycles

(EECs) of key cargoes *'. Indeed, continuous EECs of members of the integrin family of
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INTRODUCTION

transmembrane adhesion receptors, such as integrin a5B1 ** and integrin asp3 *, allows
cell movement in the surrounding microenvironment.

Mechanical stress. Over the last decade, huge efforts have been directed to understanding
how cells respond to mechanical stress. The regulation of membrane composition and
turnover through endocytosis plays a critical role in this process. In 2011, the Lamaze
group showed that caveolae are critical mechanical sensors that are able to respond to
mechanical stress by rapid assembly/disassembly, therefore, providing the reservoir of
membrane needed under mechanical perturbations **. Interestingly, the regulation of
CME is highly dependent on membrane tension: the stronger the tension, the more
difficult it is for clathrin and its adaptors to bend the membrane, and - as a consequence -
the action of the actin cytoskeleton becomes critical to have productive endocytosis **.
Importantly, many aspects of the interplay between mechanical stress and endocytosis are

still unclear; for example, if, when, and how endocytosis is able to regulate signaling

pathways in response to physical stress.

1.1.3. Role of endocytosis in physiology

The fact that endocytosis is involved in so many different cellular functions, justifies its critical

role at the organismal level. Indeed, all loss-of-function mutations of clathrin and/or the major

clathrin adaptor proteins results in embryo lethality: knockdown (KD) or knockout (KO) of CHC

in Drosophila melanogaster *° and Caenorhabditis elegans *" is embryonic lethal, while AP2 is

. 48 . c e
essential for mouse early embryo development ™. Moreover, endocytic homeostasis is important
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in adulthood. Indeed, the uptake of albumin * or immunoglobulins ** across the epithelium of
lactating mouse mammary glands is tightly regulated through CME. Moreover, PICALM critically
regulates transferrin (Tf) uptake in erythroid cells because it functions as a cell type-specific
regulator of endocytosis of the transferrin receptor (TfR) °'. Furthermore, the vast majority of
receptors and adhesion molecules are internalized through CME and are responsible for many
cellular and tissue phenotypes, such as TfR in iron homeostasis >> and LDLR in regulation of
cholesterol-rich LDL particles **, but also EGFR **, Frizzled °, TGFPR ¥/, Cadherins *>*° in embryo

development and tissue homeostasis.

1.1.4. Role of endocytosis in cancer

Aberrations of the endocytic program can lead to almost all types of diseases, from genetic to
neurological, autoimmune to metabolic, infectious to cancer. This paragraph aims to briefly
summarize and discuss alterations of internalization and trafficking programs in cancer. Given
the critical role of endocytosis in cellular homeostasis, it is not surprising that alterations of
endocytic factors involved in all the different steps of the endocytic process, from CCP formation
to endosomal sorting, have been linked to many cancers *’. Aberrant endocytosis could impinge
on many cancer-related phenotypes, in particular:
e DProliferative signaling. Alterations of endocytic players implicated in the regulation of
receptor signaling are often observed in cancers. For example, the E3 ubiquitin ligase, Cbl,
which is frequently mutated in human tumors, regulates ubiquitination, endocytosis and

lysosomal degradation of RTKs, including hepatocyte growth factor receptor
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(HGFR/Met) and EGFR **. Cbl-mediated ubiquitination is critical to achieve long-term
attenuation of signaling and its alterations cause enhanced and prolonged proliferative
response. A similar phenotype is observed with mutant receptors that are inefficiently
internalized, ubiquitinated and/or sorted to lysosomal degradation, resulting in aberrant
signaling, as in the case of EGFRVIII, a mutant form of EGFR often found in glioblastoma

that is less degraded meaning that it can sustain pathway activation *.

Asymmetric/symmetric division and stemness. The balance between asymmetric and
symmetric division is tightly regulated by endocytosis and alterations of the machinery
controlling this balance can lead to increased stem cell (SC) content, a property intimately

%081 This is the case of Numb, an endocytic protein that regulates

linked to tumorigenesis
asymmetric cell division of mammary SCs and homeostasis of the SC compartment by
acting mainly through the tumor suppressor p53 and the oncogene Notch ****, In BC,
Numb loss leads to the concomitant loss of p53 activity and Notch activation, which
culminates in expansion of the SC compartment, the acquisition of cancer stem cell (CSC)

. . . 60,61
traits, and resistance to classical chemotherapy " .

Migration and motility. Alterations in migration and adhesion processes are fundamental
for cancer invasiveness and metastasis acquisition. Cell adhesion and migration are finely
regulated at many different levels; the most relevant players in these process are the
junctions, both cell-cell (AJs and tight junctions) and cell-extracellular matrix (ECM; focal
adhesions). The turnover and specificity of the junctions defines how a cell will behave in

the space. As expected, endocytosis and its dysfunction have profound impacts on these
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processes. For example, alterations in integrin composition at the PM and turnover, via

5764 In agreement Rab25, a GTPase that

altered EECs, have been observed in cancer
regulates integrin endosomal trafficking, has been found to be overexpressed in
hepatocellular cancer, leading to anchorage-independent proliferation ®*®. Cadherins

also play a prominent role in cancer and we will dedicate an entire section to this topic

(Section 1.3).

1.2. The Epsin family of clathrin endocytic adaptors

Epsins are a family of endocytic adaptor proteins. The first description of an epsin protein was
made in 1998, when it was described as an Eps15 interactive protein, binding to the EH domain of
Eps15, an already known endocytic adaptor protein . Additional studies revealed that the epsin
family is composed of 3 paralogs: epsin1 (EPN1) , epsin2 (EPN2) * and EPN3 . After 20 years,
almost 300 scientific publications (PubMed data) have focused their attention on the Epsin family,
unveiling a strong interest in understanding the function of this protein family. In this section, the
most important features and discoveries regarding the functions of Epsin family members, in

physiology and in disease, are described.
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1.2.1. Epsin protein structure

Epsins share a high degree of structural similarity. They are characterized by the presence of an
Eps15 N-terminal Homology (ENTH) domain highly conserved at the N-terminus of the protein,
followed by 2 ubiquitin-interactive motif (UIM) motifs, 1-2 clathrin-binding motifs, and 3-8 Asp-
Pro-Trp (whose aminoacid abbreviation is: DPW) motifs and 3 Asn-Pro-Phe (NPF) motifs at the
C-terminus of the protein (Figure 2) 7. In detail:
e ENTH domain. This domain is a very highly conserved domain, first identified in EPN1
7 Its main role is to bind the phospholipid PtdIns(4,5)P, that is enriched at the PM and
in endocytic vesicles "°. In 2000, the crystal structure of the EPN1 ENTH domain was
resolved, showing that it is composed of 7 well-structured o-helices and another a-helix
that is induced by epsin binding to the phospholipids ”. The most similar domain to the
ENTH is the AP180 N-terminal Homology ANTH domain found in adaptor protein 180
AP180, belonging to another class of endocytic adaptor proteins '’; however, there are
similarities also with other well characterized domains, such as the VPS-27 Hrs STAM
(VHS) domain of vacuolar protein sorting-associated protein 27 (Vps27) protein ’* or
armadillo repeat of B-catenin 7*”°.
e UIM. This motif is present in two or three copies in the various epsins and it is responsible for
the binding between epsins and ubiquitinated cargos.
e C(Clathrin-binding motifs. These motifs are responsible for the recruitment and binding with

clathrin triskelia and are flanked by AP2-binding motifs.
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e DPW motifs. These motifs are responsible for the binding with AP2, the major clathrin

binding partner.

e NPF motifs. These motifs are responsible for the binding with the EH domain of Eps15,

Intersectin, and POB1.

PtdIns(4,5)P, Ubiquitin ~ AP2 Clathrin Epsls

Epsin] (DR HEE-8 i
. Clathrin-binding motif

Eesin? (—O—--—a | DPWmotif
. NPF motif

Epsin’ (I ——— - HED—8

Figure 2: Structure of different members of the Epsin family

Schematic representation of epsins 1, 2 and 3 proteins. They share similar protein structure, bearing an almost
identical N-terminal ENTH domain. Immediately after this domain, several ubiquitin-interacting motifs
(EEElqLqlAlamSKkE) are situated, responsible for interaction with ubiquitinated proteins. The central region of epsin
has different DPW motifs that mediate binding to AP2. These motifs are flanked by clathrin-binding motifs
(LLDLD/LIELE) involved in clathrin binding. The C-terminal part of these proteins comprises NPF repeats that

interact with EH domain-bearing proteins, such as Eps15 and intersectin. Adapted from ",

The protein sequence of the epsins is highly conserved among species, with many homologues
discovered along the phylogenetic tree. In Saccharomyces cerevisiae, two epsins, named Ent1 and
Ent2, have been found as homologs of the human Epsin family; they have been characterized for
their role in CME and actin regulation, and the absence of both the genes is lethal ”°. In Xenopus
laevis, one protein closely related to epsins was identified, MP90 ”’. In Drosophila melanogaster,

the protein liquid facets (LqF) was identified as an orthologue of epsins ”°.
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1.2.2. Epsin functions

Many functions of the Epsin family have been discovered. Almost everything discovered about
this family came from studies on EPN1, since it was the first epsin to be discovered and it is
ubiquitously expressed. In addition, EPN1 and EPN2 seem to share redundant roles in
endocytosis and development 7 Thus, the functions that I describe here refer to EPN1, if not
differently specified.

It is now widely accepted that epsins have a role in the first steps of endocytosis acting as an
adaptor protein. Interestingly, researchers have been able to link epsin function to specific
pathways depending on the cellular context, although the molecular mechanisms governing this
pathway-specific function are still to be elucidated .

e Epsin role in CME. In the first decade after the discovery of epsins, much effort was
placed on unraveling their mechanism of action. An important advancement came with
the discovery of the EPN1 ENTH structure "> and with the bioinformatics characterization
of the domains and motifs found within the epsin sequence. Indeed, the function of epsins
is to connect the 3 key components of the endocytic process: the PM bilayer via the
binding of the ENTH domain to PtdIns(4,5)P,, ubiquitinated cargo via UIMs, and the
clathrin machinery, including Clathrin, AP2 and Eps15 via the clathrin-binding motifs,
DPW, and NPF, respectively (Figure 3) "*”*. In particular, it has been proposed that epsins
could act after the nucleation step (Figure 1), contributing to cargo selection and coat

22,23,70,71
assembly ***>7%71,
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Ubiquitinated

Surface Protein
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in Plasma Membrane

EH-domain proteins
(Eps15, Intersectin)

v

Clathrin
AP-2

Figure 3: Epsin-mediated endocytosis of ubiquitinated cell surface receptors
ENTH, epsin N-terminal homology domain; UIM, ubiquitin interacting motif; CBD and DPW central region housing
clathrin- anAP-2-binding domains, respectively; NPF, asparagine-proline-phenylalanine containing C-terminal
region housing Eps-15 homology (EH) protein-binding domains; Ub, ubiquitin. Adapted from 5
e The Notch pathway. One of the firsts pathways shown to be regulated by epsins was the
Notch pathway. The Notch signaling pathway is a highly conserved pathway among

species, fundamental for embryo development and cell fate *"*

. The Notch receptor is
activated through cleavage and the internalization of its Notch intracellular domain
(NICD) in the signal-receiving cell; this event occurs upon binding of the Notch receptor
extracellular domain (NECD) with Notch ligand, a transmembrane protein on the signal-

sending cell, one of the most studied being delta like protein 4 (DI14) **. When ligand and

receptors on opposing cells are bound, proteolytic cleavage of the NECD and subsequent
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internalization of DIl4 and NECD in the signal-sending cell, allows the endocytosis of
NICD in the signal-receiving cell and activation of the pathway. It is yet not clear the exact
role of epsins in this process, although it is likely that its main function is recognition of
ubiquitinated DIll4 ligand in the signal-sending cell, allowing internalization of the
DI14:NECD complex **.

The EGFR pathway. EGFR belongs to the ErbB family and it is one of the best
characterized members because of its relevance in cancer. Indeed, EGFR is frequently
overexpressed and/or mutated in cancer, leading to aberrant signaling and tumorigenesis
%7 Moreover, the EGFR pathway offers opportunities for targeted anti-cancer therapies **.
EGEFR is an RTK that homodimerizes or heterodimerizes with other other ErbB family
members. Upon ligand binding, transphosphorylation occurs leading to receptor
activation and triggering of the downstream signaling cascade *. Ligand binding induces

90-92
1

also EGFR endocytosis, which is dependent on the E3 ubiquitin ligase, Cb . Many
studies have shown that epsins are involved in this process: indeed EPN1 recognizes
ubiquitinated EGFR in CCPs, resulting in a subsequent ubiquitination of Epsin itself by

NEDD4, process called “coupled monoubiquitination” **

. Moreover, silencing EPN1
inhibits EGFR endocytosis **~*°. It is still not clear whether this process is dependent on
CME or not, although cell context and ligand concentration are likely to influence the
internalization route "%,

The RhoGTPase pathway. Cell division control protein 42 homolog (Cdc42) is a member

of the RhoGTPase family, implicated in cell polarity, regulation of the actin cytoskeleton
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and cell migration *°. Interestingly, it has been shown that, in yeast, Ent2 is able to
sequester Ccd42 GTPase-activating proteins (GAPs), allowing the activation of Cdc42 *.
This alternative function of epsins has been ascribed to the ENTH domain, because
deletion of the 2 proteins and expression of only the ENTH domain rescues the yeast
defects ”’. Moreover, EPN2 was shown to regulate meiosis during mouse oocyte
maturation, promoting polarity establishment through Cdc42 . Interestingly, in
mammals it was shown that ENTH domain interacts with Ral-binding protein 1 (RalBP1)
to regulate cell migration and basement membrane invasion *°. Indeed, the epsin-RalBP1
complex activates Racl- and Arf6-dependent pathways to induce migration and the
knock-down of epsins leads to cell migration and actin remodeling defects through Rac1

. 99
function .

The actin cytoskeleton. In addition to the already described function of epsin proteins in
regulation of migration and polarity through interaction with RhoGTPases, it was shown
that epsin is able to regulate CME recruiting actin cytoskeleton. Indeed, in Dictyostelium
cells, epsin is necessary to allow the recruitment and phosphorylation of actin- and
clathrin-binding protein Hiplr, in order to allow the correct internalization of clathrin
coated pits '”’. Interestingly, the depletion of either epsin or Hipir show deficiencies in

timing and organization of actin cytoskeleton at the nascent pits '’

The vascular endothelial growth factor (VEGF) pathway. The VEGF pathway regulates
endothelial cell proliferation and migration to induce angiogenesis '°""'*>. VEGF binds its

receptor, VEGFR2, induces its ubiquitination, subsequent internalization and
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downmodulation, and epsins are implicated in this internalization step '®. The ablation of

epsins causes sustained VEGF/VEGFR pathway activation, causing alteration of

angiogenesis ‘"'

e The Wnt pathway. The Wnt pathway is fundamental in the regulation of proliferation, cell
migration, stemness, and cell fate determination '**'®. Wnt ligand binds the receptors
Frizzled and LRPs, recruiting Dishvelled that in turn activates the pathway leading to -
catenin activation and translocation to the nucleus, where it regulates transcription of

target genes . Epsins bind Dishvelled and prevent its polyubiquitination and

degradation, thereby sustaining pathway activation ',

1.2.3. Epsins in physiology

Considering the different functions of epsins described in the previous paragraph, it is not
surprising that many biological processes are sensitive to epsin expression and function. Indeed,
EPN1 and EPN2 are widely expressed in almost all tissues, suggesting a role in processes common
to all cells °. In contrast, EPN3 expression is restricted mainly to gastric parietal cells '** and
migrating keratinocytes ', suggesting an involvement in more specialized cell-specific processes.
In this paragraph, we will focus on the functions of EPN1 and EPN2, while the functions of EPN3
will be discussed in detail below.

Insights into the physiological roles of EPN1 and EPN2 have been gained through studies
on transgenic KO mouse models. While the KO of either EPN1 or EPN2 in mice does not result in

an overt phenotype, the KO of both EPN1 and EPN2 is embryonic lethal between stage E9.5 and
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E10 7. Interestingly, EPN1/EPN2 double KO specifically in the endothelial cellular compartment
is not embryonic lethal, suggesting that the essential function of these proteins during embryonic
development is connected to their roles in other cell types '*. Moreover, it was reported that the
lethality of EPN1/EPN2 double KO is not related to a generic role of epsins in endocytosis, but is
instead due to a specific endocytic function of EPN1 and 2 in the Notch pathway during
vasculature formation ’°, however it is still unclear in which cell type/types, epsins are involved.
These data are in agreement with findings obtained in Drosophila melanogaster, where the
deletion of the only epsin member (LqF) causes embryo lethality, phenocopying the Notch
deletion mutant *"**, Finally, these results are in agreement also with studies in Saccharomyces
cerevisiae, where the deletion of Ent1 and Ent2 causes lethality 7°.

Together, these results suggest that, even if epsins are considered as general endocytic
adaptors in CME, they probably exert a more specific function than a broad role in CME, being

critical for the endocytosis of specific receptors.

1.2.4. Epsins in pathology

Alterations of epsin expression has been linked to many cancer types. Indeed, higher levels of

EPN1 and EPN3 have been described in lung s ’“6, breast “6’“7, skin '3, and colon """. Generally,
evidence points to a pro-tumorigenic role of epsins '** by promoting:

e Tumor angiogenesis. Given the characterized functions of epsins in the VEGF pathway,

the absence of EPN1 and EPN2 in mice tumors (mouse Lewis lung carcinoma

subcutaneously implanted or melanoma cells from the mouse skin cancer cell line,
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B16F10) decreased tumor growth '®. The reason is because VEGF binding to VERGF2
induces its ubiquitination, subsequent recognition by epsins, internalization and
degradation; when epsins are absent, VEGFR2 activation is unregulated, resulting in
vascular defects and aberrant tumor growth '*.
Tumor proliferation. Since epsins regulate internalization and signaling of many receptors
(EGFR, Notch, Wnt, etc...), it is not surprising that many researchers have postulated that
epsin alterations can mimic/contribute to alterations of some receptor signaling pathways,
ultimately leading to tumor growth ">"'®''°. However, so far there is a lack of clear
evidence of this contribution. An interesting study showed that epsin deficiency protects
again colon cancer growth, probably through an unconventional role, destabilizing
Dishvelled2 and blocking Wnt pathway activation .
Tumor migration. The characterization of epsin functions in Cdc42-dependent cell
migration led to the discovery that EPN1 binds to and inhibits Ral-binding partner 1

(RalBP1), a GTPase-activating protein that regulates cell migration. This inhibition

increases invasion of fibrosacoma cells, dependent on Rac1 and Arf6 *°.

1.2.5. Epsin3

The EPN3 gene, first described by Dr. Pilcher’s Lab in 2000 69, is located on the human

Ch.17g21.33. As already described, EPN3 protein structure is very similar to EPN1 and EPN2

. However, despite a high grade of homology with other epsins that are ubiquitously

expressed, EPN3 is expressed at very low levels in almost all tissues except for gastric parietal cells
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"2 and migrating keratinocytes '*>. The EPN3 gene has 9 coding exons; with the central region

being the most different compared to EPN1. Despite this difference, the EPN3 ENTH domain
shares 80% and 82% sequence identity with that of EPN1 and EPN2, respectively, and the 3 NPF
repeats are 100% conserved in these 3 proteins '"°. Moreover, also DPW motifs and Clathrin-
binding motifs are highly conserved among the 3 paralogs "*’""'",

The Epn3 gene of Mus musculus produces two different transcripts, one with 96% of
sequence identity to the human EPN3 gene and the other with 85% sequence identity, due to the
lack of a specific exon in the middle of the gene. Physiologically, the KO of murine EPN3 alone
results in viable offspring without major defects. However, Epni/Epn2/Epn3 triple KO mouse
embryonic fibroblasts (MEFs) displayed a dramatic cell division defect compared with WT MEFs,
impairing CME due to dysfunction of the actin cytoskeleton role in the CCP formation '
unexpectedly, Epni1/Epn2 double KO - that is embryonic lethal in mice — show no obvious defects
in MEFs, an effect that authors suggested to be linked to long-term adaptation of cells and
upregulation of EPN3 ',

As already mentioned, in humans very little is known of EPN3 function: the fact that it is
upregulated in migrating keratinocytes, in chronic wounds and uncreative colitis led to
hypothesize that it could be implicated in cell migration in response to specific factors and
pathological conditions '**. Consistently, in madin-darby canine kidney (MDCK) cells (epithelial

cells from canine kidney) EPN3 was found to be upregulated at the leading edge of migratory cells

. Moreover, in cancer, EPN3 has been linked with migration and invasion. EPN3 was found to

115,116 116,117 11

be upregulated in lung , breast and skin cancer '"%; in breast and lung cancer this
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. . . o ses . P 116
upregulation correlates with metastasis acquisition and a worsening of the clinical outcome .

EPNS3 has also been shown to induce EMT in glioblastoma patients, since higher levels correlated
with migratory abilities and upregulation of mesenchymal markers '*. In contrast, EPN3 mRNA
expression was found to be downregulated in human gastric cancer tissues in the The Cancer
Genome Atlas (TCGA), and, thus, it was speculated that EPN3 could act as a p53-dependent pro-
apoptotic anti-tumoral factor in primary gastric cancers 2

In conclusion, these few evidences suggest that EPN3, even if it has a very similar protein
structure to the other epsin family members, could have a specific function in migration and

invasion, causing a worsening of the phenotype in cancer progression, while it is still unclear the

role of EPN3 in primary tumor formation.

1.3. Epithelial cell-cell junctions: endocytosis as a mechanism to regulate junction

stability and cell migration

1.3.1. Cell-cell and cell- extracellular matrix junctions

One of the most important achievements during the evolution of life, was the ability to create
multicellular organisms. This conquest would have never been possible without the appearance of
specialized groups of molecules that attach and sense the microenvironment, connecting each cell
with other cells and with the ECM: i.e., the cell junction proteins. Solid tissues need to be strong
and efficient to work properly, this is achieved by the cell junctions that confer structural stability

and allow communication between neighboring cells. Over the last decades, increasing evidence

37



INTRODUCTION
has revealed that cell junctions are much more than simple pillars for the tissue stability, they are

123,124 25

signaling stations able to regulate nuclear transcription ‘>, mechanostability , migration ',

and proliferation *°
There are many different cell-cell and cell-ECM junctions (Figure 4), some of which have

. . . . . 12 .
widespread expression, while others are tissue- or cell- specific '*’. The most important are:

e Tight junctions. Also known as zonula occludens, they are cell-cell fibril-like

proteinaceous structures inserted into the PM 12

. They have 2 main functions: i) separate
the membrane composition of the apical and baso-lateral portions of the PM; ii) control
the exchange of ions and solutes between cells '**. The main transmembrane components

are occludins and claudins, regulated by the membrane-associated guanylate kinases

(MAGUK) members (ZO-1, ZO-2 and ZO-3).

e AJs. Also known as zonula adherents, AJs are homophilic calcium-dependent cell-cell
junctions that establish and maintain the epithelial sheet '*’. The main component of AJs
in epithelial sheets is E-Cadherin, a transmembrane protein that, via its extracellular
domain, establishes junctions with other E-Cadherin molecules on neighboring cells,

while its intracellular domain binds: 1) p120 catenin to stabilize the junction and inhibit

130,131 32

E-Cadherin endocytosis ; 2) 0-catenin to connect AJs with the actin cytoskeleton 132,

3) B-catenin to stabilize the junction and regulate its nuclear function ***3*'3*,

e Desmosomes. Also known as macula adherentes, they are the most abundant cell-cell

135

junction in stratified epithelia . These junctions have a very precise structure,

fundamental to maintain high adhesion between interconnecting cells . The main
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extracellular components are the nonclassical cadherins, desmocollins and desmogleins,

which heterophilically bind to each other in the extracellular space. These proteins are

intracellularly connected, by plakophilins, plakoglobins (y-catenin), and desmoplakins,

with the cytoskeleton .

e Gap junctions. These junctions allow the exchange of ions and solutes between
neighboring cells. Each junction is composed of one connexon on one cell that interacts
with another connexon on a neighboring cell; each connexon is a composed of 6
connexin proteins 97,

e Focal Adhesions. These cell-ECM connectors share many components and structural
similarities with the hemidesmosomes. They are more broadly expressed and regulate cell
migration. Integrins represent the main transmembrane protein components of focal
adhesions, connected with the actin cytoskeleton through vinculin and talin proteins
138,139.

e Hemidesmosomes. These junctions are found specifically in keratinocytes and are
responsible for the connection between cells and the ECM. Their main components are
the integrins, transmembrane proteins that connect basal membrane components with

keratin filaments, through adaptor proteins called plectins '*’.
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Figure 4: Cell junctions typical of normal epithelial cells

The major cell-cell junctions are: Tight Junctions, composed of the extracellular proteins Claudin and Occludin and
regulated by the MAGUK members (ZO1, 2 and 3) and actin cytoskeleton; Adherens Junctions, whose main
component is E-Cadherin, stabilized and regulated by the catenin family, actin cytoskeleton and actin remodeling
proteins, such as talin/vinculin; Desmosomes, composed of desmoglein and desmocollin, which are intracellularly
connected with intermediate filaments through desmoplakin; Gap Junctions, mainly composed of connexin proteins,
that assembly themselves to form connexons. The main cell-ECM junctions are: Hemidesmosomes, specifically found
in keratinocytes, whose principal transmembrane proteins are the integrins, connected to the keratin fibers through
the plectins; Focal Adhesions, more generally expressed and composed of integrins connected to the actin

cytoskeleton through talin/vinculin. Adapted from "',
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1.3.2. E-Cadherin

E-Cadherin (human gene name: CDH1) is a transmembrane single-pass glycoprotein that belongs
to the classical Cadherin family, which establishes homophilic calcium-dependent cell-cell
junctions '*. This family comprises many cadherins that usually are distinguished according to
their cell/tissue expression '*>. E-Cadhein is the mainly expressed in epithelial sheets and it is the
main component of epithelial AJs ***.

The E-Cadherin protein is composed of: 5 extracellular cadherin (EC) repeat domains,
one transmembrane domain, one intracellular catenin binding domain (CBD) and one
juxtamembrane domain (JMD) to interact with armadillo proteins (Figure 5A). Regarding the
ECs, each of these domains is able to bind the EC domains of other E-Cadherins expressed on the
surface of neighboring cells. Every domain can have 2 conformations: in presence of calcium, ECs
are “on” and able to bind other ECs; instead, without calcium, they are “off” and unable to form
AJs '*. Studies have suggested that EC1 (the first EC domain) is fundamental to start the binding
of E-Cadherins '**. Others have instead showed that blocking the EC4 and EC5 domains prevents
the correct formation of AJs, suggesting that also these domain are responsible of the formation of

145,146 . . . . N .
>4 No matter which is the exact mechanism of trans-dimerization, cis-

the junctions
dimerization is necessary to create strong AJs (Figure 5B).
The JMD domain is necessary to bind the p120-catenin, an armadillo protein that confers

stability to cadherins inhibiting its endocytosis and connecting with microtubules '**. The CBD

domain connects E-Cadherin with B-catenin, which is fundamental for AJ stabilization through
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134

a-catenin, vinculin and actin ", and for the signaling, since B-catenin can translocate into the

nucleus and activate transcription upon Wnt pathway activation and during EMT "%,
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Figure 5: E-cadherin structure and modes of interaction
(A) Scheme of E-cadherin structure. E-cadherin consists of the extracellular cadherin domains 1-5 (EC1-5), the
transmembrane region (T) and the cytoplasmic tail, which contains the juxtamembrane domain (JMD) and the

catenin-binding domain (CBD). Amino acid residue numbers of cadherin are based on the mature form. (B) Model of

cadherin trans-dimerization and cis-interaction of cadherins during cell-cell adhesion. Adapted from '*’

1.3.3. E-Cadherin functional regulators: the catenin proteins

The main regulators of AJs and intracellular interactors of E-Cadherin are the catenin proteins.
These proteins were first identified as being responsible for the binding and connection of
cadherin with the cytoskeleton. The most important members of the Catenin family are: -
catenin, p120 and o-catenin. All but o-catenin are characterized by the presence of armadillo
repeats, a sequence of 42 amino acids that compose a triple a-helix and allows the interaction with

75,145,150

cadherins . Over the last 3 decades, many functions of this family have been proposed,

which has increased dramatically the evidence that catenins are important in the regulation of

. . . 129,147,151
many different biological processes '**'*7**!,
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B-catenin. This protein contains 13 armadillo repeats, resulting in a stoichiometric binding with
E-Cadherin through its CBD, while at the C-terminus there is a transcriptional activator domain
7% In vertebrates, it was originally discovered as a regulator and partner of AJ stability, while in
Drosophila melanogaster it was initially identified as a regulator of gene expression ">, Indeed, -
catenin plays a dual function. It is widely accepted that in epithelial cells, B-catenin localizes at the
AJs, linking E-Cadherin with o-catenin and actin cytoskeleton; while in response to specific
growth factors or in cells more prone to do migration/invasion, B-catenin localizes mainly in the
nucleus, where it works as co-transcription factor with members of the T cell factor / lymphoid
enhancer-binding factor (TCF/LEF) family '’ Physiologically, when B-catenin is not bound to
AJs, it is constitutively phosphorylated by the so-called destruction complex and degraded (Figure
6). The destruction complex is formed of 2 kinases, glycogen synthase kinase 3 beta (GSK3-f) and
casein kinase 1 alpha (CK1a) (that phosphorylate -catenin in order to be ubiquitinated and
degraded), Axin (a scaffolding protein) and adenomatous polyposis coli (APC) (that antagonizes
B-catenin de-phosphorylation by phosphatases *’. The binding of Wnt, a growth factor important

. . . 153
for embryonic development and tissue homeostasis

, with LRP5/6 and Frizzled receptors
induces the inhibition of the destruction complex, and stabilization and accumulation of [-
catenin in the nucleus (Figure 6). In the nucleus, B-catenin binds to and works as co-transcription
factor with the TCF/LEF transcription factors, activating target genes connected to EMT, cell cycle

and migration '¥. This implies that B-catenin is necessary for E-Cadherin and AJ stability, but

also that E-Cadherin is a sequestering effector for B-catenin. It is widely accepted that there exists
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2 different -catenin pools, one very stable pool at the junctions and one cytosolic pool that is
highly regulated and degraded in epithelial cells '**. Nevertheless, to date, the existence of these

two pools and the interplay between them has still not been clearly demonstrated.

Frizzled

LRP5/6

Figure 6: B-catenin/TCF signaling pathway

In the absence of Wnt (left), B-catenin that is not bound to the AJs (not shown) is continually phosphorylated by
casein kinase 10 (CK1) and glycogen synthase kinase 3p (GSK3p) within an Axin1 scaffold degradation complex.
This phosphorylation allows B-catenin to be recognized by a specific E3 ligase (BTrCP, not shown), which catalyzes
the ubiquitination and degradation of B-catenin. The adenomatous polyposis coli (APC) tumor suppressor protein
participates in the phospho-destruction of B-catenin by antagonizing B-catenin de-phosphorylation by phosphatases.
During Wnt activation (right), GSK3 activity is inhibited directly by Lrp5/6, which allows B-catenin to accumulate

in the cytoplasm, enter the nucleus, interact with LEF/TCF family members and promote transcription. Taken from
154
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p120. This catenin possesses 9 armadillo repeats that bind E-Cadherin through its JMD. p120 was

5 156,157

initially identified as a Src substrate > and, a few years later, as an interactor of E-Cadherin
It exists as many different isoforms, of which 4 have been mainly characterized, and is subjected to
different post-translational modifications, giving rise to a large number of possible combinations

%, Isoform 1 is the longest and contains a small box

of p120 versions, depending on the cell type '
at the N-terminus highly similar to the destruction box of B-catenin and highly regulated by
kinases and phosphatases that are important for AJ formation and stabilization, while isoforms 2,
3 and 4 lack this box '**. Of the 4 different p120 proteins, isoform 1 and 3 are the most well studied
and characterized: isoform 1, thanks to the specific N terminus box, is connected to less strong
junctions formations, while isoform 3 — unable to be regulated by kinases and phosphatases —

131,158

strongly binds E-Cadherin and sustains epithelial junctions . Interestingly, it has been

proposed that, during EMT, p120 switches from isoform 3 to 1, decreasing its potential binding to
E-Cadherin and resulting in increased migratory and invasive properties *"'*.
The known p120 functions are connected to (Figure 7):

i) Cell motility, through RhoGTPases. Isoform 1 regulates cell motility more efficiently than other
p120 isoforms, through the inhibition of RhoA and activation of Racl. Indeed, RhoA binds
preferentially at the N-terminus of the protein, where isoform 1 is phosphorylated '**'®*. It has
been shown that phosphorylation by Fyn prevents p120/RhoA binding, while phosphorylation by
Src has the opposite effect, suggesting that the N-terminus has an important regulatory role in
RhoA binding and possibly activation. Finally, p120 isoform 1 - but not isoform 3 - is also known

to activate Racl and this event leads to B-catenin nuclear translocation .
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ii) Activation of the Wnt pathway. Isoform 1 has a destruction box at its N-terminus similar to [3-
catenin, enabling the destruction complex to regulate also p120 phosphorylation status. Indeed,
upon Wnt stimulation, p120 can be stabilized into the cytoplasm and shuttle into the nucleus to
regulate the transcriptional repressor, Kaiso '*. Both isoforms 1 and 3 are known to bind Kaiso
and to inhibit its repressor activity '*, necessary to activate target genes that are in common with
B-catenin '*.

iii) Connection of AJs with microtubules. p120 is known to be able to link E-Cadherin with
166,167'

microtubules, necessary to correctly localize p120 and create AJs

v) Regulation of E-Cadherin endocytosis. This topic will be discussed in detail the next paragraph

(1.3.4).
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Figure 7: Isoform-specific role of p120

(A) Canonical Wnt signaling: Wnt-ligand binds to the LRP5/6 and Frizzled receptors, which in turn block the
destruction complex (containing components such as Axin, APC, GSK3f and CK1a) from recognizing the p120-
isoform1, resulting in a more stable and active isoform 1, like in the de-repression of the transcriptional repressor
Kaiso depicted in (C). Canonical Wnt-signaling is less effective in protecting shorter p120-isoforms 2-4, since they
lack the destruction box found only in isoform 1. Consequently, in the absence of canonical Wnt signals, isoform 1 is
acted upon by the destruction complex, and delivered to the proteasome for degradation. (B) p120 isoform switching
has been observed upon ectopic expression of Snail, suggesting the potential role of p120-isoforms during EMT. In
addition, epithelial cell type specific regulators, ESRP1 and ESRP2, modulate p120 splicing events. Since p120-isoform
1 inhibits more effectively RhoA than isoform 3, this latter isoform induces motility or invasion. (C) p120 binds and

displaces the Kaiso transcriptional repressor from its consensus binding sites, leading to gene activation. Taken from
158

a-catenin. This is the only catenin without armadillo repeats, implying that it is not able to bind
directly E-Cadherin. Indeed, a-catenin connects the actin cytoskeleton and E-Cadherin through
[-catenin binding. a-catenin/B-catenin complex binds to actin through the interplay of a specific

adaptor, epithelial protein lost in neoplasm (EPLIN) '*.
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1.3.4. A] regulation: an endocytic perspective

Regulation of E-Cadherin levels and life-time at the PM is fundamental to control the cellular
adhesive/migratory status. For this reason, E-Cadherin is highly regulated at multiple levels and a
lot of effort has been employed to unravel these regulatory mechanisms '®. One of the best
characterized mechanisms is the transcriptional regulation and epigenetic control of the E-
Cadherin gene (CDH1). CDH1 is transcriptionally repressed by transcription factors implicated in
EMT, such as Snail and Twist that recruit histone deacetylases to the CDH1 promoter 7*'",
Transcriptional regulation is the most effective strategy to obtain long-term (hours to
days) stable control of adhesion and migration, but to rapidly and dynamically rearrange
junctional stability and to maintain plasticity, regulation of AJs through endocytosis and
trafficking is the main mechanism '®'7>'73, E-Cadherin endocytosis can occur through CME,
caveolin-mediated endocytosis or micropinocytosis. While very little is known about these latter
two pathways of internalization, many studies have been focused on E-Cadherin CME 7. The
master regulator of E-Cadherin PM stability and endocytosis is p120 '” (Figure 8). Although the
exact mechanisms involved are still not completely clear, over the last decade it has been clarified
that the p120 isoform 1 is able to bind to and stabilize the JMD of E-Cadherin through different
motifs '7*. This domain probably has a dual function, since there are both putative endocytic
binding sequences for clathrin adaptors and motifs for p120 binding ”. In epithelial cells, p120
binds to the JMD of E-Cadherin, masking the DEE, VFEEE and LL motifs present in the E-
Cadherin intracellular tail that are important also for CME, since they are recognized by clathrin

174,176

adaptors, such as AP2 . In this way, p120, blocks the accessibility of these adaptors to E-
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Cadherin, stabilizing the AJs. Indeed, E-Cadherin internalization increases when p120 is mutated
and unable to bind to E-Cadherin 7',

Post-translational modifications play a fundamental role in E-Cadherin stability.
Interestingly, in 2002 for the first time an E-Cadherin E3-ubiquitin ligase, Hakai, was identified
'8 It was shown that overexpression of Hakai in MDCK cells induces E-Cadherin internalization
and degradation '”°. Interestingly, Src-dependent phosphorylation of two tyrosine residues in the
JMD of E-Cadherin is necessary for Hakai binding to E-Cadherin itself '7*. Thus, p120 seems to
unmask both endocytic sites for AP2, as well as ubiquitination sites for Hakai; when Src kinase
phosphorylates the JMD, p120 detaches and Hakai ubiquitinates E-Cadherin, recruiting the
clathrin endocytic machinery and inducing E-Cadherin internalization and degradation '”.

Since the tyrosine residues of the JMD are not highly conserved among species and
among other cadherins, this process is most likely highly specific and dependent on the cell type
and on the type of cadherin involved. Indeed, other E3-ubiquitin ligases have been discovered,
such as K5 for VE-cadherin ',

Importantly, E-Cadherin internalization is highly regulated also by growth factors, such as
EGF " HGF "', FGF ", and TGEFB 83 Indeed, TGFp cooperates with Raf-1 to induce E-

Cadherin endocytosis and EMT in mammary epithelial cells '®.
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Figure 8: p120 regulated cadherin endocytosis
P120 binds to cadherins and masks an endocytic adaptor binding site. When p120 dissociates from the cadherin, the

adaptor binding site is exposed, allowing the endocytic adaptor to bind to the cadherin, triggering cadherin

endocytosis through a clathrin-coated pit. Taken from '’

1.4. Epithelial-mesenchymal transition: overview in mammary gland physiology

and breast cancer

EMT is a plastic, highly dynamic process characterized by the conversion of cells with epithelial
properties into cells with mesenchymal-like properties ***. During this transition, epithelial cells
lose their adherent features and acquire migratory behavior '**™'*. EMT is only half of the
transition process, indeed once the migration has occurred, it is often necessary to revert back

186

again through the so-called Mesenchymal-to-Epithelial Transition (MET) . Moreover, it is now

widely accepted that EMT is not a binary process, but there are different intermediate states,
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named partial EMT (pEMT), characterized by the coexistence of epithelial and mesenchymal
markers, '*'%51%?

Physiologically, EMT-MET are important processes that occur during both embryonic
development and in adulthood. Dysregulation of EMT-MET has been proposed for a long time to
be important in the acquisition of metastatic potential, causing a more aggressive phenotype,
cancer recurrence, drug resistance and CSC expansion **°.

This chapter aims to describe the most relevant findings in the EMT field, focusing on the

molecular mechanisms at the basis of this transition and how EMT dysregulation leads to BC

metastasis.

1.4.1. EMT: basic mechanisms and molecular players

In physiology, EMT is a highly regulated process that allows a controlled transition of epithelial
cells into mesenchymal-like cells. The process is composed of different steps, many of which have
been well studied and understood; however, the exact molecular players can be very different
depending by the cell contexts **".

In general, EMT is a transcriptional program that requires an ordered rearrangement of
the adhesive and migratory features of a cell (Figure 9). One of the first steps is the
removal/rearrangement of all the epithelial properties, in particular AJs, tight junctions,

desmosomal junctions, focal adhesions, substituting cadherins and integrins important for cell

stability with other molecules able to create more transient bindings '*>. The consequence of this
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phase is a change in cellular shape that reflects specific molecular rearrangements in the cell-cell
adhesion compartment.

After these changes, or in concert with them, the upregulation of mesenchymal markers
and transcription factors occurs *>. This step is necessary to acquire a full EMT, characterized by
highly upregulated mesenchymal markers (also at the transcriptional level) and a typical
fibroblast-like shape. Of note, both in physiology and in pathology, this multistep process has
different metastable intermediate states that can then lead to the acquisition of a full EMT, or can
be the endpoint of the process '*'**. In these metastable pEMT states, the coexistence of both
epithelial and mesenchymal markers confers a more plastic behavior, which is more prone to

rapid changes in cell morphology ***.

Loss of Gain of
Apico—aasal Mesenchymal

Polarity Proteins
_)..

®  Apical Membrane Components B Ecadherin = ==~ N-Cadherin Actin Cytoskeleton

4 Basolateral Membrane Components B-catenin ) Mesenchymal integins W Actin Stress Fibers

B Tight Junctions L)  Cpithelial Integrins ~ Vimentin —%{  Basement Membrane
F=4 Gap Junctions Cytokeratin Intermediate Filaments

Figure 9: EMT and epithelial plasticity

During EMT, one of the first events is the loss of apico-basal polarity from epithelial cells. Tight junctions, which
typically maintain apico-basal polarity, are disrupted allowing the mixing of apical and basolateral membrane
proteins. AJs and gap junctions are disassembled and cell surface proteins, such as E-cadherin and epithelial-specific
integrins (green), are replaced by N-cadherin and integrins specific to extracellular components (blue). The actin
cytoskeleton appears as stress fibers and accumulates at areas of cell protrusions, while cytokeratins are substituted by
vimentin. Moreover, the underlying basement membrane is degraded to allow cell invasion into the surrounding

191
stroma. Taken from ~ .

From the molecular point of view, full EMT is a transcriptional program and transcription

factors are fundamental players; however, over the years, other alternative/complementary
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regulatory layers have been discovered, including: post-translational modifications ‘7%,

9 9

proteasomal degradation '*°, miRNA regulation "*° and endocytosis *°. One possible explanation is
that the transcriptional/epigenetic reprogramming determines a more effective and long-term
phenotype, but often the necessity to locally and rapidly change cell shape and properties (e.g.,

adhesion, migration) can be more easily attained through post-transcriptional regulations '*7*'7?

and these mechanisms have been linked to the pEMT state '**'**'7 .
The key steps of EMT are:
e Downregulation of epithelial properties. The downregulation of AJs, tight junctions and
other cell-cell junctions is necessary to start the EMT process. Indeed, E-Cadherins,

claudins, occludins and epithelial keratins are all downregulated ******

. In particular, E-
Cadherin is the key determinant of the epithelial state and it is tightly controlled. As
already described in section 1.3.4, E-Cadherin endocytosis and turnover are thought to
play a critical role in the initial disruption of AJs, followed by transcriptional regulation of
the E-cadherin gene. Indeed, mesenchymal transcription factors, such as Snail, Slug, Zeb,
and Twist, are able to silence the E-Cadherin transcript, further decreasing cell-cell
adhesion and leading to a more advanced EMT state. The downregulation of epithelial
markers causes also a shift in the cytoskeleton composition and localization, replacing
peripheral actin cortex with actin stress fibers, more prone to sense the environment and

modulate cell shape '7°.

e Upregulation of mesenchymal markers. The loss of E-Cadherin (or PM E-Cadherin)

causes the upregulation of mesenchymal markers, such as N-Cadherin, Vimentin, and
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184,191 . .
. These components are able to create more transient and dynamic

Fibronectin-1
interactions between cells and the ECM. Also in this case, the main players are the
transcription factors Snail, Slug, Zeb, and Twist, which are able to induce transcription of
the mesenchymal markers.

e Growth factor signaling. Both under physiological and pathological conditions, the
signaling event that often induces the cascade is growth factor stimulation. Signaling
cascades downstream of these growth factors are able to regulate both transcriptionally

and post-translationally the critical components needed to induce EMT. The most well-

known growth factors able to induce EMT are Wnt '**, HGF %, FGF **, and TGEB **".

1.4.1.1. The TGFf pathway

The TGFp superfamily of ligands includes at least 30 genes in mammals, of which the most
important are: 3 TGF[} genes, 4 activin B-chains, 10 bone morphogenetic proteins (BMPs), nodal,

and 11 growth differentiation factors (GDFs) 202

. This superfamily is implicated in almost all
biological processes: cell growth, adhesion, migration, differentiation and apoptosis. The TGF[f
superfamily regulates development, tissue regeneration, cancer, genetic disorders, and fibrosis. ***.

Among the TGFp superfamily, TGFP proteins are the best characterized and they have been

highly connected to EMT.
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Regarding the TGFP signaling pathway, its activation converges on different downstream

effectors (Figure 10), the most important of which are the SMAD proteins, but TGFp ligands have

also been linked to nuclear regulation through other molecular players:

SMADs. The canonical TGF pathway is based on the binding of the ligands to the
TGFPRs. These receptors are the only known serine/threonine kinase receptors. There are
2 types: receptors I and II *”. Receptors normally are monomeric and inactive; upon
ligand stimulation, receptors I and II heterotetramerize ***, then TGFfR2 phosphorylates
TGFPR1, which recruits the regulatory Smads: R-SMADs: SMAD1, SMAD2, SMAD3,
SMAD5 and SMADS *”. TGFBR1 phosphorylates R-SMAD, activating them. At this
point, cofactor-SMADs (SMAD4) bind activated R-SMAD and allow nuclear
translocation, where SMADs work as transcription factors upregulating mesenchymal
markers (i.e., Snail, Slug, Zeb, Twist) and downregulating epithelial markers (i.e., E-
Cadherin) 7%,

Considering the multistep activation of the EMT, it is not surprising that also the TGF[3
pathway is a multistep process. Among the early target genes sensitive to the TGFf
pathway, there are the Snail and Slug transcription factors, leading to reversible pEMT
19929 - Among the late target genes is the hub transcription factor, Zebl: once it is
activated, EMT becomes independent of TGFp pathway '*°.

Tumor necrosis factor receptor-associated factor 6 (TRAF6). Activation of TGFPRs leads

to polyubiquitination and activation of TRAF6 and TGFf-activated kinase 1 (TAK1),
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which phosphorylate and activate p38 MAPK, which, in turn, activates the MAPK

207

pathway that converges on the SMADs
Tumor necrosis factor-a-converting enzyme (TACE). Activation of TRAF6 by TGFPRs
induces TACE proteases that cleave the intracellular domain of the TGFPR1, which then

. . . 208
translocates to the nucleus, where it regulates chromatin status and gene expression = .

Par complex. The TGFp pathway induces loss of epithelial polarity by phosphorylation of
Par6 via TGFPR2, leading to recruitment of the E3 ubiquitin ligase, Smurfl, that
ubiquitinates RhoA, targeting it to degradation. In this way, loss of polarity and regulation
of cytoskeleton can contribute to EMT acquisition **.

Src. One last mechanisms of EMT activation to be proposed is the activation of Src kinase
by TGEp *'°. Although the exact mechanism is still unclear, it seems that TGFB could
induce the activation of Src, which causes Src-dependent E-Cadherin phosphorylation

210,211

and ubiquitination, leading to EMT
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Figure 10: TGFP receptor signaling and the EMT program

Two adjacent epithelial cells are shown, interacting through tight junctions and adherens junctions. Four different
scenarios of TGFP receptor tetrameric complexes are shown providing different signaling outputs (from left to right):
(i) TGFp receptor signaling to Smads, with R-Smad phosphorylation and association with the Co-Smads, nuclear
translocation and binding to DNA together with transcription factors (TF). (ii) TGFp receptor signaling to p38
MAPK via polyubiquitination (blue circles) of TRAF6 and TAK1, and phosphorylation of MKK3/6 and p38. Smad7
works as scaffold for the kinases. (iii) The TGFP receptor complex with TRAF6 activates the protease TACE that
cleaves the type I receptor and releases its intracellular domain (ICD) that moves to the nucleus and binds to
chromatin. These signaling pathways regulate transcription of genes leading to EMT. (iv) TGFp receptor signaling to
the polarity complex (Par6, Par3, aPKC) via receptors localized at tight junctions, with the type II receptor

201

phosphorylating Par6 and recruiting the ubiquitin ligase Smurf1 that degrades RhoA. Taken from

In cancer, TGFp is peculiar because it has a dual function: it works as a strong tumor
suppressor in the primary tumor mass, since it inhibits proliferation and induces apoptosis; but it
is also pro-tumorigenic promoting cancer invasiveness and metastasis though EMT activation **'
Indeed, mice overexpressing the oncogene ErbB2/Neu and a constitutively active form of TGFpR1

in mammary gland, present a delay in tumor onset, but show increased lung metastasis when the

. . 212
tumor reaches a substantial size
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1.4.2. EMT in physiology

Physiologically, EMT is an important process that occurs during both embryonic development

and in adulthood. In particular, the best characterized stages of embryonic development that

involve EMT are:

Gastrulation. The first evidence of the involvement of EMT in gastrulation was obtained
in Drosophila melanogaster. During this process, the basement membrane that limits the
epiblast is disrupted, and EMT of the epithelial cells is then required for them to enter the

213

primitive streak. This process is highly regulated through the activation of FGFR “,

14

upregulation of Snail and Twist, and EMT switch of E-Cadherin to N-Cadherin *'*,

Neuroectoderm formation. The formation of the neural crest cells, during the neurula
stage, starts with EMT of cells coming from the embryonic ectoderm and neuroectoderm.
Neural crest cells migrate in order to form facial and cervical structures, glial cells,

184,191 . .
! Also in this case, EMT occurs

melanocytes, and the peripheral nervous system
through the downregulation of E-Cadherin via Snail *** and production of growth factors,
such as BMPs and FGFs *"°.

Heart development. Heart development happens during gastrulation, when the
myocardium activates endocardial cells to undergo EMT and create a mesenchymal

cardiac cushion needed for cardiac heart valves. In this context, among other regulatory

factors, TGFP regulates and induces mesenchymal transition of endothelial cells (EndMT)

217
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In adulthood, the situation is less clear, the reason being because — physiologically — cells are more
stable in the adult organism than during embryonic development. One strong exception in
adulthood in represented by the mammary gland, an atypical gland characterized by the
continuous proliferation, invasion and apoptosis of epithelial cells during branching
morphogenesis. Moreover, EMT is important in tissue repair and wound healing, for example

after injuries.

1.4.2.1. Branching morphogenesis in mammary gland: the role of EMT

The mammary gland, differently from almost all the other tissues, develops mainly postnatally.
Indeed, this gland matures through 4 main steps: embryonic, pubertal, virginity and reproductive
2187220(Figure 11):

e Embryonic. The mammary gland is composed of 2 types of compartments, the epithelial
and the stromal, deriving from the ectoderm and mesoderm, respectively. In mice, during
E10.5, the milk line is derived from the ectoderm, giving rise to the first mammary
identification **'. This mammary epithelium becomes a ball that infiltrates the
mesenchyme at E15.5, where it becomes surrounded by the mammary mesenchyme ***.
This primordial mammary bud gives rise to a rudimental ductal tree in the newborn,

composed of primary, not well defined, epithelial ducts. At this stage the mammary gland

stops growing, until the puberty begins.
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Pubertal. Epithelial ducts are composed of multiple layers of luminal epithelial cells,
directly exposed to the lumen of the duct; luminal cells are surrounded by a single layer of
myoepithelial cells, which contain SCs, and are in direct contact with stromal cells
(fibroblasts, immune cells, adipocytes) and stromal ECM. At this stage, primary ducts
terminate with the so-called Terminal End Buds (TEBs): these are club-shaped structures
that penetrate the fat pad through proliferation of the first layer of cells, called cap cells ***

Puberty in mice starts at 3-4 weeks of age and it ends at 10-12 weeks of age. After a strong
release of estrogens from the ovaries and of growth factors, such as IGF1 from the liver,
TEBs infiltrate the fat pad with the primary epithelial ducts ******. Sometimes secondary
branching from the primary ducts can occur, creating a tree-like structure that, at the end
of the puberty, occupies about around 60% of the fat pad.

Virgin adulthood. The mammary gland of adult epithelial ducts in virgin mice does not
display TEBs, and the epithelial tree is composed of primary ducts, with sporadic
secondary and tertiary branching. The gland shuffles between low and high branching
status, according to the estrous cycle. At this stage, the main regulator of mammary gland
morphology is progesterone, whose levels rise more than 4-fold in the diestrus phase

. . . 224
causing an increase of duct branching .

Reproduction. Progesterone and estrogen hormones are necessary to prepare a lactation-

competent gland in case of pregnancy. During pregnancy, progesterone and prolactin are

225,226

necessary to create alveoli structures at the edge of each epithelial duct . These alveoli
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are the ones responsible for milk production and secretion during lactation; at the end of

18

this stage they tend to disappear almost completely through apoptosis *

"Fat pad /. End bud, 1° branch O Alveoli

O Lymph node /L 2°and 3 branch &) Stage 1 involution
W stage 2 involution Stage 2

Involution

Newborn 4-week virgin 12 weeks Lactation

GH Progeslerone .

Estrogen
IGF1

Progesterone Pregnancy
prolactin

Figure 11: Mouse postnatal stages in mammary gland development

At birth, the mammary epithelium is composed of a rudimentary tree, with only few small ducts until puberty (4
weeks in mice). In puberty, specific hormones and growth factors — estrogen, insulin-like growth factort-1 (IGF-1),
growth hormone (GH) - induce a process called ductal morphogenesis that fills the fat pad with the epithelial
mammary tree. In the mature virgin, secondary and tertiary branching occurs according to progesterone levels during
the estrus cycle, but alveologenesis only occurs upon pregnancy with the induction of prolactin (PRL), which together
with progesterone, fuels the growth of alveolar cells. During lactogenesis, PRL stimulation induces milk production

and secretion, until a lack of demand at weaning. Involution signals remodel back the mammary gland to its original

adult state. Taken from”"

Since the mammary gland develops mainly postnatally, it has been deeply studied over the
decades. One of the most interesting and difficult processes to be characterized is branching
morphogenesis that comprises the expansion of the epithelial ducts through TEBs during puberty,
and continues in post-puberty according to the estrous cycle **°. In these process, proliferation is
probably the most important event, in particular, cap cells (the external layer of TEBs, composed
of SCs) allow the infiltration into the fat pad through proliferation. Nevertheless, loss of cell

polarity and migration are fundamental processes during branching morphogenesis, and they are
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intimately linked to EMT *°. Indeed, TEBs and epithelial adult ducts bifurcate through a process

191

involving pEMT . Cap cells and myoepithelial cells reveal patterns of epithelial plasticity, such

as alteration of B-catenin localization **7 and secretion of matrix metalloproteinases (MMPs) to

modulate the basement membrane *****. Moreover, activation of Cripto-1 pathway has been

230

shown to induce pEMT “. Of note, none of these factors induce a full EMT program, but — more

appropriately — they confer mesenchymal ability to cells confined in the epithelium *****.

Also TGFp is important for branching morphogenesis, but its main function has been

18-

elucidated as a negative regulator of epithelial bifurcation ******: overexpression of TGFB1 in the

mammary gland results in suppression of ductal outgrowth **', while TGEB1-deficient mice show

232

increased ductal development ~*. However, it is still not clear how and where TGFp ligands

233

should work: they are produced by epithelial cells “” and transplantation of TGFB1-/- epithelium

into the fat pad of WT mice causes increased ductal expansion ***. On the other hand, loss of

235,236

TGFPBR2 in the stroma accelerates epithelial branching . Therefore, the exact mechanism and

site of action of TGF in suppressing branching morphogenesis is still unclear.

1.4.3. EMT in pathology

EMT, during adulthood, is fundamental to maintain epithelial integrity, as EMT occurs during
wound healing, tissue repair and fibrosis '****’"***, Indeed, in order to repair a wound, epithelial
cells need to undergo pEMT to recreate the correct epithelial sheet. This pEMT is driven by Slug

under the control of EGFR **°, since Slug-deficient mice fail to repair wounds **'.
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Another important case is fibrosis, a severe disorder caused by the accumulation of ECM
secreted by myofibroblasts. The presence of a chronic inflammation status has been shown to
represent the cause of fibrosis in a specific organ or tissue, that can lead also to organ failure ***

The mechanisms are still not well understood, but one of the possible causes is aberrant EMT. In

particular, it is known that TGFf and the downstream effectors SMAD proteins are activated

4

during tubular interstitial fibrosis >*>. Moreover, reactivation of Snail in renal epithelial cells can

induce renal fibrosis and failure ***. Despite these and other findings, to date clear evidence is still
lacking that, in vivo, migration of epithelial cells through EMT occurs in fibrosis "**

A different case is cancer. The concept is that cancer cells from the primary tumor
undergo different EMT states in order to escape and disseminate into a secondary site, giving rise

184191 To obtain a metastasis mass, it is fundamental that cells,

to a metastasis mass (Figure 12)
once they have invaded and reached the secondary site, return to an epithelial-like morphology,
reverting EMT through the MET. Thus, dysregulation of the EMT-MET program in cancer can
lead to cancer recurrence, drug resistance and expansion of CSCs **°.

In agreement with this hypothesis, many different EMT markers correlate with more
aggressive cancer phenotypes and metastasis acquisition in numerous solid carcinomas. Indeed,
mesenchymal markers, such as vimentin, N-Cadherin, 0-SMA, and desmin, are often found
upregulated in solid secondary tumors ***. Conversely, E-Cadherin is downregulated to allow
EMT, promoting metastatic behavior and increasing tumor invasiveness 2243

However, there are still unresolved questions regarding the connection between EMT and

cancer: first of all, still very few EMT-based therapeutic strategies are effective, indicating that
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tumor heterogeneity in patients is much bigger than the variability observed in cell cultures or

. 184,
mice models

; second, in many cases, invasiveness and metastasis do not present clear evidence
of an EMT signature 184, Thus, there is still the need to better characterize the mechanisms in vivo.
In the last years, increasing evidence has accumulated that pEMT states could explain the
high heterogeneity observed in real tumors. Indeed, it was shown - both in cell lines and in mouse
models - the existence of many intermediate EMT states that occur during tumor invasiveness in
skin, lung, liver and mammary primary tumors *****”. These intermediate states confer different
cellular plasticity and metastatic potential. Moreover, in pancreatic, breast and colorectal
carcinomas, the existence of pEMT states has been causatively linked to the re-localization of
epithelial markers, such as E-Cadherin, and not to the direct transcriptional downregulation,
showing for the first time that, in vivo, alterations of epithelial marker trafficking and turnover

. . 197,24
could explain a more aggressive tumor phenotype ¥,

EMT spectrum of carcinoma cells at different stages of metastatic process
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Figure 12: The metastasis cascade

EMT is one of the few events in the primary tumor that could occur upon the interaction between cancer cells and its
microenvironment, in which cancer-associated fibroblasts (CAFs) and immune cells can be found, such as tumor-
associated macrophages (TAMs). Some cells are possibly recruited prior to the establishment of primary and
metastatic malignancies. The majority of circulating tumor cells (CTCs) exhibit a pEMT phenotype. Cells that

undergo EMT in the primary tumor can also help epithelial cancer cells to invade. (continued on next page)
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CTCs can be derived from carcinoma cells that undergo EMT in situ in the primary tumor or they can acquire pPEMT
in circulation, particularly, when in clusters exposed to high concentrations of TGFP originating from associated
platelets. Cancer cells in metastases are epithelial-like, suggesting that mesenchymal cells have to revert to the

epithelial phenotype to give rise to a secondary tumor. Taken from"™".

Among the different solid cancers, BC is one of the best characterized. This is because it is the
most common female cancer. Indeed, according to World Health Organization data, in 2018, it is
estimated that 627,000 women died from BC worldwide, representing 15% of all cancer deaths
among women. Furthermore, BC is, experimentally, one of the easiest to study, due to the fact that

the mammary gland is easily accessible compared to other organs and tissues.

1.4.3.1. EMT in breast cancer: from DCIS to invasive carcinoma

BCs are classified according to the expression of specific membrane receptors by
immunohistochemistry analyses ***: i.e., estrogen receptor (ER), progesterone receptor (PR) and
epidermal growth factor receptor 2 (HER2/NeuN). Moreover, the proliferation status, through the
Ki67 marker, is always considered in the final classification of the tumor. There are 5 BC subtypes
248,249:
e Luminal A. ER+, PR+, HER2- and Ki67-. There tumors are hormone-responsive and
tend to grow slowly, having the best prognosis.
e Luminal B. ER+, PR+, HER2- and Ki67+. There tumors are hormone-responsive and
tend to grow faster than Luminal A, having a slightly worse prognosis.
e Normal-like. ER+, PR+, HER2- and Ki67-. These tumors are very similar to Luminal A

tumors, but with a slightly worse prognosis.

65



INTRODUCTION

e HER2-enriched. ER-, PR- and HER2+. These tumors are hormone-receptor negative and
have a worse prognosis than all the above subtypes, but they are effectively treated with

the targeted therapy: HER2-specific antibodies, e.g., Trastuzumab.

e Triple-negative/basal-like. ER-, PR—-, HER2- and basal marker+. These tumors are

hormone-receptor negative and represent the subtype with the worst overall prognosis.

Independently of their molecular properties, BC can arise from different sites within the

250,251

mammary gland. The most common type of BC is ductal carcinoma in situ (DCIS) that
arises from the epithelial milk ducts. Many studies have tried to unveil the different steps of BC
appearance and evolution. In general, epithelial cells from a normal ductal lumen can give rise to
benign proliferative changes that lead to atypical hyperplasia, a pre-neoplastic histological feature.
DCIS represents the primary tumor mass that can give rise to invasive breast cancer (IBC) and
subsequent metastasis formation (Figure 13) 22,

While it is still not clear how exactly cancer cells appear and create a tumor mass, it is
widely accepted that invasive carcinoma appears almost every time from a DCIS **?. DCIS is a

250,253

layer of myoepithelial cells surrounded by basement membrane . They are mainly

characterized by genome instability, loss of the tumor suppressor p53 and overexpression of

oncogenes, such as HER2/NeuN, ER and PR ***. IBC, instead, shows cancer myoepithelial cells

. 250
not confined in space through a basement membrane .

The fact that IBC derives from DCIS is corroborated by numerous observations. Firstly,

250,254

they are very often found at the same anatomical sites . Moreover, the genomic instability is
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rarely discordant between DCIS and IBC of the same sites, corroborating the idea that IBC is

250,255,256

evolutionary linked to DCIS
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Figure 13: Pathobiological events associated with ductal carcinoma in situ
The transition from healthy tissue to preinvasive lesions, such as ductal carcinoma in situ, to breast cancer is shown.
The majority of the changes should be evident at the DCIS stage. These changes include loss of physiological cell-cycle

regulation, genetic and epigenetic rearrangements, which give rise to cancer. The transition to invasive carcinoma

. . . 252
includes other events, such as changes in the surrounding stroma. Taken from =",

In BC, poor prognosis correlates almost always with IBC and metastasis acquisition >

The mechanisms of transition from DCIS to IBC and then to metastatic disease are far from being
elucidated. However, EMT/pEMT is thought to be a key process in this transition. Indeed, in IBC,

191,258

E-Cadherin is lost, while fibronectin and collagen I/III are highly upregulated . Moreover,

TGFP, Wnt and MMP pathways have been shown to be relevant for BC aggressiveness and
metastasis formation ***'7"%,

In general, as already discussed in other paragraphs, EMT occurs locally and often with
co-existence of epithelial and mesenchymal markers (pEMT), explaining why it is so difficult to
unveil the exact mechanisms of EMT in the transition from DCIS to IBC and also to prevent it >*°.

Importantly, in 2012, it was shown for the first time that EMT markers correlate with IBC more

than with DCIS through a very elegant approach that allowed the gene expression profile analyses
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of the different cellular compartments in BC **, increasing the evidence of a role for EMT/pEMT

in metastasis acquisition.

1.5. Identification of EPN3 as a novel prognostic factor in breast cancer
invasiveness and metastasis
Previous screening studies in our lab focused on identification of endocytic proteins that are
aberrantly expressed in cancer, revealed that the EPN3 gene was amplified in ~9.6% of BC cases,
as determined by fluorescence in situ hybridisation (FISH) analysis of a cohort of 219 BC patients
who underwent treatment at the European Institute of Oncology (IEO) in Milan (Figure 14A).
Considering that the EPN3 gene is located on the human chromosome 17q21.33, 10.8 Mbps away
from the frequently amplified BC oncogene ERBB2 (also known as HER2/NeuN), we also
investigated whether EPN3 and ERBB2 were co-amplified in the IEO BC cohort. Among the EPN3
amplified cases, approximately half (52%) of them displayed co-amplification of ERBB2 (Figure
14A). Extending these findings to a larger cohort, through a survey of the TCGA Breast Invasive
Carcinoma cohort (N=1080), the EPN3 gene was found to be amplified in ~8.0% of BCs, and co-
amplified with ERBB2 in ~57% of cases (Figure 14A), confirming the data from the IEO cohort.
To investigate whether alterations in EPN3 transcript levels were reflected at the protein
level, we analyzed the IEO cohort of BC patients by immunohistochemistry (IHC) to evaluate
EPN3 protein expression. The results confirmed that in almost all EPN3 amplified cases (19/21),
protein overexpression also occurred (Figure 14B). Notably, in 47% of all BC cases, EPN3 protein

was found to be overexpressed compared to very low levels expressed in normal breast tissue,
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suggesting that EPN3 can be upregulated through gene amplification or other mechanisms

(Figure 14B).

To establish the clinical relevance of these results, EPN3 expression was analyzed by IHC

and RT-qPCR in a large consecutive cohort of BC patients (N=2453) who underwent treatment at

IEO between 1997-2000 and for whom complete clinicopathological follow-up was available, as

well as formalin-fixed paraffin-embedded (FFPE) blocks stored in the IEO Biobank. In this

analysis, we found that EPN3 was overexpressed at the mRNA and protein levels in 50% and

37,6% respectively, confirming results from the initial cohort. Moreover, in a multivariable

analysis, we found that EPN3 overexpression in IHC or RT-qPCR analysis, correlated with an

increased risk of distant metastasis, but not with loco-regional relapse (Figure 14C). Importantly,

higher levels of EPN3 correlated with poor prognosis also in HER2-negative patients (Figure

14D). Together, these data indicate that EPN3 status is an independent prognostic predictor in BC

and that EPN3 overexpression could contribute to BC progression independently of the oncogene

HER2.
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Figure 14: EPN3 is overexpressed in breast cancer patients
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N=212

(A) Venn diagram representation of EPN3 and ERBB2 amplification. (continued on next page)
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Percentages (%) of amplification are in parenthesis. Top, TCGA Breast Invasive Carcinoma cohort (N = 1080, TCGA
Research Network). Bottom, IEO cohort (N = 219); EPN3 and ERBB2 were considered amplified when EPN3/CEP17
ratio >2.5, and ERBB2/CEP17 ratio >2.0, respectively. CEP17 is the housekeeping reference gene. P is the p-value of
the association between EPN3 and ERBB2 amplification. (B) Venn diagram representation of EPN3 amplification
(FISH) and EPN3 protein overexpression (IHC; score >1.0) in the IEO cohort (N = 212). P is the p-value of overlap.
(C) Cumulative incidence of distant metastasis or loco-regional relapse in BC patients of the IEO consecutive cohort
(N = 2453), stratified according to EPN3 protein levels (top, IHC) or mRNA (bottom, RT-qPCR) levels. HR* is the
multivariable hazard ratio. (D) Forest plot of the multivariable hazard ratios of distant metastasis and 95% Wald
confidence intervals (whiskers) in the entire cohort of patients (All) and in the ERBB2-negative (ERBB2-NEG) or
lymph node-negative (pNO0) subgroups of patients stratified by EPN3 protein (IHC) or mRNA (RT-qPCR) expression
levels. The size of the solid squares and diamonds is proportional to the number of distant metastases. The number
(N) of patients and distant metastases (DM) in each group is indicated. Hazard ratios were estimated with a Cox
proportional hazards multivariable model, adjusted for Grade, Ki-67, ERBB2 status, estrogen/progesterone receptor
status, tumor size (pT), number of positive lymph nodes (pN) and age at surgery (as appropriate). P is the Wald test
P-value.

In order to understand the biological role of EPN3 in BC, EPN3 was overexpressed in
MCF10A, a non-tumoral, immortalized, breast epithelial cell line that does not show EPN3
alterations. We confirmed that the level of EPN3 overexpression achieved in the MFC10A cell
model was comparable with the levels observed in BC cells, by comparing with BT747, a tumoral,
immortalized, breast epithelial cell line that displays amplification of the EPN3 genetic locus
(Figure 15A). We also overexpressed the related protein, EPN1, as a negative control, since it did
not show altered expression in BC in our initial screening of endocytic proteins (Figure 15A).
Importantly, the overexpression of EPN3 — but not of EPN1 - induced a morphological change in
MCF10A cells, compatible with EMT (Figure 15B). Indeed, MCF10A-EPN3 cells displayed
upregulation of N-Cadherin and Vimentin at the protein and mRNA levels, while they showed
downregulation of E-Cadherin mainly at the protein level, and to a lesser extent at the
transcriptional level (Figure 15C-D). Importantly, EPN1 overexpression showed no significant

morphological changes and only a minor increase of the EMT markers, suggesting a specific

function for EPN3. (Figure 15C-D). As a positive control, we also overexpressed the well-known
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EMT inducer, Twist, in MCF10A cells, which causes a more advanced EMT phenotype as
compared to EPN3 with a stronger morphological change and with major effects on EMT
markers.

In conclusion, these data indicate that EPN3 is a novel independent prognostic factor in
BC that predicts the risk of distant metastasis, and that could contribute to BC progression

through a mechanism involving the activation of EMT.
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Figure 15: EPN3 overexpression in MCF10A cells induces EMT phenotype
(A) MCF10A cells were infected with vectors expressing FLAG-EPN3 (EPN3) or FLAG-EPN1 (EPN1) or empty

vector (Ctr), and immunoblotted (IB) as shown. BT474 cells were used as positive control for EPN3 overexpression in

BC. GAPDH, loading control. Molecular weight (MW) markers are shown on the left. (B) Phase contrast microscopy
of cells as in (A), compared to MCF10A-TWIST. Bar, 50 pm. (continued on next page)
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(C) IB analysis of EMT markers in the indicated cell lines. GAPDH, loading control. Molecular weight (MW) markers
are shown on the left. (D) RT-qPCR analyses of EMT markers in the indicated cell lines. Data are normalized to the
18S gene and expressed relative to Ctr cells (mean + SD of three independent experiments for EPN3 and EPN1, two
independent experiments for TWIST). p-values vs. Ctr; *p < 0,05; **p< 0,01; ***p< 0,001 .
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2. RATIONALE AND AIMS

EPN3 is the least characterized member of the Epsin family of endocytic adaptors, which in Homo

70-72

sapiens comprises of 3 members . These proteins have been studied for their role in CME, in

particular, in the regulation of CCP maturation **’**”*, Since their discovery 20 years ago %,
epsins have been connected with the endocytic regulation of specific pathways, such as VEGF '**
"7 Notch *~*, EGFR *°, Wnt ', and RhoGTPase *"*°, both in immortalized cell lines and in
vivo in mouse models. These data have led to the hypothesis that the epsin family is, most likely,
implicated in regulation of specific signaling pathways in a cell-context dependent manner, rather
than being involved in a general endocytic mechanism of CCP formation .

The peculiarity of EPN3 is that, even if very similar to EPN1 and EPN2 at the structural level, it is
expressed at very low levels in almost all tissues, except for gastric parietal cells ''* and migrating
keratinocytes ''?, suggesting a more specialized function of EPN3 compared with other epsins.
Our preliminary data indicate that EPN3 is overexpressed in 40% of all BCs, and correlates with
more a aggressive cancer phenotype and increased risk of distant metastasis. Moreover,
overexpression of EPN3 in MCF10A cells, a non-tumoral immortalized breast epithelial cell line,
induces the acquisition of a partial mesenchymal-like morphology. Based on these observations,
we hypothesized that higher levels of EPN3 in breast cancer could induce invasive and migratory

properties through EMT acquisition, ultimately leading to higher risk of metastasis formation.

The overall aims of this PhD project were to:
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e Understand the molecular mechanisms governing EPN3-induced pEMT in MCF10A cells.
We wanted also to investigate whether the role of EPN3 in cancer represents a gain-of-
function role linked to its overexpression, or instead an exaggeration of its physiological

function.

e Characterize the role of EPN3 in mouse mammary gland biology and tumorigenesis. To this
aim, we have used: i) a conditional EPN3 knock-in (KI) mouse that overexpresses the
transgene in the epithelial compartment, to mimic the tumoral context, to study the possible
appearance and development of mammary tumors and/or metastasis ; ii) an EPN3 KO mouse
to characterize the endogenous role of EPN3 in mouse mammary gland physiology and

development.

Towards understanding the molecular mechanisms governing EPN3-induced pEMT in MCF10A
cells, we first attempted to gain an in-depth understanding of the effects of EPN3 overexpression
in MCF10A cells by comparing the expression of different EMT markers in MCF10A-EPN3 cells
with those expressed in MCF10A-TWIST cells (Results, Section 1). Next, we tried to unravel the
molecular mechanisms of EPN3 function using an unbiased approach based on the
characterization of EPN3-specific interactors in MCF10A-EPN3 cells by mass spectrometry
(Results, Section 2). This analysis led to a series of investigations focused on the role of EPN3 in E-
Cadherin endocytosis and AJ stability and the crosstalk with the TGFf signaling pathway under

pathological and physiological conditions (Results, Sections 2 and 3). Finally, using in vivo EPN3
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KI and KO mouse models, we investigated the role of EPN3 in the regulation of mouse mammary

gland morphogenesis (Results, Section 4).
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3. RESULTS

3.1. Epn3 overexpression induces a partial EMT program in mammary epithelial

MCF10A cells

As discussed in the preliminary data paragraph (see Introduction, Section 1.5), the overexpression
of EPN3 in MCF10A cells (MCF10A-EPN3) induces a change in cellular morphology, with the
appearance of a mesenchymal-like phenotype compared to MCF10A control cells (MCF10A-Ctr),
and causes the upregulation of mesenchymal markers, such as, N-Cadherin and Vimentin and the
slight downregulation of the epithelial marker, E-Cadherin, at the protein level.

To gain insights into the morphological and molecular changes observed in MCF10A-
EPN3 cells, we further characterized the mRNA expression levels of different known EMT factors
(Figure 16). In particular, we tested the transcriptional status of EMT markers — E-Cadherin, N-
Cadherin and Vimentin - and EMT transcription factors — Snail and Zebl -, which are

186,239,260,261
’ . We compared

considered as master regulators of the EMT transcriptional program
MCF10A-EPN3 cells with the epithelial-like control MCF10A-Ctr cells, and with MCF10A cells
overexpressing the EMT inducer TWIST (MCF10A-TWIST), which display a strong
mesenchymal phenotype and upregulation of EMT markers. While both mesenchymal markers
(N-Cadherin and Vimentin) and transcription factors (Snail and Zeb1) are upregulated upon

Epn3 or Twist overexpression, the epithelial marker, E-Cadherin, is downregulated, at the mRNA

level, only in MCF10A-TWIST cells and not in MCF10A-EPN3 cells (Figure 16).
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Taking into account these results, the overexpression of Epn3 in mammary epithelial cells

appears to induce the so-called pEMT state '**'®*'®

), characterized by the co-occurrence of
epithelial (E-Cadherin protein is only partially downregulated) and mesenchymal properties (e.g.,
expression of N-Cadherin and Vimentin). In addition, the fact that E-Cadherin transcript levels

are unchanged, while the protein levels are decreased, suggests post-transcriptional regulation of

E-Cadherin by EPN3.
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Figure 16: Transcriptional expression of EMT markers in MCF10A cells following EPN3 and TWIST
expression

Relative mRNA expression levels of the indicated EMT markers in MCF10A-control (Ctr), -EPN3-overexpressing
and -TWIST overexpressing cells were evaluated by RT-qPCR analysis. Data were normalized on 3 housekeeping
genes (18S, GAPDH, ACTB) and expressed as relative to levels in the MCF10A-Ctr sample (mean + SD of at least
three independent experiments). p-values vs. Ctr; *p < 0,05; **p< 0,01; ***p< 0,001.

81



RESULTS

3.2. Regulation of EPN3-induced partial EMT through E-Cadherin endocytosis

and adherens junction stability

In order to unravel the molecular mechanisms of EPN3-induced pEMT in MCF10A cells, we
decided to adopt an unbiased approach involving the characterization of all proteins that interact
physically with EPN3, ie., the “EPN3 interactome”. To this aim, we coupled
immunoprecipitation (IP) with mass spectrometry to identify proteins that bind, directly or
indirectly, with EPN3. In the following sections, I have described the set-up and optimization of
the experiment and the subsequent validation. After that, I have further characterized the
mechanism of action, showing that the binding between EPN3, adherens junction components

and clathrin machinery is functional and instrumental for EPN3-induced pEMT in MCF10A.

3.2.1. Setting up of an EPN3-FLAG immunoprecipitation to perform mass-

spectrometry analyses

For the EPN3 IP step, we took advantage of the fact that the ectopically expressed EPN3 in
MCF10A cells is FLAG-tagged at the N-terminus of the protein. We first analyzed by Western
Blot (WB) the anti-FLAG (a-FLAG) IP efficiency in MCF10A-EPN3 cells, and observed that
almost all FLAG-Epn3 was immunoprecipitated (Figure 17A). Then, we compared by Coomassie
gel the a-FLAG co-immunoprecipitating proteins from MCF10A-Ctr and MCF10A-EPN3 cells.

The analyses showed many bands that co-immunoprecipitated with the a-FLAG antibody in both
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the control and the FLAG-EPN3 overexpressing cells (Figure 17B), suggesting that, under the

conditions used, the 0-FLAG antibody was very unspecific.

For this reason, we set up a more stringent and specific co-immunoprecipitation (Co-IP)

protocol. In particular, we:

e incubated the lysates with agarose-sepharose beads before performing the IP, in order to

reduce the non-specific bindings to the beads;

e decreased the antibody concentration from 75 pg to 25 pg per mg of lysate;

e increased salt concentration during the IP washes, from NaCl 150 mM to 250mM,;

e increased number of washes, from 4 to 5.

By WB, we verified that the IP efficiency was maintained under these more stringent
experimental conditions (Figure 17C). We then repeated the Coomassie gel analysis, which
revealed that the number of unspecific bands in the MCF10A-Ctr sample was markedly decreased
(Figure 17D). In the MCF10A-EPN3 sample, we observed a major specific band corresponding to
EPNS3 bait (Figure 17D). Thus, we used this settings to perform IP 0-FLAG (from MCF10A-Ctr

and MCF10A-EPN3 cells) and mass spectrometry analyses to identify Epn3 interactors.
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Figure 17: Optimization of the anti-FLAG immunoprecipitation reaction in MCF10A-EPN3

cells
A) Western Blot (WB) analysis of lysates from MCF10A-EPN3 cells after anti-FLAG immunoprecipitation (IP) with

the 0-FLAG antibody. Input: 25 pg of totally lysate; Sup: 25 pg of supernatant; IP: 25 ug of total IP. MW markers are
shown on the left. B) Coomassie gel of lysates from MCF10A-Ctr and -EPN3 cells after anti-FLAG
immunoprecipitation with a-FLAG antibody. Black arrow indicates the EPN3 bait in the MCF10A-EPN3 sample.
MW markers are shown on the right. C) WB analyses of lysates from MCF10A-EPN3 cells after anti-FLAG
immunoprecipitation with a-FLAG antibody upon setting of new IP conditions. Input: 25 pg of totally lysate; Sup: 25
pg of supernatant; IP: 25 ug of total IP. MW markers are shown on the left. D) Coomassie gel of lysates from
MCF10A-Ctr and -EPN3 cells after anti-FLAG immunoprecipitation with a-FLAG antibody under new more
stringent IP conditions. Black arrow indicates the EPN3 bait in the MCF10A-EPN3 sample. MW markers are shown

on the right.
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3.2.2. Epn3-specific interactome reveals an enrichment of components of the

endocytic machinery and adherens junctions

In order to identify the EPN3 interactome, after the Coomassie gel, we digested and processed the
samples to analyze the peptides through the use of a mass spectrometer. For each protein
obtained, we considered them as identified only when at least 2 different peptides were recognized
and at least one of them had to be unique, not redundant with other proteins. Moreover, to
identify only EPN3-specific interactors and to be as much stringent as possible, we selected in the
mass spectrometry analysis only those proteins that were found in the IP of MCF10A-EPN3, but
not of MCF10A-Ctr, cells, exclude: I called these interactors “On/Off interactors”, to reflect their
specific presence only in the MCF10A-EPN3 sample. We obtained a list of 430 EPN3 On/Oft
interactors from a total of 1314 protein identified (Figure 18A). Of note, despite the optimization
of the a-FLAG IP, we still observed that the majority of the identified proteins were common to
both EPN3 and Ctr samples (818 proteins, Figure 18A), suggesting that they are non-specific
interactors.

Nevertheless, we compared the list of EPN3-specific interactors (430) with the list of non-
specific interactors (66+818) and submitted them to Kyoto Encyclopedia of Genes and Genomes
(KEGG) Pathway database through EnrichR, a specific enrichment analyses software *** (Figure
18B). We found - among the 10 most statistically significant enriched pathways - a strong
presence of proteins implicated in ribosome biogenesis and spliceosome both in MCF10A-EPN3-
derived samples and in -Ctr samples, suggesting that proteins belonging to these complexes were

not specifically bound. Interestingly, we found a statistically significant enrichment of proteins
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related to the endocytic pathway only in EPN3 sample. Moreover, in this sample, we also observed
a specific enrichment for a network of 4 pathways that are highly interconnected: AJs, TTJs,
cytoskeleton and focal adhesion (Figure 18B).

I concentrated the attention on the most relevant components of the clathrin machinery
and the AJs (Figure 18C). Indeed, these results showed that EPN3, whose role was almost
unknown, is able to bind many different components of the clathrin machinery: both the CHC
and the CLC, but also different adaptor proteins, like the main components of the AP-2 complex,
Cbl (Figure 18C, left). These reinforced the idea that EPN3 role is as an endocytic protein.
Moreover, the presence of proteins related to components of membrane stability, cell migration
and identity (such as AJs, TJs, cytoskeleton and focal adhesion) suggested me that EPN3 could
conduct its function on PM components implicated in identification and acquisition of EMT
phenotype. The previous findings on the characterization of the pEMT showed that E-Cadherin
(the main component of the AJs), was slightly downregulated at the protein level but not paired by
a transcriptional repression, pointing to a putative question mark on the regulation of AJs in the
EPN3-induced pEMT. For these reasons the attention was focused on the A] members, strongly
regulated during EMT. Interestingly, except for E-Cadherin, EPN3 was found to be linked with
different components of the junctions (p120, B-catenin, a-catenin) but also with regulators and
interactors of AJs (ZO1, PARD3, Actinin4) (Figure 18C, right).

Interestingly, destabilization of AJs and downregulation of E-Cadherin are required for
the establishment of the full EMT phenotype and the acquisition of invasive traits; indeed, it has

been shown that decreased E-Cadherin levels promotes metastatic behavior and increases tumor
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' More interestingly, dysregulated E-cadherin trafficking leading to its

cell invasion
downregulation from the PM and relocalization into the cytosol (in the absence of complete loss
of E-Cadherin levels) has been linked to the acquisition of the pEMT state ***'******7 Thus, a

possible physical and functional interaction of Epn3 with components of AJs and/or E-Cadherin

itself might directly explain the EPN3-induced pEMT phenotype.
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Figure 18: EPN3 interacts with members of endocytic machinery and AJs as determined by mass

spectrometry

(continued on next page)
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A) Top: VENN diagram of 1314 proteins identified by mass spectrometry analysis of proteins immunoprecipitating
from lysates, incubated with the a-FLAG antibody, from MCF10A-Ctr and MCF10A-EPN3 cells. The proteins have
been assigned to either MCF10A-Ctr (66) or -EPN3 (430) when present only in that sample, the others (818) have
been linked to the MCF10A-Ctr specific proteins and considered as contaminants (66+818). The 430 proteins
identified only in MCF10A-EPN3 cells are called On/Off Interactors. Analyses performed with the help of Dr.
Confalonieri Stefano (IFOM-IEO Campus). B) Table of the top 10 statistically significant enriched pathways (FDR
<0.05) in EPN3 On/Off interactors versus non-specific interactors determined using EnrichR software and the KEGG
Pathway database. The length of each pathway represents the statistical significant enrichment, computed by
multiplying the p-value of the Fisher’s exact test with the z-score of the deviation from the expected rank. C) Table of
main interactors of EPN3 in the endocytic pathway and in the E-Cadherin / AJ pathway.

3.2.3. Setting up of co-immunoprecipitation strategy to validate mass-

spectrometry results

Given that EPN3 belongs to a family of endocytic adaptors and given the well-established link
between deregulated E-Cadherin endocytosis and EMT ', we concentrated our attention on the
endocytic machinery (CHC) and the AJ components (p120, B-catenin) identified in the EPN3
interactome, to evaluate whether EPN3 could link AJs to the clathrin machinery.

Since in the mass spectrometry experiment we detected many non-specific proteins,
although we could not detect E-Cadherin itself co-immunoprecipitating with EPN3, we decided
to optimize our co-IP experiments. First, we used a specific a-EPN3 polyclonal antibody
generated in our laboratory instead of the a-FLAG antibody, which revealed to be very unspecific
in IP experiments. The use of a-EPN3 antibody also allowed us to IP the endogenous EPN3 from
MCF10A cells, and to assess whether also the endogenous protein is able to interact with AJs.
Second, in order to increase the co-IP efficiency, we treated cells - prior to lysis - with a cell-
permeable crosslinking agent, 1% formaldehyde (FA), in order to stabilize the protein complexes

formed within the cells ***. This treatment is routinely used to stabilize weak and/or dynamic
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protein-protein interactions. Moreover, FA is the crosslinker with the shortest arm (1 nM), able to
generate covalent bindings between proteins that are in close proximity to each other, while
minimizing the risk of artefacts **.

For the crosslinking treatment of cells, we followed the protocol suggested by **. Briefly,
we treated MCF10A-Ctr and -EPN3 cells with 1% FA or with PBS for 10 minutes at room
temperature (RT). This time was optimized in order to allow the action of the crosslinker and to
avoid too much exposure of cells to the crosslinker that might cause artefacts and aggregates. The
1% FA treatment ensured stable crosslinking of proteins until samples are heated for at least 30
minutes at 95°C. After crosslinking, cells were then lysed in RIPA lysis buffer (see Methods).
Lysates were diluted in sample buffer, treated for 5 minutes at 65°C or 30 minutes at 95°C and
loaded on SDS-page gels to check for the crosslinking efficiency. As positive controls for the
efficacy of the crosslinking, we tested the homodimerization of Integrin-f1 by WB. We observed
that Integrin-B1 homodimers were stabilized upon 1% FA treatment, as evidenced by a slower
migrating band, compared to the non-crosslinked lysate, at a MW corresponding to Integrin-f1
homodimers. The treatment of samples at 95°C for 30 minutes was able to revert the crosslinking
showing only Integrin-B1 monomers (Figure 19A).

We then set the co-IP with the a-EPN3-specific antibody on the cross-linked lysate.
Indeed, we tested the IP efficiency upon crosslinking in MCF10A-Ctr and -EPN3-overexpressing

cells; with this antibody, we could IP both the endogenous and the overexpressed EPN3 with an

efficiency of about 50% (Figure 19B). We therefore used this experimental setting to validate the
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mass spectrometry results, since it allows the stabilization of labile/low stoichiometry interactions

and the comparison of endogenous and overexpressed EPN3.
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Figure 19: Optimization of EPN3 immunoprecipitation following crosslinking of protein lysates
A) WB analysis of Integrin-f1 homodimerization in MCF10A-Ctr and MCF10A-EPN3 samples treated or not with
1% formaldehyde and treated or not at 65°C or 95°C. Black arrows indicate the homodimer (250 kDa) or the
monomer (125 kDa) of Integrin-B1. GAPDH was used as a loading control. MW markers are shown on the left. B)
WB analyses of IP experiment with a-EPN3 antibody in —Ctr and ~EPN3 cells. Input: 20 ug of total lysate; Sup: 20 pg
of supernatant; IP: 50 ug of total IP. GAPDH was used as a loading control. MW markers are shown on the left.
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3.2.4. Epn3 co-immunoprecipitates with Clathrin, E-Cadherin and A]J components

Using the above described settings, we confirmed the interaction of EPN3 with CHC, unveiling
also that it is a strong interactor (Figure 20, top). Moreover, we confirmed the interaction with
p120 and P-catenin, components of the AJs. Interestingly, we were also able to score an
interaction with E-Cadherin (Figure 20, bottom).

These interactors are recovered in the co-IP both with the endogenous and the
overexpressed EPN3 protein. Of note, however, while EPN3 overexpression is about 10-15 fold in
MCF10A-EPN3 compared to MCF10A-Ctr, none of the interactors showed such an increase in
the co-IP from EPN3-overexpressing cells compared to control cells; instead, we observed an
enrichment of only 2-4 folds. One possible explanation could be that EPN3 levels reached
saturation, arguing that EPN3 is not the limiting factor in the interaction; alternatively, in
MCF10A-EPN3 cells the interaction are increased but they are more dynamic because it allows a
faster turnover of E-Cadherin at the PM, as it is shown in the next paragraphs.

These results, in summary, show that both endogenous and overexpressed EPN3 are able to bind

the clathrin machinery and the A] components. EPN3 overexpression increases these interactions.
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Figure 20: EPN3 co-immunoprecipitates with components of endocytic machinery and adherens
junctions

(TOP) WB analysis of Clathrin heavy chain (HC) in the IP experiment with a-EPN3 antibody in MCF10A-Ctr and -
EPN3 cells. Input: 20 pg of totally lysate; IP: 50 ug of total IP. MW markers are shown on the left. (BOTTOM) WB
analysis of p120, B-catenin and E-Cadherin in the IP experiment with o-EPN3 antibody in MCF10A-Ctr and ~-EPN3
cells. Input: 1 ug of totally lysate; IP: 1 mg of total IP. GAPDH was used as loading control. MW markers are shown
on the left.

3.2.5. EPN3 overexpression alters E-Cadherin stability at the Plasma Membrane

Our results show that EPN3 is able to bind AJs components and clathrin machinery suggesting a
putative alteration of E-Cadherin endocytosis at the PM. Interestingly, EPN3 overexpression also
causes a partial downregulation of the E-Cadherin protein levels, but not of its transcriptional
levels, allowing us to suppose that alteration of PM E-Cadherin stability could be sufficient to give

rise to a pEMT program.
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For these reasons, we decided to check the localization of E-Cadherin in MCF10A-Ctr
and MCF10A-EPN3 cells (Figure 21A). Indeed, control cells grow as epithelial clusters and E-
Cadherin appears to be mainly localized at the PM both, in low and high density fields of view.
Instead, MCF10A-EPN3 cells represent a mixture of epithelial and mesenchymal properties,
showing almost no E-Cadherin staining in scattered single cells, instead in epithelial clusters E-
Cadherin appears to be both at the PM and in the cytosol, with the formation of destabilized AJs
(Figure 21A).

To test the possibility that EPN3 is altering E-Cadherin stability at the PM, we performed
an in vivo staining for PM E-Cadherin: MCF10A-Ctr and -EPN3 cells in suspension were labelled
at +4°C with a specific antibody recognizing the extracellular domain of E-Cadherin, followed by
staining with fluorescently-labelled secondary antibody. We subsequently analyzed by
fluorescence-activated cell sorting (FACS) the percentage of E-Cadherin-positive cells. While the
epithelial-like MCF10A-Ctr cells were all positive for PM E-Cadherin (98.9%), 34.3% of
MCF10A-EPN3 cells had already lost PM E-Cadherin at steady state, confirming the hypothesis

that Epn3 influences the stability of AJs (Figure 21B).
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Figure 21: EPN3 destabilizes plasma membrane E-Cadherin and adherens junctions

(continued on next page)
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A) Confocal images of MCF10A-Ctr and MCF10A-EPN3 cells stained for E-Cadherin (green) in fixed and
permeabilized samples. White arrows indicate areas of plasma membrane (PM) E-Cadherin with destabilized
junctions. Nuclei were stained with DAPI (blue). Bar scale, 30 um. B) Representative FACS analyses of MCF10A-Ctr
and MCF10A-EPN3 cells stained in vivo for E-Cadherin. Black and red gates represent E-Cad positive and E-Cad
negative cells, respectively, and have been set according to the not stained control samples. MCF10A-Ctr display
99.6% of cells positive to E-Cad, while the portion of MCF10A-EPN3 positive is 59.3%. FSC, forward scatter. On the
top percentage of E-Cad positive cells -/+ SD in eighteen independent experiments. P-value was calculated with
Student’s t test, two-tailed. **, <0.01.

3.2.6. EPN3 overexpression increases E-Cadherin endocytosis

Overall our results suggest that EPN3 could act as a classical endocytic protein and its
overexpression could cause an altered trafficking and turnover of E-Cadherin. To directly test this
hypothesis, we performed an E-Cadherin in vivo internalization assay. We took advantage of the
antibody previously described to stain the extracellular domain of E-Cadherin in vivo, then cells
were put back at 37°C or not, for the indicated time points (10, 30, 90 and 180 minutes), allowing
the internalization of the antibody-E-Cadherin complex. We removed the antibody-E-Cadherin
complexes remaining at the PM at each time point through an acid wash (pH 2.5), and checked by
FACS analyses the amount of internalized E-Cadherin. The results showed that in MCF10A-Ctr
cells, the internalized E-Cadherin increased linearly overtime; while in MCF10A-EPN3 cells the
kinetics of E-Cadherin internalization was significantly accelerated compared to control cells

(Figure 22), arguing that Epn3 overexpression increases the rate of E-cadherin endocytosis.
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Figure 22: E-Cadherin endocytosis is accelerated upon EPN3 overxpression

Time-course analysis of E-Cadherin in vivo internalization assay in MCF10A-Ctr and MCF10A-EPN3 cells measured
through FACS analysis. Cells were incubated in vivo with a specific E-Cadherin antibody that recognizes the
extracellular domain at 4°C. After the secondary antibody incubation, cells were fixed at 0 minutes or incubated again
at 37°C in order to evaluate E-Cadherin internalization. To remove the excess of PM E-Cadherin, acid wash treatment
was applied. On the y-axis, data are reported as fraction of mean fluorescence intensity of internalized E-Cadherin
signal over the total -/+ SD of at least seven independent experiment. P-value was calculated with Student’s t test,

two-tailed.

3.2.7. EPN3 overexpression induces the activation of }-Catenin/TCF4 pathway

The destabilization/downregulation of AJs is known to be necessary to induce acquisition of
mesenchymal properties. One of the most characterized pathways downstream of E-Cadherin
downregulation is the activation and translocation of B-catenin into the nucleus '/, Active f3-
catenin (dephosphorylated) acts as a co-transcription factor with the TCF/LEF family to
transcriptionally activate target genes linked to EMT acquisition '*’. For this reason, we tested the
localization of B-catenin in MCF10A-Ctr and MCF10A-EPN3 cells by immunofluorescence. In

the epithelial-like MCF10A-Ctr cells, active B-catenin was localized both at the PM and in the
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nucleus, while in MCF10A-EPN3 cells B-catenin showed an increased nuclear staining. We
quantified the amount of total and nuclear active B-catenin per cell based on staining intensity,
and found that in MCF10A-EPN3 cells there was a statistically significant enrichment of the ratio
of nuclear/total B-catenin compared to control cells (Figure 23A).

Moreover, upon transient knock-down (KD) of one of the best characterized partners of
[3-catenin in the nucleus, TCF4, a member of the TCF/LEF family of transcription factors, we were
able to completely revert the acquisition of a pEMT state in MCF10A cells, as assessed by
reversion to an epithelial morphology and downregulation of mesenchymal markers, N-Cadherin
and Vimentin (Figure 23B).

These results suggest that EPN3 overexpression induces E-Cadherin internalization and
destabilization of cell-cell junctions, which, in turn, triggers B-catenin nuclear translocation and

TCF4-dependent upregulation of EMT target genes.
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Figure 23: EPN3-induced pEMT is dependent on the B-catenin/TCF4 pathway
A) (LEFT) Confocal images of MCF10A-Ctr and MCF10A-EPN3 cells stained for active [B-catenin. Bar scale, 30 pm.

(RIGHT) Box plot of the ratio between nuclear and total fluorescence intensity per cell in MCF10A-Ctr (N=34) and -
EPN3 (N=36) cells in one representative experiment out of three. The lines of the boxes represent — from the highest
to the lowest — the 95th, 75th, 50th, 25th, 5th percentile. -value was calculated with Student’s t test, two-tailed. ***,
<0.001. Analyses performed with the help of Dr. Freddi Stefano (IFOM-IEO Campus). B) WB analysis of EMT
markers in lysates from MCF10A-Ctr and -EPN3 mock transfected or TCF4 KD cells. GAPDH was used as a loading

control. Experiment performed by Schiano Lomoriello Irene (IFOM-IEO Campus).
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3.3. EPN3-induced partial EMT generates a TGFp-dependent positive feedback
loop

3.3.1. EPN3-induced partial EMT generates a TGFp-dependent positive feedback
loop

The TGFP pathway is one of the most relevant and best characterized pathways involved in the

activation of EMT **!

. Given the strong connection between the TGF[ circuitry and mesenchymal
acquisition, we decided to investigate the transcriptional status of the TGF} pathway in EPN3
overexpressing cells, investigating the expression of both TGFf} ligands and receptors. In humans,
there are 3 TGEp ligands and 2 TGFf receptors. Interestingly, we found that 2 out of 3 TGFf
ligands are upregulated upon Epn3 overexpression and that the both receptors are increased
compared to Ctr samples, even if not in a statistically significant manner. Moreover, as for EMT
markers (see Figure 16), MCF10A-EPN3 cells confirm to be less strong in upregulation of

mesenchymal markers, suggesting that the pEMT acquisition could be linked to the TGFf

pathway (Figure 24).
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Figure 24: The effect of EPN3 upregulation on the transcriptional expression of TGFp ligands

and receptors

Relative mRNA expression levels of the indicated genes in MCF10A-control (Ctr), -EPN3-overexpressing and —
TWIST overexpressing cells were evaluated by RT-qPCR analysis. Data were normalized on 3 housekeeping genes
(18S, GAPDH, ACTB) and expressed as relative to levels in the MCF10A-Ctr sample (mean *+ SD of at least three
independent experiments). p-values vs. Ctr; *p < 0.05; **p< 0.01; ***p< 0.001.

3.3.2. EPN3 overexpression synergizes with TGFp signaling

Given that, upon EPN3 overexpression, TGFp ligands and receptors are upregulated, we
performed an in-depth characterization of the role of the TGFf} pathway in EPN3-induced pEMT.
We decided to test the response of MCF10A-Ctr cells and MCF10A-EPN3 cells to TGFf
stimulation.

TGFP receptors, after ligand recognition, are able to dimerize (both homo and
heterodimerization), autophophorylate through their receptor kinase activity and activate a
Smad-dependent signaling cascade. The Smad protein family is composed of co-transcription
factors that, upon phosphorylation, translocate into the nucleus and activate the transcription of

early (i.e., Snail) and late (i.e., Zeb1) target genes able to induce EMT.
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We thus checked the activation of the canonical TGFp pathway in MCF10A-Ctr and
MCF10A-EPNS3 cells, in order to investigate a possible synergy of EPN3 with TGFf stimulation.
To this aim, we stimulated cells with two different concentrations of TGF} - a suboptimal dose,
0.75 ng/ml, and a saturating dose, 5 ng/ml, — and we analyzed Snail, as an early target of TGF[}
stimulation, and Zebl1, as a late target (Figure 25). As expected, TGFp stimulation in MCF10A-Ctr
cells activated Snail at dayl and day2, with a decrease at later time-points; moreover, its activation
was enhanced at increasing ligand concentration (Figure 25). In contrast, the late mesenchymal
markers (N-Cadherin, Vimentin) were upregulated only after prolonged treatment with TGFf
(day7 and 14) at the highest dose (5 ng/ml, Figure 25). In contrast, Zeb1 is not upregulated in
control cells, at both doses, even after 14 days of treatment with TGFf, and E-Cadherin protein
levels were not downregulated in control cells in any of the conditions tested. Thus, in control
cells and in the time-frame analyzed, chronic stimulation with saturating TGFf} concentrations for
two weeks is able to induce a partial mesenchymal switch.

In MCF10A-EPN3 cells, TGFp ligand stimulation showed a sustainment of Snail levels
compared to control cells, which remained upregulated at day2 and day7, in particular at 5 ng/ml
of TGFP. Moreover, Zebl levels, which were not increased in MCF10A-Ctr cells by TGF
treatment at any dose/time, were upregulated in MCF10A-EPN3 starting from d7, suggesting that
the EMT program was enhanced compared to control cells. Indeed, late mesenchymal markers
(N-Cadherin, Vimentin) were more highly upregulated in EPN3-overexpressing cells compared
to control cells already at limiting TGF[ doses, and E-Cadherin was downregulated after 14 days

of treatment at saturating ligand concentrations (Figure 25).
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These results confirm that Epn3 is able to induce pEMT, where cells show a mix of
epithelial and mesenchymal features, with the upregulation of mesenchymal markers while
maintaining E-Cadherin expression. The pEMT mediated by Epn3 is more prone to convert to an

advanced EMT state upon treatment with TGFpP, compared to cells in which EPN3 is not

overexpressed.
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Figure 25: EPN3-overexpression sensitizes MCF10A cells to TGFB-induced EMT
WB analysis of MCF10A-Ctr and MCF10A-EPN3 cells treated with TGFf at the indicated concentrations and time-
points to check activation of the TGF[ pathway and expression of EMT markers. Actin was used as a loading control.

MW markers are shown on the left. Experiment performed by Schiano Lomoriello Irene (IFOM-IEO Campus).
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3.3.3. EPN3 overexpression increases E-Cadherin endocytosis upon TGEFf

stimulation

It is known that E-Cadherin stability and endocytosis are regulated by different growth factors,
among others also TGFP is able to accelerate AJs turnover '*. Given our results on the
cooperation between EPN3 and TGFf, we decided to test whether also E-Cadherin endocytosis is
accelerated upon TGFp stimulation. We performed the E-Cadherin in vivo internalization assay,
as described in Section 3.2.6, in MCF10A-Ctr or -EPN3 cells stimulated or not with TGFp for 30
minutes. As expected, TGF[ treatment accelerated E-Cadherin endocytosis in control cells. E-
Cadherin endocytosis was further increased in MCF10A-EPN3 cells stimulated TGF} compared
to control cells and to unstimulated MCF10A-EPN3 cells, confirming that Epn3-overexpressing

cells are more responsive and prone to TGFp ligand stimulation (Figure 26).
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Figure 26: EPN3 overexpression cooperates with TGF in inducing E-Cadherin endocytosis

A) Confocal images of MCF10A-Ctr and MCF10A-EPN3 cells stained for E-Cadherin (green) after in vivo E-
Cadherin internalization assay at 30 minutes with or without TGFp stimulation. DAPI-stained nuclei (blue). Bar
scale, 30 um. B) Quantification of E-Cadherin in vivo internalization at 30 minutes with or without TGFp stimulation
measured through FACS analysis. On the y-axis, data are reported as fold-change relative to untreated MCF10A-Ctr
cells of four independent experiment. P-value was calculated with Student’s t test, two-tailed. p-values: *p < 0.05;

**p<0.01.
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3.3.4. EPN3-induced partial EMT generates a TGFp-dependent positive feedback
loop independent of EPN3 itself

Our results indicate that EPN3 overexpression upregulates the expression of TGFf ligands and
receptors at the mRNA level. Moreover, TGF[ stimulation cooperates with EPN3 in the activation
of early and late target genes. These data suggest that EPN3-induced pEMT could generate a
TGFp-dependent positive-feedback loop. To test this hypothesis, we decided to KD TGFPR1 in
MCF10A-Ctr and MCF10A-EPN3 cells and assess effects on both the morphology and the
different EMT markers at protein levels. The KD of TGFBR1 was able to revert the EPN3-induced
PEMT, as cells reverted to an epithelial-like morphology (Figure 27A) and downregulated the
EMT markers (Figure 27B).

Enhanced E-Cadherin endocytosis upon Epn3-overexpression, followed by B-catenin-
dependent EMT activation, ultimately causes the upregulation of the TGFP pathway and
augmented responsiveness to TGF[ stimulation, generating a TGFf-dependent positive-feedback
loop that maintains the pEMT state. That said, we asked whether the EPN3-induced pEMT is still
addicted or not to EPN3 expression.

To test this issue, we KD EPN3 both in control and in overexpressing cells and checked
the levels of expression of EMT markers. Differently from what occurred upon TGFBR1 KD,
MCF10A-EPN3 cells still remained mesenchymal-like upon EPN3 KD (Figure 27A), and did not
show any decrease in the expression of mesenchymal markers at the protein level (Figure 27B).

These data argue that EPN3 overexpression induces a pEMT transcriptional program with the
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establishment of TGFB-mediated self-sustaining positive-feedback loop, which renders the cells

no longer addicted to the initial alteration, i.e., EPN3 overexpression.
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Figure 27: EPN3-induces pEMT generates a TGFP-dependent positive-feedback loop not
addicted to EPN3 itself

(continued on next page)
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A) Bright field representative images of MCF10A-Ctr and MCF10A-EPN3 cells treated with small-interfering RNA
(siRNA) oligos against EPN3 or TGFPR1, or mock transfected, at 7 days of KD. Bar scale, 250 pm. B) WB analysis of
the cells described in A) at 3 or 7 days of KD to assess EMT markers expression. H3 was used as a loading control.

MW markers are shown on the left.

3.3.5. Physiological EPN3 regulates TGFf-dependent transcriptional activation of
EMT genes

One of the main questions arising from the results is whether the EPN3 function upon
overexpression is an exaggeration of its physiological role or instead represents a new gain-of-
function. Indeed, the Co-IP experiments showed that physiological EPN3 is able to bind -
although not as strongly as the ectopically expressed EPN3 - clathrin, p120, B-catenin and E-
Cadherin (see Section 3.2.4). For this reason, we decided to KD physiological EPN3 (Figure 28A)
and ask whether also endogenous EPN3 influences TGF[ responsiveness. We performed the KD
of endogenous EPN3 in MCF10A-Ctr cells and then stimulated cells with TGFp for different
time-points. We observed that the transcriptional upregulation of EMT markers, such as CDH1
(N-Cadherin), VIM (Vimentin), ZEB1 and TGFB1 induced upon TGEFp treatment, is decreased in
EPN3 KD cells after 24 hours of TGF treatment, suggesting that endogenous EPN3 contributes
to the responsiveness of cells to TGF (Figure 28B). These results confirm that the function of

overexpressed EPN3 is most likely an exaggeration of its endogenous function.
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Figure 28: Endogenous EPN3 expression is implicated in activation of the TGF pathway

A) WB analysis of EPN3 levels in MCF10A-Ctr mock transfected or EPN3 siRNA transfected cells. Tubulin was used
as a loading control. MW markers are shown on the left. B) Relative mRNA expression levels of the indicated genes
were evaluated by RT-qPCR analysis. MCF10A-Ctr Mock or Epn3 KD cells, as described in A, were stimulated or not
with TGFP (5 n/ml) at the indicated time-points. Data were normalized on 3 housekeeping genes (18S, GAPDH,
ACTB) and expressed as relative to the levels in the untreated MCF10A-Ctr Mock sample (mean + SD of two
independent experiments). p-values vs MCF10A-Ctr Mock treated for 24h; ***p< 0.001; ns, not significant.
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3.3.6. Physiological EPN3 regulates E-Cadherin endocytosis

Our data suggest that a physiological function of EPN3 is to allow TGFp-induced EMT
transcriptional activation. Since endogenous EPN3 binds to AJs, albeit to a lesser extent than
ectopic EPN3 (see Section 3.2.4), we asked whether also E-Cadherin endocytosis, upon TGFf}
stimulation, is altered by KD of endogenous EPN3. Using the E-Cadherin in vivo internalization
assay (see Section 3.2.6), we showed that the KD of endogenous EPN3 reduced E-Cadherin
endocytosis after TGFf stimulation for 180 minutes, compared with controls (Figure 29). These
data provide further support to the notion that the effects of EPN3 overexpression might be an

exaggeration of its physiological function.
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Figure 29: Endogenous EPN3 mediates E-Cadherin endocytosis induced by TGFf stimulation

A) MCF10A-Ctr mock transfected or EPN3 siRNA transfected cells were treated of not with TGFp (5 ng/ml) for 180
minutes and E-Cadherin endocytosis was measured by the in vivo internalization assay. Confocal images of the
indicated cells stained for E-Cadherin (green) are shown. Nuclei were stained with DAPI (blue). Bar scale, 30 pm. B)
Quantification of E-Cadherin endocytosis in cells treated as described in (A), measured through FACS analysis. On
the y-axis, data are reported as fold-change relative to untreated MCF10A-Ctr Mock cells of four independent

experiment. P-value was calculated with Student’s t test, two-tailed. p-values: *p < 0.05.
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3.4. Characterization of EPN3 function in mouse mammary gland biology

EPN3 function is poorly understood in humans and in others species. The finding of an EPN3 role
in breast cancer and the characterization of the molecular mechanisms governing EPN3-mediated
acquisition of pEMT in MCF10A cells, suggested the necessity to unravel the in vivo role of this
protein in the context of mammary gland physiology and tumorigenesis. Mus musculus mammary
gland development recapitulates that of Homo sapiens: it is characterized by a pubertal phase,
dependent on the presence of different hormones and growth factors, and by an adult phase that —
in virginity - shuffles between different stages of branching according to the mouse estrus cycle
?*4 These similarities allows the use of mouse models as powerful tools to study and characterize
the roles of different factors in the breast biology and tumorigenesis.

In our studies, we aimed to: i) mimic the breast tumorigenic context and ii) study the role
of physiological EPN3 in the mouse mammary gland.
i) To mimic the tumoral context, we generated FVB/EPN3 KI mice that overexpress the human
transgene under a strong ubiquitous promoter (UbiC) inserted in the ROSA 26 locus; a stop
codon flanked by Lox-P sites is positioned between the promoter and the transgene and allows the
overexpression of EPN3 only in presence of Cre recombinase. These mice were crossed with mice
bearing Cre recombinase under the Keratin-5 promoter (active only in basal epithelial cells, K5-
Cre)*®, in order to allow EPN3 overexpression specifically in the epithelial compartment (Figure
30A).
ii) In order to unravel the physiological function of EPN3, we took advantage of FVB/EPN3 KO

mice generated by De Camilli’s lab '*? that ubiquitously lack the EPN3 gene (Figure 30B).
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Figure 30: Representation of the strategy used to obtain FVB/EPN3 Knock-In (KI) and Knock-
Out (KO) mice

A) FVB/EPN3 KI mice were obtained by crossing mice bearing the CRE recombinase gene under Keratin-5 promoter
with mice carrying the human EPN3 ¢cDNA under a strong promoter in the Rosa26 locus, but with a stop codon in
between and flanked by 2 loxP sites. When these mice are crossed, the Cre enzyme cuts the loxP sites and removes the
stop codon, allowing the overexpression of EPN3 in the epithelial compartment (Keratin-5 positive). B) EPN3 KO
mice completely lack all the 9 coding exons of the murine gene.
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3.4.1. EPN3 expression in the mammary gland of knock-in mice and knock-out

mice

In order to check the level of EPN3 expression in our mouse models, we digested the mammary
glands of EPN3 WT, KI and KO mice in post-puberty and purified the epithelial cells to perform
WB analysis. We observed that amount of level of EPN3 overexpression in epithelial cells derived
from EPN3 KI mice was comparable to that observed in BT474 cells (i.e., human breast cancer
cells carrying EPN3 gene amplification), suggesting a level of overexpression that mimics the
tumoral context (Figure 31A). In WB analysis, we were not able to detect endogenous Epn3
protein expression in EPN3 WT mice, confirming that it is expressed at very low levels in the
mouse mammary gland, as showed also by De Camilli’s lab '** (Figure 31A). For this reason, we
analyzed also the mRNA expression and ensured that EPN3 is expressed in EPN3 WT mice —
although at low levels - in the normal mammary gland at this stage of development, while it was
not detectable in EPN3 KO mice (Figure 31B).

Moreover, we performed IHC analysis on FFPE samples of the mammary gland of EPN3
KO, WT and KI mice to gain information about EPN3 localization. The IHC analysis showed that
EPN3 overexpression in the mammary gland of KI mice occurs specifically in the epithelial
compartment, but not in the surrounding cells (Figure 31C). Moreover, the IHC analysis of FFPE
samples of mammary gland of EPN3 WT mice confirmed a low but specific expression of
endogenous EPN3 in the epithelial cells of the mammary ducts, which disappeared in EPN3 KO

mice (Figure 31C).
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Figure 31: Evaluation of Epn3 expression and localization in mammary gland of EPN3 KO, WT
and KI mice

(continued on next page)
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A) WB analysis of EPN3 expression in mouse mammary epithelial cell lysates of 2 different EPN3 KO, WT and KI
mice. BT474 is a human breast cancer cell line bearing EPN3 gene amplification and was used as a positive control.
GAPDH was used as a loading control. B) Relative EPN3 mRNA expression levels in mouse mammary epithelial cell
lysates of KO, WT and KI mice determined by RT-qPCR. Data were normalized on the 18S housekeeping gene and
expressed as relative to levels in the WT #1 mouse. C) Immunohistochemistry (IHC) analysis of EPN3 expression
levels in the mammary gland of EPN3 KO, WT and KI mice. Images show localization in epithelial ducts of EPN3 WT

and KI mice. Bar, 50 pm. Pictures are representative of multiple experiments from at least six different mice.

3.4.2. EPN3 has a role in mouse mammary duct branching

The role of EPN3 in the mammary gland is unknown. For this reason, we decided to analyze
mammary glands of EPN3 KI and KO mice at different stages of development in virginity, from
puberty to adult phase. The mouse mammary gland at birth is composed of a bud at the beginning
of the fat pad *'®. At puberty, about 3-4 weeks of age, the massive release of hormones and growth
factors induces proliferation and invasion of epithelial ducts into the surrounding fat pad. The
puberty stage ends at about 10-12 weeks of age, when the fat pad has been infiltrated by epithelial
ducts. After this stage, the mammary gland of virgin mice shuffles between stages with low and
high branching according to the estrus cycle phase.

To analyze the mammary gland morphology, we performed whole mount staining, a
technique that allows the visualization of the localization, morphology and amount of epithelial

ducts that invade into the fat pad **. This analysis showed that:

1) EPN3 KO mice display a delay in epithelial duct invasion of the fat pad at puberty stage.
At puberty (6 weeks of age), WT mammary gland is characterized by the presence of the
TEBs, bulb-shaped structures, precursors of the ducts, that direct the growth of the ducts

throughout the surrounding fat pad, in order to then give rise to the fully-developed
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mammary gland. EPN3 KI mice did not show any phenotypic alteration of the mammary
gland at this stage, while EPN3 KO mice displayed a delay in the spreading of TEBs into
the fat pad (Figure 32A). In order to perform a quantitative analysis, we decided to use as
reference the lymph node, located approximately in the middle of the mouse mammary
gland. We calculated the distance of the longest TEB from the lymph node and confirmed
that EPN3 KO mice presented a statistically significant delay of the growth of epithelial

ducts into the fat pad (Figure 32B).
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Figure 32: EPN3 KO mice show a delay in epithelial duct spreading into the fat pad at 6 weeks of

age
A) Whole mount analysis through Carmine Alum staining of the mammary gland of 6-week old EPN3 KO, WT and
KI mice. Bar scale, 500 um. At least six mice were evaluated for each sample. B) Quantification of the distance in
millimeters of the furthest epithelial duct from the lymph node of the KO and WT mice of panel A).

2) EPNS3 KI mice show a sporadic branching alteration at the end of puberty. At 12 weeks of
age, at the end of the puberty stage, epithelial ducts have infiltrated the fat pad of the
gland, and the development of the gland is complete. WT mice show the typical

mammary gland morphology, with few primary epithelial branching and some sporadic
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secondary branching. Compared to WT mice, a subset of EPN3 KI mice showed an
increased secondary and tertiary branching (Figure 33). Interestingly, the epithelial ducts
of EPN3 KO mice have rescued their delay and completely filled the fat pad, showing no

phenotypic alteration (Figure 33).

A EPN3 KO

Carmine
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Figure 33: EPN3 KI mice show a sporadic alteration of secondary branching at 12 weeks of age
Whole mount analysis through Carmine Alum staining of the mammary glands of 12-week old EPN3 KO, WT and
KI mice. Black arrows indicate increased secondary and tertiary branching; Bar scale, 500 um. At least seven mice

were evaluated for each sample.

3) EPN3 KI mice display a strong increase in duct branching post-puberty. At 18 weeks of
age, the mammary gland of a virgin mouse is completely mature and is responsive to
hormonal changes, shuffling between low and high branching phases according to the
estrus cycle. In WT mice, the majority of the mammary glands displayed primary
branching, as expected. Very interestingly, EPN3 KI mice confirmed the phenotype
sporadically observed at 12 weeks of age, showing an increase of secondary and tertiary

branching compared to WT mice (Figure 34A). In contrast, EPN3 KO mice showed a
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sporadic alteration of primary branching, unveiling an increased number of nascent ducts
that do not appear to develop into mature epithelial ducts. Moreover, in some cases, we
observed an enlargement of the diameter of the primary ducts, called duct ectasia (Figure
34A). By employing a specific Image] plug-in that evaluates the complexity of a grid, we
evaluated the number of duct intersections (see Material and Methods). Interestingly, we
observed that EPN3 KI mice show a statistically significant enrichment of epithelial
connections, a proxy to measure the number of branching ducts (Figure 34B). Instead, the
EPN3 KO mice did not reveal any statistically significant difference compared to WT

mice.

These results showed that EPN3 overexpression is able to alter branching turnover, increasing
the number of epithelial ducts and their connections in the mammary gland. In contrast, the
deprivation of endogenous EPN3 causes a delay in fad pad invasion at early stage of development,
while it displays a mild decrease in branching post-puberty. However, together with the increased
branching observed upon EPN3 overexpression, these data suggest that the EPN3 has an impact

on branching morphogenesis.
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Figure 34: EPN3 KI mice display an increased secondary duct branching at 18 weeks of age

A) Whole mount analysis through Carmine Alum staining of the mammary gland of 18 week-old EPN3 KO, WT and
KI mice. Black arrows indicate increased secondary and tertiary branching; blue arrow indicates alteration of primary
branching; black head arrow indicates duct ectasia. Bar, 500 um. At least nine mice were evaluated for each sample. B)
Quantification of the average number of ductal intersections per field of view in EPN3 WT and KI mice. Analyses
performed with the help of Dr. Freddi Stefano (IFOM-IEO Campus).
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3.4.3. EPN3 KI mice show an increased N-Cadherin and Ki67 expression in the

branching ducts

Branching morphogenesis in the mouse mammary gland is regulated by a plethora of different
pathways and factors, among them EMT is known to play an important role in this process >*.
For this reason, we tested by IHC the staining of the EMT markers, E-Cadherin, N-Cadherin and
Vimentin at 18 weeks of age. While E-Cadherin staining did not show alterations in its expression
and localization (Figure 35A), EPN3 KI mice displayed an increased level of N-Cadherin positive
cells in the epithelial ducts compared to EPN3 WT and KO mice (Figure 35B). These data suggest
that the alterations in mammary gland morphogenesis observed in EPN3 KI mice could be due to
activation of an EMT program. Unfortunately, we were not able to obtain a good staining for
Vimentin with these conditions of IHC (data not shown).

The activation of EMT in mammary duct branching is necessary to allow the
morphological changes required to migrate into the surrounding fat pad. It is also known that
proliferation has an important role in the correct formation of the epithelial ducts *'%; for this
reason, we asked whether in EPN3 KI mice displayed also different levels of proliferation in
epithelial cells. We used Ki67 as a proliferation marker and observed that EPN3 KI mice have an
increased number of Ki67-positive cells compared to WT and KO mice (Figure 35C).

In conclusion, these data suggest that EPN3 overexpression could act on branching

regulation, possibly altering both the migratory and proliferative ability of epithelial cells.
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Figure 35: EPN3 KI mice show an increased number of positive cells for N-Cadherin and Ki67 at

18 weeks of age

A) Immunohistochemistry (IHC) analysis of E-Cadherin expression in the epithelial ducts of EPN3 KO, WT and KI
mice. Bar, 50 um. At least two mice were evaluated for each sample. B) IHC analysis of N-Cadherin expression in the
epithelial ducts of EPN3 KO, WT and KI mice. Bar, 50 pm. At least two mice were evaluated for each sample. C) IHC
analysis of Ki67 expression in the epithelial ducts of EPN3 KO, WT and KI mice. Bar, 50 um. At least two mice were
evaluated for each sample.
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4. DISCUSSION

The studies conducted during this PhD project have unveiled the role of a novel prognostic factor
in breast cancer, EPN3. The findings obtained suggest a possible mechanism of action of EPN3 in
breast cancer invasion and metastasis, based on EMT acquisition through an endocytosis-
dependent circuitry. Moreover, an initial characterization of EPN3 function in mouse mammary

gland biology suggests a role of EPN3 in ductal branching morphogenesis.

4.1. EPN3 overexpression induces a partial EMT phenotype in MCF10A cells

EMT is a multistep process that requires the concomitant loss of epithelial characteristics and the
acquisition of mesenchymal ones '****. In the last decade, increasing evidence supports the
notion that the acquisition of a full, irreversible, EMT might not be compatible with the ability of
cancer cells to metastasize to distant sites '*****'*°, This is because EMT is only part of the process
required to allow cells to migrate to and to invade the surrounding tissues: MET is also important
once cancer cells have migrated to and reached other sites, to allow the colonization of these sites.
Plasticity is therefore one of the most important features that cancer cells use to modulate their
behavior in order to adapt to different microenvironments.

Starting from this consideration, many groups have shown the existence of different
intermediate EMT phenotypes that are encompassed in the term of pEMT '8%18%18194246:247.266

PEMT is characterized by the simultaneous presence of epithelial and mesenchymal markers and

by high plasticity. In agreement with this, our results indicate that the overexpression of EPN3 in
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the non-transformed epithelial cell line, MCF10A, is characterized by the upregulation of
mesenchymal markers, such as N-Cadherin, Vimentin, TGFf ligands and receptors, and the
transcription factors, Snaill and Zeb1, concomitant with the expression of the epithelial marker E-
Cadherin, which is only partially reduced. These observations suggest that EPN3 is not able by
itself to activate a full EMT program, and instead keeps cells in a pEMT state. In accordance with
this, Zhang et al. "*° showed that MCF10A is a model cell system able to acquire pEMT states.
They demonstrated that a full EMT, induced by chronic stimulation with high doses of TGE, is a
two-step program: the first step is characterized by Snail upregulation and by the presence of both
epithelial and mesenchymal properties, and it is reversible upon TGFf deprivation. The second
step is Zeb1-dependent and gives rise to a complete mesenchymal transition that is not reversible
upon TGFp deprivation and largely irreversible after treatment with TGFf inhibitors.

In our case, the EPN3-induced pEMT upregulates both Snail and Zeb1, but maintains
consistent levels of E-Cadherin; moreover, TGFBR1 KD is able to cause an almost complete
reversion of this phenotype. Importantly, MCF10A-EPN3 cells are still sensitive to TGFpP
stimulation, as treatment with TGF[, already at a limiting dose, is able to push EPN3-
overexpressing cells to a more advanced EMT state, with a higher level of upregulation of all
mesenchymal markers, including Snail and Zeb1. These data suggest that the upregulation of Snail
and Zeb1 upon EPN3 overexpression is quantitatively not sufficient to reach a full EMT state, as

130

described by Zhang et al. *>".

Different EMT intermediate states have been described '!+246-26¢

. Importantly, many

tumors are composed of a mix of epithelial and mesenchymal markers '*’, allowing the

speculation that these intermediate, plastic phenotypes lead to more aggressive, invasive cancer
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cells, metastasis and drug resistance 2677269 Indeed, cells that are in the pEMT state have the
highest plasticity and are able to rapidly undergo full EMT, allowing them invade the surrounding
tissues, reach distant organs and then to perform the reverse transition, MET, to colonize the new

171

sites and to proliferate ~*". In agreement, EPN3 overexpression positively correlates with an

aggressive cancer phenotype and increased risk of distant metastasis in breast cancer patients.

4.2. EPN3 overexpression induces a TGFP-dependent self-sustaining positive-

feedback loop that becomes independent of the EPN3 initial alteration

The activation of transcription factors that induce a transcriptional feedback loop is very well
characterized, especially in EMT through the TGEP pathway “*7*'** It is also known that
upstream events, such as endocytosis, have profound impacts on signaling and on the regulation

g 1,270
of transcriptional programs

. Our data show that EPN3 overexpression represents one of these
upstream events, since it induces the upregulation of TGFf ligands and receptors that, in turn,
create a positive-feedback loop that auto-sustains itself. The TGFp loop induced by EPN3 is not in
saturating conditions, since MCF10A-EPN3 cells are more prone to TGFf stimulation both in the
activation of the downstream signaling pathways and in the induction of E-Cadherin
internalization.

Interestingly, we have preliminary evidence that EPN3-induced pEMT acquires novel
functions and becomes independent of EPN3 expression itself. Thus, our results show that the

original genetic lesion that started the pEMT process, once cells have been instructed through the

generation of self-sustaining loops, becomes no longer necessary. It is also reasonable to speculate
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that epigenetic and/or micro-environmental changes within the tumor mass might cause
profound rearrangements of the biological identity of cancer cell that cannot be reverted by
targeting the primary genetic lesion. Indeed, if the hypothesis that EPN3 induces a mesenchymal
switch and, then, it is no longer necessary, is correct, the obvious consequence would be that the
choice to design drugs against this molecule could be useless for tumor treatment, or maybe even
detrimental. Indeed, inefficacy of drug treatments and the development of drug resistance is one
of the main causes of poor prognosis and death in cancer; only 9.6% of newly synthesized drugs
are able to complete clinical trials and enter into the drug market *. These preliminary
considerations, if confirmed and extended to other cases, could help inform decision-making on

the kind of targeted therapy to invest in.

4.3. EPN3 interacts with the adherens junctions and the clathrin machinery

The possibility that EMT/pEMT can be regulated through mechanisms that fall outside the
transcriptional program has been widely investigated in the last decade and in now well accepted
by the scientific community '**'**'* Given that EMT has to start from the downregulation of
epithelial markers, a lot of effort has been spent to try to unveil all the possible mechanisms of E-
Cadherin regulation. Many groups have supposed that regulation of E-Cadherin endocytosis and
trafficking occur during tumor progression in order to allow pEMT '*”*****”; pancreatic, breast,
skin, liver and colorectal carcinomas have been linked to the existence of many intermediate EMT

. . . 197,246,24 . . .
states that occur during tumor invasiveness '* 7. For instance, in pancreatic, breast and

colorectal carcinomas, the existence of pEMT states has been causally linked to the re-localization
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of epithelial markers, such as E-Cadherin, and not to their direct transcriptional downregulation.
Although E-Cadherin trafficking was not directly measured, these data suggested for the first time
that, in vivo, alterations of epithelial marker trafficking and turnover could explain a more
aggressive cancer phenotype °”*¥. Our results indicate that EPN3 overexpression induces a
PEMT state that is associated with enhanced E-Cadherin endocytosis, and correlates with
increased risk of distant metastasis.

The Epsin family was discovered around 20 years ago and immediately recognized as an
endocytic protein family /. The majority of the studies on this family have focused on EPN1, and
showed that this protein is indeed working as an endocytic adaptor for different cargoes .
Interestingly, epsins (in particular EPN1) have been linked with cell migration: EPN1 is also able
to regulate migration through the binding with RalBP1 *, moreover it is able to recruit actin at the
nascent pit through Hipir '. On the other side, EPN1 regulates the Notch pathway through the
endocytosis of its ligand, Dll4 *, that is structurally similar to the activin type II receptors
(ActRIIs), belonging to the superfamily of TGF[ receptor superfamily. Interestingly, it was shown
that ActRIIs internalization and signaling are regulated by activin receptor-interacting protein 2
(ARIP2) and RalBP1 *”?, putatively connecting EPN1 with ActRIIs and, more in general, with the
TGEFp receptor superfamily.

Concerning EPN3, this family member has been shown to co-localize with vesicles
positive for clathrin and the endocytic factor, EHD2 ''*''>. Moreover, it has been suggested that
EPNS3 has a role in cancer cell migration and EMT since it is strongly upregulated at the leading
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edge of migrating MDCK cells and its overexpression in glioblastoma cells induces the

appearance of mesenchymal markers '*°. Apart from these specific cases, EPN3 is very rarely
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expressed in normal tissues, suggesting that it could have a specialized function, in contrast to the
other 2 members of the Epsin family (EPN1 and Epn2), which are widely expressed in adult
tissues ',

Due to the lack of knowledge on EPN3, we had no a priori idea of its potential function in
breast cancer. To unveil the mechanism of EPN3 in pEMT induction in MCF10A cells, we applied
an unbiased approach, defining through mass spectrometry analysis the “EPN3 interactome” in
MCF10A-EPN3 cells. This analysis revealed a strong enrichment in the EPN3 interactome of
proteins belonging to the endocytic machinery (clathrin heavy and light chain, AP2 complex,
Cbl,). Moreover, the second most highly enriched category in the EPN3 interactome included
proteins belonging to AJs, TJs, focal adhesions and the actin cytoskeleton. By combining this
result with the knowledge regarding cell adhesion regulation and EMT, we focused our attention
on AJs, since they are the most important regulator of the transition. Moreover, given the already
described link between EPN1, actin cytoskeleton and TGFp receptor superfamily, we decided to
exclude from further analyses the known interactors of EPN1 (linked to the actin cytoskeleton and
cell migration), since in MCF10A cells we didn’t observe any difference upon EPNI1
overexpression, suggesting that the EPN3 mechanism could be different from the characterized
EPN1 functions.

Importantly, we validated the interaction of EPN3 with AJ components, and we also
showed a weak, probably indirect, but reproducible interaction, with E-Cadherin. Interestingly, in
2014, an E-Cadherin interactome identified through quantitative proteomics, revealed a putative

weak interaction with EPN3 in MKN28 cells (human gastric adenocarcinoma), which, however,

was not subsequently studied and characterized *’>. In agreement with this study, we showed for
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the first time that EPN3 possibly connects the clathrin machinery to the E-Cadherin complex,
thereby regulating E-Cadherin trafficking. Indeed, we revealed that MCF10A-EPN3 cells have less
E-Cadherin at the PM and display increased E-Cadherin internalization, indicating that the
overexpression of EPN3 could enhanced E-Cadherin turnover at the PM. Moreover, TGFf}
stimulation sustains E-Cadherin endocytosis in MCF10A-EPN3 cells, consistent with our results
showing cooperation between EPN3 and the TGFP pathway, and the creation of a positive-
feedback loop.

Our data are in agreement with the scenario that EPN3 causes pEMT through increased
E-Cadherin endocytosis. One critical piece of evidence that corroborates this possibility is the fact
that we scored more active B-catenin in the nucleus, suggesting that a consequence of enhanced
E-Cadherin PM turnover via endocytosis is the destabilization AJs complex and the release of -
catenin, which relocalizes to the nucleus where it activates the transcription of EMT genes. In
agreement, the ablation of the major partner of B-catenin in the nucleus, the transcription factor,
TCF4, is able to revert the pEMT induced by EPN3.

Another important aspect concerns the fact that EPN1 overexpression only partially
mimics the effects of EPN3 overexpression, despite sharing a very similar protein structure
(amino acid sequence 47% identical) and a highly conserved predicted tertiary structure. The
reason for the specificity of EPN3 in pEMT induction is still unclear; it has been speculated that
the ENTH domain of epsins is very similar to the armadillo repeats of the catenin family ’°, a

75,145,150

sequence of 42 amino acids that allows the interaction with cadherins . Thus, one

possibility could be that EPN3, but not EPN1, binds the E-Cadherin via its ENTH. However, the

113

ENTH domains of EPN1 and EPN3 are almost identical [80-82% sequence identity], ~~, thus,
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making this possibility unlikely, although still to be experimentally verified. We note that the
central region is the most divergent between EPN1 and EPN3 (Figure 36), even though it does not
contain a known domain or motif specific for EPN3 and it is largely unstructured. Further

structure-functional studies are required to resolve this issue.

Score Expect Method Identities Positives Gaps
419 bits(1077) 3e-144 Compositional matrix adjust. 279/598(47%) 347/598(58%) 109/598(18%)

epsin-3 MITSALRRQVENIVHNYREAF TKVREATSNDPWGPPSSLMSETADLTFNIVAFTE VHGH 60
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Figure 36: Alignment of EPN3 and EPN1 protein sequences
Alignment of the EPN3 and EPN1 protein sequences performed using the Clustal Omega tool available on EMBL-EBI
(https://www.ebi.ac.uk/Tools/msa/clustalo/), together with the score attributed to the alignment and the probability

of having the same alignment by chance (Expect) and the method used to align the two sequences through the
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blast2seq tool available on NCBI (https://blast.ncbi.nlm.nih.gov/). The number and the relative percentage of
identical (Identities) and similar (Positives) residues, as well as gaps inserted in the alignment, also are shown.
Residues with similar chemical and physical properties are represented by the same colour (Red: hydrophobic; Blu:
positively charged; Green: polar; Purple: negatively charged). Legend of colored boxes used in the alignment is shown

to highlight specific domains and motifs of epsin proteins.
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4.4. EPN3 physiological function in the regulation of E-Cadherin endocytosis

Having characterized EPN3 function in an overexpressing system, we concentrated our attention
on the physiological role of EPN3. Interestingly, we showed that also endogenous EPN3 is able to
bind AJs components, albeit to a lesser extent than overexpressed EPN3, suggesting that the
overexpression of EPN3 is enhancing its physiological function. In agreement with this possibility,
E-Cadherin endocytosis induced upon TGFf stimulation is impaired by EPN3 ablation.
Concomitantly, also the TGFB-induced transcriptional response is reduced in EPN3-KD cells.
Although we cannot exclude that EPN3 might have also other more direct functions in the
activation of the TGFP pathway, our results converge on the possibility that EPN3 has a
physiological role in TGFB-induced E-Cadherin endocytosis, which is a critical mediator of the
TGFpB-dependent transcriptional response that leads to the activation of EMT genes. These
conclusion are in line with the experiments performed by Wang et al. '*, where physiological
EPN3 is implicated in the maintenance of a mesenchymal phenotype in glioma cells.

In conclusion, our data show that physiological EPN3 is probably implicated in more specific

functions than in a general formation of CCP.

4.5. EPN3 alters mouse mammary gland branching morphogenesis

The role of EPN3 in tumorigenesis is largely unknown. In 2016, it was proposed for the first time
that EPN3 expression negatively correlates with metastasis-free survival both in breast cancer and

non-small cell lung cancer **°. According to our and these data, EPN3 worsens the phenotype, and
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it is implicated in distant metastasis acquisition. In order to study the EPN3 tumorigenic role in
vivo, we generated specific conditional EPN3 KI mice that overexpress the transgene just in the
epithelial compartment. The levels of overexpression are comparable with those observed in
BT474, a breast cancer cell line with EPN3 gene amplification. However, as expected, we did not
observe any neoplastic or pre-neoplastic lesions in these mice. The reason might be that EPN3
overexpression per se is not sufficient for tumor initiation and growth, but it can cooperate with
other lesions, while it might be sufficient for the acquisition of invasive, metastatic traits. To
evaluate this, we are currently crossing EPN3 KI mice with ErbB2/Neu-N mice, which
overexpress the form of ErbB2 that causes low frequency and slow proliferative but aggressive

274,275
breast tumors

, to score for possible cooperation in tumor appearance and metastasis
formation.

Interestingly, the evaluation of the mammary glands of EPN3 KI mice shows that EPN3
overexpression alters branching morphogenesis, increasing secondary and tertiary epithelial ducts
with higher expression of a proliferation (Ki67) and EMT (N-Cadherin) markers. This phenotype
is intimately linked to the regulation of EMT, indeed, -catenin 27 MMPs 228’229, Cripto-1 230 and
TGEP *'*** have been showed to regulate EMT during mouse mammary gland development. Of
note, our results obtained in vivo and in vitro partially overlap, and EPN3-induced pEMT could in
theory explain the phenotypes observed in vivo. However, we could not detect by IHC any defect
in E-Cadherin localization or expression in EPN3 KI mice. Experiments with more appropriate

techniques (e.g., immunofluorescence on FFPE samples) are required in order to better visualize

E-Cadherin localization. Thus, although the EPN3-dependent mechanisms operating in vivo
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during mammary gland development are far from being elucidated, our findings justify future

investigations in this area.

Regarding the physiological role of EPN3 in mice, De Camilli’s group described in 2010 that
EPN3 is usually expressed at very low levels in most tissues, with the exception of gastric parietal
cells in the stomach, where it cooperates in the control of acidification of the stomach lumen

112

through endo/exocytosis of vesicles containing the H/K ATPase . De Camilli’s group generated

EPN3 KO mice, which showed no obvious phenotypic defects, probably due to compensatory

effects of the other epsins ''*

. We took advantage of these mice to characterize EPN3 function in
the mammary gland. Our results indicate that EPN3 ablation causes a delay of TEB infiltration
into the fat pad during puberty, although these mice recover completely from the delay at the end
of puberty. In adulthood, virgin mice show alterations in primary branching, with a low
penetrance behavior that does not cause an impairment in the function of the gland during
pregnancy and lactation, since the litters grow up healthy and normal. Moreover, since EPN3 KO

mice ubiquitously lack the gene, we cannot exclude that the observed phenotypes in mouse

mammary gland could be induced by other effects of EPN3 ablation in distinct organs or glands.

4.6. Future perspectives

i) Enhanced E-Cadherin endocytosis is the first event in the EPN3-induced pEMT
We aim to demonstrate that E-Cadherin endocytosis is the initial event through which EPN3

overexpression induces pEMT in MCF10A. To address this point, we will take advantage of an
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inducible EPN3 model system. We will infect MCF10A cells with a doxycycline-inducible EPN3
expression vector and with an empty vector as control. These cells should remain epithelial since
EPN3 overexpression is not induced. Upon doxycycline treatment, EPN3 overexpression should
occur, causing induction of pEMT. With this system, we will investigate the timing and the steps
involved in pEMT induction. Moreover, we will directly test whether increased E-Cadherin
endocytosis is upstream of the activation of EMT by blocking E-Cadherin endocytosis
concomitantly with EPN3 overexpression and checking whether this affects pEMT establishment.
In order to block E-Cadherin endocytosis, we will take advantage of two different
experimental strategies:
a. we will use an anti-E-Cadherin monoclonal antibody, generated by Petrova et al. *’°,
which binds specifically to the extracellular domain of E-Cadherin, and was shown to maintain E-
Cadherin at the PM, favoring AJ stabilization and clustering of the cells.
b. we will overexpress p120, an inhibitor of E-Cadherin endocytosis *7*"°, We will
overexpress the full-length form or a truncated version, missing the first 346 amino acids, that

should work as dominant negative by binding to E-Cadherin, but not undergoing post-

translational modifications involved in p120 release from E-Cadherin that lead to its endocytosis

277,278

ii) Characterization of the self-sustaining loop leading to pEMT
Our results suggest that once the TGFB-dependent transcriptional program has been established,
EPN3 endocytic function is no longer required. To formally prove this hypothesis, we will take

advantage of the EPN3-inducible expression system in MCF10A cells. We will inhibit E-Cadherin
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endocytosis in these cells (as described in point 1) or we will perform EPN3 ablation, before and
after the induction of EPN3 overexpression and the establishment of pEMT. If our hypothesis is
true, once pEMT is established, we would expect no reversion of the mesenchymal state, both
upon ablation of EPN3 or inhibition of E-Cadherin endocytosis, while a reversion of EMT is

expected before pEMT is fully established.

iii) Molecular mechanism of EPN3-mediated E-cadherin endocytosis

We want to unravel the molecular mechanism governing EPN3 function at AJs. In order to
further dissect the mechanism, we plan to perform structure-function studies to identify the
region directly involved in E-Cadherin endocytosis and EMT induction. To this aim, we will
exploit a chimeric approach taking advantage of the fact that EPN1 does not phenocopy EPN3 in
inducing EMT and E-cadherin endocytosis. Chimeras, where the different domains and motifs of
EPN1/EPN3 are swapped, will be expressed in MCF10A cells and tested for their ability to recruit

AJ components, to enhance E-cadherin endocytosis and to induce EMT.

iv) EPN3 in vivo role in breast tumorigenesis

We want to understand the in vivo role of EPN3 in mouse mammary gland tumorigenesis.

a. We will evaluate through immunofluorescence the localization and expression of EMT
markers (E-Cadherin, N-Cadherin, Vimentin, beta-catenin etc.) in FFPE samples of mammary
gland tissue from EPN3 WT, KO and KI mice.

b. We will extract mammary epithelial cells from adult post-puberty EPN3 WT and KI mice

and transplant them into the cleared fat pads of immunocompromised mice (NOD-SCID-IL2R-
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gamma-null), according to previously described protocols >, in order to evaluate the ability to
EPN3-overexpressing mammary epithelial cells to give rise to a normal mammary gland or
instead induce pre-neoplastic/neoplastic events.

C. We will test whether EPN3 overexpression cooperates with other oncogenes in breast
tumorigenesis, by crossing EPN3 KI mice with ErbB2/Neu-N mice — bearing the overexpressed

WT form of ErbB2 that causes tumor appearance with low frequency *"**”>

— to score for possible

acceleration in tumor appearance/development, and alteration in morphology. We will also check

for increased metastasis in these mice.

4.7. Conclusions and proposed model

Our in vitro results led us to propose a model for EPN3 function in E-Cadherin endocytosis and in
the activation of pEMT in breast epithelial cells (Figure 37): EPN3 physiologically is able to
regulate TGFP-induced E-Cadherin endocytosis and turnover, finally, having an impact also on
the TGFP-mediated transcriptional response. Upon overexpression, EPN3 increases E-Cadherin
internalization (A) and leads to the activation of the -catenin/TCF4 pathway (B), inducing the
transcription of EMT target genes (Snail, Zeb1, N-Cadherin, Vimentin and TGFf ligands and
receptors; C). The upregulation of the TGFP pathway creates a self-sustained positive-feedback
loop (D), directly activating EMT genes (E) and further stimulating E-Cadherin endocytosis (F).
Preliminary evidence suggests that the TGF[ loop, once generated, becomes largely independent

of EPN3 endocytic function and leads to the acquisition of a pEMT state.
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Figure 37: Working model of EPN3-dependent induction of pEMT in breast cancer

See text for details.
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MATERIALS AND METHODS

5. MATERIALS AND METHODS

5.1. Solutions and buffers

Phosphate-buffered saline (PBS)

NaCl 137 mM
KCl 2.7 mM
Na,HPO 10 mM
KH,PO, 2mM

8 g of NaCl, 0.2 g of KCl, 1.44 g of Na,HPO,, and 0.24 g of KH,PO, are solved in 800 ml of
distilled H,O (ddH,O). The pH is adjusted to 7.4 with HCl and volume is brought to 1 liter with
ddH,O0.

Tris-HCIl 1M

121.1 g of Tris base are dissolved in 800 ml distilled H,O. The pH is adjusted to 7.4, 7.6 or 8.0

(depending on the case) with HCI, and ddH,O is added to bring volume to 1 liter.

Tris-buffered saline (TBS)

NaCl 137 mM
KCl 2.7 mM
Tris HCl pH 7.4 25 mM

8 g of NaCl, 0.2 g of KCl, and 3 g of Tris base are solved in 800 ml of distilled H,O.
The pH is adjusted to 7.4 with HCl and ddH,O is added to bring volume to 1 liter.
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MATERIALS AND METHODS

10X SDS-PAGE running buffer

Glycine 192 mM
SDS 15
Tris HCl pH 7.4 250 mM

1X JS buffer #1: for total lysis and FLAG IP

Hepes pH 7.5 0.05M
NacCl 0.15M
Glycerol 10%
TritonX 100 1%
MgCl2 0.0015M
EGTA 0.005M
NaPyrophosphate 0.02M
NaF 0.05M
PMSF 0.002M
Na3VO4 0.01M
Protease Inhibitors 1:500
H20 Up to volume

200X Proteases inhibitor cocktail from Calbiochem, sodium pyrophosphate pH 7.5 20 mM,
sodium fluoride 250 mM, PMSF 2 mM, and sodium orthovanadate 10 mM are added to the buffer

just before use.
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MATERIALS AND METHODS

1X JS buffer #2: for FLAG IP with strong washes

Hepes pH 7.5 0.05M
NaCl 0.25M
Glycerol 10%
TritonX 100 1%
MgCl2 0.0015M
EGTA 0.0056M
NaPyrophosphate 0.02M
NaF 0.05M
PMSF 0.002M
Na3vVO4 0.01M
Protease Inhibitors 1:500
H20 Up to volume

200X Proteases inhibitor cocktail from Calbiochem, sodium pyrophosphate pH 7.5 20 mM,

sodium fluoride 250 mM, PMSF 2 mM, and sodium orthovanadate 10 mM are added to the buffer

just before use.

1X RIPA buffer

Tris pH 7.4 50 mM
NacCl 150 mM
EDTA 1 mM
TritonX 100 1%
NaDoc 1%

SDS 0.1%
NaPyrophosphate 0.02 M
NaF 0.05 M
PMSF 0.002 M
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MATERIALS AND METHODS

Na3VvVO4

0.01 M

Protease Inhibitors

1:500

H20

Up to volume

200X Proteases inhibitor cocktail from Calbiochem, sodium pyrophosphate pH 7.5 20 mM,

sodium fluoride 250 mM, PMSF 2 mM, and sodium orthovanadate 10 mM are added to the buffer

just before use.

4X Laemmli buffer

Tris pH 6.8 200 mM

SDS 8%

Glycerol 40%

Beta Mercaptoethanol 2.4%

Bromophenol Blue Just till it becomes blue

Diluted to 1X for protein loading into the gel.

Acid wash #1
Glycine 100 mM
ddH20 Up to volume

Once the solution was prepared, pH was controlled and adjusted to 2.2 with HCI 37%.

Acid wash #2

NaCl 500 mM
Acetic Acid Glacial 200 mM
ddH20 Up to volume

Once the solution was prepared, pH was controlled and adjusted to 2.5 with HCI 37%.
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Mouse epithelial ductal staining

Carminio powder (Sigma C1022) 1g

Aluminium Potassium Sulfate (Sigma A7167) 25¢g

ddH20 500 ml

Mix for at least 2 h, then boil for 7” in microwave and then filter (0.45 um).

5.2. Cell culture

5.2.1. MCF10A cell culture

MCF10A cells were from the American Type Culture Collection (ATCC). They were cultured in
1:1 mixture of DMEM and HAM’S-F12 (Gibco, Life Technologies), supplemented with 5% horse
serum (Invitrogen), 2 mM Glutamine, 50 ng/ml cholera toxin, 10 pg/ml insulin, 500 ng/ml
hydrocortisone, 1% Pen-Strep antibiotics (Sigma) and fresh 20 ng/ml human EGF (Invitrogen).
MCF10A cells were tested for STR profile and mycoplasma. TGFP1 (Peprotech) stimulation of
MCF10A cells was performed on cells, at 40% confluence, previously starved overnight in
standard medium lacking EGF, followed by stimulation with sub-optimal TGFP1 doses (0.75
ng/ml) or saturating doses (5 ng/ml) for the indicated time points. Cells were cultured at 37°C in a

humidified atmosphere containing 5% CO..
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5.2.1.1. Treatments: TGFB1 AND FA 1%

TGFP1 (Peprotech) stimulation of MCF10A cells was performed on cells, at 40% confluence,
previously starved overnight in standard medium lacking EGF, followed by stimulation with sub-
optimal TGFP1 doses (0.75 ng/ml) or saturating doses (5 ng/ml) for the indicated time points.

Cells were cultured at 37°C in a humidified atmosphere containing 5% CO,.

To crosslink proteins in vivo in cells, MCF10A cells were washed twice in PBS, then Crosslinking
Buffer (Formaldehyde 1% in ddH20) was added for 10 minutes at RT, maintaining the plates on
horizontal shaker. Then, the buffer was removed and Glycine Buffer (Glycine 0.125 M in ddH20)
was added for 5 minutes at RT shaking horizontally. Then cells were washed twice with cold PBS
and lysed in RIPA by scraping directly on plates (300 pl RIPA buffer/150 mm plate, cells at 80-
90% confluent); see the dedicated paragraph 5.4.1 for detailed information. Cells were left 30
minutes on ice, then sonicated (20 cycles at 4°C: 30 s sonication and 30 s pause). Sonicated
samples were centrifuged at 16,000 g 4°C for 40 minutes and the supernatant was collected for

analysis. The protocol was adapted from **.

5.2.1.2. RNA interference (RNAi)

RNAi was performed with Lipofectamine RNAimax reagent from Invitrogen, according to
manufacturer’s instructions. 1,000,000 cells were transfected in reverse, meaning that liposomes

complex carrying small-interfering RNAs (siRNAs) were allowed to form for 20 minutes at RT
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and then added to trypsinized cells in suspension. For the second cycle, cells were trypsinized and
treated in the same way.

For transient KD of EPN3, cells were subjected to single reverse transfection with 10 nM ON-
TARGETplus siRNA (Dharmacon) and analyzed 3, 4 or 5 days after transfection; in case of 7 days,
cells were subjected to a second cycle of reverse transfection at day 3 or 4. For transient KD of
TGFPR1, cells were subjected to double reverse transfection with 8 nM smart pool of RNAi oligos
(Dharmacon), and analyzed 3 or 7 days after transfection. For transient KD of TCF4, cells were
subjected to double transfection with 15 nM smart pool oligos (Riboxx). As a negative control, we
used was cells transfected just with Lipofectamine RNAimax. See Supplementary Table 1 for the

nucleotide sequence of siRNAs employed.

5.2.2. Mouse epithelial cell culture

Mouse epithelial cells (MECs) used to test EPN3 expression in FVB/EPN3 WT, KO and KI mice
were extracted from mammary gland of mice in post-puberty. Briefly, after mice sacrifice, both
inguinal and thoracic mammary glands were put in a culture dish and cut with scissors, usually
left and right glands were kept separated. Then, the mechanically digested glands were maintained
in a 1:1 mixture of DMEM and Ham’s F12 medium (Gibco, Life Technologies), supplemented
with Hepes 25 mM, 1% Pen-Strep (Sigma), Liberase TM 20 pg/ml (Roche) and Collagenase Type
3 150 Units/ml (Worthington): 5 ml per 5 mouse mammary glands (usually left and right) in a 50
ml Falcon tube. The samples were left overnight (ON) in loosely capped tubes, at 37°C in a

humidified atmosphere containing 5% CO..
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The day after, the cells were gently re-suspended without making bubbles (if the ON digestion

worked, the gland should break down), then incubated for another 1 h. After that, 30 ml of PBS

were added and cells centrifuged 335 g for 5 minutes at room temperature (RT). The supernatant

was removed sucking the interphase between pellet and the undigested mammary glands, without

removing the fat. Around 5 ml of solution were left and 5 ml of 0.25% Trypsin was added to

resuspend cells, which were then maintained in the incubator for 40 minutes with loosely capped

tubes, resuspending every 10 minutes.

25 ml of DMEM and Ham’s F12 medium (Gibco, Life Technologies), supplemented with Hepes

25mM, Fetal Calf Serum 10% (Sigma Aldrich) and DNAsel (Sigma Aldrich), were added to

resuspend the digested mammary glands and incubated for 5 minutes in the incubator. Then

samples were centrifuged at 335 g for 5 minutes at RT. The supernatant was removed, including

the fat layer to avoid adipose cells, muscle cells and other contaminants. 3 ml of MEBM medium

were added and cells resuspended, then plated cells on collagen coated plates (ThermoFisher

Scientific) in order to allow the attachment only of epithelial cells and fibroblasts: usually 2 wells

for 5 mammary glands. Then cells were incubated for 24 hours cells.

The day after, supernatant was removed and cells were washed twice with PBS, before 1 ml of

0.25% Trypsin was added and cells were incubated for 30 seconds. After that, the Trypsin was

aspirated to selectively reduce the fibroblasts, then 1 ml of 0.25% Trypsin was added again for 3-5

minutes. Cells were recovered in DMEM and Ham’s F12 medium (Gibco, Life Technologies),

supplemented with Hepes 25 mM and Fetal Calf Serum 10% (Sigma Aldrich). Cells were

centrifuged 335 g for 5 minutes and resuspended in DMEM and HAM’S-F12 (Gibco, Life
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Technologies), supplemented with 5% horse serum (Invitrogen), 2 mM Glutamine, 50 ng/ml
cholera toxin, 10 pg/ml insulin, 500 ng/ml hydrocortisone, 1% Pen-Strep antibiotics (Sigma) and
fresh 5 ng/ml human EGF (Invitrogen). Cells were plated in a 6-well plate (100,000 cells per well)

for an additional 24 h, then they were lysed to evaluate RNA and protein expression.

5.3. Cell-based assays

5.3.1. Fluorescence activated cell sorting (FACS)

Flow cytometry is a widely used imaging technique to analyze cells based on morphological and
protein expression features: it detects and measures fluorescence intensity. The source of
fluorescence is that of a fluorescent reporter, i.e., fluorochromes conjugated to antibodies that
detect antigens present in/on cells. During FACS acquisition cells must be resuspended as a
single-cell solution. When cells pass through the nozzle, the fluid sheath induces them to move
from a turbulent regimen to a laminar regimen where they can be scanned one by one by the laser.
The first parameter which can be evaluated by FACS analysis is the morphology of the cells. When
cells are hit by the laser, light scatters in all of the directions, and detectors measure the scattering.
Two physical parameters can be detected by the detectors: side scatter (SSC) and forward scatter
(FSC). SSC measures the granularity of the cells, while FSC corresponds to their size. Importantly,
FACS also detects fluorescent markers. In this case, the laser excites the fluorophores with
different wavelengths. If the wavelength is correct, the electrons of the fluorophore pass from the

ground state to the excited state. The electrons than fall back and return to their ground state and
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energy is transferred in a form of a photon, which has its own wavelength (emission spectrum).
The wavelength produced by the emission is captured by photomultipliers, which convert the

signals into digital data.

5.3.1.1. Plasma membrane E-Cadherin intensity

Plasma membrane E-Cadherin was evaluated using an anti-E-cadherin antibody (HECD-1) from

%6280 140,000 MCF10A-Ctr,

Abcam, recognizing the extracellular domain of E-cadherin
MCF10A-Ctr Mock or MCF10A-Ctr EPN3 KD cells, or 180,000 MCF10A-EPN3 cells were plated
1.5 days before analysis on 35 mm dishes. The day of the experiment, cells were at a confluence
between 60% and 80%. Cells were washed twice and left for 3 hours in incubator in medium
without EGF. After that, cells were incubated with the HECD-1 E-Cadherin antibody (Abcam) -
dilution 1:25 in 300 ul of medium - for 1 hour at 4°C. Then cells were incubated with a secondary
antibody, Alexa-488 (dilution 1:200 in 500 pl of medium), for 30 minutes at 4°C. After that, cells
were washed twice with PBS and 0.25% Trypsin was added for 15-20 minutes. Then cells were
recovered with medium in a 15 ml Falcon, centrifuged 335 g for 5 minutes, resuspended with 3 ml
PBS, centrifuged again 335 g for 5 minutes and resuspended in 500 pl PBS. Then 500 pl of 2%
formaldehyde were added for 15 minutes on ice to fix cells. Subsequently, cells were centrifuged
335 g for 5 minutes and resuspended in PBS with EDTA 2 mM to be analyzed at FACS Celesta
(BD).

As a negative control, samples stained only with secondary antibody were used. The analysis was

performed through the FlowJo Software (LLC). Briefly, doublets and clumps of cells were
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excluded through the SSC Area over Height parameters; then the cells with correct morphology
were selected through the FSC Area over SSC Area parameters. Finally, E-Cadherin mean

fluorescence intensity of the population was used to compare the different samples.

5.3.1.2. E-Cadherin internalization assay

To evaluate E-Cadherin internalization, it both FACS and IF analyses were used. The same
protocol previously described (Section 5.3.1.1) was used to evaluate PM E-Cadherin. After
antibody incubation, cells were washed twice with PBS and reincubated at 37°C with complete
medium *+ TGFp 5 ng/ml (total volume of 1.5 ml). Then cells, after the indicated time points, were
washed once with PBS and treated with Acid Wash (AW) solution. 2 different AW have been
tested, showing the same efficiency: for AW1, cells were treated on ice for 3 x 45 s, then 2 PBS
washes were performed; for AW2, cells were treated on ice once for 5 minutes, then washed once
with Medium with Hepes 20 mM and once with PBS. In case of IF, glass coverslips were fixed for
10 minutes with 4% paraformaldehyde (PFA) at RT, followed by IF to stain nuclei and analyze by
confocal microscope.

For FACS analysis, 0.25% Trypsin was added to cells for 90 s and then cells were recovered ina 15
ml Falcon tube with medium. Then cells were processed as previously described to be fixed and
analyzed (see Section 5.3.1.1). To evaluate the amount of internalized E-Cadherin, the mean
fluorescence intensity of each time-point was divided by the total amount of fluorescence
(internalized and PM E-Cadherin), and the time 0 minutes was set as background and its value

subtracted from the other time-points.
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5.3.2. Immunofluorescence (IF)

5.3.2.1. Plasma membrane E-Cadherin intensity

In order to evaluate cell shape and E-Cadherin localization, the same experiment described in the
Paragraph 5.3.1.1 was performed. After the acid wash treatment step, coverslips were fixed for 10

minutes with PFA 4% at RT, followed by IF to stain nuclei and analyze by confocal microscope.

5.3.2.2. E-Cadherin internalization assay

In order to evaluate E-Cadherin internalization also by IF, the same experiment described in the
Paragraph 5.3.1.2 was performed. After the acid wash treatment step, coverslips were fixed for 10

minutes with PFA 4% at RT, followed by IF to stain nuclei and analyze by confocal microscope.

5.3.2.3. Staining in growing conditions

150,000 MCF10A cells per well of a 6-well plate, were plated 2 days before the fixation on glass
coverslips. Cells, plated on glass coverslips, were fixed in 4% PFA for 10 minutes at RT for E-
Cadherin staining, or cold methanol for 10 minutes at -20°C for active -catenin staining, then
washed with PBS and permeabilized in PBS 0.1% Triton X-100 (Sigma) for 10 minutes at RT. To
prevent non-specific binding of the antibodies, cells were incubated with PBS in the presence of

2% BSA for 30 minutes. Primary antibodies were diluted in PBS 0.2% BSA: E-Cadherin antibody
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(BD) and active B-catenin (Millipore) diluted 1:200. After 1 hour of incubation at RT, coverslips
were washed 3 times with PBS. Cells were then incubated for 30 minutes at RT with the
appropriate secondary antibody, Alexa 488-conjugated (dilution 1:400, Molecular Probes). After
three washes in PBS, coverslips were mounted in a 90% glycerol solution containing diazabicyclo-
(2.2.2)octane antifade (DAPI, dilution 1:5000, Sigma). Images were obtained using a Leica TCS

SP8 confocal microscope equipped with a 63X oil objective and processed using Image].

Quantification of active f-catenin

Images were processed with Image J software. For each image (.tiff), a DAPI mask was used to
identify nuclei and then measure the mean fluorescence intensity of active B-catenin in the nuclei
per each cell. The mean fluorescence intensity of total cells was instead calculated dividing the
mean fluorescence intensity of the entire field of view by the number of cells in that field. Finally,
the results were reported as relative fold-change compared to EV of the ratio of active B-catenin
staining in nuclei/total. The analysis was performed with the help of Dr. Freddi Stefano

(IFOM/IEO, Milan).

5.4. RNA-based assays

Total RNA extraction and quantitative Real Time PCR
Cells were lysed by removing cell culture medium, washing twice with PBS and adding Trizol (Life

Tecnhologies) directly to the cell plates at 60-80% of confluence and lysate was clarified by
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centrifugation at 12,000 g for 15 minutes at 4°C. The aqueous phase was used to extract total RNA
by using RNeasy kit (Quiagen) according to manufacturer’s protocol. Single strand cDNA was
obtained by SuperScript VILO reverse transcriptase (Invitrogen) according to manufacturer’s
protocol.

RT-qPCR experiments were performed according to Tagman chemistry (Thermo Fisher
Scientific) in technical triplicates. Data were normalized on the average expression of
housekeeping genes, 18S, ACTB and GAPDH, and results were reported as relative mRNA

-AACt

expression compared to control by the use of the 2 method. See Supplementary Table 2 for

Tagman assays.

5.5. Protein-based assays

5.5.1. Cell lysis and Western Blot (WB)

Cells were lysed on ice by removing cell culture medium, washing twice with PBS and by adding
RIPA buffer directly to the cell plates at 60-80% of confluence. Cell lysate was clarified by
centrifugation at 16,000 g for 20 minutes at 4°C and supernatant was transferred to a new tube.
Protein concentration was measured by Bradford Assay (Biorad). Protein lysates were prepared in
Laemmli Buffer 1X (diluted from the 4X). Protein lysates were run on gradient 4-20% pre-cast
Gels (Biorad) at 250 Volts and transferred by using Trans-Blot (Biorad) according to
manufacturer’s instructions. Filters were blocked with 5% non-fat dried milk (Applichem) diluted

in TBS 0.1% Tween (TBS-T) and then incubated ON with primary antibody according to the data

154



MATERIALS AND METHODS

sheet. Following 3 washes with TBS-T, filters were then incubated with the appropriate secondary
antibody conjugated with horseradish peroxidase. After 3 more washes, the signal was detected at
Chemidoc (Biorad) using Amersham ECL Western Blotting Detection Reagent (GE Healthcare),
for strong signals, or with Clarity Western ECL Blotting Substrates (Biorad) or with SuperSignal
West Femto (Thermo Fisher) for low signals. See Supplementary Table 3 for the list of antibodies

employed.

5.5.2. Immunoprecipitation (IP) and Co-IP

1,000,000 MCF10A-Ctr cells and 3,000,000 MCF10A-EPN3 cells were plated the first day on 150
mm plates. 2 days after cells were washed twice in PBS and EGF-starved ON. The morning after,
cells, at a confluence between 80-95%, were washed twice in PBS and lysed: JS was used for a-
FLAG antibody IP settings and mass spectrometry analysis; RIPA was used for a-EPN3 Rabbit

antibody Co-IP.

o-FLAG IP

FLAG M2 antibody 50% slurry (Sigma) was used at a concentration of 25 ug per mg of lysate, in a
volume of 1 ml. MCF10A-Ctr and -EPN3 cells were lysed in JS buffer. Lysate was incubated with a
mixture 1:1 of Protein A and Protein G for 1 hour at 4°C in rotation to reduce the non-specific
binding. Lysates were washed twice with JS buffer by centrifugation (16,000 g, 15 s), and then

quantified for protein amount using the Bradford Assay (Biorad). Experiments were performed
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starting from 1 mg of lysate for each condition for 2 hours at 4°C in rotation. At least 4 washes
were then performed in JS buffer and elution in Laemmli Buffer 2x was performed.

In order to prepare the samples for mass spectrometry analysis, FLAG Peptide Elution was
performed: after the washes, the lysates were incubated with 2 volumes of FLAG Peptide 300
ng/ml (diluted in TBS 1X) for 15 minutes at 4°C in rotation. Then lysates were centrifuged (16,000
g, 15 minutes, 4°C) and the beads reincubated with fresh FLAG Peptide again. The first and
second cycles were mixed and then concentrated through an AMICON 10 kDa Eppendorf (Merck
Millipore), by centrifugation for 15 minutes at 16,000 g, 4°C. Samples were resuspended in

Laemmli Buffer 2x. Mass spectrometry was performed on fresh lysates.

0-EPN3 Rabbit IP

EPN3 Rabbit antibody from Pilcher’s lab was used at a concentration of 5 ng per mg of lysate, in a
volume of 400 pyl. MCF10A-Ctr and -EPN3 cells were lysed in RIPA buffer after crosslinking
treatment. Lysate was incubated with a mixture 1:1 of Protein A and Protein G for 1 hour at 4°C in
rotation to reduce the non-specific binding. Lysates were washed twice with JS buffer by
centrifugation (16,000 g, 15 seconds), and then quantified for protein amount using the Bradford
Assay (Biorad). Experiments were performed starting from 1 mg of lysate for each condition for 2
hours at 4°C in rotation. Protein G was added and incubated for an additional 1 h. At least 4
washes were then performed in JS buffer and elution in Laemmli Buffer 2x was performed. Co-IP

experiments were performed on fresh lysates.
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5.5.3. Mass spectrometry analyses

IP with a-FLAG antibody of EPN3 was performed, followed by resolution on a SDS-PAGE gel
and Coomassie staining. Successively, samples were Trypsin digested and analyzed with a label-
free mass spectrometry analysis. Proteins were resolved by SDS-PAGE on a gradient gel (4-12%
Tris—HCI Precast Gel, Invitrogen) and stained with Colloidal Instant Blue (Expedeon). Enzymatic
in-gel digestion was performed essentially as previously described in **'. Briefly, samples were
subjected to reduction in 10 mM DTT for 1 hour at 56°C, followed by alkylation with 55 mM
iodoacetamide for 45 minutes at RT, in the dark. Digestion was carried out saturating the gel with
12.5 ng/ml sequencing grade modified Trypsin (Roche) in 50 mM ammonium bicarbonate, ON.
Peptide mixtures were acidified with formic acid (final concentration 0.1%), extracted from gel
slices with two rounds of washes (in 80% acetonitrile (ACN)/0.1% formic acid and then in 100%
ACN, respectively) and concentrated to 100 ul in a vacuum concentrator (Eppendorf). Each
sample was loaded onto homemade C18-Stage Tips, for concentration and desalting prior LC-

MS/MS analysis **

?. 3 ul of each sample were analyzed as technical replicate on a nLC-ESI-MS-
MS quadrupole Orbitrap QExactive-HF mass spectrometer (Thermo Fisher Scientific). Peptides
separation was achieved on a linear gradient from 100% solvent A (2% ACN, 0.1% formic acid) to
60% solvent B (80% acetonitrile, 0,1% formic acid) over 37 minutes and from 60 to 100% solvent
B in 8 minutes at a constant flow rate of 0.25 ul/minutes on UHPLC Easy-nLC 1000 (Thermo
Scientific) connected to a 25-cm fused-silica emitter of 75 um inner diameter (New Objective, Inc.

Woburn, MA, USA), packed in-house with ReproSil-Pur C18-AQ 1.9 pm beads (Dr Maisch

Gmbh, Ammerbuch, Germany) using a high-pressure bomb loader (Proxeon, Odense, Denmark).
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Mass spectrometry data were acquired using a data-dependent top 15 method for higher-energy
C-trap dissociation (HCD) fragmentation. Survey full scan mass spectrometry spectra (300-1650
Th) were acquired in the Orbitrap with 60000 resolution, AGC target 3e6, IT 20 ms. For HCD
spectra, resolution was set to 15000 at m/z 200, AGC target 1e5, IT 80 ms; NCE 28% and isolation
width 1.2 m/z.

For quantitative proteomics, “.Raw” data were processed with MaxQuant (ver. 1.5.2.8) searching
against the database “uniprot_human_2015_03" setting Trypsin specificity and up to two missed
cleavages. Cysteine Carbamidomethyl was used as fixed modification, methionine oxidation and
protein N-terminal acetylation as variable modifications. Mass deviation for MS-MS peaks was set
at 20 ppm. The peptides and protein false discovery rates (FDR) were set to 0.01; the minimal
length required for a peptide was six amino acids; a minimum of two peptides and at least one
unique peptide were required for high-confidence protein identification. The lists of identified
proteins were filtered to eliminate reverse hits and known contaminants.

To evaluate the specific EPN3 interactors, the On/Off interactors were selected from the LFQ
intensity of each protein in the two samples, MCF10A-Ctr and -EPN3. Once the list of On/Off
interactors was obtained, it was compared to all the others interactors (the ones in common
between the two samples and the On/Off of MCF10A-Ctr sample). These lists were submitted into
the KEGG Pathway database (v. 2016) through EnrichR, a specific enrichment analysis software
(Kuleshov et al., 2016) with an FDR < 0.05. The mass spectrometry analyses was performed
thanks to the IFOM Proteomic Facility, the subsequent pathway analysis was performed with the

help of Dr. Confalonieri Stefano (IFOM/IEO, Milan).
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5.6. Mice handling

FVB/EPN3 KO mice were a kind gift from De Camilli’s lab "', and ubiquitously lack the EPN3
gene. FVB/EPN3 KI mice were previously generated with overexpression of the human transgene
under a strong ubiquitous promoter (UbiC) inserted in the ROSA 26 locus; a stop codon flanked
by Lox-P sites is positioned between the promoter and the transgene, and allows overexpression
of EPN3 only in presence of Cre recombinase. When these mice are crossed with mice bearing Cre
recombinase under the Keratin-5 promoter (active only in basal epithelial cells, K5-Cre) **, EPN3
overexpression occurs specifically in the epithelial compartment. Mice were maintained according

to the Italian Law, with the permission obtained through the Research Project 27/2015.

5.7. Mice-based assays

5.7.1. Histological procedures

Mammary glands from WT, EPN3-KO and EPN3-KI FVB female mice, were processed for
whole-mount analysis, as described previously **. Briefly, the forth left mammary gland was
removed and stretched out flat onto a glass slide, maintaining integrity and shape. Then, it was
fixed in EtOH 100%/glacial acetic acid (ratio 25%:75%) at RT from ON to over weekend;
subsequently, one EtOH 70% wash of 30 minutes and one ddH,O wash of 10 minutes were

performed. Then, staining in Carmine Alum solution ON at RT was performed. After that,
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sequential washes in EtOH 70%, 95% and 100% for 30 minutes were performed, followed by fat
clarification in BABB solution (Benzylalcohol (Sigma):Benzylbenzoate (Sigma), ratio 1:2).

Microscope acquisition was performed with a stereomicroscope (Leica).

Quantification of ductal length

Images (.tiff) were analyzed to understand the distance of the last observed epithelial duct from
the lymph node with Image] software. Briefly, a first line was designed perpendicular to the length
of the mammary gland, touching the extremity of the lymph node closer to the end of the gland; a
second line starting from the last epithelial duct was designed, ending perpendicularly to the first
line. The length of this second line was calculated, according to the pixel size of the picture, in
order to measure in millimeters the distance from the lymph node of every mammary duct

analyzed.

Quantification of branching
Branching quantification was performed using the Scholl analysis, through Image] software **2*,

Briefly, images (.tiff) were subjected to a binary mask that was analyzed through the plug-in

School analyses of Image]. The analysis was performed by Dr. Freddi Stefano (IFOM/IEO, Milan).

5.7.2. Immunohistochemistry (IHC)

Mammary glands were fixed in 1% formaldehyde for 6 hours at RT and then ON at 4°C. The day

after, the glands were washed twice in PBS and then paraffin-embedded to obtain FFPE samples.
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Paraffin sections were twice de-paraffinized with Bio Clear (Bio-Optica) for 15 minutes and
hydrated through graded alcohol series (100%, 95%, 70% ethanol and water) for 5 minutes.
Antigen unmasking was performed with 0.1 mM citrate buffer (pH=6) or EDTA (pH=8) for 50
minutes at 95°C. Slides were cooled down for 20 minutes at RT then washed in water and treated
with 3% H,O, for 5 minutes at RT. Then, slides were pre-incubated with an antibody mixture (2%
BSA, 2% normal goat serum, 0.02% Tween20 in TBS) for 20 minutesutes at RT and stained with
primary antibody for 1 hour at 37°C. As primary antibodies, we used: Ki67 1:200, mouse (Dako),
E-cadherin 1:250 mouse (Dako), N-cadherin 1:250 mouse (Dako), EPN3 1:30.000, mouse (home-
made). After two washes with TBS, slides were incubated with a secondary antibody ready to use
(DAKO Envision system HRP rabbit or mouse) for 30 minutes at RT and washed twice again in
TBS. The sections were incubated in peroxidase substrate solution (DAB DAKO) from 2-10
minutes (1 drop of chromogen/ml buffer) and the reaction was blocked in water. Slides were
counterstained with hematoxylin for 5 s, dehydrated through graded alcohol series (water and
70%, 95%, 100% ethanol) for 5 minutes each, washed with Bio Clear (Bio-Optica) twice for 1
minutes and finally mounted with Eukitt (Kindler GmbH). IHC analyses were performed with the

help of IEO Molecular Pathology Unit.

5.8. Statistical Ananlyses

All statistical analyses were performed using Excel and JMP software. Student T-Test and Two-
way ANOVA with Bonferroni post-tests were used to analyze the experiments and the relative

statistical significance of their differences. Some of the statistical analyses performed were
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obtained with the help of Dr. Confalonieri Stefano (IFOM/IEO, Milan). In all cases p-value <0.05

*, p-value <0.01 **, p-value <0.001 ***.

5.9. Supplementary Tables

Supplementary Table 1: RNAi oligo sequences (3’ - 5°)

TGFBR1 ON-TARGERTplus SMART pool GAGAAGAACGUUCGUGGUU
UGCGAGAACUAUUGUGUUA
GACCACAGACAAAGUUAUA
CGAGAUAGGCCGUUUGUAU

EPN3 ON-TARGETplus siRNA GUACAAGGCUCUAACAUUG

TCF7L2 iBONI siRNA pool AUAAUACAGAACCAACUCCCCC
UUCUUCCAAACUUUCCCGGCCCCC
UUAAAGUCUGCUGCCUACCCCC

Supplementary Table 2: TagMan assays

Gene symbol Assay ID Ref Seq
TGFB1 Hs00998133_m1 NM_000660.5
TGFB2 Hs00234244_m1 NM_003238.3
TGFB3 Hs01086000_m1 NM_003239.3
TGFBR1 Hs00610320_m1 NM_004612.2
TGFBR2 Hs00234253_m1 NM_003242.5
18S Hs99999901_s1 NR_003286.2
GAPDH Hs99999905_m1 NM_002046.5
ACTB Hs99999903_m1 NM_001101.3
CDH1 Hs00170423_m1 NM_004360.3
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CDH2 Hs00169953_m1 NM_001792.3
EPN3 mmo00660955_m1 NM_027984.3
VIM Hs00185584_m1 NM_003380.3
SNAI1 Hs00195591_m1 NM_005985.3
SNAI2 Hs00950344_m1 NM_003068.4
ZEB1 Hs00232783.m1 NM_01128128.2

Supplementary Table 3: List of antibodies

Antibody Producer Clone or Epitipe Catalog Dilution
number
EPN3 homemade VI31, epitope 464-483 1:1000 WB
EPN3 homemade monoclonal 1:30.000 IHC
EPN1/Epn2 homemade 773, epitope 249-401 1:100 WB
FLAG Sigma Clone M2 F1804 1:1000 WB
Twist Santa Cruz Twist2Cla sc-811417 1:500 WB
GAPDH Santa Cruz 6C5 sc-32233 1:1000 WB
E-Cadherin BD Clone 36 610181 1:1000 WB
1:200 IF
E-Cadherin Abcam HECD-1 Ab1416 1:25 Int. Assay
E-Cadherin Dako NCH-38 M3612 1:250 IHC
Vimentin BD RV202 550513 1:1000 WB
N-Cadherin BD Clone 32 610920 1:1000 WB
N-Cadherin Dako 6G11 M3613 1:250 IHC
Snail Cell Signaling L70G2 3895 1:1000 WB
pSMAD2 Cell Signaling 138D4 3108 1:1000 WB
Zebl Santa Cruz Hio2 sc-25388 1:500 WB
TCF4 Cell Signaling C48H11 2569 1:1000 WB
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B-Catenin total | BD 14/ B-Catenin 610153 1:1000 WB
[-Catenin active | Millipore 8E7 05-665 1:100 WB

p120 Cell Signaling Polyclonal 4989 1:1000 WB
Integrin-P1 homemade Polyclonal 1:1000 WB
Actin homemade Polyclonal 1:1000 WB
Clathrin HC BD Clone 23 610500 1:1000 WB
H3 Abcam Polyclonal Ab1791 1:3000 WB
Tubulin homemade 1:1000 WB
Ki67 Dako MIB-1 M7240 1:200 IHC
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