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Chapter 1

Cell migration is a process occurring in all stages of life, and entails the departure of cells from their
original location and traversal of one or multiple tissues to reach their physiological or pathological
destination, for example in embryonic development, wound closure, immune surveillance and cancer
metastasis [1]. Both in health and disease, cell migration advances either via the dissemination of
individualized cells or via translocation of multicellular cohorts. Since metastasis is the main cause of
cancer mortality, understanding the mechanisms of cell migration is of paramount importance to the
development of future therapies.
Although cancer cells were initially assumed to invade individually, recent data emphasize the relevance
of collective migration to metastasis. These include the observations that carcinoma structures in
local tissue are predominantly collective [2], that the presence of these collective invasion structures
correlates with poor prognosis [3], and that collective invasion leads to efficient seeding of distant
metastases [4, 5]. A key feature of collective migration is the presence of cell-cell adhesion complexes,
the most prominent of which are adherens junctions composed of E-cadherin and p120 catenin
(hereafter p120). Migrating cohorts require dynamic cell-cell adhesion that confer structural integrity
while allowing neighbor exchange and cluster mobility, and simultaneously function in collective
signaling and force transmission [6-8]. In Chapter 2 we discuss the molecular roles of adherens
junctions in cellular and supracellular polarity of migrating clusters.
Cell-cell adhesion is critically regulated by p120, which associates with the intracellular tail of E-cadherin
and other classical cadherins, preventing their endocytosis and conveying stability to adherens
junctions [9]. In addition to its role in cell-cell adhesion, p120 also directly and indirectly regulates
RhoGTPase activity, and interacts with transcription factors [10]. Since RhoGTPase function is crucial
to cell motility [11], p120 is ideally poised to regulate migration. However, p120 expression can have
opposing effects on tumorigenesis, highlighted by recent studies showing that development of some
cancers is expedited by mono-allelic loss of p120, but abrogated by its total ablation [12, 13]. Moreover,
a recent study reports increased local invasion but reduced distant metastasis after genetic ablation
of E-cadherin [14], underlining the need for a better understanding of the complex roles of p120 and
E-cadherin in cancer metastasis. In Chapter 3 we discuss the most recent insights in the myriad of
complex and sometimes opposing roles of p120 and E-cadherin in tumor metastasis.
Research of the past two decades has shown alternative splicing adds an important layer of complexity
to p120 function, leading to the use of four alternative N-terminal variants and in- or exclusion of 4
alternative exons [10]. Alternative splicing of p120 leads to formation of protein isoforms with differential
ability to regulate RhoGTPase activity [15], nuclear signaling [16-18], and effect on proliferation and
migration [15, 19, 20]. Therefore, we hypothesized that the opposing functions of p120 in breast cancer
metastasis may be partially explained by differential isoform expression. In Chapter 4 we develop a
novel p120-3 isoform-specific antibody to use alongside a commercial p120-1 antibody in a direct
approach to detect p120 isoforms, and catalog p120 isoform distribution in normal human tissues.
Furthermore, in Chapter 5 p120 isoform expression in human breast cancer patients is analyzed using
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RNAseq data from the TCGA BRCA cohort, and isoform expression is correlated with patient survival
and tumor characteristics via RT-PCR expression of a retrospective breast cancer cohort. Moreover,
by dual immunofluorescence approaches using our novel p120-3 antibody of breast cancer cells in in
vitro invasion assays and in histological sections of human breast cancer patients, we analyze the p120
isoform expression of migrating cells in different phases of metastasis.
Although the majority of breast tumors is formed by ductal carcinomas that retain E-cadherin expression
[21, 22], the subtype lobular carcinomas that comprise ~15% of all breast cancers are characterized
by loss of E-cadherin [23]. Counter-intuitively, despite the loss of E-cadherin, local invasion of lobular
carcinoma cells is characterized by the presence of thin invasion structures [23]. Collective invasion can
be induced in low-adherent cells by confinement by the extracellular matrix, as was shown in melanoma
cells [24]. In the mammary gland, niches for individualization of E-cadherin-negative murine breast
cancer cells were identified [25], likely dependent on the structure of the local microenvironment. In
Chapter 6 we investigate the interplay between cell-cell adhesion and the local matrix by comparing
the migration pattern of p120-positive and -negative cells in diverse invasion assays, including collagen
interface, 3D collagen and collagen track assays, representing different tissue structures. To detect cellcell adhesion complexes in p120-negative invasion strands, we developed a specialized SEM protocol
amenable to scanning large areas of cell-cell interface. Alternative adhesion molecules are selected
based on publicly available RNAseq datasets and inhibited using RNAi to determine their contribution
to collective migration in p120-negative breast cancer cells.

1

In Chapter 7, we summarize the findings of this thesis and discuss them in the context of the developing
framework of cancer metastasis.
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Chapter 2

Abstract
Collective cell migration is paramount to morphogenesis and contributes to the pathogenesis of cancer.
In order to migrate directionally and reach their site of destination, migrating cells must distinguish
a front and a rear. In addition to polarizing individually, cell-cell interactions in collectively migrating
cells give rise to a higher order of polarity, which allows them to move as a supracellular unit. Rather
than just conferring adhesion, emerging evidence indicates that cadherin-based adherens junctions
intrinsically polarize the cluster and relay mechanical signals to establish both intracellular and
supracellular polarity. In this review, we discuss the various functions of adherens junctions in polarity
of migrating cohorts.

1. Introduction
Many physiological functions, including morphogenesis, immune surveillance and wound healing, rely
on the ability of cells to migrate. In a pathological context, deregulated cell migration is required for
cancer cell dissemination from the primary tumor. Cells may either migrate as single cells or through
collective migration, and a central aspect for both types of cell migration is how cells control directional
movement. This process is best understood for single fibroblast-like cells migrating on flat surfaces,
termed mesenchymal cell migration. This type of directional migration involves front-rear polarization,
in which a frontal actin-based protrusion, or leading edge, drives forward movement, whereas an
actomyosin-dependent translocation of the cell body causes retraction of the cell rear [1]. Collective
cell migration is defined as migration of multicellular cohorts in which directional cell movements are
interdependent and coordinated through stable or transient cell-cell contacts. This type of migration
is particularly prevalent during embryonic development and tissue homeostasis, but also drives
carcinoma invasion [2]. Typical well-studied in vivo model systems for collective migration include the
embryonic movements of Drosophila melanogaster border cells and tracheal system, the zebrafish
lateral line, mouse retinal angiogenic sprouting, branching morphogenesis of vertebrate mammary
gland, lung and kidney, and cancer invasion models, [2-4]. Cell culture models for collective migration
include 3D invasion or branching morphogenesis from mammary and kidney cell epithelia, and 2D
epithelial sheet migration models [5-7] (Fig. 1).
The maintenance of cell-cell contacts is a defining feature of collective migration, and is a central
regulator of directional movement. Migrating cell cohorts mainly adhere to each other through
cadherin-based adherens junctions. Cadherins are transmembrane cell-cell adhesion receptors that
link to the actin cytoskeleton through cytoplasmic binding partners that include α- and β-catenin. They
also bind cytoplasmic p120 catenin (p120), which stabilizes cadherin at the membrane and regulates
Rho GTPases [8]. Consequently, cadherin expression, dynamics and downstream signaling control
cellular adhesion and coordinate cohesive cell behaviors during collective migration. Here, we discuss
supracellular and subcellular directional polarity of migrating cell collectives and the regulatory roles
of adherens junctions in these polarities. As many of the concepts have been initially established in
mesenchymal cells, we will first discuss general principles of single cell front-rear polarization. Next,
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we will focus on leader cells, which comprise the supracellular front of a collective, but also exhibit
front-rear polarization at the cellular level. We will end with defining cell polarity in follower cells. We
will mostly discuss collective epithelial movements which maintain relatively stable adhesion. Loosely
connected mesenchymal cohorts also engage in collective migration, for instance in Xenopus leavis
neural crest. Mesenchymal collective migration has been extensively reviewed elsewhere [3, 9] and
will not be discussed in detail.

2

Figure 1 Models of collective migration Models of collective migration. A) Drosophila border cell cluster. Cluster of
two polar cells (purple) surrounded by epithelial cells migrating between nurse cells (blue). Main adhesion molecule:
Drosophila epithelial (DE)-cadherin (in order of decreasing expression: polar cells, border cells, nurse cells) [94,
135]. B) Drosophila tracheal branching. Branches sprout from dorsal trunk by active migration of the leader cell
and elongation and intercalation of follower cells. Follower cells are also polarized apicobasally toward the lumen
(Lebreton and Casanova 2014).Main adhesion molecule: DE-cadherin [136]. C) Xenopus mesendoderm. Migrates as
a multilayered sheet over fibronectin-rich extracellular matrix (ECM). Leader and follower cells in contact with the
ECM show front–rear polarization and extend lamellipodia. Main adhesion molecule: C-cadherin [69]. D) Zebrafish
lateral line. Leading zone is polarized in the direction of migration. Behind the leading zone, there is a transitional
zone in which cells acquire apicobasal polarity and are organized into rosette-like sensory organs. Main adhesion
molecules: E-cadherin (throughout), N-cadherin (accumulates apically at rosette) [137]. E) Wound healing assay.
2D sheet migration assay, in which a gap is created in a confluent monolayer. Leader cells extend lamellipodia and
migrate into the wound area. Main adhesion molecules: cell-type dependent. F) Vascular sprouting. Migrates as
cord with lumen led by two leader cells. The trailing cells elongate parallel but polarize apicobasally perpendicularly
to the direction of migration [138]. Main adhesion molecule: vascular endothelial (VE)-cadherin. G) Mammary
branching. Migration of multilayered structure called terminal end bud (TEB) consisting of luminal epithelial cells
that lose apicobasal polarity but retain Ecadherin and are partially covered by myoepithelial cells (blue). Leader
cell in the TEB lack protrusive structures [139]. Main adhesion molecules: myoepithelial cells, P-cadherin; luminal
epithelial cells, Ecadherin [140]. H) Heterotypic cancer cell migration. Cancer cohorts may recruit other cell types
(blue), such as fibroblasts or myeloid cells as leader cells [141-143]. Main adhesion molecules: Heterotypic E-Ncadherin contacts [144] or homotypic N-N and tight junctions [145].
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2. General mechanisms in single cell front-rear polarization.
Front-rear polarization in single migrating cells can be induced by many external guidance cues,
including chemokines, growth factors and the composition, organization, and physical properties of
the extracellular matrix (ECM) [3, 10] through activation of ECM adhesion receptors, receptor tyrosine
kinases (RTKs) or G-protein-coupled receptors [11]. Polarity is initiated at the nascent front involves
activation of phosphoinositide 3-kinase (PI3K) and the Rho family GTPases Rac and cdc42, reinforced
by positive feedback loops [12]. Like all Rho GTPases, Rac and cdc42 cycle between an active, GTPbound state, induced by guanine exchange factors (GEFs), and an inactive GDP-bound state, induced
by GTPase activating proteins (GAPs). They act as molecular switches that bind and activate many
different effector proteins, many of which are involved in regulating the cytoskeleton [13]. The switchlike behavior of Rho GTPases, coupled to the high turnover rates of the lipid products of PI3K, allows for
dynamic spatiotemporal regulation, which is required for effective directional cell migration.
Frontal activation cdc42 and Rac is a central event in forward protrusion and depends on the recruitment
of GEFs by growth factor receptors or cell-ECM adhesions. Integrins, heterodimeric αβ transmembrane
ECM receptors, assemble in cell-ECM adhesion complexes [14] and recruit Rac/cdc42 GEFs including
DOCK180 and βPIX [15]. Cdc42 prominently regulates cell polarity by interacting with two conserved
polarity complexes at the leading edge, the Scribble complex, consisting of Scribble, Discs large and
Lethal giant larvae, and the Par complex, consisting of Par3, Par6 and atypical PKC (aPKC). While
mostly known for regulating apico-basal epithelial polarity [16], these complexes promote front-rear
polarization by mechanisms that include Scribble-mediated recruitment of βPIX [17, 18] and assembly
of the Par complex [16], which recruits the RacGEF Tiam-1, leading to Rac activation [19, 20]. In parallel,
GEFs are locally activated by RTKs [12, 15]. Activated Rac and cdc42 promote cell protrusion through
lamellipodia and filopodia driven by actin polymerization, most prominently via the Arp2/3 complex
and WAVE-family proteins [21]. In addition, cdc42/Rac locally stabilize microtubules [22, 23] that
further promote polarity of the leading edge by: 1) vesicular delivery of signaling molecules, including
Rac, cdc42 and βPIX [18, 24];
2) delivery of migration-associated mRNA’s [25]; 3) orienting the centrosome towards the leading
edge, which, together with a rearward orientation of the nucleus [26] aligns the nucleus-microtubule
organizing center (MTOC) axis with the direction of migration, and 4) regulation of focal adhesion
turnover [27]. At the cell rear, Rho activity is high, partially due to negative feedback signaling between
Rac/cdc42 and Rho [15]. Active Rho, through its main effector ROCK, promotes actomyosin activity, by
ROCK-mediated phosphorylation of myosin light chain, thereby driving retraction of the cell rear [28].
The roles of cdc42, Rac and Rho in single cell migration as outlined above only highlight conserved
general mechanisms, and many alternatives exist. Rho GTPase signaling is highly complex and outcomes
depend on the involvement of specific family members, downstream effectors and regulatory factors,
including GAPs and GEFs. For example, in addition to their function at the rear, RhoA and RhoC act
at the leading edge to contribute to traction forces [7], local Rac inhibition [29] or cofilin-dependent
lamellipodia extension [30].
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Figure 2 Topological terminology of collective migration A) Leader cells comprise one or several cells at the front of
the migrating unit which responds to guidance signals, forms protrusions or a leading edge and determines direction
of migration. Leader cells face an asymmetric environment of lateral and rear cell-cell adhesions and ECM at the
front, and exhibit cellular front-rear polarity. B) Inner follower cells are behind leader cells inside of the cluster and
lack asymmetric cell-cell adhesions but front-rear polarization may be induced. Migrating cohorts of simple epithelia
or endothelia lack inner follower cells. C) Peripheral follower cells locate at the outside of the cluster and face the
ECM on one side, while adhering to other cells on other sides (C1). Peripheral follower cells form actomyosin cables
at the outer surface of the cluster. When inner follower cells are absent, peripheral followers (C2) exhibit apicobasal
polarization, with an apical domain towards an internal lumen (L).

2

3. Supracellular polarization of migrating cell collectives: leader cell function and selection.
Collectively moving cohorts polarize at the supracellular level for efficient migration (Fig. 2). The front
of the cohort is highly specialized, and consists of cells called leader or tip cells which detect guidance
cues, control the direction of migration, and remodel the ECM [31, 32]. Leader cells in many systems
are morphologically distinguishable from follower stalk cells by their prominent pseudopodia aimed at
forward motion [33]. In other models lacking protrusive structures, such as branching tubular organs
including the lung, kidney and mammary gland, leader cells cannot be distinguished by morphological
criteria but are functionally defined based on a migratory response to RTK ligands, increased proliferation
rates and distinct gene expression patterns [34, 35]. The mechanisms driving the forward movement of
these leader cells are still poorly defined but may depend on patterned and oriented cell divisions [31].
Cell compete with theirs neighbors for leader cell fate and position, which occurs through a combination
of extrinsic and intrinsic factors. As general concept, extrinsic factors include the relative proximity
and level of exposure to chemical or mechanical guidance cues, whereas intrinsic factors include the
intracellular responsiveness to these cues. For instance, the ability of cells to activate a RTK-Ras-PI3KRac signaling module in response to ligands directly relates to its chance to move to the front and
assume leader cell fate in many different systems [36-39]. More recent bioengineering approaches
have revealed emerging biophysical mechanisms for leader cell induction, which depend on membrane
curvature, mechanical compression and local force generation [40-43], possibly through Rho-ROCKdependent mechanisms [7, 44]. Although intrinsic factors contribute to leader cell selection, leader
cells are often overtaken and replaced by follower cells, suggesting plasticity in leader cell fate [45-48].
On the other hand, stable epigenetically distinct subpopulations exist in breast cancer cell lines that
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have a higher propensity to become leader cells [49], but it remains to be determined whether such
stable populations results from tumor heterogeneity or reflects a general physiological mechanism.
3.1 Leader cell-specific protein expression
Specific gene transcription programs promote the fate and function of leader cells. The best described
example of leader cell-specific protein expression involves lateral Delta-Notch inhibitory signaling.
RTK-induced expression of Delta/ Delta-like-4 (Dll4) in tracheal or endothelial tip cells induces Notch
signaling in adjacent cells thereby inhibiting tip cell fate and promoting stalk cell fate [50, 51]. Dll4 can
also be induced via mechanism involving the deposition of laminin α4 [52, 53], or by local reduction
of mechanical stress in migrating epithelial sheets [54], indicating conserved roles for this pathway in
leader cell selection. Proteins promoting leader cell migration include Mipp, NRP1, podoplanin and
fascin, which promote filopodial invasion [55-58], whereas elevated expression of β1-integrin [39, 59,
60] promotes migration by enhancing traction on the substrate.
The increase of β1-integrin expression in leader cells involves adherens junction-dependent
transcriptional regulation via the myocardin-related transcription factor (MRTF)[60]. MRTF is retained
in the cytoplasm by monomeric G-actin, and translocates to the nucleus upon a decrease of G-actin
resulting from increased actin polymerization. In leader cells, MRTF-B translocates to the nucleus upon
activation of RhoA, which is induced by the loss of E-cadherin-based junctions. In the nucleus, MRTF-B
interacts with Trim27 and upregulates β1-integrin expression by inhibiting the β1-integrin-specific
miRNA-124 [60, 61]. Previous work has implicated MRTFs as co-factor of serum response factor (SRF)
in transcriptional regulation of many actin regulators involved in cell migration downstream of Rho
GTPases [62]. It is therefore possible that MRTF-induced β1-integrin expression in leader cells acts in
a positive feedback loop in which increased Rho GTPase signaling downstream of integrins promotes
transcriptional activity of MRTF/SRF, thereby inducing additional leader cell specific proteins required
for migration [63, 64].
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2

Figure 3 Cell-cell adhesions regulate leader and follower cell polarity. Leader cells are shown in dark green, follower
cells in lighter green. See text for details. A1) Mature AJs suppress activity of RhoA, Rac1 and cdc42. Cell-ECM
adhesions at the leading edge recruit βPIX, resulting in the activation of cdc42, rac1 and crosstalk with PI3K. RhoA
also acts at the leading edge. Polarized activity of RhoGTPases causes polarized pseudopodia extension, recruitment
of polarity proteins and reorientation of microtubules. A2) Adherens junctions (AJ) between leader cell and follower
cells sequester and inhibit activation of integrins, leading to preferential activity at the leading edge. B) Polarized
RhoGTPase activity in follower cells. Follower cells extend frontal cryptic lamellipodia underneath anterior cells,
where basal nascent AJs promote Rac1 activity, possibly via Tiam1, and inhibit RhoA via myosin IXa. Tight junctions at
the rear bind Merlin, leaving Rich1 is available to inhibit Rac1. At the front, tension on the tight junctions dissociates
Merlin and recruits Rich1, leading to de-repression of Rac1. C) Cohesive polarization in peripheral follower cells
causes the assembly of a supracellular contractile actomyosin cable. Rho-ROCK signaling is inhibited at internal
cell-cell contacts, via of DDR1, E-cadherin or Crumbs leading to activation of myosin light chain and actomyosin at
the cell periphery.
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4. Leader cell front-rear polarity
In addition to defining the front of a cell collective at the supracellular level, leader cells exhibit
intracellular front-rear polarization as well. The asymmetric distribution of cadherin-based adherens
junctions is a distinguishing feature of leader cells and is sufficient to induce front-rear polarization of
the cytoskeleton and the cytoplasm in vivo and in vitro [26, 65-70].
4.1 Cadherin-dependen polarization
The mechanisms that underlie cadherin-dependent front-rear polarization depend on the activity of
cdc42, Rac, and PI3K, and the interaction of cell-cell junctions with the actin cytoskeleton [67, 68,
70] and appear quite conserved as they were demonstrated in both epithelial and non-epithelial
cells, typically downstream of E-cadherin and N-cadherin, respectively. However, detailed analysis of
these pathways is complex due to the fact that many signaling pathways, in particular Rho GTPases,
control both front-rear polarity, as discussed previously, and cell-cell adhesion (Fig. 3A1). Briefly, the
involvement of Rho GTPases in cell-cell adhesion includes transient Rac activation upon formation
of nascent adherens junctions, which drives lateral junction expansion through actin polymerization
[71, 72]. Junctions mature by Rho-dependent actomyosin contraction [72, 73] and maintenance and
dynamics of established adherens junctions continues to depend on both Rac and Rho activity, which
likely act at lower and subregional levels [8]. Front-rear polarization thus requires crosstalk between
cell-cell adhesions and cell-ECM adhesions. An example of crosstalk involving a β-catenin-aPKC complex
has been observed during endothelial sprouting. Upon angiopoietin-1 stimulation this complex
localizes to both the cell front to activate Rac, and to the rear, where it stabilizes cell-cell adhesion, and
thus promotes both front-rear polarization and cohesion of the migrating branch [66]. Other examples
involve Tiam1 and βPIX, which activate Rac/cdc42 at the leading edge downstream of integrins, but
can also be recruited to adherens junctions [17, 74, 75], thereby depleting them locally from cellECM adhesions, and potentially leading to preferential GEF activity at the leading edge. Indeed,
experimentally-induced retention of βPIX in cell-ECM adhesions increases collective migration in 3D
culture through mechanisms that depend on sustained PI3K and Rac signaling [75-77]. In mesenchymal
leader cells, recruitment of βPIX to adherens junctions by P-cadherin promotes cell polarization through
a cdc42-dependent increase in traction forces between cell-cell and cell-ECM adhesions [78]. While the
exact mechanism of this altered traction forces observed in this study were not clear, others have found
that βPIX is inactivated at the cell rear of single cells due to its interaction with actomyosin [79], which
may suggest important mechanosensitive roles of βPIX in modulating outcomes of both Rho and Rac
signaling.
Integrin-based cell-ECM adhesions preferentially localize to the front as well (Fig. 3A2). This localization
can be regulated by adherens junction components through various mechanisms. Suppression of
cell-ECM adhesions near cell-cell junctions can be caused by downregulation of Rac activity [72] or
by sequestering main components at cell-cell adhesions, such as vinculin [80, 81] or α5- integrin
[82]. Adherens junctions furthermore inhibit the activation of integrins through p120 [83, 84] or by
repressing the integrin activator Rap1 [85]. Assembly of nascent cell-ECM adhesions at the cell front
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mainly depends on delivery of integrins by vesicular traffic [86]. Several proteins that function at cellcell adhesions have been shown to regulate integrin trafficking at the leading edge. This includes Par3
and aPKC, which prevents integrin endocytosis by inhibiting Numb [87], and leading edge-associated
N-cadherin, which promotes Rab5-dependent macropinocytosis of integrins [88, 89].
Both integrin-based cell-ECM adhesions and cadherin-based cell-cell adhesions are mechanosensitive
structures [11]. The preferential assembly of cell-ECM adhesions at the leading edge is reinforced by
traction forces on the ECM, which depend on the stiffness of the substrate [90]. In addition, cadherinbased junctions are under constant tension [91] and orient traction on the ECM toward the periphery
of the cells [92], likely through a mechanism that relies on internal force balancing between cell-cell and
cell-ECM adhesions. Conversely, increased traction forces from the ECM enhances cell-cell adhesion
[81, 93]. This force-dependent cross-talk between cell-cell and cell-ECM adhesions causes actomyosin
to accumulate near cell-cell adhesions and induces front-rear polarization of leader cells and increases
the persistence of collective migration [65, 69, 78]. The correlation of E-cadherin-dependent tension
anisotropy with directional migration was demonstrated in border cells expressing a tension-sensitive
E-cadherin FRET probe, which exhibited a gradient of tension across cell-cell junctions which was higher
at the leading edge, and required for directionality of the cluster [94]. In summary, cell-cell and cellECM adhesions regulate each other through various mechanisms including tension, thereby promoting
front-rear polarization and directional migration.

2

4.2. Specificity of cadherin family proteins
Cadherin interference experiment in cells expressing a single predominant classical cadherin [26] or
with dominant-negative E-cadherin [67], which downregulates most classical cadherins [76], indicate
that cadherins control collective migration by redundant mechanisms. This notion however, has
been challenged by several recent studies. For example, leader cell polarity in myoblasts depends
on cdc42 activation mediated by recruitment of βPIX by P-cadherin, but not E- or R-cadherin [78].
Likewise, recruitment of βPIX by cadherin-6, but not E-cadherin, and associated inhibition of PI3K,
likely underlies the cadherin-dependent inhibition of collective migration in a 3D epithelial model [95,
96]. Cadherin family member -specific roles in collective migration may be explained by differential
sensitivity to mechanical signals. Indeed, when co-expressed, E-cadherin, but not P-cadherin is able
to dynamically reinforce cell adhesion upon applied force and preferentially recruits vinculin, whereas
P-cadherin is associated with a gradual time-resolved increase of junctional tension in migrating sheets,
likely independent of vinculin [97].
4.3 Roles of other cell-cell adhesions in front-rear polarization
Components of other cell-cell adhesion complexes can also contribute to leader cell polarization.
Tight junctions provide a seal between apical and basal epithelial membrane domains, but some of its
principal components localize to the leading edge to regulate protrusion. For instance, ZO-1 promotes
formation of a single lamellipodium by locally inhibiting Rac through a PKCε-dependent interaction with
α5-integrins [98], whereas downstream of cdc42, it regulates migration via MRCK-β [99]. Furthermore,
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the tight junction protein occludin promotes Rac activation by recruiting PI3K and orients the MTOC
by recruiting aPKC and Par3 [100]. Gap junctions, which form connexin-based intercellular channels,
promote collective migration by sensitizing cell cohorts to shallow chemoattractive gradients [101]
and control front-rear polarization by channel-independent mechanisms that rely on the ability of
connexin43 to organize the cytoskeleton [102-104]. It is likely that the mechanisms that front-rear
polarization downstream of these adhesions are tightly integrated with cadherin-dependent pathways,
but the details of such integration are still lacking.

5. Front-rear polarization of inner follower cells
Inner follower cells lack the front-rear asymmetry of adherens junctions and, as previously discussed,
rely on leader cell-derived cues for directional migration. Although in vivo these cues may involve selfgenerated chemotactic gradients [105-107], reductionist 2D models have shown that cadherin-based
cell-cell adhesion is sufficient to orient follower cell migration, and controls migrational persistence [94]
and velocity correlation in migrating collectives [78, 108-111]. The distinct requirements for directional
cues in leader and follower cells were emphasized in an unbiased siRNA-based screen for regulators of
emergent behavior of FGF-induced endothelial sheet migration [37]. While both leader and follower
cells require actin regulators such as Rac and Arp2/3 for forward movement, directed migration in
leader cells is driven by regulators of FGF signaling, whereas orientation of trailing cells depends on
cadherin-associated proteins. These findings thus correlate with the crucial roles for cadherins in
follower cell polarity and with earlier studies showing that follower cells can actively migrate using
similar mechanisms as leader cells, including a dependence on Rac activation [112, 113].
Cadherin-dependent directional migration of follower cells is guided by mechanical coupling, likely
achieved via cell-cell associated actomyosin [13]. Traction forces of leader cells are not sufficient to
drag all follower cells forward [114-116] and migration of followers likely depends on both tensional
forces from cell-cell junctions from anterior cells, and on traction forces from contractile actomyosin in
follower cells resulting from cell-ECM adhesion [114, 115, 117]. Front-rear polarization of follower cells
on 2D surfaces is associated with Rac-dependent frontal actin protrusions named cryptic lamellipodia
that underlap cells at their anterior (Fig. 3B) [113, 118]. The presence of these cryptic lamellipodia,
which may contribute to migration by increasing traction, suggest that follower cells can polarize
Rac activity towards the front. Different possible mechanisms controlling frontal Rac activation are
emerging. First, differential interactions of Tiam-1 with Par3 at tight junctions and β2 syntrophin at
subapical regions control an apicobasal gradient of Rac1 activity in polarized epithelia, leading to high
basal Rac activity [119], which may facilitate formation of cryptic lamellipodia. Rac activation near the
basal surface may be further promoted by a high turnover rate of cadherins in cryptic lamellipodia
[120], and subsequent Tiam-dependent activation of Rac at nascent adherens junctions [72, 121].
Additional mechanisms controlling an intracellular Rac gradient may come from tensional forces
on tight junctions derived from leader cells, which dissociates the tumor suppressor merlin from
tight junctions. As merlin competes for tight junction binding with the Rac1GAP Rich1, this leads to
sequestration of Rich1 to tight junctions, resulting in activation of Rac at the cell front [122]. Finally, the
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RhoGAP Myosin IXa is recruited to nascent adherens junctions and cryptic lamellipodia where it inhibits
Rho (Omelchenko and Hall, 2012), suggesting that Rho, as well exhibits a front-rear gradient. Thus, it
appears that integrated forces from cell-cell and cell-ECM contacts provide long-range directional cues
to control polarization of follower cells, information on the molecular sensors that act downstream of
these cues are still scant.

6. Polarization of peripheral follower cells
Even though, similarly to leader cells, peripheral follower cells face an asymmetric environment of ECM
and cell-cell adhesions, they do not form outward protrusions and, like inner follower cells, depend
on leader cell derived-cues for front-rear polarization. In many in vitro and in vivo systems, peripheral
follower cells assemble supracellular actomyosin cables at their outward facing membrane domain
(Fig 2., Fig. 3C); [7, 123-127]. These actomyosin cables serve different functions during tissue-level
movements during embryonic development and wound healing [125, 126]. Supracellular actomyosin
start in the leader cell [40] and extend along the periphery of the collective. Ablating this cable leads
to recoil, indicating that it is under tension, and causes the formation of lamellipodia from peripheral
follower cells [7]. Ectopic leader cells are also induced in border cell clusters upon inhibition of linkage
of cortical actin to the plasma membrane by interfering with moesin function [128]. The polarized
formation of actomyosin cables at the cell periphery appears to be mainly regulated by local inhibition
of ROCK signaling by cell-cell adhesions. In cancer cell collectives this depends upon Par3 and
Par6, which are recruited to cell-cell junctions by E-cadherin and discoidin domain receptor 1, and
inhibit Rho-ROCK signaling via RhoE [123, 129], whereas ROCK activity at internal cell-cell contacts
in the developing Drosophila salivary gland is inhibited by aPKC, recruited by Crumbs [130] (Fig. 3C).
Cadherins may also inhibit Rho by recruiting p190RhoGAP, via p120 [131]. Similar mechanisms may
apply to border cell migration, where the cluster does not contact ECM, but instead contacts nurse
cells at the cluster periphery. As nurse cells express less E-cadherin [94], it is possible that the density
of cell adhesion clusters, and thus RhoA inhibition, is lower at these contacts, leading to actomyosin
accumulation. Thus, inhibition of RhoA signaling at cell-cell contacts causes the polarized assembly of
contractile actomyosin at the cluster periphery. This assembly of actomyosin cables thus comprises a
distinct type of “ cohesive cell polarization” in peripheral follower cells that serves to mechanically
link leader cells to peripheral follower cells, inhibit leader cell behavior in these cells, and to maintain
cohesion of the migrating cluster.

2

7. Concluding remarks
As in any good teamwork, collective cell migration involves a cohesive group of which the efficacy is
more than the sum of its parts, and to fully comprehend the process we must understand both the
individual parts, and the ways they interact and collaborate. Research over the last years has provided
important insights on both ends. At the level of individual cells, leader cells are best understood, as
they share many basic mechanisms of front-rear polarization with single migrating cells, which have
been studied in considerable detail. Adherens junctions between leader cells and follower cells provide
a powerful polarizing cue for leader cells, and follower cells are thus not only following, but actively
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participate in steering the leader cell. We know much less how follower cells generate intrinsic frontrear polarity. Inner follower cells depend on leader cells for direction, through mechanocoupling, but
the central mechanosensors that control downstream front-rear polarization are still largely undefined.
Spherical lumen-containing cysts of epithelial cells in 3D culture rotate persistently [132]. These
movements can be considered collective migration without leader cells, and potentially provide a
suitable model to investigate follower cell polarity and directional migration. Peripheral follower cells
maintain cohesion of the collective through actomyosin cables and their nature is still quite elusive. For
instance, it is unclear if they also exhibit front-rear polarization.
While the functions of different cells within collectives diverge, they all depend on cell-cell adhesionregulated polarity for their function in collective migration. Even in non-moving epithelia, stable
cell-cell adhesion depends on continuous remodeling and turnover of adherens junctions [133] and
subregional dynamics of cadherins is expected to have crucial roles in controlling collective migration.
Indeed, cadherins exhibit a basal-to-apical flow in migrating follower cells but not in stationary cells
[120], whereas a front-to-back gradient of p120-dependent endocytosis of N-cadherin controls
cadherin treadmilling in leader cells [134] demonstrating polarized dynamics of adherens junctions. It
will be interesting to obtain deeper insight on how modulators of cadherin dynamics compartmentalize
and direct the migrating cluster.
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Abstract
Cell-cell adhesion by adherens junctions controls proliferation and cell polarization and is crucial to
maintain epithelial architecture and homeostasis. Downregulation of two of the main components of
adherens junctions, E-cadherin and p120, is an often recurring hallmark of carcinomas, causing loss
of polarity and increased proliferation, survival and invasion of epithelial cells. On the other hand,
tumor-promoting effects of both E-cadherin and p120 have been reported, substantiated by sustained,
or even elevated expression of these molecules in many cancers. In this review, we will discuss how
expression regulation by EMT, E-cadherin cleavage or p120 isoform expression can contribute to either
tumor-supressing or tumor-promoting processes. Furthermore, we will focus on the contradictory
functions of E-cadherin and p120 in the different phases of tumor progression, from carcinoma in situ
up to the formation of distant metastasis. Finally, we will discuss the possibilities and challenges when
using either protein as a biomarker.

1. Introduction
Adherens junctions are the main cell-cell adhesions in epithelial cells and serve as central regulatory
hubs in pathways that control epithelial behavior, including proliferation, migration, cell polarization
and survival [1, 2]. They are formed by homotypic interactions of proteins of the cadherin superfamily,
of which E-cadherin is the prototypical member expressed in all epithelial cells. E-cadherin interacts
intracellularly with members of the catenin family, of which p120 catenin (hereafter p120) is essential
for cadherin stability. Consistent with its crucial roles in normal development and homeostasis, studies
in cell culture and animal models have implicated E-cadherin as an invasion and tumor suppressor,
and loss of E-cadherin in humans correlates with a poor prognosis in multiple cancers such as Head
and Neck Squamous Cell Carcinoma (HNSCC) [3], bladder [4] and ovarian [5] cancer. Similarly, p120
is downregulated in many types of cancer [6]. These effects on cancer are likely caused by loss of
epithelial adhesion and polarity, dysregulated cell survival and proliferation, acquisition of invasive
characteristics and individual dissemination. However, contradictory reports indicate that E-cadherin
is retained in many cancers [7] and even increased in metastases [8-10], and local dissemination of
cancers occurs mainly with intact E-cadherin-containing junctions [11]. Analogously, tumor-promoting
effects have also been reported for p120 [12]. In this review, we will briefly summarize the structure,
physiological functions and regulation of E-cadherin and p120. Next, we will discuss tumor-suppressing
and -promoting functions of E-cadherin and p120 in different phases of tumorigenesis and will discuss
their expression levels and utility as biomarker in cancer.
1.1 E-cadherin and p120
E-cadherin is a transmembrane protein with an extracellular region containing five extracellular
cadherin (EC) domain repeats, of which EC-1 mediates cell-cell adhesion by homodimerizing in trans
with E-cadherin EC-1 domains of neighboring cells (Fig. 1A). Furthermore, E-cadherin molecules on
the same cell associate laterally in cis to form clusters that contribute to adhesion strength [13].
Intracellularly, E-cadherin binds to p120 via the juxtamembrane domain (JMD) and to β-catenin via
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the catenin binding domain (CBD) [14](Fig. 1B). β-catenin links E-cadherin to the actin cytoskeleton
via an interaction with α-catenin. The JMD contains docking sites for the endocytic machinery and
for the ubiquitin ligase Hakai, which target the E-cadherin molecule for endocytosis and proteasomal
degradation [2]. By masking these sites, p120 acts as a master regulator of E-cadherin stability [15-17].
P120 binds to E-cadherin via its ARM domain in the central part of the protein. Its regulatory N-terminal
region (NTR) can be of different length due to existence of four distinct alternative translation initiation
sites, leading to the formation of different N-terminal isoforms [18, 19], which we here will refer to
as p120-1, p120-2, p120-3 and p120-4, after the use of the respective transcription start sites. The
longest p120 isoform, p120-1, contains an N-terminal coiled-coil structure that lacks in the other p120
isoforms. Additional isoform variation is due to the presence of four alternative exons, of which two are
found in the C-terminal domain (CTR) [20] (Fig. 1A).
1.2 Functions of E-cadherin
In polarized epithelial cells, E-cadherin-based adherens junctions accumulate, together with tight
junctions, in the apical junction complex, which separates the apical and basal membrane domains and
which is mechanically linked to a circumferential contractile actomyosin belt of F-actin and myosin II
(Fig. 1C). This actomyosin belt is involved in force transmission and shape change during development
and homeostasis [21]. Actomyosin-linked adherens junctions also locate in a more sparse and punctate
distribution along the basolateral membrane [22]. Formation of adherens junctions promotes epithelial
apicobasal polarity via different mechanisms, including the regulation of RhoGTPases, which control
polarity and adherens junctions’ stability [23]. Apicobasal polarization is additionally promoted by
recruitment of the SCRIB polarity complex to the basolateral surface [24]. In mature epithelia, adherens
junctions further recruit non-centrosomal microtubules via PLEKHA7, NEZHA and p120 [25], which
stabilize the adherens junction and facilitate polarized transport [26, 27]. Finally, E-cadherin regulates
epithelial homeostasis by imposing contact inhibition of proliferation (CIP) ([28] and see below), and by
regulating metabolism [29].

3

1.3 Functions of P120
P120 was originally identified as the substrate of the oncogene v-Src, which phosphorylation correlated
with cell transformation [30]. Its main function is to stabilize E-cadherin at the plasma membrane by
inhibiting E-cadherin endocytosis and subsequent proteosomal destruction [15, 16, 31]. Consequently,
p120 depletion downregulates most classical cadherins [15-17]. The p120-dependent stability of
E-cadherin at the basolateral membrane is reinforced during epithelial polarization by recruitment of
Scribble, which stabilizes the interaction of p120 with E-cadherin [32]. Due to its E-cadherin-stabilizing
function, p120 can act as tumor suppressor by disabling both growth and invasion [33]. Beyond this
suppressive role, p120 can also promote invasion through both E-cadherin-dependent and E-cadherinindependent mechanisms. The tumor-promoting or -suppressing functions of p120 include regulation
of RhoGTPases and downstream cytoskeletal dynamics involved in cell invasion and migration. P120
can inhibit Rho, either by directly binding to Rho and functioning as a RhoGDI [34], or by E-cadherindependent recruitment of the Rho inhibitor p190RhoGAP [35](Fig. 1C). In this way, p120 regulates
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Rho activity along the lateral membrane [36], suppresses lateral contractility and promotes epithelial
architecture [37]. Conversely, p120 promotes invasion and migration by activation of Rac and cdc42
activity, by interacting with Rac GEFs such as Vav2 [38, 39], or indirectly through the inhibition of
Rho [23]. The regulation of GTPase function by p120 is, however, highly complex and depends on the
expression of p120 isoforms (see section 1.5.1) and cadherin-family members, and on cellular context,
as reviewed extensively in previous reviews [40, 41]. P120 can further translocate to the nucleus and
acts as transcriptional regulator by interacting with Kaiso [42], MUC1 [43], Glis2 [44] and REST/CoREST
[45], and is involved in transcriptional regulation of the Wnt signaling pathway [19]. Finally, conditional
p120 knockout studies have demonstrated anti-inflammatory roles of p120, through suppression of
nuclear factor-kappaB activation (NF-kB) [46], potentially downstream of Rho [47].

Figure 1. E-cadherin and p120 in normal epithelia. A) Molecular structure of adherens junctions. E-cadherin
engages in trans-interactions with E-cadherin molecules on opposing cells. On the intracellular side β-catenin binds
to E-cadherin and α-catenin, which links the complex to F-actin. P120 also binds to the intracellular domain of
E-cadherin, and mediates its stability. B) Domain structure of E-cadherin and p120 proteins. P120 and β-catenin bind
to E-cadherin via the JMD and CBD, respectively. EC, extracellular cadherin domain; TM, transmembrane domain;
JMD, juxtamembrane domain; CBD, catenin binding domain; CC, coiled coil; NTR, N-terminal region; ARM, Armadillo
repeat domain; CTR, C-terminal region. Numbered methionines (M) indicate the start of the four N-terminal variant
isoforms. Letters in the p120 protein indicate alternative exons. C) Overview of normal functions of E-cadherin and
p120 in an epithelial cell. See sections 1.2 and 1.3 for details.
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1.4 Expression regulation of E-cadherin in cancer
Loss of E-cadherin occurs frequently in many tumor types, and can be due to inactivating mutations
or loss of heterozygosity as found in hereditary forms of gastric cancer [48, 49], early onset colorectal
cancer [49] and hereditary lobular breast cancer [50], but usually involves promotor methylation,
histone modifications and/or microRNA dysregulation [51]
1.4.1. EMT
The loss of E-cadherin is a key feature of EMT, a program that is involved in the phenotypic shift that
occurs during cancer [52]. EMT is a plasticity mechanism in which a molecular program driven by
transcription factors causes a loss of epithelial features and a gain of mesenchymal phenotype [53].
During this developmental process, which is co-opted by cancer cells, cells lose apicobasal polarity,
downregulate epithelial cell-cell junctions including adherens and tight junctions, switch their dominant
p120 isoform (see section 1.5.1), and acquire a spindle-shaped morphology and increased motility
[54]. EMT is mainly a transcriptional program, with major roles for the transcription factors SNAIL,
TWIST and ZEB, which work directly on the E-cadherin promoter [55]. Besides transcriptional control,
several alternative mechanisms control EMT, including epigenetic, post-transcriptional, translational
and post-translational mechanisms [56]. As example of the latter, recent evidence demonstrated that
EMT is promoted by increased endocytosis of E-cadherin and other epithelial proteins, [57]. EMT has
important roles in development, and there is strong evidence supporting the role of EMT transcription
factors in several types of cancer [54]. However, the requirement for and ubiquity in cancer metastasis
of EMT has been a subject of fierce debate for many years, owing to the observations that many
migrating tumor cells express epithelial markers such as E-cadherin, collective rather than individual
migration predominates in many types of cancer, and macrometastases at distant sites often have
epithelial characteristics [11, 58]. The emerging view of EMT is one of a spectrum of intermediate states
which are dynamically and reversibly regulated during metastasis, rather than rigid switches between
an epithelial and a mesenchymal state [59]. As such, cancer cells may co-express mesenchymal markers
and E-cadherin and migrate collectively. Since EMT may contribute to stemness [54], immune evasion
[60] and therapy resistance [58], dynamic regulation of EMT state may confer migratory and survival
advantages to the cancer cells.

3

1.4.2. Proteolytic cleavage of E-cadherin
The range of sometimes opposing functions of E-cadherin in cancer progression may at least be partially
explained by the existence of several soluble forms that are generated by proteolytic cleavage of the
full length, membrane-bound form. The most abundant is soluble E-cadherin (sEcad) or E-cad/NTF1, an
N-terminal extracellular cleavage product of 80 kDa containing all 5 EC domains. Generation of sEcad
generally involves cleavage by α-secretase, catalyzed by matrix metalloproteases (MMPs), members
of the A Disintegrin and Metalloprotease (ADAM) family, cathepsins, or kallikreins [61, 62]. Proteaseinduced sEcad shedding also leads to the production of a 38 kD C-terminal E-cadherin fragment (EcadCFT1) that still includes the transmembrane domain, and which can be further processed by γ-secretase
to a cytosolic 33 kD fragment (E-cad/CTF2) [63].
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The extracellular sEcad and the cytosolic cleavage products have many functional properties that are
distinctly different from full length E-cadherin, and are often oncogenic [62, 64]. These functions are
most well established for sEcad, the expression of which is associated with decreased cell-cell adhesion
and an increase in cell migration, invasion and proliferation in breast, prostate, skin and ovarian tumor
cell lines [64]. sEcad can inhibit the cell adhesive functions of full length E-cadherin and disrupt adherens
junctions of human mammary tumor cells and normal epithelial cells [65-67]. This can be the result
of downregulation of mature, adhesion-competent full length E-cadherin that accompanies proteaseinduced generation of sEcad [68]. Alternatively, binding of sEcad to the corresponding ectodomain of
full length plasma membrane-bound E-cadherin can potentially also inhibit the ability of full length
E-cadherin in neighboring cells to form homotypic interactions.
sEcad may also act as paracrine or autocrine ligand for receptor tyrosine kinases, in particular for
the EGFR/HER family. This family consists of four members, which includes the EGF receptor (EGFR/
HER1) and three additional members, ERB2/HER2, ERB3/HER3 and ERB4/HER4. Extracellular ligands,
including prototypical EGF, activate these receptors by inducing homo- or heterodimerization of
receptors and subsequent autophosphorylation of several tyrosine residues within the C-terminal
tail. Phosphotyrosine residues then activate many signaling pathways involved in tumor progression,
including the Ras/MAPK, PLCγ1/PKC, and PI3K/Akt kinase, which are main regulatory pathways of cell
proliferation, survival and cell migration. sECad is a ligand for EGFR and the HER2 and HER3 receptors
and stabilizes HER2-HER3 dimers in breast and skin cancer cells. Its interaction with these EGFR family
members induces downstream activation of the extracellular regulated kinase (ERK) and PI3K/Akt
pathways and promotes cell migration and proliferation [68-70]. Further, by interacting with the EGFR,
sEcad prevents cell death and leads to lumen filling upon serum withdrawal by activating EGFR signaling
in a 3D model of normal epithelial cells [71, 72]. sEcad also interacts with and activates the insulin-like
growth 1 receptor (IGF-1R), resulting in activation of the ERK and PI3K/Akt pathway [68].
As activation of EGFR promotes sEcad shedding by ADAM10 or MMP-9 in prostate carcinoma and
SCC, respectively [73, 74], EGFR activity and sEcad shedding may cooperate by feedforward signaling.
Similarly, positive feedback may occur between sECad production and MMP activation, since sEcad
activates several MMPs in lung tumor cells [75]. Similarly, MMP-2-induced shedding of an NTF of
cadherin-6B leads to further production of MMP-2 and additional local degradation of laminin and
fibronectin during EMT of neural crest cells [76]. Thus, positive feedback pathways involving cadherin
ectodomain shedding, growth factor and MMP activation and degradation of basement membrane
may potentially promote local invasion.
The role of cytosolic of E-cadherin cleavage products that are generated concomitantly with sEcad is
less clear. Ecad/CTF2 has maintained its p120 interaction site and its interaction with p120 promotes
the translocation of the p120-Ecad/CTF2 to the nucleus and enhances the inhibitory role of p120 in
Kaiso-mediated transcription [77].
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1.5 P120 expression regulation
1.5.1 P120 Isoforms
Like E-cadherin, p120 is also frequently dysregulated in cancer, as a result of its downregulation or
translocation to the cytosol [6]. Downregulation occurs at the transcriptional level, e.g. via FOXC2
[78] and miRNAs [79, 80] or post-transcriptionally, e.g. by Calpain [81] or the β-catenin destruction
complex [82]. Translocation to the cytosol is associated with detachment from adherens junctions
and E-cadherin endocytosis, and is regulated by phosphorylation [20]. Depending on the kinase and
residues involved, phosphorylation of p120 can have opposing effects on downstream processes such
as adhesion, RhoA binding and nuclear signaling [20, 83].
Another important layer of p120 regulation is the production of different isoforms due to the use
of different translation entry sites and alternative splicing (Fig 1A), which can lead to p120 isoforms
differing in N-terminal start site and inclusion of alternative exons [18, 19]. Exon B contains a nuclear
export sequence, whereas exon C interrupts a nuclear localization signal. Exon A is ubiquitously
expressed, whereas the other exons are more variable [18, 19]. N-terminal variants p120-1 and p1203 are most commonly expressed and exhibit differential expression in mesenchymal, endothelial and
epithelial cells. Most cells express multiple p120 isoforms, and p120-3 is often highly expressed in
epithelial cells [18, 84-86]. Alternative splicing patterns of p120 have been associated with breast
cancer subtype [87, 88], and differential isoform expression has been observed in human cancer and
correlates with prognosis ([89], our own unpublished data). Alternative splicing is regulated by epithelial
splicing factors ESRP1 and -2, which induce a switch to p120-3 [90], whereas EMT transcription factors
can induce a switch to p120-1 [91, 92]. Since p120 isoforms stabilize E-cadherin through their shared
conserved ARM domains [93], it is likely that their isoform-specific functions depend on differential
interaction with other downstream effectors, which may include regulators of Rac and Rho, Kaiso and
MUC1 [20]. Furthermore, the p120 N-terminus contains many phosphorylation sites, and thus isoformspecific phosphorylation is an additional level of p120 regulation, as for instance was shown for the
regulation of Wnt signaling by p120-1-specific phosphorylation [82, 94]

3

2.1 E-cadherin and p120 in survival and proliferation
Epithelial homeostasis is controlled by cell proliferation, cell death, extrusion of dead or unhealthy
cells and maintenance of cell number and dysregulation of these processes are main hallmarks of
tumor progression (Fig. 3). E-cadherin and p120 play important roles in epithelial homeostasis and its
dysregulation, which are discussed below.
2.1.1 Contact inhibition of proliferation
Epithelial cells sense cell density and maintain appropriate cell numbers through cell-cell contacts in a
process called contact inhibition of proliferation (CIP, Fig. 3). CIP is temporarily released in developing
embryonic tissue and after tissue injury, when the loss of neighboring cells at wound edges promotes
motility and proliferation to stimulate wound healing [95]. While described over 50 years ago [96] it has
only recently become clear that homotypic E-cadherin engagement, rather than just an increase of cell
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density, is sufficient to induce CIP. E-cadherin may regulate proliferation through different mechanisms.
Its association with b-catenin in adherens junctions can potentially sequester b-catenin away from
the nucleus to inhibit proliferation downstream of the b-catenin-TCF/Lef signaling pathway [97, 98].
However, while growth-inhibitory effects of E-cadherin often depend on its interaction with b-catenin,
many studies excluded a role for TCF/LEF involvement, indicating that b-catenin controls proliferation
by both TCF/LEF-dependent and -independent pathways [99-101]. E-cadherin also modulates receptor
tyrosine kinase (RTK) signaling by direct binding to the receptor or to PI3K, which, depending on the
context, may result in stimulation or inhibition of RTK signaling. E-cadherin homotypic interactions
induce transient activation of the EGFR and downstream MAPK, PI3K and Rac activation [102-106],
leading to PI3K-dependent or Rac-dependent maturation of adherens junctions [107]. On the other
hand, E-cadherin may also repress integrin-induced activation of Rac and PI3K at focal adhesions and
downstream proliferation through a mechanism that involves junctional recruitment of βPIX [108, 109].
Furthermore, the interaction of E-cadherin with EGFR was reported to lead to EGFR desensitization for
its ligands, either by reducing ligand affinity or the mobility of EGFR [110, 111]. These mechanisms may
involve a protein complex in which E-cadherin associates with b-catenin [100] and/or Merlin [112] to
maintain EGFR in a signaling-incompetent state
The association of Merlin and b-catenin with E-cadherin also regulates CIP through the Hippo signaling
pathway [113], a highly complex growth inhibitory pathway that controls proliferation and apoptosis
[114, 115] and which has recently emerged as a main pathway in the control of CIP. The basic Hippo
signaling module in mammalian cells consists of a kinase cascade involving the kinases Mst and
Lats, that eventually leads to the phosphorylation of the transcriptional co-activators YAP and TAZ.
Upon phosphorylation, YAP and TAZ, which normally are located in the nucleus where they promote
proliferation, are sequestered in the cytosol, resulting in growth inhibition. Many upstream signals
regulate Hippo signaling, most notably those derived from cell architecture, including cell shape,
adhesion, cell polarity, the actin cytoskeleton and biomechanical signals [115, 116]. Studies with
immobilized E-cadherin ectodomains showed that E-cadherin homotypic ligation sequesters YAP in the
cytosol and that this was required for E-cadherin-dependent contact inhibition of mammary epithelial
cells [113]. This process relies on β-catenin [113] and possibly also on α-catenin, which is required for
Hippo pathway activation in density-dependent proliferation control in the skin [117, 118]. Cytosolic
accumulation of YAP/TAZ is tightly controlled by epithelial cell polarization, for instance through the
recruitment of YAP/TAZ by the SCRIB and Crumbs polarity complexes [119, 120]. Furthermore, nuclear
localization of YAP/TAZ is highly regulated by actomyosin tension [116]. Thus, consistent with the
well-established role of adherens junctions in these cellular processes, the picture that emerges from
extensive recent progress is that cell adhesion through adherens junctions is intricately associated with
growth inhibition through the Hippo pathway.
The involvement of p120 in CIP, beyond indirect effects on RTKs through E-cadherin stabilization, is less
clear, but seems likely. P120 is phosphorylated in response to RTK activation [19] and is required for
downstream signaling of the HGF receptor c-met [121] and HER2 [39]. P120 also interacts with and is
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the substrate of receptor tyrosine phosphatases, including DEP-1 [122] and RPTPµ [123], which leads to
stabilization of adherens junction, and thus likely promotes CIP [124]. Since DEP-1, the activity of which
increases upon cell-cell adhesion, also serves to deactivate signaling through EGFR and c-met [125127], p120-dependent recruitment of DEP-1 may potentially serve as growth inhibitory mechanism
in CIP. Furthermore, anchorage-independent growth as controlled by a Src -p120-dependent signaling
complex found at basolateral membranes, was recently shown to be inhibited by a distinct pool of p120
localized at apical junctions, [128], suggesting a direct link between formation of the apical junctional
complex and p120-dependent growth inhibition.
2.1.2 Anoikis and apoptosis
Besides regulating proliferation through mitosis, epithelial homeostasis is controlled by regulated cell
death by anoikis. While anoikis is defined as cell death induced by the loss of appropriate cell-matrix
adhesion [129], cells are sensitized to anoikis when they engage in E-cadherin-dependent cell-cell
contact. Several mechanisms appear to play a role in this process. One of the mechanisms involves
β-catenin/Wnt signaling, as evidenced by the finding that resistance to anoikis upon downregulation of
E-cadherin relies on decreased phosphorylation of β-catenin [130]. A second mechanism involves derepression of pro-anoikis signaling by p14Arf [131], caused by sequestration of the co-repressor NRAGE
out of the nucleus via binding to the cytoskeletal linker protein ankyrin-G, which in turn interacts with
junctional E-cadherin. Thirdly, E-cadherin promotes apoptotic signaling through the extrinsic pathway
by inducing the clustering of the death receptors DR4/5 into a death inducing signaling complex, via
α-catenin [132]. Finally, more recent evidence indicates that E-cadherin sensitizes normal epithelial
cells to anoikis by activating the Hippo signaling pathway, through Scribble-mediated junctional
recruitment of YAP and TAZ [133].

3

Sensitization to anoikis or apoptosis by E-cadherin is counterbalanced by several pathways. These
include inhibition of apoptosis by Dlg-dependent sequestration of Fas [134] and activation of survivalpromoting RTK pathways, in particular PI3K-Akt signaling as induced by direct interaction of E-cadherin
with the catalytic p85 subunit of PI3K [104, 135]. Furthermore, in addition to Scribble-dependent
junctional YAP/TAZ recruitment leading to anoikis, Scribble also recruits Pak2, which confers prosurvival signals [136, 137]. The Hippo pathway downstream of E-cadherin thus appears to be involved
in balancing mitosis, pro- and anti-apoptotic signaling, by integrating signals derived from cell polarity,
cell shape, the cytoskeleton and cell mechanics [114, 115].
2.1.3 Dysregulation CIP and anoikis in cancer
Tumor cells have lost the ability to undergo contact inhibition and exhibit a disturbed balance in
the above-described homeostatic regulatory pathways [138], leading to tumor progression by
increased proliferation. Studies that provide direct mechanistic links between the loss E-cadherin and
proliferation control during tumor progression are quite scarce, likely due to the many interrelated
pathways controlling CIP and anoikis that are regulated downstream of adherens junctions. Several
scenarios however, are likely to occur. First, the loss of E-cadherin could inhibit anoikis and relieve
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its inhibitory role on RTKs signaling. Furthermore, its loss may increase nuclear import of growth
promoting transcriptional activators that can be sequestered by adherens junctions, including p120,
b-catenin and YAP/TAZ . As example, the loss of α-catenin leads to skin tumors by a YAP-dependent
mechanism [118]. Similarly, loss of E-cadherin affects nuclear regulation of anoikis. Indeed, in a model
for invasive lobular cancer, it causes p120 to translocate to the nucleus to relieve Kaiso-mediated
repression of Wnt11, which acts as an autocrine factor to induce anoikis resistance [139]. The outcome
of E-cadherin loss in cancer will, however, be highly dependent on cellular context and additional
upstream events. For instance, when E-cadherin is lost during EMT, tumor progression is aided not only
by the inhibition of growth-inhibiting and anoikis-sensitizing pathways downstream of E-cadherin, but
also by EMT-induced pathways that act in concert with decreased adherens junctions [133]. As second
example, the loss of E-cadherin due to ectodomain shedding, will be accompanied by activation of
RTKs by sEcad as discussed above. Furthermore, oncogenic growth promoting and apoptosis-inhibiting
mutations, for instance in p53, Ras or PTEN, will likely override potential growth-inhibitory effects of
loss of E-cadherin, and dysregulate the balance between growth-promoting and growth suppressing
effects of E-cadherin towards a tumor-promoting phenotype.
2.1.4 Cell extrusion
Besides control of epithelial proliferation, epithelial homeostasis also relies on cell extrusion, a process
that removes dying or live aberrant cells, or relieves cellular crowding by cell competition. Emerging
evidence indicates that live cell extrusion is a potent tumor suppressor mechanism to clear oncogenic
cells [140, 141] (Fig. 2a). Cell extrusion in vertebrates involves formation of a contractile actomyosin ring
by neighboring cells, which expels cells from the epithelium. Production of sphingosine-1-phosphate
(S1P) in the extruding cell results in S1P receptor 2 (S1P2) activation and downstream basal Rho
activation by p115 RhoGEF in neighboring cells [142-144]. The local activation of Rho and downstream
actomyosin contraction in neighboring cells provides the force for cell extrusion. In vertebrates, cells
are typically apically extruded, and cell extrusion thus relies on Rho activation at the basal cell-cell
contact site [143].
E-cadherin and p120 in cell extrusion
Cell extrusion of apoptotic cells appears to occur without a loss of epithelial barrier function [144],
suggesting that neighboring cells need to reorganize their junctions to maintain epithelial integrity
during extrusion. Indeed, neighboring cells will re-establish E-cadherin-dependent junctions with each
other during extrusion, and this process promotes cell extrusion of both apoptotic cells [145] and live
cells with oncogenic mutations and low E-cadherin expression [146].
The fate and tumorigenic potential of extruded live cells with oncogenic mutations depends both on the
direction of cell extrusion and its capacity to survive after extrusion. In vertebrates, apically extruded
live cells with oncogenic mutations are mostly cleared, whereas basally extruded transformed cells are
more likely to survive and contribute to local invasion (reviewed in [141]). Orientation of extrusion is
controlled by positioning of the actomyosin ring. Its basal positioning, resulting in apical apoptotic cell
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extrusion, relies on reorientation of microtubules, which deliver p115 RhoGEF to basal cell junctions
[143]. Inhibition of this process [143] or the loss of S1P2 (Gu et al. 2015) causes the contractile
actomyosin ring to form apically leading to basal extrusion, which is accompanied by cell survival and
therapy resistance [142]. Oncogene mutations may drive this directional change, such as oncogenic
K-Ras, which degrades S1P and partly downregulates S1P2, promoting basal extrusion [147]. Basal
extrusion may additionally rely on loss of E-cadherin in neighboring cells, since in H-Ras transformed
MDCK cells most cells extrude apically when surrounded by normal cells, while loss of E-cadherin in
neighboring cells leads to basal extrusion [148]. Indeed, differential expression of E-cadherins, either
between the extruded cell and its neighbors, or along the apical-basal plane of the junction, controls
live cell extrusion. For example, H-Ras overexpressing cells can downregulate E-cadherin by inducing
MMP-dependent cleavage, which decreases cell-cell adhesions between oncogenic cells and their wildtype neighbors [146]. This causes wild-type neighboring cells to form homotypic E-cadherin interactions
with each other by extending basal protrusions underneath the H-Ras expressing cell leading to its
apical extrusion, and its subsequent survival and proliferation. Interestingly, MMP-induced E-cadherin
downregulation can occur specifically at apical junctions of MDCK cells upon overexpression of MT2MMP, by an interaction of MT2-MMP with ZO-1 [149]. Loss of the apical E-cadherin reduces local cortical
tension which promotes apical extrusion. The loss of apical E-cadherin additionally leads to activation
of Src at the preserved basolateral E-cadherin-containing junctions, resulting in increased proliferation,
which, in conjunction with the apically extruded cells, leads to the formation of cell clusters on the MDCK
monolayer. Previous work by Kourtidis et al. showed that apical and basal E-cadherin-based junctions
have opposing roles in growth regulation which depend on the activity of p120 and Src, in which apical
complexes suppress the growth and EMT-promoting effects of Src and p120 via the microRNA miR-30b
[128]. However, it is currently unclear if this p120-dependent process also drives the apical extrusion
and proliferation downstream of apical ZO-1/MT2-MMP-induced E-cadherin cleavage.

3

In Drosophila, a mutation of Scribble activates cell competition by inducing differential E-cadherin
expression. JNK signaling via Slit-Robo2-Ena downregulates E-cadherin in transformed cells which leads
to apical and basal extrusion mostly followed by cell death [150]. In general, apically extruded cells
rather than basal extrusion will result in local invasion in Drosophila (reviewed in [141] and indeed
upregulation of the Slit-Robo2-Ena pathway increases extrusion and results in luminal malignancies
[150]. Interestingly, downregulation of the Slit-Robo2-Ena pathway or overexpression of E-cadherin
causes intraepithelial tumors, suggesting an oncogene role for E-cadherin in this process. Another
function of E-cadherin in Scribble-depleted MDCK cells is that it promotes corralling, and subsequent
extrusion of transformed cells by wild-type cells, by activating directional migration [151]. These
Scribble knockdown cells surrounded by wild-type cells also upregulate p53 which further promotes
extrusion and causes extruding cells to die. Imaginably, as p53 is often mutated in cancer this might
lead to intraepithelial tumors due to lack of extrusion, or increased malignancy of surviving extruded
cells.
P120 is involved in various cell extrusion processes independent of E-cadherin. This includes regulation
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of extrusion orientation by regulation of S1P signaling, as demonstrated in a pancreatic tumor mouse
model [152]. In this model, bi-allelic knockdown of p120 in combination with a Ras mutation changes
the extrusion direction by a release of the inhibitory effect of p120 on NF-kB. Upon activation, NF-kB
reduces S1P signaling, thereby counteracting its function in cell extrusion, which results in increased
basal and apical cell extrusion and survival of basally extruded cells (Fig 2A). In addition to extrusion
mechanisms that rely on induction of actomyosin force in neighboring cells, p120 can regulate
extrusion by a cell-intrinsic mechanism, using the machinery involved in formation of the cytokinetic
cleavage furrow. In mitotic mammalian cells, p120 controls the site of the cytokinetic cleavage furrow
by localizing Rho-dependent actomyosin contraction in mitotic cells, and dysregulation of this process
is involved in multinucleation and chromosome instability in cancer [153]. Studies in zebrafish embryos
recently indicated that the same mechanism may control extrusion in non-mitotic cells [154], consistent
with the observation that cleavage furrow positioning can occur independently of the spindle and is
mainly driven by localizing Rho activity [155]. In the zebrafish model, Src-transformed cells are apically
and partially basally extruded, by de-localizing the cleavage furrow, in absence of the mitotic spindle
in a p120-dependent manner [154]. Specifically, p120 controls the assembly of a contractile anillinactomyosin ring to the junctions via active RhoA (Fig 2B). Src also modulates the cell polarity via cdc42
and survival via XIAP, resulting in division of the cell after assembly of the contractile ring, whereby the
part of the cell containing the nucleus is apically extruded and survives.
The role of cell-intrinsic cell extrusion as mentioned above is also established during embryonic
development, where cell-intrinsic delamination driven by Rho and actomyosin is associated with
cell fate determination [156]. Interestingly, recent work indicates that mammalian cell fate is also
regulated through neighbor-driven cellular extrusion-like process that depends on differential p120
expression. This was demonstrated in a model of murine pancreas development [157], with p120low pancreatic progenitor cells migrating to peripheral regions and forming pancreatic acini while
p120-high cells differentiated into pancreatic ducts or endocrine cells (Fig 2C). This process is probably
mediated through E-cadherin, and thus seems similar to cell extrusion processes driven by differential
E-cadherin expression discussed above. Recent data showed co-expression of p120-1 and p120-3 in
adult human pancreatic ducts while acinar epithelial cells exclusively expressed p120-3 [85]. Combined,
these data may suggest that cells that lose p120-1 migrate out and follow a distinct differentiation
path from cells that express both p120-1 and p120-3 (Fig 2C). Furthermore, we recently found that
invasive breast cancer cells similarly express little p120-1 while retaining p120-3 (Venhuizen, Span
and Zegers, unpublished results). Thus, p120 isoform expression may determine migratory properties
and differentiation in development and cancer. As p120 is known to inhibit Rho, and p120-1 is more
associated with Rho inhibition [153, 158], these findings suggest that in addition to regulation of
E-cadherin, regulation of Rho by total p120 or its isoform expression may sort p120-low and p120-high
cells and drive cell populations to the periphery, with consequences for cell differentiation.
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Figure 2. Functions of p120 in live cell extrusion. A) p120 prevents basal cell extrusion by inhibiting NF-kB and thereby
promoting apical extrusion via S1P, S1P2, RhoA and actomyosin contraction. Dotted lines indicate lost inhibition by
120 in Ras transformed cells. B) P120 phosphorylation by mutated Src induces cell division in transformed cells,
leading to survival and proliferation of the apically extruded part of the cell. C) Differential adhesion caused by
difference in p120 levels or, potentially, by p120 isoform expression results in partial delamination, causing duct and
acini formation in pancreas development. Number in molecule indicates p120 isoform.
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2.2 E-cadherin and p120-dependent adhesion during invasion
In order to metastasize, cancer cells traverse local tissue towards blood vessels. Cells can invade
local tissue in different ways: either as single cells, with individual force and path generation, or as
multicellular cohorts. Migrating cohorts exhibit emergent collective properties such as cohesion [159],
collective direction sensing [160] and supracellular polarization [161] that depend on E-cadherin-based
adhesions. Dynamic regulation of cell-cell adhesion allows cells to adapt their mode of migration to
the local microenvironment [162]. For example, hypoxia downregulates E-cadherin expression through
HIF-1α, which can induce cell individualization [163]. Collective migration can also occur through
interconnected networks of cancer cells contacting each other through long cytoplasmic protrusions,
as reported in glioma [164] and breast cancer [165] that confer survival and migration advantages.
Reduction of E-cadherin reduces these contacts in cancer cells [165] and knockout of p120 reduces
synapse formation along dendrites in the developing mouse brain [166]. Expression of E-cadherin and
p120 affects the mode of migration in a matrix-dependent manner, which can result in opposing effects
on invasion. For example, RNAi of p120 induced cell scattering and increased motility on 2D surfaces,
whereas in a 3D Matrigel scaffold it did not induce individual migration but prevented the formation of
collective invasion structures [167]. Thus, the mode of migration is regulated by E-cadherin and p120
in a microenvironment-dependent manner.
2.2.1 Collective migration requires dynamic adherens junctions
Shape change and translocation of migrating cell cohorts require dynamic cell-cell adhesions (Fig.
3; [162]). This is achieved by constant internalization of cadherins and retargeting to the membrane
via the endocytic network [168, 169]. Increasing endocytosis can induce a solid-to-fluid transition,
resulting in motility of cell monolayers [170] and collective migration of neural crest cells in zebrafish
development [171]. In pancreatic cancer, increased endocytosis mediated by Rab11 reduced
membranous E-cadherin without decreasing its protein expression and resulted in collective local
dissemination and an increased presence of collective cancer cells in the circulation [57]. Conversely,
when E-cadherin adhesive function was stabilized by activating antibodies in a mouse breast cancer
model, lung metastasis was reduced without affecting primary tumor size [172]. Thus, collective
invasion and metastasis rely on dynamic cell-cell adhesions.
P120 binding to E-cadherin prevents endocytosis [16], and thus represents an important regulator
of junctional dynamics. P120 binding to E-cadherin can be regulated by phosphorylation [20].
In collectively migrating fibroblasts, N-cadherin was mostly internalized at the rear of the cell, and
subsequently retargeted to the front of the cells, an effect that depended on a front-rear polarization of
p120 phosphorylation [173]. In a drosophila wing development model, p120 detachment was induced
by mechanical stress, which facilitated shape change and organ development [174], providing further
evidence for p120-regulated junctional dynamics in vivo. Recent studies further showed that p120
haploinsufficiency, but not bi-allelic ablation, increased tumorigenesis [175, 176] and increased speed
of enterocytes migrating from crypt to apex [175], suggesting that lowering adherens junctions controls
collective migration speed in vivo. Together, these studies indicate that tumors use p120 expression
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levels and phosphorylation to regulate junctional dynamics to an optimum to facilitate collective
invasion and metastasis.
2.2.2 Heterotypic interactions with stroma
During local invasion, tumor cells form direct adhesions with stromal cells, which fulfill different and
often opposing functions in tumorigenesis (Fig. 3; [177]). For example, fibroblasts can localize to the
tip of invading cancer cohorts and promote collective migration by proteolytic path generation. This
depends on MMP and Rho activity in fibroblasts but not following cancer cells, and can induce invasion
of otherwise non-invasive cancer cells [178]. Fibroblasts are associated with following cancer cells
through heterotypic E-/N-cadherin adhesions which were under tension, suggesting that fibroblasts
pull cells out of the tumor [179]. By contrast, myoepithelial cells restrain luminal epithelial cells escaping
from breast organoids by recapturing them and pulling them back into the organoid, an effect which
was dependent on P-cadherin expression [180].
Adherens junctions also play a role in interactions with immune cells. Activated CD8+ T-lymphocytes
express αEβ7-integrin, which binds E-cadherin on epithelial cells [181, 182]. This complex forms a part
of the immunological synapse [183], and is required for tumor cell binding, polarization of granules and
cancer cell lysis [181, 184, 185]. Thus, loss of E-cadherin may be part of an immune escape mechanism
by tumor cells. Indeed, exogenous E-cadherin expression in melanoma cells increased responsiveness
to immune therapy and overall survival in a mouse model [186]. Thus, tumor cells interact with stromal
cells via E-cadherin, leading to different outcomes dependent on cell type.

3

2.3 Oligomeric circulating tumor cells (CTC)
The final steps of metastasis comprise translocation of cancer cells to distant organs via the bloodstream
and the formation of secondary tumors. While in transit, circulating tumor cells (CTCs) may be present
as single cells or clusters. Intravascular groups of cells upregulate E-cadherin and p120 ([187, 188],
Venhuizen et al. unpublished data), but also often express mesenchymal markers, indicative of partial
EMT (see section 3.1) [189, 190]. Although CTC clusters were initially difficult to study, potentially
due to decreased half-life of clusters or disruption of cluster integrity by detection methods [191,
192], improved technology has revealed that CTC clusters are present in the blood of most cancer
patients [191, 193, 194]. Although the number of clusters is relatively small compared to single CTCs,
recent studies show that CTC clusters are far more potent than single cells at seeding metastasis, and
overexpress desmosomal and adherens junction proteins [195, 196]. The increased metastatic potency
of CTC clusters is possibly due to heterotypic interactions with non-tumor cell types in the CTC cluster,
such as platelets, tumor-associated macrophages [194], endothelial cells [197] and fibroblasts [198],
which are thought to confer survival advantages and protection from immune attack. Furthermore,
E-cadherin and p120 may contribute to CTC cluster survival through anoikis resistance (see II.1.2-3).
Thus E-cadherin and p120 may contribute to tumor cell circulation through CTC cluster formation and
interaction with non-tumor cell types.
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2.4 Organotropism
Often cancer cells exhibit preferences to metastasize to specific organs, known as organotropism
[199]. E-cadherin and p120 have been shown to influence organotropism of different cancers (Fig. 3).
In a mouse model of pancreatic cancer, the presence of E-cadherin and p120 was required for liver
metastasis, whereas cancer cells that lacked these proteins predominantly metastasized to the lungs
[176]. Organotropism also depends on p120 isoform expression, as pancreatic cancer cells expressing
p120-3 primarily colonized the liver, whereas p120-1 redirected metastasis to the spleen [43].
The metastatic success of cancer cells in a target organ depends on several factors, including arrest
in the vasculature [199]. A common notion is that tumor cells and clusters are mechanically trapped
shortly after entering the circulation, possibly even in the microvasculature of the first organ they
encounter [200-202]. A recent study showed pancreatic cancer cells expressing p120 and E-cadherin
formed more liver metastases than p120-negative cells after tail vein injection, whereas both formed
predominantly lung metastases after retro-orbital injection [176], suggesting an interplay between
p120 and E-cadherin expression and route in the bloodstream. This might be explained by a recent
study using a microfluidics device that shows clusters up to 20 cells can rearrange and deform to
pass through capillaries of 5-10 µm [203]. Thus, dynamic junctions can allow tumor clusters to pass
through microvasculature [192] whereas clusters incapable of deformation may become lodged in the
vasculature of the first organ downstream of their intravasation site.
Upon arrival, adherens junctions can fulfill growth-promoting functions. For example, heterotypic
adherens junctions between E-cadherin on breast cancer cells and N-cadherin on osteogenic cells are
required for outgrowth after dormancy and the formation of macrometastases [204]. The importance
for E-cadherin in organ colonization is underscored by a study showing the formation of both E-cadherinhigh and E-cadherin-low micrometastases in the lung after tail vein injection of breast cancer cells,
but E-cadherin-low cells induce E-cadherin expression during the first few cell divisions [205]. This
study also suggests dynamic regulation of E-cadherin and p120 during transit in the bloodstream and
colonization.
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3

Figure 3. Overview of tumor-suppressing and-promoting functions of E-cadherin and p120 in the different phases of
the metastatic cascade. The left-hand and right-hand column indicate tumor-suppressing and -promoting functions,
respectively. See text for details.
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3. Biomarker/prognosis
3.1 E-cadherin as biomarker
Generally, loss of E-cadherin expression is considered a biomarker for a mesenchymal phenotype in the
EMT spectrum, thereby denoting a relatively poor prognosis for cancer patients. EMT, and its reversed
program mesenchymal-to-epithelial transition (MET), are gradual processes and phenotypes of extreme
EMT, hybrid epithelial/mesenchymal (E/M cells) and extreme MET can be distinguished [206]. Extensive
research from the last two decades has demonstrated a still incompletely understood association of
EMT and tumor progression. It has long been assumed that the level of EMT directly correlates with
aggressiveness and metastasic propensity of the tumor [207], As such, loss of E-cadherin would be
associated with increased metastasis and poor prognosis. Indeed, in Head-and-Neck Squamous Cell
Carcinoma (HNSCC), a recent meta-analysis involving 1939 patients indicated that loss of E-cadherin was
prognostic for poor survival [3], in line with our previous results showing a significantly higher incidence
of metastasis formation in HNSCC with low E-cadherin expression (81% versus 19%, p=0.004) [208].
In breast cancer, however, the association between E-cadherin, EMT and prognosis is much less clear.
Loss of E-cadherin is considered an intrinsic feature of invasive lobular carcinoma (ILC), with 87% of ILCs
being E-cadherin-negative, and only 7 % of non-lobular breast cancer. Compared to patients diagnosed
with invasive ductal carcinoma (IDC), those with ILC tend to have larger tumors, an increased number
of involved lymph nodes, and show distinct metastatic behavior [209]. However, despite the lack of
E-cadherin, ILC have a generally better prognosis than IDC patients. A meta-analysis on prognostic value
of E-cadherin expression within IDC [210] found large heterogeneity between studies, and, although
significant, a small effect size of loss of E-cadherin being associated with decreased disease specific
survival. On the other hand, a recent study found that E-cadherin expression was associated with a
poor prognosis in IDC, while non-informative in ILC [211]. In this same study, loss of E-cadherin was
associated with poor disease outcome in 12 of the 19 cancer types, although only two cancer cohorts
reached statistical significance. Thus, the prognostic value of E-cadherin in cancer disease outcome is
generally limited, and tumor- and histology-dependent. However, recent data may indicate that the
link between EMT and poor prognosis is not as straightforward as initially anticipated, and that actually
alternative EMT programs, leading to intermittent states, dubbed “partial EMT”, might be more related
to disease progression.
Recent studies suggest that actually partial EMT, rather than extreme EMT, correlates with increased
metastatic capability and acquisition of stem cell features of breast cancer cells [206, 212-214].
Interestingly, the induction of partial EMT is not transcription factor-induced, but rather an alternative
program involving protein internalization induces tumors to lose their epithelial phenotype [57, 215,
216]. The classical EMT induction via transcription factors (such as TWIST and SNAIL) and this latter
partial EMT phenotype are associated with single-cell invasion or collective migration, respectively.
Notably, Shamir et al. [217] found that forced TWIST expression induced dissemination of murine
mammary cells, but that this actually depended on E-cadherin, which would suggest that the two
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EMT programs share considerable interaction. Given the role of E-cadherin (and p120) in cell-cell
interactions, collective migration, and oligomeric CTCs (see above), it is clear that loss of E-cadherin as
a classical phenomenon in EMT does not per se denote a poor prognosis.
Soluble E-cadherin (sECad) was initially identified in the conditioned media of MCF-7 breast cancer
cells [65], and later studies showed that sEcad is enriched in serum of many cancer patients, including
patients with liver cancer, lung cancer, breast cancer, colorectal cancer and prostate cancer [61, 218]. As
mentioned above, sECad is generated by various proteases and leads to disruption of cell-cell contacts.
Thus, cleaved E-cadherin is a sign of significant proteolytic activity and the disruption of adherens
junctions, both features generally associated with invasion and metastasis [51, 98, 219]. In addition,
as sECad is secreted, this allows for its possible detection in blood of patients, making it a clinically
valuable prognostic biomarker. Indeed, sECad has been associated with metastatic disease and worse
prognosis in various neoplasms [220, 221] [222], and it can be used to predict recurrence of disease
[223], and response to neo-adjuvant chemotherapy [224].
3.2 P120 as biomarker
Much less is known about a biomarker role for p120. In breast cancer patients with E- and P-cadherin
co-expressing tumors, a cytoplasmic expression of p120 was found to be associated with poor
patient survival [89, 225]. In lung cancer patients, irrespective of histology, cytoplasmic p120 was
also associated with poor differentiation, high TNM stage, lymph node metastasis and poor survival
[226]. This subcellular localization of p120 is related to the existence of multiple p120 isoforms; p120
-1 was found overexpressed in the cytoplasm of lung tumors, and correlated positively with lymph
node metastasis, poor differentiation, histological type, high TNM stage and poor survival [227]. The
p120 isoform expression may also be regulated during EMT. For example, in response to EMT-induction
in human epithelial cancer cells an up-regulation of p120-1 and down-regulation p120-3 variants has
been described [91, 92]. Reciprocally, (isoforms of) p120 might regulate EMT by stabilizing E-cadherin.
These latter results thus suggest that p120-3 inhibits EMT while p120 -1 promotes EMT, which would
have repercussions for a prognostic role of p120 isoforms. On the other hand, in lung cancer cell lines
with membranous E-cadherin, overexpression of both p120-1 and p120-3 inhibited EMT, whereas in
cells with cytoplasmic E-cadherin, p120-1 promoted EMT, while p120-3 inhibited EMT [228]. Recently,
we used variant-encompassing primers with subsequent gel electrophoresis and densitometric analysis
to quantify p120 isoform expression in breast cancer tissues, and found that p120-3 expression
is maintained throughout the metastatic cascade, whereas p120-1 is differentially expressed and
diminished during invasion and in metastases. A higher ratio of p120-3 over p120-1 denoted a poor
prognosis (Venhuizen, Span and Zegers, unpublished results).

3

Conclusions
In conclusion, E-cadherin and its associated stabilizing protein p120 have both pro- and anti-tumorigenic
properties. Both proteins are part of adherens junctions, but have independent roles in tumor growth,
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delamination, local invasion, anoikis, and distant metastasis formation, depending on the cleavage form
or isoform expressed and interaction with other carcinoma cells, epithelial cells or stromal cells. These
conflicting functions suggest that therapeutic targeting of E-cadherin or p120 should be niche-specific
or informed by the metastatic state of the cancer. For example, upregulation of adherens junctions may
sensitize cells to anoikis, facilitate interactions with immune cells and suppress motility during local
invasion and dissemination. Conversely, adherens junction downregulation may suppress growth in
metastatic niches like the liver. In addition, future research may further elucidate the differential effects
of p120 isoforms on cancer invasion and metastasis, to assess their viability as prognostic markers or
therapeutic targets.
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Abstract
P120 catenin (p120) is a non-redundant master regulatory protein of cadherin-based cell-cell
junctions, intracellular signaling, and tissue homeostasis and repair. Alternative splicing can generate
p120 isoforms 1 and 3, which are implicated in non-overlapping functions by differential expression
regulation and unique interactions in different cell types, with often predominant expression of p120-1
in mesenchymal cells, and p120-3 generally prevalent in epithelial cells. However, the lack of specific
p120-3 protein detection has precluded analysis of their relative abundance in tissues. Here, we have
developed a p120-3 isoform-specific antibody and analyzed the p120-3 localization relative to p120-1 in
human tissues. p120-3 but not p120-1 is highly expressed in cell-cell junctions of simple gastrointestinal
epithelia such as colon and stomach, and the acini of salivary glands and the pancreas. Conversely, the
basal layer of the epidermis and hair follicles expressed p120-1 with reduced p120-3, whereas most
other epithelia co-expressed p120-3 and p120-1, including bronchial epithelia and mammary luminal
epithelial cells. These data provide an inventory of tissue-specific p120 isoform expression and suggest
a link between p120 isoform expression and epithelial differentiation.

1. Introduction
Cadherins are transmembrane cell-cell adhesion receptors with crucial roles in development,
morphogenesis, tissue homeostasis and cancer. A key regulator of cadherin function is p120 catenin
(p120), an armadillo (ARM)-related protein, which controls the retention and stability of classical
cadherins at the plasma membrane by binding directly to the cytoplasmic tail of cadherins [1].
Besides cell-cell interactions, p120 regulates gene transcription through several transcription factors
including Kaiso [2], and the activity of Rho family GTPases and downstream cytoskeletal dynamics.
In mice, germline deletion of p120 is embryonic lethal [3, 4], suggesting critical and non-redundant
functions, and conditional deletion of p120 using the Cre/LoxP system causes early lethality or dramatic
developmental defects in epithelial and endothelial tissues such as the vasculature [5], colon and
intestine [6], salivary gland [7], mammary gland [8, 9] and the proximal tubules of the kidney [10].
Deletion of p120 further leads to inflammation in the skin, the intestinal tract, pancreas and lung [6, 1115] as well as tumor initiation or progression in epithelial organs, including salivary gland [7], skin [11,
12], esophagus [14], mammary gland [9] and liver [16]. The severity and variability of these outcomes
is tissue-dependent and may depend on the level and type of cadherins expressed and co-expressed
p120 family members, such as ARVCF, δ-catenin, p0071, and plakophilins 1–3 [3].
An additional important but poorly understood level of regulation of p120-dependent cell- and tissue
functions depends on differential expression of p120 isoforms generated from its single CTNND1
gene. Alternative splicing-dependent use of four different translation initiation sites results in p120
isoforms 1, 2, 3 and 4 (p120-1-4)[17, 18]. The longest isoform p120-1 contains a 101 amino acid
N-terminal domain including a coiled-coil motif which is lacking in p120-3. Since p120-1 and p1203 have differential affinities for binding partners, including transcription factors such as Kaiso and
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DIPA [2, 19] and regulators of Rho GTPase signaling [20], their differential expression patterns likely
reflect functional differences, including opposing effects of p120 isoforms on proliferation and cell
migration [21-24]. Therefore, a detailed analysis of p120 isoform expression in situ in human tissues is
of interest. Previous analyses by Western blot [18], whole-tissue RT-PCR analysis [17] and, indirectly,
by immunofluorescence in tissues using p120-1-specific and pan-p120 antibodies [25], have indicated
that most cells express multiple p120 isoforms, with p120-3 often prevalent in differentiated epithelial
cells, in combination with variable expression of p120-1. However, the direct detection of p120-3
localization in tissues at the cellular level is precluded by the lack of a p120-3-specific antibody. As
technical challenge, compared to p120-1, p120-3 lacks a unique amino acid sequence, and this has
complicated the development of selective antibodies.
Here, we describe the development of polyclonal p120-3-specific antibodies using a strategy that uses
the free N-terminal amino acid as a unique epitope of p120-3. Using this antibody together with a
commercial p120-1-specific monoclonal antibody, we directly compare expression and localization of
p120 isoforms in human epithelial and non-epithelial tissues by immunofluorescence. We show that
whereas p120-3 expression is generally associated with E-cadherin expression, several E-cadherinpositive epithelial cells express p120-1 as the dominant form, particularly epithelial compartments with
a lower differentiation state or high turnover, such as the basal layer of the skin and bronchial epithelia.
In addition, differential p120-1 and p120-3 expression is detected in distal and proximal tubuli of the
kidney, and p120-3, but not p120-1 is absent from non-epithelial tissues. These data for the first time
directly compare p120 isoform expression in human tissues, and suggest a link between p120 isoform
expression and differentiation state.

4

2. Materials and methods
Immunogen design
A distinct chemical difference between p120-3 and p120-1 is the presence of a free amino acid at the
N-terminus of p120-3 whereas a peptide bond is present at the corresponding amino acid in p1201 (Fig. 1A). We therefore used the N-terminus of p120-3 as a unique epitope for specific antibody
development. The first ten amino acids corresponding to the human p120-3 N-terminus show 100%
homology to the N-terminal amino acid sequence of p120-3 in mouse and dog (UniGene, NCBI), and
were selected as antigen (Fig. 1A). Cleavage of the initiator methionine and/or N-terminal acetylation
are processes that may occur in over 50% of eukaryotic proteins [26], but it is unknown whether the
p120-3 N-terminus is subject to these modifications. We therefore combined four different peptides
representing the four possible N-termini (peptides 1-4, Fig. 1B) of p120-3, for immunization.
Generation and purification of p120-3-specific antibodies
Peptide synthesis, coupling to Keyhole Limpet Hemocyanin (KLH), immunization, serum collection
and automated affinity chromatography were performed by ImmunoGlobe GmbH, Germany. Briefly,
peptides representing p120-3 N-termini (Fig. 1A,B) were synthesized with purity >98%, except for p120-
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3 peptide 1. The free N-terminal glutamyl residue of this peptide was subject to pyroglutamyl formation,
as occurs in vivo [27], resulting in a purity of 76.8% with a 22.5% contribution of the pyroglutamyl
form. The identity of the peptides was confirmed by mass spectrometry. An equimolar mix of p120-3
peptides 1-4 was conjugated to KLH via an extra C-terminal cysteine residue. Two female rabbits aged
six and nine months of a proprietary strain were immunized intradermally with the KLH conjugate in
PBS containing on average 117 μg of each of the four peptides, emulsified 1:1 with complete Freund’s
adjuvant. The rabbits were boosted with half that dose, each, after 2, 4, 8, 10, 12, 28, 31, and 35 weeks,
with Montanide ISA 206 as an adjuvant and in week 33 with antigen emulsified in Montanide ISA 50V2.
Test sera were taken after week 6, aimed at characterizing antibodies targeting the different potential
N-termini. Regular sera were collected 14, 16, 18, 37, 39, and 41 weeks after the first immunization.
For affinity purification individual peptides were conjugated via the C-terminal cysteine residue to
Sulfolink Iodoacetyl resin (ThermoFischer). For initial proof-of-concept experiments, test sera taken
at week 6 after initial immunization were affinity purified on a tandem array of five columns, with
the p120-1 peptide matrix comprising an immobilized peptide corresponding to amino acids P100 T111 of the p120-1 sequence, followed by matrices with p120-3 peptides 1 to 4 in the indicated order
(Supplementary Fig. 1). Total yields of the different affinity-purified fractions showed that in either
rabbit over 80% of antibody was recovered from the p120-1 peptide column (Rb1-p120, Rb2-p120),
indicating that the majority of the raised anti-p120 antibodies did not specifically recognize the free
N-terminus of p120-3 (data not shown).
To prepare the final anti-p120-3 antibodies, used for all staining, regular sera were pooled, diluted in
PBS, and antibodies cross-reacting with p120-1 were depleted by multiple adsorption/elution cycles on
the p120-1 peptide matrix until no protein in the eluate was detected. Next, p120-3-specific antibodies
were affinity purified on a resin with p120-3 peptide 2, the eluate was dialyzed to PBS, and passed
again over the p120-1 peptide matrix for additional depletion of potentially remaining p120-1 crossreacting antibodies. The resulting antibody was quantified photometrically (1.4 OD280 ≙ 1.0 mg/ml)
and concentrated by ultrafiltration, stabilized with 1 mg/ml BSA and 0.02% NaN3, and sterile filtered.
Antibodies and fluorescent dyes
In addition to the p120-3 isoform-specific rabbit polyclonal antibodies described in this work,
antibodies against p120 included mouse monoclonal p120, clone 98 (p120 mAb (98), BD Biosciences
cat no. 610134), which recognizes all p120 isoforms, and 6H11 (Santa Cruz sc-23873), a mouse
monoclonal antibody against p120-1 and p120-2 [28], which in most tissues recognizes a single isoform
corresponding with p120-1 on Western blot (WB) [25]. Rabbit polyclonal p120-3 antibodies and the
Rb1- and Rb2-p120 were diluted to 1 µg/ml for WB, 1.5 µg/ml for immunofluorescence (IF) of cells and
5 µg/ml for IF of tissues, p120 mAb (98) was used 0.25 µg/ml for WB and 0.5 µg/ml for IF and 6H11
was used 4 µg/ml for IF. Additional antibodies used in this study are: CD34 (Abcam Ab8536, 1.33 µg/ml
for IF), Vimentin (Abcam 24525, diluted 1:400 for IF), wide spectrum Cytokeratin (PCK, Abcam Ab9377,
diluted 1:200 for IF), E-cadherin (BD Biosciences 610182, 2.5 µg/ml in IF), and E7 mouse monoclonal
anti-β-tubulin (Developmental Studies Hybridoma Bank, University of Iowa, USA) was used as a loading
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control for WB. Secondary antibodies for Odyssey detection comprised Alexa Fluor 680-conjugated or
Alexa Fluor IRDye 800-conjugated goat anti-mouse and goat anti-rabbit IgG (Invitrogen). To visualize
nuclei and F-actin, 4′,6-Diamidine-2′-phenylindole dihydrochloride (DAPI, Roche 10236276001, 5
µg/ml) and Alexa Fluor™ 488-conjugated Phalloidin (ThermoFischer, 1:200) were used, respectively.
Secondary antibodies for immunolabeling of cells and tissues comprised Alexa Fluor™ 546 or 647 goat
anti-mouse IgG (H+L), Alexa Fluor™ 488, 546 or 647 goat anti-rabbit IgG (H+L), Alexa Fluor™ 488 goat
anti-chicken IgY (H+L) and Alexa Fluor™ 555 donkey anti-rabbit IgG (H+L) conjugates (Invitrogen).
Cell culture
MDCK parental, p120 knock-down and murine p120 re-expression cell lines were a generous gift
from A. Reynolds [29], and were grown in MEM (Gibco) supplemented with 10% FCS, 10.000 U/ml
penicillin/streptomycin and 2 mM L-glutamine at 37˚C, 5% CO2. NMuMG cells were grown in DMEM,
supplemented with 10% FCS, 10.000 U/ml penicillin/streptomycin, 2 mM L-glutamine and 10 µg/ml
insulin at 37˚C, 10% CO2. 4T1 cells were grown in RPMI 1640 (Gibco) supplemented with 10% FCS,
10.000 U/ml penicillin/streptomycin and 1 mM sodium pyruvate at 37˚C, 5% CO2.
Generation of 4T1 p120 KO cells by CRISPR/Cas9.
4T1 cells were transfected using Lipofectamine 2000 (Invitrogen) 24 hours after plating with 2 µg of a
pool of three p120 CRISPR Cas9 KO constructs. Each of these constructs encodes a Cas9 nuclease and
GFP driven by a chicken β-actin hybrid promoter, and one of the following gRNAs under the control
of a U6 promoter, and derived from the GeCKO v2 library: gRNA1 TCTGGTCCGATTGCTCCGAA, gRNA2
TGTGGTCTCCGTGCGTCTAG, gRNA3 TGATGGGACCACTAGACGCA targeting three different sites in the
Ctnnd1 gene (Santa Cruz sc-419478). As a control, cells were transfected with a non-targeting scrambled
gRNA construct (Santa Cruz sc-418922). Media were changed 6 h after transfection, and after growth
for an additional 72 h in antibiotics-free medium, single GFP-expressing cells were collected in a 96
wells plate using a DB Aria flow cytometry sorter and grown for 3 weeks until colonies appeared. P120
KO colonies were selected after 3 weeks based on Western blot analysis.

4

Western blot analysis
Cells grown for 48 h to 95% confluence in 6 well plates were washed once with PBS prior to lysis.
Subsequently, cells were scraped in Laemlli sample buffer (100 mM Tris-HCl, 4% SDS, 20% glycerol, 200
mM DTT, bromophenol blue) and proteins were denatured by heating at 95˚C for 5 minutes. Proteins
were separated by SDS-PAGE and transferred to PVDF membrane. Membranes were blocked with 5%
BSA in PBS with 0.2% Tween-20 (PBST) and incubated overnight at 4˚C with primary antibodies in 5%
BSA in 0.2% PBST. The membranes were subsequently washed six times with 0.2% PBST and incubated
with Alexa Fluor-conjugated secondary antibodies (Thermo Fischer) for 1 h at room temperature. The
blots were washed six times with 0.2% PBST and once in PBS. The blots were scanned using the Odyssey
CLx imaging system (Li-Cor, Lincoln, NE) and analyzed with the Image Studio Lite software Ver 4.0.

71

542256-L-bw-Venhuizen
Processed on: 7-7-2020

PDF page: 71

Chapter 4

Immunofluorescence of cultured cells
Cells grown for 48 h on coverslips were fixed for 15 min at 37˚C with 4% paraformaldehyde in 0.1
M phosphate buffer pH 7.4. After blocking with 10% goat serum and 0.3% Triton X-100, cells were
incubated with primary antibody for 2 h at room temperature, and subsequently with Alexa Fluorconjugated secondary antibodies (Thermo Fischer), DAPI and Alexa Fluor™-conjugated phalloidin
(ThermoFischer) to visualize nuclei and F-actin, for 1 h at room temperature. Coverslips were mounted
on object slides with FluorSave (Calbiochem), and cells were imaged with a Leica DMI6000B using a
HC PL APO 63x oil objective and DFC365FX camera. Confocal imaging was performed with a Fluoview
FV1000 microscope (Olympus) using a LUMPLFL 40x water objective.

Figure 1 Generation and characterization of p120-3-selective pAb: strategy and specificity testing. a) Domain
structure and antibody recognition sites of p120 isoforms. p120 consists of an N-terminal region (NTR), an Armadillo
(ARM) domain and a C-terminal region (CTR). Alternative entry points (corresponding to methionines at amino
acid positions 1, 55, 102 and 324 for p120-1) lead to protein isoforms differing in the NTR. Established monoclonal
antibodies target the N-terminus of p120-1 and p120-2 (6H11) or the ARM domain (p120 mAb (98)). Alignment of
human, murine and canine sequences from the NCBI database show that the p120-3 N-terminus, starting with the
methionine (m) indicated in grey shading, is highly conserved. b) In green, peptides designed to represent different
potential p120-3 N-termini, modified by acetylation and/or methionine cleavage are indicated (p120-3 peptide 1-4).
The blue-shaded top row shows the p120-1 peptide, which includes the two amino acids (PR) directly preceding the
p120-3 initiator methionine . c) After immunization with the peptide 1-4 mix, the sera of the two rabbits were pooled
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and depleted for anti-p120-1 antibodies by passing them several times over the p120-1 column (blue). Upon p120-1
depletion, anti-p120-3 was purified by affinity purification using immobilized p120-3 peptide 2 (green). d) Western
blot analysis of 4T1 cells expressing endogenous p120 (ctrl) and 4T1 p120 knock-out cells (p120KO). The Western
blots were incubated with either p120 mAb (98), which recognizes all p120 isoforms, or anti-p120-3 (indicated
below each blot). e) Immunofluorescence of 4T1 ctrl and p120KO with anti-p120-3. f) Immunofluorescence of an
FFPE section of a human mammary gland using 6H11 and anti-p120-3. An adjacent section was incubated with
species-matched non-targeting control IgGs (Ms-IgG and Rb-IgG).

Immunoprecipitation of p120 isoforms
Cells grown for 72 h to 100% confluence in 10 cm dishes were washed twice with ice-cold PBS prior to
lysis on ice with 1 ml IP lysis buffer (125 mM NaCl, 20 mM Hepes pH 7.4, 1% Nonidet P40 substitute,
5 µg/ml pepstatin, 10 µg/ml chymostatin, 3 µg/ml leupeptin, 10 µg/ml antipain, 0.5 mM benzamadin,
0.2 mM PMSF, 0.1 kU/ml aprotinin, 1 mM Na3VO4, 1 mM NaF). Insoluble debris was removed by
centrifugation for 15 min at 15,000 g, 4˚C. Lysates were precleared with CL-4B beads (GE Healthcare,
Piscataway, NJ) for 30 min at 4˚C. As total lysate control, 5% of the cleared lysate was used. The
remaining supernatant was incubated with 1-2 µg of antibody for 1 h at 4˚C. Sepharose-Protein G was
added and the lysates were incubated overnight at 4oC while rotating. The beads were washed five
times with lysis buffer by centrifugation. Proteins were eluted from the beads by heating for 5 minutes
in sample buffer with 100 mM DTT at 95˚C and the samples were, together with the lysates (5% of
total), analyzed by SDS-PAA gel electrophoresis and Western blotting

4

Human tissues
4 µm tissue sections of human kidney were provided by the department of Pathology, Radboud
university medical center Nijmegen. These samples comprised anonymised left-over tissue from
routine treatment at our Academic Hospital, used with permission of the IRB of the Radboudumc
according to national law and the Code of Conduct of the Federation of Medical Scientific Societies
in the Netherlands (Code for Proper Secondary Use of Human Tissue in the Netherlands). Only tissues
from patients that did not object to the use of their biomaterials for academic research were used.
Tissue samples from the human mammary gland comprised normal tissue of breast cancer patients
adjacent to tumor tissue. These tissues were obtained, with informed consent, from the Radboud
Breast Cancer Biobank, approval 2013/576 IRB (Institutional review board) Radboud university medical
center. All other tissue samples were from a commercial human tissue microarray containing 23x2 mm
cores (Bio SB; bsb0298).
Haematoxylin and eosin (H&E) staining of formalin-fixed tissue
Formalin-fixed paraffin-embedded (FFPE) tissue sections were deparaffinized by incubating sequentially
three times for 5 min in xylene, and subsequent incubations in 100%, 96%, 70% and 50% ethanol and
distilled water, each twice for 1 min. Next, the sections were incubated with haematoxylin for 20 min.
The samples were washed for 15 min in running water, and subsequently incubated 5 min with eosin.
The samples were washed briefly in water, and dehydrated by sequentially incubating twice for 1 min
in 50%, 70%, 96% and 100% ethanol, and three times 1 min in xylene. The sections were imaged
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using the Pannoramic Flash 250III (3D Histech), using a Plan-Apochromat 20x objective and a CIS VCCFC60FR19CL camera.
Immunofluorescence of formalin-fixed tissue
4 µm thick FFPE tissue sections were deparaffinized by incubating sequentially three times for 5 min
in xylene, twice 5 min in 100% and 96% ethanol, 1 min in 70% and 50% ethanol, and 10 min in flowing
distilled water. Subsequently, antigen retrieval was performed by incubating 15 min in Tris-EDTA buffer
(10 mM Tris, pH 9.0, 1 mM EDTA) heated to 95˚C. Samples were allowed to cool for 1 h at room
temperature, washed with PBS for 1 h, and blocked with 10% NGS, 1% BSA and 0.2% Triton X-100 in PBS.
The sections were incubated with primary antibody overnight at 4˚C in 1% BSA/ 0.05% PBST, and with
Alexa Fluor-conjugated secondary antibodies and DAPI in the same buffer for 1 h at room temperature.
As a negative control, an adjacent tissue section was incubated with species-matched non-targeting
(NT) primary IgGs. Antibody incubation steps were followed by washing three times 5 min with 0.05%
PBST. Coverslips were mounted onto the sections with Fluoromount-G (ThermoFischer). The sections
were imaged using the Pannoramic Flash 250III (3D Histech), using a Plan-Apochromat 20x objective
and a pco.edge 5.5 4MP camera, the DMI600B (Leica) using an HCX PL S-APO 20.0x0.50 DRY objective
or an HCX PL S-APO 40.0x0.75 DRY objective with a DFC360FX-377550509 camera, or the Fluoview
FV1000 (Olympus) with a UPLSAPO 60x oil objective.

3. Results
Validation of the anti-p120-3 purification protocol
To validate our approach towards purification of p120-3 antibodies two rabbits were immunized with
a mix of four peptides representing differentially modified p120-3 N-termini (Fig. 1A&B). An aliquot of
serum of either rabbit was depleted of antibodies recognizing p120-1, and p120-3-recognizing antibodies
were subsequently isolated from the p120-1-depleted antiserum by sequential affinity purification
using immobilized p120-3 peptides 1-4 (Supplementary Fig. 1). The performance and specificity towards
p120-3 of the resulting eight antibody fractions as analyzed by Western blot, immunoprecipitation and
immunofluorescence was variable (Supplementary Fig. 1 and data not shown). As unexpected result,
we found that all antibody fractions recognized p120-3 in an assay in which we immunoprecipitated
p120-3 with one antibody followed by detection with each other antibody fraction (data not shown),
or with a anti-p120 monoclonal recognizing all isoforms (Supplementary Fig 1 ) indicating that the
different N-termini of p120-3 species were not recognized differentially.
Purification and characterization of anti-p120-3 antibody
To improve the yield of anti-p120-3 antibody with highest possible specificity, we selected immobilized
peptide 2 as the single affinity column to purify-p120-3 from p120-1-depleted serum, based on a strong
detection of p120-3 and a lack of cross-reactivity with p120-1 in all three techniques used in either

74

542256-L-bw-Venhuizen
Processed on: 7-7-2020

PDF page: 74

Differential expression of p120-catenin 1 and 3 isoforms in epithelial tissues

4

Figure 2 p120 isoform localization in simple and pseudostratified epithelia. Panels show p120-1 (6H11 mAb) and
p120-3 (anti-p120-3 pAb) expression in the colon, stomach, fallopian tube and bronchus, and PCK, E-cadherin and
H&E in adjacent sections. Open and filled arrowheads indicate apical (filled, apex) and basal (open, base) subregions
of the epithelial cell-cell adhesion.
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Figure 3 p120 isoform localization in glandular tissue. Panels show p120-1 (6H11 mAb) and p120-3 (anti-p120-3 pAb)
expression in the pancreas and a salivary gland, and vimentin, PCK and E-cadherin and H&E in adjacent sections.
Open and filled arrowheads indicate ducts (filled) and glandular acini (open). Lower panels are magnifications of the
area indicated by the dashed box.
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rabbit. To further minimize cross-reactivity to p120-1 and increase recognition of p120-3, additional
immunizations were administered to the rabbits. Next, antibodies recognizing p120-1 were depleted
from pooled rabbit sera by multiple depletion rounds with a p120-1 peptide column, followed by affinity
purification using immobilized peptide 2 (Fig. 1C). The resulting antibody fraction (“anti-p120-3”) was
used in all subsequent experiments.
Anti-p120-3 specifically detected p120-3 by Western blotting as shown using lysates of wild-type 4T1
murine mammary cancer cells and 4T1 p120 KO cells generated by CRISPR/Cas9-mediated knockout of Ctnnd1 (Fig. 1D). Immunoblotting of anti-p120-3 immunoprecipitates showed detection by all
previously generated fractions from the peptide 1-4 affinity columns (Supplementary Fig. 1), indicating
that anti-p120-3 recognizes the total cellular pool of p120-3. Immunofluorescence labeling of 4T1
control and 4T1 KO cells also demonstrated specific staining (Fig. 1E). To determine its suitability for
application in formalin-fixed paraffin-embedded (FFPE) human tissue, anti-p120-3 was applied in
routine histological samples and compared to binding of mouse anti-p120-1 monoclonal antibody
6H11[28]. Both antibodies strongly labeled the membrane of mammary epithelial cells, compared to
diffuse low-level background signal obtained by species-matched non-targeting IgG (Fig. 1F). A strong
signal for anti-p120-1, but not anti-p120-3, was observed in capillaries, larger blood vessels and the
glomerulus of the kidney, and occasionally in stromal cells (Supplementary Fig. 3, 4), consistent with
previous reports [25]. Thus, anti-p120-3 antibody recognizes murine and human p120-3, does not
cross-react with p120-1, and can be applied in analyses by Western blot, immunoprecipitation and
immunofluorescence in cells and human FFPE tissue.

4

P120-1 and p120-3 expression in normal human tissues
Co-expression of p120-1 and p120-3 in ciliated pseudostratified epithelia but not in gastrointestinal
simple epithelia
Gastrointestinal simple epithelia of the stomach and colon were identified to predominantly express
p120-3, which showed a slightly increased intensity along the plasma membrane at the base and apex,
in colocalization with E-cadherin (Fig. 2, arrowheads). Staining of p120-1 was below the detection limit
in these epithelia but blood vessels from the same sections were positive for p120-1 (Supplementary
Fig. 5), indicating that low p120-1 staining was not due to technical issues. In contrast to colon and
stomach, p120-1 strongly stained the pseudostratified ciliated epithelia of the fallopian tube and
bronchus, which co-expressed p120-3 and p120-1 along the entire lateral surface from apex to base
(Fig. 2). Thus, in these examples of simple and pseudostratified epithelia we found consistent coexpression of E-cadherin and p120-3, whereas levels of p120-1 are variable. The differential detection
of both isoforms in different tissues further emphasizes the selectivity of anti-p120-3 antibodies for
analysis of archival FFPE material.
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Figure 4 p120 isoform localization in the proximal and distal tubules of the kidney. Panels show p120-1 (6H11 mAb)
and p120-3 (anti-p120-3 pAb)expression in a proximal tubule and a distal tubule, and PCK, E-cadherin and H&E in
adjacent sections.

p120-1 is co-expressed with p120-3 in ducts but not acini of glandular epithelia.
Differential expression of p120 isoforms was further detected in the ducts and acini of glandular tissue
of the pancreas, parotid salivary gland and prostate gland (Fig 3, Supplementary Fig 6). Acinar epithelial
cells of these tissues expressed p120-3, with low or no p120-1 and pan-cytokeratin (PCK) expression as
detected by a broad spectrum antibody that reacts with a variety of epithelial cell types (Fig. 3, open
arrowheads). By contrast, the ductal compartment of the pancreas and salivary gland co-expressed
p120-3 and p120-1 (Fig. 3, closed arrowheads; Supplementary Fig. 6). Both glandular and ductal
epithelia expressed E-cadherin expression at similar levels.
The glandular tissue derived from ectodermal appendages, including sweat glands and the mammary
gland [30], co-expressed both p120-1 and p120-3, in addition to E-cadherin and PCK (Supplementary Fig.
7). At subcellular resolution, p120-1 and p120-3 localized to both lateral and basal plasma membrane
of mammary epithelial cells (Supplementary Fig. 7), indicating coexistence of both p120 isoforms along
both adhesions between luminal cells and adhesions between luminal cells and the myoepithelial layer.
Differential expression of p120-1 and p120-3 in kidney tubules
The different segments of the kidney tubules differentially express p120 isoforms. Distal tubules
predominantly expressed p120-3, with low or no p120-1, whereas proximal tubules expressed p1201, with very low p120-3 (Fig. 4). N- and E-cadherin expression was reported to segregate to proximal
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and distal tubules of the human kidney, respectively [31] and the different p120 isoform expression
may reflect differential engagement in epithelial- or mesenchymal-type adherens junctions [18].
Consistently, E-cadherin and PCK were expressed in distal but not in proximal tubules (Fig. 4).Taken
the results in simple and pseudostratified epithelia together, although p120-3 often associates with
E-cadherin expression, the link between p120 isoforms to E-cadherin is more variable.
Differential expression of p120-1 and p120-3 within stratified epithelia.
p120-3 was strongly expressed in all epithelial cells of the epidermis, hair follicles and sebaceous glands,
together with E-cadherin and PCK, but intensity was reduced in the basal layer (Fig. 5, Supplementary
Fig. 8). p120-1 showed comparably inverse expression, with peak intensity in basal compartments
and no signal in upper epithelial layers. Occasional vimentin- and p120-1-positive cells were observed
within the upper layers, likely representing intraepidermal Langerhans cells[32] (Fig. 5, Supplementary
Fig. 8). The p120-1-positive basal epithelial cells, including the basal layer of the epidermis, the outer
root sheath of the hair follicle and cells covering the sebaceous gland contain multipotent precursor
cells [33] , thus suggesting a switch from p120-1 to p120-3 expression with epidermal differentiation.
Differential p120-1 and p120-3 expression was further detected in basal and stratified cells of tonsil but
not cervix epithelium (Supplementary Fig. 9). This indicates that p120-3 is largely absent in the stemcell-containing basal layer but is upregulated with stratification of multilayered epithelia[33].

4

p120-3 expression in the liver is restricted to the bile duct
In the liver, co-expression of p120-3, E-cadherin and PKC was restricted to the cholangiocytes of the
bile ducts, which further lacked p120-1 (Supplementary Fig. 10). By contrast, both p120-3 and p120-1
were largely absent in hepatocytes, despite strong expression of E-cadherin (Supplementary Fig. 10).
p120-3 expression in other tissues
The densely T-cell-populated tissues of the thymus and tonsil showed sporadic punctate p120-1
distribution, and were negative for p120-3 and E-cadherin (Supplementary Fig. 11). Notably, p1201 was enriched in the germinal centre, in a pattern that is reminiscent of (epithelio)reticulocytes
[34]. E-cadherin and p120-3, but not p120-1, were further expressed in the junctions between the
syncytiotrophoblasts that form a syncytium at the outer layer of the chorionic villus and cytotrophoblasts
of the placenta (Supplementary Fig. 12). In the seminiferous tubule p120-1 was expressed in the
vimentin-positive outer layer of spermatogonia, but gradually reduced towards the centre and
completely absent in differentiated spermatids (Supplementary Fig. 12). P120-3 and E-cadherin were
neither expressed in the testis nor neuronal tissue of the cerebellum (data not shown). Thus, p120-3 is
mostly absent from non-epithelial tissues.
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Figure 5 p120 isoform localization in the skin. a) Histological section of epidermis, containing a hair follicle and
sebaceous glands. b) p120-1 (6H11 mAb) and p120-3 expression (anti-p120-3 pAb) in the epidermis, the root sheath
of a hair follicle and a sebaceous gland. Panels on the right represent a magnification of the area in the dashed box.
Open and filled arrowheads indicate p120-1-positive cells in the basal layer (filled) and intermediate layers (open).
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4. Discussion
Here we show that isoform-specific antibodies can be raised to p120-3 based on its N-terminus, despite
its otherwise identical amino acid sequence to p120-1. The direct co-labeling of both p120 isoforms
provides complementary insights into p120 isoform expression, whereas previous studies relied on an
indirect subtractive approach cross-referencing anti-p120-1 labeling against pan-p120 detection [25,
32].
We considered four different p120-3 N-termini that may arise due to cleavage of the initiator
methionine, and/or N-terminal acetylation [26]. All four antibody fractions recognized cell-derived
p120-3, which suggests that the p120-3 antibody fractions raised against different N-terminal peptides
are polyspecific. Specificity towards p120-3 and not p120-1 may be due to sterical inability to accept
the bulky charged arginine residue, located immediately N-terminally of the initiator methionine of
p120-3 in the p120-1 polypeptide in the binding pocket [35].
By immunolocalization analyses of both p120-1 and p120-3 in a sampling of mostly epithelial human
tissues we confirm previously observed variance of p120-3 and p120-1 co-expression in different
epithelia, as demonstrated by protein or mRNA expression analyses or inferred by immunofluorescence
[17, 25, 36, 37]. Specifically, we show highly prevalent p120-3 expression in terminally differentiated
cells including excretory glandular cells and non-basal epidermal cells, and in the stomach and colon
in conjunction with E-cadherin-positive adherens junctions, the latter of which is in accordance with
previous immunolabelings of other gastrointestinal epithelia [25]. Preferential expression of p120-1 or
co-expression of p120-3 and p120-1 is demonstrated in basal layers of epithelia of the skin and skin
appendages including the hair follicle, sebaceous gland, sweat gland and mammary gland [30], as well
as in pseudostratified epithelia with high turnover, such as bronchial epithelium.
The relevance of varying co-expression of p120 isoforms is currently unclear. Differentiation and tissue
homeostasis in many of the epithelia in which we find relative high p120-1 expression is controlled
by canonical Wnt signaling including the skin, proximal kidney tubule, and fallopian tube [38-41] .
P120 is structurally related to β-catenin, a key regulator of the Wnt pathway [3] and p120-1, but not
p120-3, contains a Wnt signaling destruction sequence causing p120-1 stabilization in the presence
of Wnt signaling [42]. Nuclear signaling by p120 isoforms has been implicated in canonical Wnt
signaling by their ability to regulate Kaiso-mediated gene expression and controlling the expression
of, and response to, Wnt ligands in conjunction with β-catenin [43, 44]. These findings suggest highly
complex p120 isoform-dependent regulation of Wnt signaling. Future work will clarify whether high
p120-1 expression is maintained through Wnt signaling in these tissues and the functional correlations
between differential p120 isoform expression, Wnt signaling regulation and tissue homeostasis.
Application of direct p120-1 and p120-3 detection will be useful in understanding the tissue-specific
functions of p120 isoforms. Tissue-specific isoform expression patterns, and associated differential
regulation of isoform-specific function likely underlie the highly variable phenotypes obtained in
conditional knock-out studies in mice. While some mouse knock-out phenotypes, such as loss of
epithelial integrity and resulting inflammatory responses likely depend on shared functions of p120
isoforms, in particular stabilization of cadherins [5] [6], other phenotypes may be due to isoformspecific functions. For example, ablation of p120 in the salivary gland [7] or pancreas [15] results in
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reduced acinar differentiation and increased ductal content. The differential isoform expression in
glandular ducts and acini may affect differentiation, for instance via Wnt signaling as discussed above.
Similarly, the p120 knock-out-induced phenotype observed in proximal, but not distal tubules [10], may
be related to the different isoforms expressed in this tubular segments. Isoform-specific functions may
also explain tissue-dependent susceptibility to oncogenic transformation upon p120 knock-down, as
seen in salivary gland [7], skin [11, 12] and the mammary gland [9], which may be due to differences in
nuclear signaling or cytoskeletal regulation.
The regulation of p120 isoform expression, for instance through ESRP1 and 2[45], and the functional
significance of p120-3 and p120-1 expression in development and cancer warrants further work.
Isoform-specific knock-out models based on removal of specific exons [46] or targeted mutation of
specific initiator methionines, may elucidate the extent of compensation and exclusive functions in an
in vivo context .
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Supplementary Figure 1 Specificity testing of different affinity-purified p120-3 antibody fractions. a) Overview of
the purification of p120-3-specific antibodies. Two rabbits were immunized with a mixture of peptides 1-4. An
aliquot of serum of either rabbit was depleted of p120-1 using immobilized p120-1 peptide. Eluates from the p1201 column were named Rb1-p120 and Rb2-p120. Anti-p120-3 antibodies of the p120-1-depleted sera were purified
by successive affinity purification on immobilized peptides 1, 2 3 and 4. Antibody eluates are named after rabbit
(Rb1 or Rb2) and immobilized peptide (P1,P2,P3,P4). b) Western blot analysis of MDCK parental cells (par), MDCK
cells stably expressing shRNA against p120 (p120kd) and p120kd cells overexpressing murine p120-1 (mp120-1)
or p120-3 (mp120-3). Blots were stained with a commercial mouse monoclonal antibody (clone 98 anti-p120;
p120 mAb(98)),Rb1-p120 or Rb2-p120. Note that p120 mAb Rb1-p120 and Rb2-p120 recognizes all p120 isoforms.
Arrows indicate p120-1 and p120-3. β-tubulin was used as loading control. c) Lysates of mp120-1 and mp120-3 were
probed with the different antibody eluates from the immobilized p120-3 peptide columns. d) Immunoprecipitation
(IP) of p120-3, using the antibody fractions indicated above the lane and detected using p120 mAb (98).
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Supplementary Figure 2 Immunoprecipitation with p120-3 antibody. Cell lysates of 4T1 cells were used to
immunoprecipitate p120-3 using anti-p120-3 antibody. Western blot analysis showed detection by previously
generated P1-P4 antibody fractions from rabbit 2 serum.

4

Supplementary Figure 3 High expression o f p120-1 in endothelial cells. a) Adjacent sections of a blood-vessel rich
area of human mammary gland showing co-staining for p120-1 (6H11 mAb) and p120-3 (anti-p120-3) or with H&E.
Inserts represent an enlargement of the dashed box. b) p120-1 positive blood-vessels co-express the endothelial
marker CD34.
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Supplementary Figure 4 p120 isoform expression in the glomerulus. a) Histological section of the kidney, stained
with H&E, showing a glomerulus. b) Immunofluorescence labeling of the glomerulus. Panels show staining for p1201 (6H11 mAb) and p120-3 (anti-p120-3), and vimentin and E-cadherin from an adjacent section.
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Supplementary Figure 5 p120 isoform expression in colon and stomach. Images show a larger area of tissue as
represented in Figure 2. Histological sections from the colon and stomach were labeled for p120-1 (6H11 mAb) and
p120-3 (anti-p120-3). Note that epithelial cells of stomach and colon express very low levels of p120-1, whereas
nearby blood vessels (arrowheads) are strongly positive for p120-1.
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Supplementary Figure 6 p120 isoform localization in a pancreatic duct and an acinus of the prostate gland. Panels
show p120-1 (6H11 mAb) and p120-3 (anti-p120-3), and vimentin, PCK and E-cadherin and H&E from adjacent
sections. Filled and open arrowheads indicate ducts (filled) and glandular acini (open).
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Supplementary Figure 7 p120 isoform localization in the mammary gland and sweat gland. a) p120-1 (6H11 mAb)
and p120-3 (anti-p120-3) localization in a mammary duct and lobular units. Lower panels show PCK and E-cadherin
from an adjacent section. b) High-resolution confocal microscopy of lobular epithelial cells. Cell-cell contacts are
present containing both p120-1 and p120-3 (closed arrowhead) or only p120-1 (open arrowhead). As the latter is
formed between peripheral cells with elongated nuclei, it may represent a homotypic myoepithelial contact. c) P120
isoform localization in the sweat gland. Panels show p120-1 (6H11 mAb) and p120-3 (anti-p120-3), and vimentin,
PCK and E-cadherin and H&E in adjacent sections.
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Supplementary Figure 8 Localization of vimentin, PCK and E-cadherin in the epidermis, hair follicle and sebaceous
gland. Filled and open arrowheads indicate vimentin-positive cells in the basal layer (filled) and intermediate
layers (open), which possibly represent melanocytes and Langerhans cells, respectively [34]. Arrow indicates PCK
surrounding a lipid-filled vacuole.
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Supplementary Figure 9 p120 isoform localization in the stratified epithelia of the cervix and tonsil. Panels show
p120-1(6H11 mAb) and p120-3 (anti-p120-3), and vimentin, PCK and E-cadherin and H&E in adjacent sections.
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Supplementary Figure 10 p120 isoform localization in the liver. a) H&E staining of a section of liver, containing a
portal vein, bile ducts and hepatocytes. b) Panels show (6H11 mAb) and p120-3 (anti-p120-3) expression in a bile
duct and hepatocytes, and vimentin, PCK and E-cadherin in an adjacent section.
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Supplementary Figure 11 p120 isoform localization in the tonsil. a) H&E staining of a section of a tonsil, containing
a germinal centre and surrounding lymphocytes. b) p120-1 (6H11 mAb) and p120-3 (anti-p120-3) expression in a
germinal centre and surrounding lymphoid tissue of the tonsil, and vimentin, PCK and E-cadherin in an adjacent
section.

95

542256-L-bw-Venhuizen
Processed on: 7-7-2020

PDF page: 95

Chapter 4

Supplementary figure 12 p120 isoform localization in the placenta and testis. Panels show p120-1 (6H11 mAb) and
p120-3 (anti-p120-3) expression, and vimentin, PCK and E-cadherin and H&E in adjacent sections. For the placenta,
the localization of a chorionic villus, the syncytiotrophoblast (SCTB) and a cytotrophoblast (CTB) are indicated.
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Abstract
Tumor metastasis is the endpoint of tumor progression and depends on the ability of tumor cells to
locally invade tissue, transit through the bloodstream and ultimately to colonize secondary organs
at distant sites. P120 catenin (p120) has been implicated as an important regulator of metastatic
dissemination because of its roles in cell-cell junctional stability, cytoskeletal dynamics, growth and
survival. However, conflicting roles for p120 in different tumor models and steps of metastasis have
been reported, and the understanding of p120 functions is confounded by the differential expression of
p120 isoforms, which differ in N-terminal length, tissue localization and, likely, function. Here, we used
in silico exon expression analyses, in vitro invasion assays and both RT-PCR and immunofluorescence
of human tumors. We show that alternative exon usage favors expression of short isoform p120-3 in
1098 breast tumors and correlates with poor prognosis. P120-3 is upregulated at the invasive front of
breast cancer cells migrating as collective groups in vitro. Furthermore, we demonstrate in histological
sections of 54 human breast cancer patients that p120-3 expression is maintained throughout the
metastatic cascade, whereas p120-1 is differentially expressed and diminished during invasion and in
metastases. These data suggest specific regulation and functions of p120-3 in breast cancer invasion
and metastasis.

1. Introduction
P120 catenin (hereafter p120), which regulates adherens junctions by preventing the endocytosis of
cadherins [1], has been identified as a regulator of tumorigenesis and tumor cell migration. Expression
deregulation or mislocalization of p120 is observed in many different cancers [2-5]. Loss of p120
leads to loss of E-cadherin [1, 6, 7], which is thought to promote dissemination of cancer cells [8, 9]
and correlates with poor prognosis [10]. Conditional deletion of p120 promotes tumor formation in
mouse models in several studies [11-15], indicating a tumor suppressor function of p120. However,
positive contributions of p120 to cancer progression have also been reported [16, 17]. These opposing
observations may be due to the integrated effects of the many processes that are controlled by p120,
including anchorage-independent growth, Wnt signaling, regulation of Rho GTPases, and promotion
of migration and invasion [2, 17-19]. p120 may promote cancer progression by facilitating E-cadherindependent collective migration of tumor cells [20-22]. Collective invasion of breast cancer cells into
the mammary stroma is the prevalent invasion mode in breast cancer and correlates positively with
metastatic outcome and worsened prognosis [23-25]. Thus, a functional p120/E-cadherin axis may
contribute to tumorigenesis and support collective cancer progression and metastasis.
One of the mechanisms by which p120-dependent pro- and antitumorigenic functions may be balanced
is through alternative splicing. Alternative splicing is widespread in tumors and leads to expression of
cancer type-specific protein isoforms [26]. In p120, alternative splicing leads to N-terminal variants,
p120-1 through p120-4, according to usage of alternative start codons [27]. The most common isoforms,
p120-1 and p120-3, are differentially expressed depending on tissue location and differentiation
status [27-29]. P120 isoforms differ in their ability to regulate RhoGTPase [30] and transcription factor
signaling [31-33], and differentially impact cell migration and proliferation [30, 34]. Alternative splicing
of p120 is regulated by several pathways which are also involved in epithelial differentiation and EMT
and cancer progression. EMT transcription factors including Slug and Snail [6, 35], promote expression
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of p120-1, whereas the action of ESRP-1 and -2, which directly mediate alternative splicing of p120-3
[36] as part of a general epithelial-promoting splicing program is abrogated during EMT [37-39]. Thus,
alternatively spliced p120 isoforms may be involved in seemingly conflicting p120 functions during
cancer progression.
We here investigated whether p120 isoforms switching occurs during ductal breast cancer progression.
Furthermore, as p120 potentially fulfills different functions during different stages of tumor progression
[18], we compared p120 isoform expression in breast cancer cells in different metastatic stages, i.e.
in situ carcinoma, locally invading cells, intravasated cells and lymph node metastases. We report
increased p120-3/p120-1-encoding mRNA ratios in breast cancer, correlating with tumor grade, size
and patient survival. Using novel isoform-specific antibodies [29] we demonstrate upregulation of
p120-3 in invading tumor cells fronts in vitro. Analyses of human tumor sections demonstrate that
p120-3 is consistently highly expressed in invasive tumor regions and throughout the metastatic
cascade, whereas p120-1 expression depended on the metastatic stage and was mostly observed
in non-invasive growth and intravascular transit. Our data show that p120 isoforms are expressed
differentially during tumor progression, suggesting isoform-specific functions.

2. Materials and methods
Cell culture
The mouse mammary tumor cell lines 4T1 and 4TO7 were developed by Fred Miller, Michigan Cancer
Foundation, Detroit, and kindly provided by Keltouma Driouch, Institute Curie, Paris. Cells were cultured
at 37˚C, 5% CO2 in RPMI 1640 (Gibco) with 10% FCS, 10.000 U/ml penicillin/streptomycin and 1 mM
sodium pyruvate. NMuMG cells were cultured at 37˚C and 10% CO2 in DMEM with 10% FCS, 10.000
U/ml penicillin/streptomycin, 2 mM L-glutamine and 10 µg/ml insulin. The identity of 4T1 cells was
confirmed by short tandem repeat DNA profiling (IDEXX BioResearch). Cells were regularly tested for
Mycoplasm infection using the MycoAlertTM Mycoplasma Detection Kit (Lonza).

5

Antibodies and dyes
The following antibodies were used for Western blot of mouse cell lysates: mouse anti-pan-p120
(BD610134, 0.25 µg/ml), mouse anti-E-cadherin (BD610182, 0.5 µg/ml), rabbit polyclonal anti-αcatenin (Sigma C2081, diluted 1:1000), rabbit anti-β-catenin (Santa Cruz sc-7199, 0.2 µg/ml), rabbit
anti-β-actin (Cytoskeleton AAN-01, 0.5 µg/ml), rabbit anti-GAPDH (Sigma G9545, 0.2 µg/ml), and
mouse monoclonal anti-β-tubulin (E7, Developmental Studies Hybridoma Bank, University of Iowa,
USA). Secondary antibodies used for Western Blot were Alexa Fluor 680-conjugated or Alexa Fluor
IRDye 800-conjugated goat anti-mouse and goat anti-rabbit IgG (Invitrogen).
For immunofluorescence of mouse cells and human tissues, the following antibodies were used: mouse
monoclonal 6H11 antibody specifically recognizing the longer p120 isoforms p120-1 and p120-2 (Santa
Cruz sc-23873, 0.4 µg/ml for cultured cells and 4 µg/ml for tissue sections), rabbit anti-p120-3 raised
against the N-terminus of p120 [29](5 µg/ml for all conditions), mouse anti-p120 (BD610134, 0.5 µg/
ml for cultured cells), rat anti-E-cadherin (DECMA-1, Sigma U3254, diluted 1:200 for cultured cells),
mouse anti-E-cadherin (BD610182, 2.5 µg/ml for tissue sections), chicken anti-vimentin (Ab24525,
diluted 1:400 for tissue sections) and wide spectrum Cytokeratin (PCK, Abcam Ab9377, diluted 1:200
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for tissue sections). Secondary antibodies were Alexa Fluor™ 546/647 goat anti-mouse IgG (H+L), Alexa
Fluor 546/647 goat anti-rabbit IgG (H+L), Alexa Fluor 488 goat anti-chicken IgY (H+L) and Alexa Fluor
555 donkey anti-rabbit IgG (H+L) conjugates (all Invitrogen). Nuclei were stained with 4′,6-Diamidine2′-phenylindole dihydrochloride (DAPI, Roche 10236276001, 5 µg/ml) and F-actin by Alexa Fluor
488/568-conjugated Phalloidin (Invitrogen, 1:200).
Subcellular protein fractionation
Cells, grown to confluence in 6 cm culture dishes, were washed twice with PBS, scraped in PBS on ice,
pelleted (5 min, 100 g, 4˚C), and resuspended in ice-cold buffer containing 3 mM Imidazole, 300 mM
sucrose at pH 7.5, supplemented with protease and phosphatase inhibitors (5 µg/ml pepstatin, 10 µg/
ml chymostatin, 3 µg/ml leupeptin, 10 µg/ml antipain, 0.5 mM benzamadin, 0.2 mM PMSF, 0.1 kU/ml
aprotinin, 1 mM Na3VO4, 1 mM NaF). The cell membranes and cytosol were separated from the nuclei
by passing the cells through a 25 gauge needle until completion as confirmed by visual inspection.
The nuclei were subsequently sedimented (5 min, 14 *103 g, 4˚C) and the supernatant was collected.
Membrane and cytosol fractions were separated by centrifugation (1 h, 105*103 g, 4˚C; Sorvall WX80
A98 centrifuge with an SW60 Ti rotor). Samples were diluted with concentrated Laemlli buffer (100 mM
Tris-HCl, 4% SDS, 20% glycerol, 200 mM DTT, bromophenol blue), boiled (5 min, 95˚C) and analyzed by
Western Blot. Approximately 10% of the sample was loaded as total lysate.
Cytoskeleton extraction
Cells grown to confluence in a 12 well plate culture were placed on ice, washed twice with ice-cold
PBS++ (PBS with 0.5 mM Mg2+ and 1 mM Ca2+), and incubated 20 min on ice with 250 µl extraction
buffer (50 mM NaCl, 300 mM sucrose, 10 mM Pipes, pH 6.8, 3 mM MgCl2, 0.5% (v/v) Triton X-100
supplemented with protease and phosphatase inhibitors as above). Next, the extracted cytosol was
removed and diluted with concentrated Laemlli buffer as described above. The remaining cytoskeletal
fraction was washed twice with ice-cold PBS++, and subsequently scraped in Laemlli buffer and
analyzed by Western Blot.
Co-immunoprecipitation with p120 isoform-specific antibodies
Cells grown to confluence in 10 cm culture dishes were washed twice with ice-cold PBS and subsequently
scraped on ice with 1 ml IP lysis buffer (125 mM NaCl, 20 mM Hepes pH 7.4, 1% Nonidet P40 substitute,
supplemented with protease and phosphatase inhibitors as above). Cellular debris was removed by
centrifugation (15 min, 15*103 g, 4˚C) and pre-cleared with CL-4B beads (GE Healthcare, Piscataway,
NJ) for 30 min at 4˚C. 5% of the cleared lysate was taken as a total lysate control. The remaining lysates
were incubated sequentially with 1 µg of antibody (1 h, 4˚C) and Sepharose-Protein G (16 h, 4˚C while
rotating). The beads were washed five times with IP lysis buffer by centrifugation. Proteins were eluted
from the beads by boiling in Laemlli buffer (5 min, 95˚C) and analyzed by Western blotting. To compare
co-immunoprecipitation of the target proteins with p120-1 and p120-3, two-tailed student t-tests were
performed. The variances were determined not to be significantly different using an F-test.
Western blot analysis
Proteins were separated by size by means of SDS-PAGE, and subsequently transferred to PVDF
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membrane. Unspecific binding sites on the blots were blocked with PBST (PBS with 0.2% Tween-20)
with 5% BSA for 1 h and the blots were incubated with primary antibodies in 5% BSA in 0.2% PBST
overnight at 4˚C. Subsequently, the blots were washed six times with 0.2% PBST and incubated with
Alexa Fluor-conjugated secondary antibodies (Thermo Fischer) for 1 h. The blots were washed again six
times with 0.2% PBST and once in PBS. Fluorescent scans of the blots were made using the Odyssey CLx
imaging system (Li-Cor, Lincoln, NE) and analyzed with the Image Studio Lite software Ver 4.0.
Immunofluorescence of cultured cells
Cells on coverslips were pre-incubated with 10% normal goat serum in PBS with 0.3% Triton X-100
(1 h) to block unspecific binding sites, washed with PBS, and incubated with primary antibody for 2
h. After washing with PBS, samples were incubated with fluorophore-conjugated secondary antibody
and probes for 1 h in 5% BSA and 0.3% Triton X-100 in PBS, and washed with PBS. The coverslips were
mounted on object slides with FluorSave (Calbiochem). Cells were imaged with the Olympus FluoView
1000 confocal microscope, using a UPLSAPO 60x oil objective.
Gap closure assay
4T1 cells were grown to confluence inside silicone inserts (Ibidi) mounted on sterile coverslips. To initiate
migration, the inserts were removed. After culture for 12 h samples were fixed (4% paraformaldehyde
in 0.1 M phosphate buffer, pH 7.4; 15 min, 37˚C), washed three times with PBS, and stained for p120
isoforms, nuclei and F-actin as described above. Quantification of p120 expression as a function of
distance from the leading front in the gap closure assays was performed using a semi-automatic
custom written analysis script for Fiji/ImageJ (Version used was Fiji 1.49m) [40]. Identification of the
leading front was performed by first thresholding the actin image using the “MinError” threshold.
Subsequently, small areas within the cell layer that were initially not thresholded were removed by
a predefined number of erosion steps followed by as many dilation steps resulting in a well-defined
binary mask for the area that was occupied by the cells. Next, an outline of this mask was created by
the binary “outline” function and for the last step, the part of the outline at the image boundary was
removed to only leave a line that defines the invasive front. Next, this lines was moved away from the
leading front into the cell layer and the average fluorescence intensity was calculated for the p120-1
and p120-3 channels at predefined steps (0.2 µm) over a predefined distance (180 µm) (Supplementary
Fig. 4C). Images of confluent cell layers located at least 1000 µm away from the leading edge were
taken as control. Fluorescent profiles of the distribution of p120-isoforms and actin were analyzed
with FIJI 1.49m [40], and analyzed statistically using a Kruskal-Wallis test with a Dunn’s correction for
multiple comparison.

5

Spheroid invasion in 3D culture
P120 isoform distribution in invading tumor spheroids was done essentially as described [41]. Briefly,
multicellular spheroids of 1000 4T1 cells were assembled for 24 h using the hanging-drop assay (20%
Methylcellulose (Sigma). After washing with PBS, spheroids were embedded in 4 mg/ml non-pepsinized
rat-tail type I collagen (BD Biosciences). Spheroids were allowed to invade for 72 h, and were then fixed
for immunofluorescent staining for 15 min, using 4% PFA, at 37˚C). After washing, collagen gels were
incubated with primary and secondary antibodies in PBS/BSA (0.1%)/Triton X-100 (0.3%) for 2 -3 hr at
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room temperature and imaged as whole-mount 3D samples. Confocal fluorescence and reflectance
microscopy was performed by sequential single-channel confocal using an Olympus FV100 with a 40X
objective.
In silico splicing analysis of human breast cancer RNAseq data
To plot the read distribution over exons of the p120 catenin gene (CTNND1) in human non-diseased
and breast cancer tissue, the TCGA SpliceSeq was used (http://projects.insilico.us.com/TCGASpliceSeq,
In Silico Solutions). Raw RNAseq data of 1094 breast cancer patients and 113 matched samples of
adjacent normal tissue from TCGA-BRCA databases (https://portal.gdc.cancer.gov/projects/TCGABRCA) was retrieved and aligned with known exons. The number of exon observations per case was
normalized over exon length in kb and million base pairs of total reads, and subsequently averaged per
category, i.e. normal or tumor, and normalized over exon counts for the entire gene, to correct for gene
expression differences and compare exon expression between breast cancer tissue and normal tissue
controls.
p120 isoform expression in human breast cancer samples
Primary breast tumor and lymph node metastasis samples from human breast cancer patients that had
not received adjuvant therapy were obtained, with informed consent, from the Radboud Breast Cancer
Biobank, approval 2013/576 IRB (Institutional review board) Radboud university medical center. P120
isoform RNA expression was analyzed in primary tumor tissue RNA was isolated using the Norgen’s
total RNA purification kit (Norgen Biotek Corp, Thorold, Canada) and stored at -80˚C. RNA quality was
confirmed by A260/A280 and 28S/18S. The Reverse Transcription System (Promega, Madison, WI)
was used for cDNA synthesis. RT-PCR was performed using the equivalent of 50 ng RNA with 500 nM
forward and reverse primers, in SYBR Green master mix (Biorad) using a PTC-200 (MJ Research). The
following variant-encompassing primers were used: forward 5’- TGCCCTGCTGGATTTGTCTT- 3’ , reverse
5’- CGAGTGGTCCCATCATCTG - 3’ [27]. RT-PCR was performed using a PTC-200 (MJ Research). Samples
were denatured (5 min, 94˚C), followed by 30 cycles of 40s at 94˚C, 59˚C and 72˚C and a final extension
step (5 min, 72˚C). PCR products were separated using a 1.2% agarose gel, along with a 100 bp ladder
(New England BioLabs). PCR products were assigned to p120 isoforms by amplicon size and analyzed by
densitometry (Supplementary Fig. 1B). A non-parametric Kruskal-Wallis test was used with a post-hoc
Dunn’s test for multiple comparison of tumor size correlation with p120 isoform ratio, and a Spearman
correlation was used for grade, as grade is an ordinal quantity. To compare survival, a Mantel-Cox test
was used.
H&E and immunofluorescence of histological sections
FFPE sections (4 µm) from human tissue from patients described above were deparaffinized and
dehydrated in ethanol dilution series. For histological analysis, H&E staining was performed by incubating
20 min with haematoxylin and 5 min with eosin. For epitope retrieval and immunofluorescence
staining, tissue sections were incubated in Tris-EDTA buffer (10 mM Tris, pH 9.0, 1 mM EDTA; 15 min,
95˚C), cooled in the same buffer for 1 h at room temperature, and washed with PBS for 1 h on a shaker.
Non-specific epitopes were blocked with 10% NGS, 1% BSA and 0.2% Triton X-100 in PBS, followed by
incubation with primary antibody overnight at 4˚C and secondary antibody and DAPI in 1% BSA/0.05%
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PBST for 1 h at room temperature. Adjacent tissue sections were incubated with species-matched nonspecific IgG antibody as negative control. The sections were washed three times 5 min with 0.05% PBST
after each antibody incubation step. Coverslips were mounted onto the sections with Fluoromount-G
(ThermoFischer). The sections were imaged using either a Pannoramic Flash 250III microscope (3D
Histech), using a Plan-Apochromat 20x objective and a CIS VCC-FC60FR19CL camera for H&E-stained
samples and a pco.edge 5.5 4MP camera to detect (immuno) fluorescence), or a DMI600B microscope
(Leica) fitted with an HCX PL S-APO 20.0 × 0.50 DRY objective or an HCX PL S-APO 40.0x0.75 DRY
objective and a DFC360FX-377550509 camera.
Analysis of p120 isoform expression in human breast cancer sections
Images of human breast tumor tissue sections were analyzed with the CaseViewer 2.0 software
(3DHistech). Different histological subregions, including histologically normal mammary gland
epithelium, carcinoma in situ, local invasion into the fibrous or adipose tissue, or intravascular cells
were independently scored in a blinded manner by two researchers for high, intermediate or absent
fluorescence intensity of p120-1, p120-3 and E-cadherin (Supplementary Fig. 6). To account for the
non-Gaussian distribution of data, a non-parametric Kruskal-Wallis test was used with a post-hoc
Dunn’s test for multiple comparison.

3. Results
High p120-3/p120-1 isoform expression ratio predicts poor prognosis
P120 isoform mRNA expression depends on alternative splicing of CTNND1 mRNA [27](Fig. 1A, B).
There are four alternative entry points, designated M1-4, indicating the methionine residues encoded
by the respective start codons. Inclusion of all entry points leads to translation from start codon M1 and
subsequent formation of protein isoform p120-1, whereas exclusion of M1 and M2 by splicing in the
5’ region of the mRNA results in formation of isoform p120-3. Furthermore, CTNND1 mRNA contains
4 alternative exons (termed A-D) which can be included or excluded independently. We first compared
the exon expression levels between invasive breast cancer tissue and adjacent controls from the TCGABRCA cohort (n= 1098) with TCGA SpliceSeq (Supplementary Table 1). Using this method, we could
demonstrate a 3.2-fold higher inclusion of alternative exon B in cancerous compared to control tissue,
which is consistent with previous reports [42, 43](Fig. 1C,

5
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Figure 1 p120 isoform expression is changed in invasive breast cancer and correlates with poor prognosis. A)
Schematic overview of p120-1 and p120-3 protein structure. CC, coiled coil domain, NTR, N-terminal region, ARM,
Armadillo repeat domain, CTR, C-terminal region. B) Schematic overview of the exons in the CTNND1 gene coding
for p120 protein. The alternative entry points are indicated by M1, M2, M3, M4, and the corresponding encoding
alternative exons are indicated with the numbers below. The alternative exons A,B,C and D are indicated with
their respective letters. C) CTNND1 exon expression ratios of tumor/normal mRNA from the TCGA-BRCA database.
Alternative entry points and exons are indicated above the bars. D) Correlation between p120-3/p120-1 isoform
encoding ratios in human breast cancer tissues and pathological features. Significant positive correlations were
found between p120-3/p120-1 isoform ratio and tumor grade (Spearman correlation, Rs = 0.217, P = 0.017) and size
(Kruskal-Wallis, p = 0.047). E) Significant differences in survival depending on p120-3/-120-1 isoform ratio of patients
with T1 breast tumors (Mantel-Cox test, p = 0.0064).

Supplementary Fig. 1A). In addition, our analyses revealed a novel observation that exons 4.1 and 4.3,
containing the start codons M1 and M2, respectively, were twofold lower expressed in cancer tissue
compared to tumor-free control tissue thus suggesting a higher ratio of p120-3/p120-1 encoding mRNA
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in cancer as compared to control tissue. These findings were surprising, as EMT transcription factors,
whose presence is established in breast cancer [8], cause an isoform switch towards p120-1 in vitro
[6, 35]. We therefore subsequently examined the N-terminus of CTNND1 transcripts in more detail in
mRNA samples of a cohort of 96 breast cancer patients using variant-encompassing primers spanning
the 5’ region containing the alternative entry points (Supplementary Fig. 1B). In this cohort, the p120
isoform 3/1 encoding ratio correlated positively with tumor grade and size (Fig. 1D). Additionally,
p120-3/p120-1 encoding ratio negatively correlated with patient survival in T1 tumors (Fig. 1E). No
correlation was found between p120 isoforms and age, growth receptor levels or occurrence of lymph
node metastasis. These data indicate that p120 isoform expression represents a prognostic factor in
breast cancer.
P120 isoforms equally associate with adherens junctions in confluent monolayers
P120 binding stabilizes classical cadherins at the cell membrane [1]. As previous studies have shown
both p120-1 and p120-3 bind to E-cadherin [44-46], we next addressed whether there are quantitative
differences in p120 isoforms association with cadherins. Fractionation of confluent 4T1 murine
mammary cancer cells and normal murine mammary gland (NMuMG) cells into cytosol and membrane
compartments showed that both p120 isoforms, as well as E-cadherin, α- and β-catenin

5

Figure 2 p120 isoform association with adherens junctions in 4T1 cells. A) Membrane-cytosol fractionation. B) Coimmunoprecipitation with isoform-specific antibodies for p120-1 (6H11 mAb) and p120-3 (anti-p120-3 pAb).
IP antibodies are indicated above the blots (* p<0.05). C) Cytosol extraction. All membranes were incubated with the
antibodies indicated adjacent to the blots. Quantifications are shown below the blots.
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are predominantly found in the membrane fraction (Fig. 2A; Supplementary Fig. 2A). By contrast, in
4TO7 mesenchymal murine mammary tumor cells, which lack E-, N- or P-cadherin-based adherens
junctions, both p120 isoforms predominantly localized in the cytosolic fraction (Supplementary Fig.
2B,3). Thus, in mammary epithelial cells, membrane localization of both p120-1 and p120-3 depends
on the presence of cadherins, consistent with previous reports [46]. To address directly whether p1201 and p120-3 differentially interact with adherens junctions proteins, we used p120 isoform-specific
antibodies to precipitate p120 and associated proteins. Co-immunoprecipitation of E-cadherin and
α-catenin did not differ between p120-1 and p120-3 although p120-3 precipitated significantly more
β-catenin in 4T1 (Fig. 2B, Supplementary Fig. 2C). Furthermore, reciprocal co-immunoprecipitation with
an antibody against E-cadherin co-precipitated both isoforms at ratios equivalent to those expressed
in total lysates (Supplementary Fig. 2D,E). These results confirm similar binding of p120-1 and p1203 to E-cadherin and likely indirect association with α-catenin, which confirms the strong membrane
localization of both p120 isoforms in confluent cell layers [29]. As adherens junction complexes require
a link to the actin cytoskeleton for functional adhesion and mechanotransduction [47], we analyzed the
cytoskeleton association of p120-1 and p120-3 and other adherens junctions proteins, and detected no
differential association in 4T1 cells (Fig. 2C; ~35%) and in NMuMG cells (Supplementary Fig. 2F; ~55%).
In 4TO7 cells lacking adherens junctions, p120 did not associate with the cytoskeleton (Supplementary
Fig. 2G). These results indicate that in cells in a confluent monolayer p120-1 and p120-3 equally bind to
adherens junctions and connect to the actin cytoskeleton.
Upregulation of p120-3 at the invasive front of moving multicellular sheets
We next aimed to determine p120 isoform localization in 4T1 cells. Both p120-1 and p120-3 exhibited
strong membranous localization (Fig. 3A). No nuclear signal was observed, which is in agreement with
low steady-state levels of nuclear p120 reported previously [48]. The relative p120 isoform distributions
differed strongly between individual 4T1 cells (Fig. 3A), but not in NMuMG cells (Supplementary Fig.
4A). The intercellular heterogeneous expression of p120 isoforms was not seen for total p120 levels
or E-cadherin (Fig. 3A), indicating that adherens junction formation was not affected by heterogenous
p120 isoform expression. To analyze p120 isoform expression distribution in migratory cells, 4T1 cells
were allowed to migrate for 12 h in a gap closure assay. Immunolabelling of the migrated cells with
p120 isoform-specific antibodies showed that p120-3 expression was elevated at cells at the leading
front (Fig. 3B). Quantification of p120 isoform expression (Fig 3B, Supplementary Fig. 4B,C) showed
that p120-3 immunofluorescence was high in the first 60 µm from the leading edge, and gradually
decreased to levels detected in non-migratory confluent cells. By contrast, p120-1 expression
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Figure 3 4T1 cells heterogeneously express p120 isoforms and preferentially express p120-at the invasive front.
A) Confluent 4T1 cells, show heterogeneous expression of p120 isoforms upon immunostaining with p120-3
(anti-p120-3 pAb) and p120-1 (6H11 mAb) and homogeneous expression of total p120 (anti-p120 mAb) and
E-cadherin (DECMA-1 mAb). B) Immunofluorescent labeling of migrating 4T1 cells in a gap closure assay demonstrate
preferential expression of p120-3 (anti-p120-3 pAb) as compared to p120-1 (6H11 mAb) at the leading front . C)
p120 isoform expression profiles, as quantified by distance from the invasive front. Lower panel shows the binned
p120-3/p120-1 isoform ratios over intervals of 30 µm. The green bar in the lower panel represents the average of
p120 isoform ratio in the confluent region. P120-3/p120-1 isoform ratios were compared using a Kruskal-Wallis test,
and were significantly different between the first 90 µm from the invasive front and the average of the confluent
region. D) p120 isoform expression in 4T1 cells migrating as invasive strands in 3D collagen. Panels show p120-1
(6H11 mAb) and p120-3 (anti-p120-3 pAb) in cells at the leading edge, follower cells and cells that had not migrated
out of the spheroid.
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was low at the leading edge and increased until a plateau was reached 100 µm rearward from the
leading edge, similar to staining intensity in a non-moving monolayer (Fig. 3B,C). This differential
expression of p120 isoform was reflected by a significantly higher p120-3/p120-1 isoform ratio at the
first 90 mm of the invasive front compared to the trailing edge (Fig. 3C). Similarly, in collective strands of
4T1 cells invading into a 3D collagen matrix, p120 isoform distribution was heterogeneous, and p120-3
was strongly near the leading edge (Fig. 3D). These data indicate that local upregulation of p120-3 but
not p120-1 is associated with the invasive front of invading breast cancer cells in 2D and 3D cell culture
models.
P120-3 is expressed throughout the metastatic cascade, whereas p120-1 is reduced in invasive regions
To determine p120 isoform expression in invasive regions of human tumors, we examined histological
sections of 54 human ductal breast cancer patients using isoform-specific antibodies. Non-invasive in
situ tumor cells in sections of human mammary tumors exhibited strong membranous signal of p1201, p120-3 and E-cadherin, similar to histologically normal ducts and lobules adjacent to tumor tissue
(Fig. 4A, Supplementary Fig. 5). Predominantly collective local invasion zones located in the fibrous and
adipose tissue showed high expression of membranous E-cadherin and p120-3, but not p120-1 (Fig.
4A). We next scored p120 isoform expression based on immunofluorescence intensity (Supplementary
Fig. 6) in tumor cells at subsequent stages of the metastatic cascade, i.e. intravasation into lymph or
blood vessels and locoregional lymph node metastasis (Supplementary Fig. 7). High p120-3 expression
and membrane localization, along with E-cadherin, were maintained in cell clusters present inside the
vasculature and in lymph node metastases, whereas p120-1 reduction was statistically significant in
local collective invasion zones and lymph nodes (Fig. 4A,B). As notable exception, p120-1 was strongly
upregulated in intravascular cell clusters, which also co-expressed p120-3 and E-cadherin (Fig. 4A).
These data identify p120-3 as constitutive and p120-1 as adaptively expressed isoform during tumor
progression.

4. Discussion
By combining exon expression analysis, in vitro invasion assays and immunofluorescence of human
tumors, we identify diminished p120-1 isoform expression during invasion and distant metastasis of
ductal breast cancer progression, whereas p120-3 is upregulated at the invasive front of moving breast
cancer groups in vitro and constitutively maintained at each step of metastasis. Differential p120 isoform
expression identified here complements current concepts of p120 functions during metastatic cancer
progression and suggests novel and previously underappreciated functions of p120-3 in metastatic
cancer progression.
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Figure 4 p120 isoform expression in different breast tumor subregions. A) Immunofluorescent labeling of p120
isoforms in breast tumor subregions. Panels show p120-1 (6H11 mAb), p120-3 (anti-p120-3 pAb) and E-cadherin
in ductal carcinoma in situ, local invasion into fibrous and adipose tissue, intravascular tumor cells and lymph node
metastases. H&E of the subregions from an adjacent section is shown. Intravasated tumor cells or clusters were
identified by the surrounding vessel wall from H&E and characteristic endothelial p120-1 expression (arrowheads).
B) Quantification of A).

By using a recently developed p120-3-specific antibody [29], we directly detected p120-3 expression in
tumors in comparison with p120-1, an approach that was previously precluded by the lack of specific
reagents. Previous studies aimed at analyzing p120 isoform expression in tumors applied indirect
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approaches using cell lines [49, 50], histological patient sections [3, 51] or patient protein and mRNA
samples [30, 52]. These studies reported both increased [30, 51] and decreased p120 isoform ratios
in cancer [3, 52]. We report a differential isoform expression depending on tumor subregions, and
this may explain the discrepancies between these studies. In addition, the reported high levels of
nuclear p120-1 in breast cancer tissue [3] could not be confirmed using the direct labeling approach.
Furthermore, it has been previously shown that breast cancer subtypes correlate with different p120
N-terminal variants [49, 50] and alternative exon expression [42, 43], demonstrating isoform-specific
expression of p120 in different cancer types. Using our direct dual-isoform labeling approach, we now
have been able to provide spatial information on p120-1 and p120-3 expression in a single cell in its
native environment at different stages of metastasis.
We demonstrate that p120-3 is maintained during all steps of metastatic human breast cancer
progression and p120-3 expression even increases at the invasive front in in vitro invasion assays.
By contrast, p120-1 exhibits more variable expression in distinct phases of metastasis. These data
suggest that beyond alternative splicing, additional regulatory mechanisms of expression of both
isoforms exist, dependent on cell function and the microenvironmental context. Our observation of
collectively migrating cells with membranous E-cadherin and p120-3 are consistent with the retention
of E-cadherin-based junctions and prevalence of collective invasion in mouse models [23] and breast
cancer [25] and other cancer patients [24]. Mechanistically, the molecular mechanisms controlling the
regulation of p120 isoform expression remain poorly understood. Known regulators of p120 splicing
include the epithelial splicing proteins ESRP-1 and-2, which induce a switch from p120-1 to p120-3 [36]
and inhibit EMT [39]. The expression of both ESRP1 and ESRP2 is differentially regulated by cell density
[53] and hypoxia [39] in breast cancer cells, suggesting local and microenvironmental control of p120
isoform expression. Other known regulators of p120 isoform expression include the EMT transcription
factors Slug and Snail, which induce a switch from p120-3 to p120-1 [6, 35]. Our data are thus not
consistent with EMT-induced expression of p120-1, but rather indicate an alternative mechanism
by which p120-3 is preferentially expressed. At the protein level, p120-1, but not p120-3, is subject
to degradation by the Wnt destruction complex due to the destruction sequence that is located in
the p120-1 N-terminus [54]. As we report here, β-catenin, which is an important intermediate in this
pathway, preferentially associates with p120-3 in a Triton X100-soluble and thus non-cytoskeletonassociated fraction. Differential regulation of Wnt signaling at invasive fronts may contribute to sitespecific p120-1 downregulation, and may also involve Kaiso, an inhibitor of Wnt signaling, which
preferentially associates with p120-3 [31, 33]. Future research will show how tumor cells and their
microenvironment regulate p120 isoform expression during the different stages of metastasis. Such
studies may also include alternative exon B, which was also upregulated in breast cancer cells, encodes
a nuclear export sequence, and thus may affect the nuclear functions of p120 [55].
Considering the differential effects of p120-1 and p120-3 on invasion, proliferation and metastasis [21,
30, 34], the high expression of p120-3 and varying levels of p120-1 in different stages of metastasis
may play important roles in controlling tumor progression, and this may be partially regulated by p120
isoform-specific downstream interaction partners. For instance, the p120-1 N-terminus mediates
interaction with kinesin and RhoA [30, 56], which may lead to differential regulation of membrane
targeting and contractility. Additionally, p120-1 is required for cytokinesis and chromosomal stability
in breast cancer cells [57], and in vitro proliferation [34], and thus retention of p120-1 may provide
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survival-promoting signals whereas loss of p120-1 might drive chromosomal instability and tumor
development. The finding that p120-3 is a consistent parameter during the different stages of breast
cancer suggests that common shared functions such as cadherin stabilization, previously assigned to
any p120 isoform, may be exclusively mediated by p120-3. Even though both isoforms equally stabilize
E-cadherin, adherens junctions based on p120-3, that lacks the N-terminal domain involved in RhoA
regulation, may lead to different actomyosin contractility at the adherens junctions, and consequently
to differences in their stability and mechanical properties [58]. Another interesting possibility is that
p120-1 and p120-3 associate with different functional E-cadherin complexes, as a previous study
demonstrated the existence of distinct apical and lateral complexes, where the apical complex
associated with miRNA processing machinery, and the lateral complex with growth promotion through
Src [59]. Furthermore, as we observe retention of p120-3 and loss of p120-1, a switch to p120-3 as
dominant p120 isoform may be accompanied by a reduction in total p120 levels, which is in agreement
with previous studies that show reduced total levels of p120 in cancer [2]. Thus, in addition to a p120
isoform switch, reduced total p120 levels may also lead to altered metastatic properties. Indeed, recent
reports show that reduced levels, but not a total ablation of p120 in mouse models are sufficient for
E-cadherin-mediated adhesion, collective migration and metastatic colonization [60, 61]. Intermediate
levels of total p120, with specific retention of p120-3, may therefore represent an optimum for dynamic
cell-cell junctions and cell kinetics facilitating efficient collective invasion and metastasis.

Conclusions

5

In summary, we demonstrate expression of p120-1 in specific stages of ductal breast cancer progression,
whereas presence of p120-3 is maintained. Our findings may shed light on seemingly opposing reports
regarding p120 tumor-suppressing and -promoting functions. As no differential interaction with
E-cadherin was observed, it is likely that p120 isoforms fulfill E-cadherin-independent functions through
differential binding partners. Future research focusing on isoform-specific downstream effects of p120
isoforms may identify therapeutically targetable pathways. As discussed above, several of these have
been already identified for p120-1, and dysregulation of Rho-dependent signaling as a result of the loss
of this isoform may be an avenue of targeted treatment. However, specific p120-3-dependent pathways
are still largely unclear and the relevance for its maintenance during progression and its potential use
as therapeutic target, in particular in the context of loss of p120-1, awaits further investigation.
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Supplementary Figure 1 CTNND1 exon and isoform expression in breast tumors. A) Normalized exon expression
levels of breast tumor tissue and adjacent normal tissue from the TCGA database, analyzed with TCGA SpliceSeq.
B) Analysis of 5’ transcript variants of p120 by RT-PCR in HEK293 cells and four human tumors using variantencompassing primers [27]. Amplicons were assigned to a p120 isoform based on fragment size, as indicated in
the table. Alternative splicing occurs in the 5’ UTR region of the mRNA, and thus mRNA variants 1.1, 1.2 and 1.3 all
encode for isoform 1. C) Correlation of p120 3/1 isoform-encoding mRNA expression in breast cancer patients with
T1 and T2 tumors with cumulative survival (Mantel-Cox test, p = 0.1533).
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Supplementary Figure 2 p120 isoform association with other adherens components in NMuMG and 4TO7 cells. A,
B) Membrane-cytosol fractionation in NMuMG and 4TO7 cells, resp. C) Co-immunoprecipitation with isoformspecific antibodies for p120-1 (6H11 mAb) and p120-3 (anti-p120-3 pAb) in NMuMG cells. IP antibodies are indicated
above the blots. D, E) Co-immunoprecipitation with antibodies against p120 (6H11 mAb, anti-p120-3 pAb, antipan-p120 mAb) and E-cadherin (rat-anti-E-cadherin pAb, mouse-anti-E-cadherin mAb) from 4T1 and NMuMG cells,
resp. IP antibodies are indicated above the blots.F, G) Cytosol extraction in NMuMG and 4TO7 cells, resp. All
membranes were incubated with the antibodies indicated adjacent to the blots. Quantifications are shown below
the blots.
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Supplementary Figure 3 4TO7 cells lack expression most of adherens junction components. The membranes were
incubated with the antibodies indicated adjacent to the blots.
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Supplementary Figure 4 p120 isoform expression in NMuMG and 4T1 cells. A) Expression of p120-1 and p120-3
in confluent NMuMG cells. B) Expression of p120-1 and p120-3 in migrating 4T1 cells. Panels show 4T1 cells at the
leading edge and confluent 4T1 cells in a region away from the leading edge. C) Analysis of fluorescent intensity
in migrating 4T1 cells. The leading edge was defined by F-actin signal, and p120 isoform expression was quantified
over distance from the leading edge (dotted lines). In confluent 4T1 cells, isoform expression was quantified over
distance from the edge of the frame.
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Supplementary Figure 5 p120 isoform expression in normal mammary epithelium. Panels show p120-1 (6H11
mAb), p120-3 (anti-p120-3 pAb) and nuclei (DAPI) in human mammary ducts.

Supplementary Figure 6 Scoring examples of fluorescent intensity. Fluorescent signals were compared to tissue
autofluorescence and scored as ‘absent’, ‘low’ or ‘high’. Arrowheads indicate fluorescent signal at the membrane.

122

542256-L-bw-Venhuizen
Processed on: 7-7-2020

PDF page: 122

P120 Catenin Isoforms Differentially Associate with Breast Cancer Invasion and Metastasis

5
Supplementary Figure 7 Occurrence of metastatic events in breast cancer patient cohorts. A) Most advanced
metastatic stage observed in breast cancer patients, and total number of occurrences in the breast cancer patient
cohort. B) Venn diagram depicting the correlation between the occurrence of different metastatic events in breast
cancer patients.
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Abstract
Collective migration is emerging as an important mode of carcinoma invasion, however the mechanisms
regulating this process in weakly adhesive cells remains incompletely understood. We here investigated
the interplay between cell-cell adhesion and matrix geometry in adherens junction-positive and
-negative breast cancer cells. To model an adherens junction-negative state we ablated p120 (p120/-), a crucial regulator of classical cadherin stability in 4T1 and 4TO7 murine breast cancer cells and
NMuMG normal mammary epithelial cells and tested the ensuing plasticity of cell migration in a range
of matrix geometries recapitulating native mammary tissue structures. We show that p120-expressing
control cells migrate collectively independently of the extracellular matrix geometry. Conversely, p120/- cells adapt their mode of migration to matrix structure, and dispersed as single cells on unconfined
2D culture plastic and from the leading edge in low-density 3D collagen culture. Confinement by dense
extracellular matrix precluded individualization of p120-/- cells but supported migration as multicellular
sheets or strands. Ultrastructurally, 4T1 control and p120-/- cells in collective strands developed similar
cell-cell interfaces with tight, linear electron-dense membrane apposition, detected by backscatter
scanning electron microscopy. Finally, we mapped candidate adhesion molecules in p120-/- cells and
identified increased cell individualization when selected tight junction components and VCAM-1 were
downregulated by RNAi. Together, these data identify an individualization niche for cells with low cellcell adhesion competence in low-confinement matrix. Furthermore, we demonstrate that alternative
adhesions in adherens junction-incompetent breast epithelial cells are engaged and support collective
migration.

1. Introduction
E-cadherin-based cell-cell adhesions control collective migration in morphogenesis, tissue repair and
cancer invasion [1]. Dysregulation of E-cadherin and its regulator p120 are frequent occurrences in
multiple tumor types including lobular breast cancer [2-4]. Counter-intuitively, loss of adherens
junctions (AJs) does not necessarily lead to invasion by individual carcinoma cells. In invasive lobular
carcinoma tissue infiltration occurs by thin strands [5], and both E-cadherin-positive and -negative
tumor cells exhibit collective migration in mice [6]. Since collective migration into local tissue correlates
with poor prognosis [7], it is imperative to better understand how adherens junction-negative cancer
cells maintain collective migration.
Research of the past two decades has shown that cancer cells exhibit considerable migrational plasticity,
adapting their mode of migration to microenvironmental conditions such as matrix structure [8]. Cancer
cells encounter heterogeneous extracellular matrices, with ranges of pore sizes [9], densities [10] and
cross linking-induced stiffnesses [11]. Previous work has shown dense matrices with low pore size can
induce collective migration of mesenchymal melanoma cells by forcing cells together to maximum cell
density (“jamming”) [12]. Although both collective and single cell invasion are observed in E-cadherinnegative murine tumors [6], it is still unclear how cell-cell adhesions and matrix geometry interplay
to regulate the mode of migration. Whereas jammed melanoma cells in 3D confinement expressed
the homophilic cell-cell adhesion molecule ALCAM along cell-cell interactions [12], it is not clear
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how E-cadherin-negative breast cancer collectives are connected, and which other cell-cell adhesion
molecules may contribute to collective migration. Candidates for alternative adhesion systems include
tight junctions [13], desmosomes [14] and connexins [15], which are expressed in breast epithelium
and contribute to homeostasis and morphogenesis.
Using genetic p120 deletion (p120-/-) in breast epithelial cells, we investigated the interplay between
cell-cell adhesion and matrix geometry in a range of invasion assays. We here show that p120-/- cells
retain collectivity during migration in dense ECM and engage second-order junctional strategies,
including tight junctions and VCAM-1.

2. Materials and Methods
Cell culture
The mouse mammary tumor cell lines 4T1 and 4TO7 were developed by Fred Miller, Michigan Cancer
Foundation, Detroit, and kindly provided by Keltouma Driouch, Institute Curie, Paris. Cells were cultured
in RPMI 1640 (Gibco) with 10% FCS, 10.000 U/ml penicillin/streptomycin and 1 mM sodium pyruvate at
37˚C, 5% CO2. NMuMG cells were kindly provided by Mark Vooijs, Maastricht University, and cultured
in DMEM with 10% FCS, 10.000 U/ml penicillin/streptomycin, 2 mM L-glutamine and 10 μg/ml insulin
at 37˚C and 10% CO2. The identity of 4T1 cells was confirmed by short tandem repeat DNA profiling
(IDEXX BioResearch). Cells were regularly tested for mycoplasm infection using the MycoAlertTM
Mycoplasma Detection Kit (Lonza).
Generation of 4T1 p120 KO cells by CRISPR/Cas9
4T1 cells were transfected using Lipofectamine 2000 (Invitrogen) 24 h after plating with 2 μg of a
pool of three p120 CRISPR Cas9 KO constructs. Each of these constructs encodes a Cas9 nuclease and
GFP driven by a chicken β-actin hybrid promoter, and one of the following gRNAs under the control
of a U6 promoter, and derived from the GeCKO v2 library: gRNA1 TCTGGTCCGATTGCTCCGAA, gRNA2
TGTGGTCTCCGTGCGTCTAG, gRNA3 TGATGGGACCACTAGACGCA targeting three different sites in the
Ctnnd1 gene (Santa Cruz sc-419478). As a control, cells were transfected with a non-targeting scrambled
gRNA construct (Santa Cruz sc-418922). Media were changed 6 h after transfection, and after growth
for an additional 72 h in antibiotics-free medium, single GFP-expressing cells were collected in a 96
wells plate using a DB Aria flow cytometry sorter and grown for 3 weeks until colonies appeared. P120/- colonies were selected after 3 weeks based on Western blot analysis.
Antibodies and fluorescent dyes
The following antibodies were used for immunolabeling of cells: mouse anti-pan-p120 (BD610134, 0.5
μg/ml), rat anti-E-cadherin (DECMA-1, Sigma U3254, 1:200 dilution), rat anti-ZO-1 (DSHB Hybridoma
Product R26.4C, 1:250 dilution). Secondary antibodies were Alexa Fluor™ 647 goat anti-mouse IgG
(H+L) and Alexa Fluor 488/647 goat anti-rat IgG (H+L) conjugates (all Invitrogen). Nuclei were detected
using 4′,6-Diamidine-2′-phenylindole dihydrochloride (DAPI, Roche 10236276001, 5 μg/ml) and F-actin
by Alexa Fluor 488/568-conjugated Phalloidin (Invitrogen, 1:200).
The following antibodies were used for Western Blot: mouse anti-p120 (BD610134, 0.25 µg/ml),
mouse anti-E-cadherin (BD610182, 0.5 µg/ml), rabbit anti-α-catenin (Sigma C2081, 1:1000 dilution),
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rabbit anti-β-catenin (Santa Cruz sc-7199, 0.2 µg/ml), rabbit anti-GAPDH (Sigma G9545, 0.2 µg/ml).
Secondary antibodies were Alexa Fluor 680-conjugated or Alexa Fluor IRDye 800-conjugated goat antimouse and goat anti-rabbit IgG (Invitrogen).
Preparation of collagen matrices
Rat tail collagen I (Corning) was diluted to appropriate concentration (see text for details) on ice with
MQ, and ionic strength was adjusted with concentrated PBS. To initiate polymerization, the collagen
was neutralized with 1N NaOH and incubated at 21˚C or 37˚C for 30 or 20 min, respectively.
Collagen structure analysis by reflection microscopy
Rat tail collagen I gels of 2 and 6 mg/ml were prepared in silicone chambers of 3 mm depth and
polymerized at 21˚C or 37˚C. Collagen reflection was measured at 50 µm depth from the coverslip
using a FV-1000 confocal microscope (Olympus) with a 60x objective, using a 546 wavelength and no
bandpass filter.
Nanoindentation stiffness measurement
Rat tail collagen I gels were probed by Nanoindenter (Optics11) using a cantilever with an attached
probing bead (8.5 μm diameter) on a Catalyst BioScope (Bruker) coupled to a confocal microscope (TCS
SP5II, Leica). Stiffness was calculated using the contact-point-independent linear Hertz model assuming
a Poisson ratio of 0.5 (Dataviewer software Optics11).
Spheroid formation by hanging drop culture
Cells from subconfluent cultures were collected using trypsin-EDTA, and incubated for 48h in drops
of 25 µl culture medium containing 103 cells, supplemented with 15% methylcellulose and 20 µg/ml
bovine collagen to promote spheroid formation. Spheroid integrity was confirmed by visual inspection.
Afterwards, the spheroids were collected and washed twice with PBS containing 1 mM CaCl2 and 0.5
mM MgCl2 to remove dead and loose cells and subsequently used in invasion assays described below.
Collagen interface assay
Rat tail collagen I gels of different densities containing spheroids were cast into 8 well µ-Slide (Ibidi
80826) and spheroids were allowed to sink to the bottom on ice for 3 minutes. Subsequently, the gels
were allowed to polymerize at 37˚C for 20 min. Invasion was studied using bright-field microscopy.
Collagen track assay
Rat tail collagen I gels (6 mg/ml) were prepared as described above in a 1 mm thick silicone chamber.
Tracks of 20 µm height and width and 200 or 800 µm length with 100 µm intervals were cleared by laser
ablation, using 830 nm from a Ti:sapphire laser (XR, Coherent) using a 20× NA 0.95 water-immersion
objective (Olympus), as described previously [16]. 24h after track clearing, 30 *103 cells per chamber
were added, and allowed to invade for 24h. Subsequently, cells were fixed for 15 min at 37˚C with 4%
PFA, washed 3 times with PBS and samples were analyzed using bright-field, confocal and electron
microscopy.
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3D collagen invasion assay
Rat tail collagen I gels of different densities containing spheroids were prepared as above and allowed
to polymerize at 21˚C or 37˚C to vary pore size, as described previously [17]. To prevent spheroids
sinking to the bottom and migrating on a 2D surface, the culture plates were flipped upside-down after
30 s. Spheroids were allowed to invade for 3 days (4T1, 4TO7) or 5 days (NMuMG) prior to fixation for
15 min at 37˚C with 4% PFA, followed by bright-field and confocal microscopy.
Bright-field and fluorescence microscopy
Bright-field microscopic images of cells on 2D were taken with Zeiss Axio vert.A1, 20x/0.35 LDA PLAN
objective fitted with a AxioCam ICc5 camera. Cells grown in or under 3D collagen were imaged with a
Leica DM Ire2 microscope with HCPL Fluotar 10x air (NA=0.30) objective.
Cells on cultured on 2D coverslips or in collagen gels were pre-incubated with 10% normal goat serum
in PBS with 0.3% Triton X-100 (1 h) to block unspecific binding sites, washed with PBS, and incubated
with primary antibody for 2 h at room temperature or overnight at 4˚C. After washing with PBS, samples
were incubated with fluorophore-conjugated secondary antibody for 1 h for 2D cells or 4 h for cells
in 3D collagen in 5% BSA and 0.3% Triton X-100 in PBS, as well as DAPI and fluorophore-conjugated
phalloidin to label nuclei and F-actin, respectively, and washed with PBS. The coverslips were mounted
on object slides with FluorSave (Calbiochem). Cells were imaged with the Olympus

6

Figure 1 p120-/- cells individualize under conditions of low confinement on 2D substrates. A) Protein expression of
adherens junction components in 4T1 ctrl and p120-/- cells. Panels shows Western Blot analyses of 2 different
clones of 4T1 ctrl and p120-/- cells. Membranes were incubated with the antibodies indicated next to the panels. B)
4T1 ctrl and p120-/- cells grown on 2D surfaces. C) 4T1 ctrl and p120-/- cells migrating in an under-collagen assay
with low (0.5 mg/ml) and high (6 mg/ml) density collagen overlay .
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FluoView 1000 confocal microscope, using a LUMPLFL 40x water-immersion (NA=0.80) objective or
UPLSAPO 60x oil-immersion (NA=1.35) objective. Collagen reflection was visualized using 559 nm laser
excitation, without bandpass filter. Stacks of 15 confocal slices with 5 µm interval were analyzed for the
presence of completely detached single cells or clusters, or invasive strands that were still connected
to the spheroid.
SDS-PAGE/Western Blot
Proteins were separated by size by means of SDS-PAGE, and subsequently transferred to PVDF
membrane. 5% BSA in PBST (PBS with 0.2% Tween-20) was used to block unspecific binding sites on the
blots for 1 h and the blots were incubated with primary antibodies in 5% BSA in 0.2% PBST overnight
at 4˚C. Subsequently, the blots were washed six times with 0.2% PBST and incubated with Alexa Fluorconjugated secondary antibodies (Thermo Fischer) for 1 h. The blots were washed again six times with
0.2% PBST and once in PBS. Fluorescent scans of the blots were made using the Odyssey CLx imaging
system (Li-Cor, Lincoln, NE) and analyzed with the Image Studio Lite software Ver 4.0.
Scanning electron microscopy of cells in collagen tracks
To accomplish the imaging of large areas of cells invading into collagen tracks, we used backscatter
scanning electron microscopy (SEM). This necessitates adjustments of the protocol to enhance contrast
according to Tapia JC et al [18]. In short, after fixation of the cells in the tracks using 1% glutaraldehyde
in 0.1 M cacodylate buffer for 60 min at 37 ˚C, we used subsequent fixation steps with 2% osmium
tetroxide and 1.5% potassium ferrocyanide, 0.5% thiocarbohydrazide and finally 2% osmium tetroxide.
Samples were subsequently stained en bloc with 2% uranyl acetate overnight in distilled water and 20
mM lead citrate for 1 h, followed by three washing steps with distilled water. The samples were then
dehydrated by a graded ethanol series, and twice with 100% water-free acetone, each 15 min. Next, the
samples were infiltrated with 25%, 50%, 75% and 100% Durcupan (Sigma Aldrich) for 3 hrs, overnight,
3 h and again overnight, respectively. Samples were embedded in fresh 100% Durcupan at 60 ˚C for 48
h. Ribbons of 80 nm thick sections were generated and imaged on ITO glass at a pixel resolution of 5
nm by recording the backscattered electrons in a Field Emission Scanning Electron Microscope (Zeiss
Sigma 300) operating at 3 kV.
RNA interference of alternative adhesion proteins
For RNA interference of adhesion proteins, 1 nmol siRNA and 2 µl Lipofectamine 2000 (Thermo Fischer)
were preincubated with Opti-Mem (Gibco) and subsequently complexed according to the manufacturer’s
instructions. Next, the siRNA complexes were added to 300 x 103 cells in a total volume of 600 µl growth
media without antibiotics in a 6-wells plate, and incubated for 15 h at 37 ˚C. Cells were allowed to
recover in growth media without antibiotics for 6 h prior to trypsinization and spheroid preparation as
described above. Spheroids were plated individually, as 1 spheroid per well, in a 96-well plate that had
been pre-incubated with 20 µg/ml RT collagen I (Corning) in PBS for 24 at 4 ˚C, allowed to attach for
3-4 h and subsequently overlayed with 2 mg/ml RT collagen I, prepared as described above. After 30 h
of migration, samples were fixed with 4% PFA, stained with phalloidin and DAPI, as above, and imaged
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using a Leica DMI6000B epifluorescence microscope with an HCX PL S-APO 20.0 × 0.50 DRY objective.

6

Figure 2 Matrix geometry controls individualization of p120-/- cells in 3D migration assays. A) 4T1 ctrl and p120-/cells migrating in confining and non-confining collagen tracks. Confining and non-confining collagen tracks had the
same defined cross-section (20x20 µm) but differed in length (200 µm and 800 µm, resp.). B) Quantification of single
cells and clusters that had disseminated into the non-confining tracks (4T1 ctrl n=62, 4T1 p120-/- n=88 strands from
4 experiments, *** p<0.0001, two-tailed student’s t-test). No dissemination was observed in confining tracks. C) 4T1
ctrl and p120-/- cells migrating in 3D matrices of different collagen density and polymerization temperature. 4T1 ctrl
but not p120-/- strands formed F-actin rich cortices, especially in the high-density matrices (asterisks). Insets depict
3x magnified single optical sections. D) Quantification of single cells and clusters that had disseminated into the
matrix (9 spheroids from 3 independent experiments per condition, *** p<0.0001, Kruskal-Wallis test with a Dunn’s
post-hoc test). E) Quantification of collective strands per spheroid (9 spheroids from 3 independent experiments per
condition). F) Determination of the minimum confinement required to induce collective migration in 4T1 p120-/cells. Spheroids of 4T1 p120-/- cells were allowed to migrate in an under-collagen assays with different overlay
densities. 2 mg/ml rat tail collagen overlay was found to be the minimum condition to induce collective migration.
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The invasion area and number of detached clusters or single cells from spheroids after RNAi from
brightfield images were quantified manually from randomly labelled images to avoid bias. For
analysis of fluorescently labelled cells, images were imported into FIJI (version 1.52p). Subsequently,
a RenyiEntropy dark autothreshold was set for phalloidin signal to indicate cell area, and particles
larger than 150 pixels were analyzed. The area of the spheroid body was determined manually, and
subtracted from the total cell area to determine the net invasion area. Detachment events, leading
to invading single cells and detached clusters, were quantified and analyzed separately or normalized
over total invasion area. The results were compared using a Kruskal-Wallis test followed by a Dunn’s
correction for multiple comparisons.
Analysis of published RNAseq datasets
High through-put datasets GSE110770, GSE104264 and GSE41793 containing RNAseq profiles from
4T1 cells cultured on 2D were downloaded from the NCBI website. Normalized read counts were
averaged over replicates and visualized using a three-color heat map.

3. Results
Confinement restores collective migration in p120-/- cells
To model an adherens junction-negative state in invasive breast cancer cells, p120 catenin was
genetically ablated in 4T1 mammary cancer cells using CRISPR-Cas9 (p120-/-). P120 deletion
resulted in a complete loss of p120, with concomitant reductions in protein levels of E-cadherin, αand β-catenin (Fig. 1A). Whereas 4T1 control cells formed linear cell-cell contacts and migrated as
cohesive epithelial sheets in 2D cell culture, p120-/- cells dispersed and moved individually (Fig. 1B,
arrowheads). Ablation of p120 also led to individualization of cells in the normal mammary epithelial
NMuMG cell line, but no additional effect on cell dispersion was noted in individually growing
mesenchymal mammary cancer 4TO7 cells after p120 deletion (Supplementary Fig. 1). Thus, under
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Figure 3 4T1 p120-/- cells form adherens junction-independent cell-cell contacts. A) Structure of 4T1 ctrl and p120/- cells migrating in collagen tracks. Asterisks indicate actin-rich cortices. Closed and open arrowheads indicate linear
and focal contacts, resp. B) Adherens junctions in 4T1 ctrl and p120-/- cells in 3D collagen. Panels show collective
structures of 4T1 ctrl and p120-/- cells in 3D collagen immunolabeled for E-cadherin and p120.

6

Figure 4 4T1 p120-/- cells form cell-cell adhesion complexes during migration in collagen tracks. A) Representative
examples of cell-cell adhesions in 4T1 ctrl and p120-/- cells. B) Fraction of total cell-cell interface occupied by
cell-cell adhesion complexes (4T1 ctrl 1 strand and 4T1 p120-/- 2 strands from 1 experiment). C) Representative
examples of the types of cell-cell interface formed by 4T1 cells in 800 µm long non-confining collagen tracks. D)
Fraction of total cell-cell interface occupied by different cell-cell interface types (4T1 ctrl 1 strand and 4T1 p120-/- 2
strands from 1 experiment).
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non-confining culture conditions, p120 depletion results in dispersion of epithelial mammary cancer
cells. To determine the effect of physical confinement by the extracellular matrix on the individualization
of 4T1 p120-/- cells, cells emigrating from multicellular spheroids under 3D rat tail collagen I matrices
of different densities were monitored (Fig. 1C). Whereas 4T1 p120+/+ cells migrated as cohesive sheets
irrespective of collagen density, p120-/- cells exhibited significant single-cell migration when overlaid
with low-density (0.5 mg/ml) collagen (Fig. 1C, arrowheads), but migrated as multicellular sheet
under high-density (6 mg/ml) collagen (Fig. 1C, asterisks). Thus, spatial confinement induces collective
migration in otherwise individually moving adherens junction-negative cells along a 3D interface.
P120-/- cells individualize from the leading edge in porous collagenous matrices
Next, we aimed to determine whether p120-/- cells also migrate collectively in an independent track
model resembling naturally occurring tube-like spaces in tissues [19]. To this end, we employed rat
tail collagen gels containing two-photon laser-generated tracks with defined dimensions (20 µm width
and height and 200 or 800 µm length; Supplementary Fig. 2A) [16]. Within 24h, both 4T1 control and
p120-/- cells had readily filled the 200 µm tracks as multicellular strands, without detached cells (Fig.
2A). However, in 800 µm long tracks without anterior confinement, 4T1 p120-/- cells exhibited 15-fold
increased detachment of single cells and small clusters from the front of the strand compared with 4T1
ctrl cells (Fig. 2B, arrowheads). Conversely, at the base of the track, 4T1 p120-/- cells formed collective
strands with similar length and width as the 4T1 ctrl cells (Supplementary Fig. 2B, C). This indicates
that lateral confinement and high cell density are required to impose collective migration. At the endpoint, the track width of both 4T1 ctrl and p120-/- cell strands was increased from 20 µm to ~40 µm,
suggesting lateral widening of the collagen interface by the cell mass (Supplementary Fig. 2C).
To differentiate the effects of pore size and matrix stiffness on the mode of migration, we allowed multicellular
spheroids to invade 3D isotropic collagen with low (6 mg/ml) or high porosity (2 mg/ml) polymerized at 37°C.
As an additional approach to achieve high porosity without altered matrix stiffness, collagen polymerization was
performed at 21°C, resulting in a dense collagen matrix with a similar elastic modulus as collagen polymerized at
37°C, but with larger pore sizes (Supplementary Fig. 2D,E), as described [17]. 4T1 ctrl cells developed collective
strands with negligible individual dissemination under all conditions, whereas frequent detachment of single cells
and clusters from the leading edge occurred in 4T1 p120-/- cells in low-density collagen (Fig. 2C, D, arrowheads).
Conversely, 4T1 p120-/- cells formed similar numbers of collective strands as 4T1 control cells near the spheroid body
and in high-density collagen (Fig. 2C,E). Similarly, collagen matrices with both high stiffness and porosity allowed the
individualization of 4T1 p120-/- cells (Fig. 2B). These findings were confirmed in a 3D collagen interface migration
model, where increasing density of collagen interface above 2 mg/ml rat tail collagen increasingly limited single cell
detachment of 4T1 p120-/- cells from spheroids, causing a switch to collective migration (Fig. 2F). Similarly, when
overlaid with 2 mg/ml pepsinized bovine collagen, which provides even higher porosity than rat tail collagen of
equal concentration [9], p120-/- cells migrated predominantly individually. These results indicate that high

matrix porosity is important in allowing adherens junction-negative breast cancer cells to individualize.
4T1 ctrl cells invading 3D collagen collectively formed actin-rich cortices along the cell-matrix
interface and reduced F-actin along cell-cell contacts (Fig. 2C, asterisks). By contrast, migrating
strands of p120-/- cells exhibited linear F-actin signal along internal cell-cell junctions and
lacked enrichment of cortical F-actin (Fig. 2C). Large pore size also allowed detachment of
single cells and clusters in NMuMG and 4TO7 cells after p120 deletion (Supplementary Fig. 3,
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arrowheads), and this was reverted to collective movement under high confinement, when
pore size was small (Supplementary Fig. 3). This identifies high tissue confinement to prevent
individualization and enforce multicellular migration in tumor cells which lack adherens junctions.

Figure 5 4T1 ctrl and p120-/- cells form alternative adhesions. A) Highly expressed adhesion molecules in 4T1 wild type
cells. Based on mRNA expression data of cell adhesion molecules from published RNAseq studies, highly expressed
targets were selected for subsequent RNAi. B) ZO-1 in 4T1 ctrl and p120-/- cells on 2D surfaces. Arrowheads indicate
membranous ZO-1. C) ZO-1 in 4T1 p120-/- cells in collagen tracks. Arrowheads indicate membranous ZO-1.

6

P120-/- cohorts form E-cadherin-independent cell-cell interactions
We next aimed to visualize how cells undergoing matrix-induced multicellular patterning after p120
deletion interact without adherens junctions. In collagen tracks, 4T1 ctrl and p120-/- cells both formed
mostly F-actin-rich cell-cell interactions with linear and/or punctated actin distribution (Fig. 3A). p120/- cells expressed reduced protein levels of cadherins and catenins (Fig. 1B) and lacked E-cadherin at
cell-cell contacts (Fig. 3B, arrowheads).
To determine in an unbiased way whether adherens junction-negative cell-cell interactions indeed
formed tight membrane apposition and adhesion complexes, we allowed 4T1 cells to migrate along
collagen tracks and performed ultrastructural analysis using electron microscopy (Supplementary
Fig. 4). To image large areas of multicellular strands invading 3D collagen tracks spanning multiple
cell-cell interfaces, we used backscatter scanning electron microscopy. This required a specialized
protocol including signal amplification using OTO staining (see Materials and Methods), and allowed
us to analyze large volumes of cell-cell interface with high contrast. We identified three types of
membranous interfaces: tight interfaces with no space between the apposing membranes (Fig. 4C,
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tight), cell-free gaps with interdigitating membrane protrusions and intermittent contacts (Fig. 4C,
loose), and microlumens or gaps, which were preferentially located at tri-cellular interactions (Fig. 4C).
Whereas the fraction of tight contacts was comparable in 4T1 p120-/- and ctrl cells, 4T1 p120-/- cells
exhibited loose contacts with higher frequency compared to 4T1 ctrl cells (Fig. 4D). Irrespective of p120
expression, tightly apposed membrane contacts contained interspersed electron-dense complexes
(Fig. 4A, arrowheads), whereas distinctive desmosomal structures were missing. The membrane
fraction occupied by electron-dense complexes was three times higher in p120-/- compared to control
cells (Fig. 4B). Thus, 4T1 p120-/- cells form a range of cell-cell interaction topologies and adhesion
complexes which are independent of adherens junctions.
Molecular and functional mapping of p120-independent cell-cell interactions in collective cell migration
On 2D surfaces, 4T1 p120-/- cells retained ZO-1-positive foci along cell-cell interactions, similar to
4T1 ctrl cells (Fig. 5B). In 3D collagen tracks, p120-/- cell strands formed both linear and punctate
ZO-1-positive junctions, with colocalized F-actin (Fig. 5C). Consistently, NMuMG ctrl and p120-/- cells
developed ZO-1-positive cell-cell interactions in 2D culture (Supplementary Fig. 6). This suggested
that epithelial cells compensate p120 deletion by engaging other cell-cell adhesion mechanisms. We
thus aimed to identify which other adhesion structures and mechanisms were functionally engaged
in 4T1 p120-/- cells during multicellular migration. Based on publicly available RNAseq datasets
(Supplementary Fig. 5), we identified cell-cell adhesion molecules that are highly expressed at the
mRNA level in 4T1 cells, including tight junctions proteins, nectin-based junctions, gap junctions and
members of the cell adhesion molecule (CAM) superfamily (Fig. 5A).
Based on this receptor expression inventory, we tested whether downregulation of the following proteins would
increase single cell detachment during collective migration: afadin, Cx43, claudin-4 and -12, JAM-A, ZO-1, ALCAM,
EpCAM and VCAM-1 (Fig. 6A). As readout, we monitored the sheet migration under a low- to moderate-density
rat tail collagen I (2 mg/ml), as it confines 4T1 p120-/- cells just enough to support predominantly collective

and low-level single-cell migration (Fig. 2F). RNAi of these proteins did not significantly decrease
the net invasion area, except for silencing of EpCAM, which also decreased spheroid size (Fig. 6A,
Supplementary Fig. 7A). Although no statistically significant difference in detachment of the cells was
observed, downregulation of tight junction proteins claudin-4, -12, JAM-A and ZO-1, as well as VCAM1 increased detachment of single cells and clusters up to twofold (Supplementary Fig. 7B). This trend
was still visible after correcting the number of detachment events for difference in total invasion area
(Supplementary Fig. 7C).
To further explore the effect of claudin-4, JAM-A, ZO-1 and VCAM-1 on the mode of migration, we
first allowed p120-/- cells treated with siRNA to emigrate from spheroids for 6 h, and then applied
confinement by overlaying the cells with collagen (Fig. 6B). p120-/- cells formed linear and punctate
contacts (Fig. 6B; closed and open arrowheads, respectively), the linear junctions being especially
apparent in the untreated and non-targeting siRNA-treated conditions. In addition, fluorescent
microscopy revealed the presence of thin membrane tethers, especially after downregulation of VCAM1 [20] (Fig. 6B; asterisks). In this setting, a significant increase in detachment of single cells and clusters
was observed after knock-down of claudin-4 and VCAM-1 (Fig. 6C). After correction for invasion area
(Supplementary Fig. 7D), this difference was also significant for JAM-A (Supplementary Fig. 7E). This
identifies alternative adhesion complexes that maintain mechanocoupling and contribute to collective
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migration in 4T1 cells that lack adherens junctions.

6

Figure 6 RNAi of adhesion molecules increases detachment of migrating p120-/- cells in a collagen interface assay.
A) Effect of RNAi of adhesion molecules on migration of 4T1 p120-/- cells. After RNAi, spheroids were allowed
to migrate in a collagen interface assay. Cells were visualized using phalloidin. B) 4T1 p120-/- cells after RNAi of
adhesion molecules in a collagen interface assay in which collagen overlay was added after 6 h of migration (closed
arrowhead: linear contact, open arrowhead: punctate contact, asterisk: thin membrane tether). C) Detachment
events of RNAi-treated spheroids (at least 5 spheroids from 3 experiments per condition, ***p<0.0001, KruskalWallis test with a Dunn’s post-hoc test).
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4. Discussion
Loss of cell-cell junctions in breast cancer leads to single cell dissemination in 2D and 3D migration
models, but collective migration is observed both in not only E-cadherin-positive, but also -negative
breast cancers [5, 7]. We here show that in breast carcinoma cells that lack adherens junctions, cell
collectivity is controlled by the interplay between cell-cell junctions and spatial confinement. We here
identify tight junctions and VCAM-1 as cell-cell adhesion systems engaged during collective movement
after genetic ablation of AJs by p120 deletion. Thus, besides adherens junctions, alternative junctions
provide mechanocouling and contribute to multicellular behaviors.
During metastasis, invading cancer cells encounter different tissue structures. These include 3D fibrillar
collagen, 2D-like surfaces that may be composed of adipose tissue, nerve bundles, blood vessels [21]
and muscle fibers [22], and native tissue microtracks [19]. Multiple studies suggest that cells rely on
different mechanisms of invasion in different geometries. Consequently, data from one invasion assay
cannot always be extrapolated to others. For example, integrin inhibition blocked migration of breast
cancer cells in wide but not narrow channels [23]. Furthermore, increased collagen density reduced
the number of migrating breast cancer cells in 3D collagen but not in microtracks [24]. Finally, migration
speed is increased by lateral confinement on 2D surfaces, but decreased in microtracks [25]. These
studies re-iterate the importance of studying migration in the range of in vivo-relevant geometries
[17]. In the mouse dermis and mammary gland, collagen fibers and bundles border heterogeneous
interstitial gaps, ranging from 3 µm to 30 µm in width [9], and this space range matches the size and
deformation range of cells during migration [17]. The collagen matrices we use here span this range,
similar to previous work [12], where low-porosity matrix precluded single cell migration, whereas high
pore sizes allowed individualization in mesenchymal tumor cell models. Consistently, the mammary
gland contains regions of low-density fibrillar collagen that allow single cell migration of low-adhesive
cells but also densely aligned collagen, which supports collective invasion [6]. The mammary gland
contains additional ECM proteins and modulating factors that we did not include in this study, such as
collagen III and IV, fibronectin and laminins, cross-linking enzymes, stromal cell types and vasculature
[21] that may have further effects on cell migration. Using this spatially defined approach, we show
geometric alteration of the collagen matrix is sufficient to control the mode of migration in adherens
junctions-negative cells.
Expanding on previous work from our group [12] and others [26], we observed that imposing
confinement in different geometries leads to collective migration of cells in the absence of E-cadherin
and, explored here, adherens junctions. Genetic deletion of p120 by CRISPR Cas9 caused a reduction
of E-cadherin protein levels and its absence from cell-cell interactions, as expected [27]. This
collective behavior is in agreement with data from breast cancer histology, where adherens junctionlow carcinomas such as lobular breast cancer migrate as thin strands in collagenous tissue [5] or as
collective fronts in adipose tissue [7]. In 2D monolayers, increased cell density caused by division of
cells in a defined space leads to a decrease in motility until cells become immobile [28, 29], which
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has also been observed in weakly adhesive cells [30]. This jamming behavior has been well studied
on 2D substrates [31], and its disruption can prevent the formation of stable epithelia and lead to
pathologies such as a fluidized epithelial layer in asthma [29]. The fluidization of stable tissue leading
to shape change and migration occurs, for example, in embryonic development and can be caused by
reduction of cell-cell adhesion [32]. Invading cancer cells exhibit neighbor exchange during collective
motility, and thus may be regarded as partly fluidized tissue [31]. Unjamming may here be caused by a
reduction in cell-cell adhesion level, increased junctional dynamics. Alternatively, lowering cell density,
e.g. by disruption of tissue organization by emigration or apoptosis of tumor cells, or the destruction
of local tissue structures, may support individualization. Consistently, individualization of adherens
junction-deficient cells was supported by local tissue structures with gaps, planes, channels or large
pore sizes, which are typically found at the leading edge of an invading strand or sheet. Migrating
in a jammed state may affect cancer cells in a number of ways, e.g. by reducing focal adhesions and
increasing front-rear polarity of the cytoskeleton [23, 25]. We observed that p120-/- clusters lacked
prominent F-actin-rich cortices at the cluster periphery, which was identified as critical for cohesivity of
E-cadherin-positive tumor clusters [33]. As peripheral actomyosin cables were shown to inhibit leader
cell phenotype in follower cells, this may also have consequences for leader-follower patterning [34].
Our data show that in the absence of adherens junctions, alternative adhesion systems can contribute
to collective migration. These alternative adhesions likely include tight junction proteins and VCAM-1.
In apicobasally polarized epithelial monolayers, tight junctions function in the regulation of paracellular
transport, are linked to the F-actin cytoskeleton, and their formation is thought to involve adherens
junctions [35]. We confirmed the presence of tight junctions in migrating p120-/- cells, which likely have
altered dynamics in the absence of E-cadherin-based adherens junctions [36], and may function in cellcell cohesion, since they colocalize and possibly form a mechanical connection with F-actin. Moreover,
tight junctions regulate polarized Rac1 activity in moving epithelial stress through mechanosensitive
sequestration of Merlin, and knockdown of tight junction proteins can decouple polarized Rac1 activity
from mechanical stress vectors [37]. This indicates a role for tight junctions in polarity of migrating
cohorts.
Multiple studies point towards roles for tight junction proteins in cancer. For instance, claudin-1 is
highly expressed in basal-like breast cancer [38] and oral cancer [39]. Claudin-2 is specifically expressed
in liver metastases of 4T1 tumors [40]. JAM-A expression was found to be upregulated in oral cancer
[39] and lung adenocarcinoma [41]. Both claudin-4 and -12 were associated with poor prognosis in
retrospective breast cancer cohort studies [42, 43], indicating the relevance of claudin overexpression to
human pathogenesis. Possible functions of tight junction proteins may include inhibition of E-cadherin
expression [38], interaction with hepatocytes [40] and regulation of vascular mimicry [44]. Alternatively,
claudins outside tight junctions may be involved in collective migration. As example, claudin-7 forms
a complex with EpCAM that does not contain ZO-1 and promotes metastasis [45]. However, a claudinlow breast cancer subtype with poor prognosis has also been described [46], indicating that claudin
functions may be active in subsets of breast cancer. Although tight junction components contributed to
collective migration, RNAi of ZO-1 was not sufficient to significantly increase the detachment of single
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cells and clusters. Possibly, this was compensated for by other zonula occludens proteins. Alternatively,
a more stringent interference with ZO-1 is required to inhibit collectivity. VCAM-1 is endogenously
expressed in endothelium, and interactions between VCAM-1 and α4β1-integrin of CD44 are involved
in binding of cells to the vascular wall [47]. All three of these proteins have been observed in breast
cancer, and may be involved in growth, migration and interaction with the endothelium [47]. In the
future, RNAi of multiple cell-cell adhesion targets may clarify their cooperation in supporting collective
migration.
Cancer cells exhibit considerable migrational plasticity [48], and adaptability of migration mode in
response to microenvironmental conditions such as oxygenation levels [49], growth factors [50] and
matrix structure [12]. Therefore, it is possible that adhesion proteins fulfill different functions during
metastatic progression. This is illustrated by the finding that dowregulation of Afadin increases local
invasion [51], but a complex containing Afadin is required for metastasis of 4T1 cells to the lung and
liver [52]. Moreover, we recently identified downregulation of p120 isoform-1 in specific stages of
metastasis [53], indicating the dependence of protein expression on the stage of metastasis. Future
research may thus study the roles of tight junction proteins and VCAM-1, that we identify here as being
involved in local invasion, in different stages of metastasis.
In conclusion, our data identify hierarchy of adhesion systems in collective cancer cell invasion. In the
absence of adherens junctions, confinement in 2D or 3D geometries and alternative adhesions both
contribute to cell-cell interaction and collective migration. Future research may investigate the role of
tight junction proteins and VCAM-1 in local collective invasion and metastasis in vivo, its autonomous
functions and interplays with adherens junctions
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Supplementary Figure 1 Ctrl and p120-/- clones of NMuMG normal mammary epithelial cells and 4TO7 breast
cancer cells on 2D surfaces.

Supplementary Figure 2 Collagen-based migration assays. A) Collagen reflection image of a longitudinal crosssection of a collagen track. B) Quantifications of length of 4T1 ctrl and p120-/- collective strands in non-confining
collagen tracks (4T1 ctrl n=62, 4T1 p120-/- n=88 strands from 4 experiments). C) Quantifications of width of 4T1
ctrl and p120-/- collective strands in non-confining collagen tracks (4T1 ctrl n=62, 4T1 p120-/- n=88 strands from 4
experiments). D) Quantification of elastic moduli of different collagen matrices (1 experiment). E) Collagen reflection
images of different collagen matrices.
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Supplementary Figure 3 Migration of epithelial ctrl and p120-/- cells in 3D collagen matrices. A) NMuMG ctrl and
p120-/- cells migrating into 3D collagen matrices of different densities and polymerization conditions. Quantifications
show disseminated single cells and clusters (B), and collective strands(C) (at least 9 spheroids from 4 independent
experiments per condition, ***p<0.0001, **p<0.001, Kruskal-Wallis test with a Dunn’s post-hoc test). D) 4TO7
ctrl and p120-/- cells migrating into 3D collagen matrices of different densities and polymerization conditions.
Quantifications show disseminated single cells and clusters (E), and collective strands(F) (at least 5 spheroids from
2 independent experiments).
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Supplementary Figure 4 EM images from 4T1 ctrl and p120-/- cells migrating in non-confining collagen tracks at
25-50 µm from the entrance of the track.
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Supplementary Figure 5 Expression of adhesion molecules in 4T1 wild type cells. Based on mRNA expression data
of cell adhesion molecules from published RNAseq studies, highly expressed targets were selected for subsequent
RNAi.
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Supplementary Figure 6 ZO-1-based junction in NMuMG ctrl and p120-/- cells on 2D surfaces.
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Supplementary Figure 7 RNAi of alternative adhesion molecules in migrating p120-/- spheroids. A) Net invasion
area, B) detachment events and C) detachment events normalized over invasion area of 4T1 p120-/- spheroids after
RNAi of adhesion molecules in a collagen interface assay. D) Invasion area and E) detachment events normalized
over invasion area of 4T1 p120-/- spheroids in a collagen interface assay in which the collagen interface was added
after 6 h of migration (at least 5 spheroids from 3 experiments, ***p<0.0001, Kruskal-Wallis test with a Dunn’s
post-hoc test).
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Emergent views of cancer metastasis and adherens junctions
Previous views alleged that cancer cells need to completely shake off their epithelial traits in order to
escape from the boundaries of normal tissue homeostasis. This paradigm led Hanahan and Weinberg,
in their landmark review ‘Hallmarks of cancer’, to write “E-cadherin serves as a widely acting suppressor
of invasion and metastasis by epithelial cancers, and its functional elimination represents a key step
in the acquisition of this capability” [1]. The loss of E-cadherin was thought to lead to separation of
normal cells and invasion as single cells [2]. This ‘individual-cell’ hypothesis was further supported by
the expression in cancer of transcription factors involved in epithelial-mesenchymal transition (EMT),
a process of which the extreme consequence is the acquisition of a mesenchymal phenotype, loss of
E-cadherin and adoption of motile phenotypes [3, 4]. However, in recent years this hypothesis has
been contradicted by reports of high levels of E-cadherin in primary breast tumors and metastases
[5, 6], the predominant presence of collective structures in breast and other cancers [7] and that
the prognostic value of E-cadherin in ductal breast cancer is limited (discussed in [8]). Furthermore,
>90% of metastases may arise from multicellular seeds [9], which may have up to 50-fold increased
metastatic potential compared to individual cells [10]. Finally, a recent report shows that although
E-cadherin loss in breast cancer increases local invasion, it also leads to reduced metastasis [11]. These
observations have led to an appreciation of the importance of collective invasion, the complex roles
of adherens junctions in supporting or counteracting metastatic progression, and to ever more refined
views of metastasis as an adaptive process in which multiple mechanisms can lead to distant organ
colonization and outgrowth.
We now know that tumor cells dynamically switch between different types of collective and individual
migration [12], dependent in part upon growth factors and cytokine signaling [13] and reciprocal
interactions with the extracellular matrix [14]. Collective migration is often led by a leader cell, a
dynamic subpopulation of invasive cells [15] involved in directionality and traction force generation
[16] that may be genetically [17] or epigenetically distinct [18] or even stem from the tumor stroma [19,
20]. Tumor leader cells have a higher energy requirement and their turnover is dependent on ATP/ADP
ratio [21]. Furthermore, leader cell turnover is higher in denser matrix [21], reiterating the importance
of leader cell-led collective migration in traversing dense tissue. Cancer cells, especially leaders, may
adopt and interconvert between states of partial EMT, which are characterized by co-expression of
epithelial and mesenchymal markers [22]. Combined, new insights build a picture of metastasis, where
multiple cell-intrinsic and -extrinsic factors are integrated into dynamic modes of migration, leading to
the predominance of collective migration with retention of cell-cell contacts and supracellular polarity
and organization. In Chapter 2 we discussed the roles of these retained cell-cell adhesions on polarity
in migrating collectives [23].
In previous paradigms, p120 was thought to be a tumor suppressor [24]. However, in this evolving
landscape of collective metastasis research, we need to reconsider its status. For instance, p120
haploinsufficiency expedites colon [25] and pancreatic cancer [26], whereas loss of both p120 alleles
inhibits tumor formation. These data indicate that p120 is not simply a tumor-promotor or-suppressor,
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but its function strongly depends on the genetic context. For instance, p120 is a critical rheostat of
E-cadherin protein stability, and control of E-cadherin via p120 may lead to optimal adhesion dynamics
for collective migration. Accordingly, RNAi of E-cadherin with 60% downregulation decreases the
cohesion of multicellular groups in confined space and increases sliding of cells along each other up
to twofold [27]. Thus, the role of p120 in invasion and metastasis is complex and context-dependent.
In Chapter 3 we discussed the different functions of p120 in different stages of metastasis, which
can both promote and suppress invasion and survival. We hypothesized that these contradicting
roles may partly be explained by the expression of p120 isoforms with different functions. In order
to be able to explore p120 isoform expression, we detail the development of a novel p120-3 isoformspecific antibody raised against an N-terminal epitope in Chapter 4, and report the p120-3 isoform
tissue-specific localization in the human body. In Chapter 5 we show that, contrary to expectations
based on the EMT hypothesis, p120-3 is maintained throughout the different stages of metastasis in
samples from ductal breast cancer patients. This finding contributes to the understanding of collective
migration of E-cadherin-positive carcinoma cells. Furthermore, a recent study observed niches for
single cell detachment in vivo despite E-cadherin expression, albeit at lower frequency compared
to– E-cadherin-negative murine breast cancer cells [28]. This indicates the importance of both cellcell adhesion and microenvironment on plasticity of collective migration. In Chapter 6, we use p120ablated cells as a model for adherens junction-negative breast cancer to investigate the interplay
between cell-cell adhesion and matrix in determining the mode of migration. We observe that breast
cancer cells require both pores of sufficient size in the ECM and low adhesion to effectively detach from
collective invasion structures. Moreover, in the absence of E-cadherin, alternative adhesion molecules
contribute to collective migration. Together, these data contribute to the understanding of the roles of
p120 isoforms, cell jamming and compensating adhesion molecules in microenvironment-dependent
regulation of collective migration.

7

Molecular basis for differential interaction with p120 isoforms
p120 isoforms are involved in many cellular processes in homeostasis and cancer [29]. We developed a
p120-3-specific antibody in order to distinguish p120 isoforms in immunofluorescence, and used these
to show differential expression of p120 isoforms in epithelial tissues and in different stages of cancer
metastasis. These data suggest differential roles of p120 isoforms in homeostasis and tumorigenesis.
Differential p120 functions may be due to association with differential interaction partners involved
in transcription regulation, RhoGTPase activity, adhesion and survival. Although no difference in coimmunoprecipitation of p120 isoforms with E-cadherin has been found [30-32], isoform-specific
interactions include kinesin [33] and DIPA [34] for p120-1 and Kaiso for p120-3 [35, 36]. Specific
interactors of p120-1 likely bind to its unique N-terminal amino acid sequence, which is absent in p1203. The molecular basis for specific recognition of p120-3, which lacks a unique amino acid sequence,
is less apparent. In these cases, interaction may depend upon the absence of the p120-1 N-terminus.
For example, we speculated that binding of our p120-3-specific antibody to p120-1 is disrupted by the
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bulky Arg residue directly N-terminal of the p120-3 initiator methionine, which precludes entry into
the antibody binding pocket [37]. Furthermore, the absence of the p120-1 N-terminus may change
the 3D conformation of the protein or cover regions that are exposed in p120-3. Another possible
basis for differential interaction is phosphorylation: for example, CK1ε phosphorylates p120 on multiple
residues, one of which (Ser47) is specific to p120-1 [38]. p120 phosphorylation can have opposing
effects on affinity, e.g. phosphorylation of p120 by Fyn and Src, that reduce and increase the affinity
for RhoA, resp. [39]. Thus, isoform-specific interaction with kinases or phosphatases could potentially
cause isoform preferences for shared interactors. Isoform-specific effects may also depend on isoform
co-expression: in a mechanism analogous to p120 sharing between cadherin isotypes [40], p120-1
may compete for E-cadherin binding with p120-3, displacing it and freeing it for cytoplasmic functions
(see below). As we see p120-1 co-expression in epithelial compartments with high proliferation and
turn-over [37], this may present a mechanism for p120-3-dependent growth-promotion through Kaiso
inhibition.

Differential roles for p120 isoforms in invasion and proliferation
P120 isoforms have been observed to differentially affect cancer cell invasion [41, 42] and proliferation
[43, 44]. P120 is involved in multiple signaling pathways [29], and differential interaction partners may
lead to different functions of p120 isoforms. For example, p120 modulates junctional dynamics by
controlling membrane stability of E-cadherin [8]. p120 interaction partners may induce isoform-specific
phosphorylation of p120 and its subsequent dissociation from E-cadherin [45]. Alternatively, p120 can
directly [42] and indirectly [46, 47] inhibit RhoA, where p120-1 was implicated to more potently inhibit
RhoA [42, 43]. This may lead to altered cytoskeletal dynamics and contractility around the adherens
junction depending on the p120 isoform involved. Tension stabilizes adherens junctions and is required
for their maturation [48], and thus local changes in RhoA activity may also cause changes in cell-cell
adhesiveness and mechanotransduction. To date no efforts have been made to examine mechanical
properties of adherens junctions supported by specific p120 isoforms. Future research may use cell
models expressing specific p120 isoforms to study e.g. cadherin turnover using FRAP or cell-cell
adhesion strength using AFM. Thus, p120 isoforms may differentially affect cell motility and collectivity
through RhoGTPase activity and junctional dynamics.
Another possible way in which p120 isoforms differentially affect cancer cell invasion and proliferation
is through its multiple roles in canonical [49] and non-canonical [50] Wnt signaling. LRP5/6 is
constitutively bound to E-cadherin, and p120 is required to bring inactive CK1ε into its proximity [49].
Subsequently, p120 is required for activation of CK1ε upon Wnt stimulation [38], which also leads
to phosphorylation of p120 by CK1ε [51]. This phosphorylation causes detachment of p120 from
E-cadherin, which is required for inhibition of GSK3 [52]. Wnt signaling also requires downstream
Rac1 activation by the RhoGEF Vav2, which is mediated by p120 [53]. Isoform-specific roles of p120
in Wnt signaling include upregulation of β-catenin by p120-1 but not p120-3 [41, 43]. Furthermore,
p120-1 contains an N-terminal destruction box, and thus its stability is presumably dependent on Wnt
signaling, whereas p120-3 is not [54]. P120-3 affects Wnt signaling by its interaction with Kaiso [35,
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36]. This transcriptional repressor directly inhibits Wnt target genes [55] and is bound by and removed
from the nucleus by p120-3, leading to a relief of the repression of Wnt11, cyclinD1, MMP7 [56], which
are involved in cell cycle, matrix remodeling and invasion. E-cadherin sequesters p120-3 at the plasma
membrane, thereby inhibiting the ability of p120-3 to inhibit Kaiso. In invasive lobular carcinoma (ILC)
breast cancer cells, which lack E-cadherin expression, nuclear p120 relieved repression of Kaiso, which
caused anoikis resistance [57]. Also in lung cancer, p120-3 can shuttle Kaiso to the cytoplasm leading to
increased invasion [36]. Nuclear Kaiso in IDC is consistent with the membranous expression of p120-3
we report in this breast cancer subtype. Other important factors affecting Kaiso inhibition by p120-3
may be its phosphorylation, which increases affinity for Kaiso [51, 58] or inclusion of alternative exon
B, which encodes a nuclear export sequence [29] and whose expression is increased in basal breast
cancer [59, 60]. Combined, these data imply a role for p120-3, Kaiso and Wnt signaling in IDC, ILC,
and other cancers, and warrant further investigation of p120-3 expression and function in Wnt/Kaiso
signaling and invasion.
Furthermore, p120-1 may specifically affect cell growth and survival through DIPA [34], which suppresses
Wnt signaling [61]. Recent reports also indicate the existence of different adherens junctions complexes
with opposing effects on growth [62]; an apical complex, defined by p120-dependent recruitment of
PLEKHA7, was associated with miRNA processing and growth inhibition, whereas a basolateral complex
promoted growth through Src and p120 signaling. Future research may determine the p120 isoform
distribution between these complexes. Specifically, as PLEKHA7 binds to the p120 N-terminus [63], it
may determine if this interaction prefers one isoform.

P120KO clusters: migrating without a supracellular actomyosin cortex
Multicellular cohorts are often lined by supracellular actomyosin cables or cortices, which in
development function in cohesion, collective migration and tissue compartmentalization [64]. This
cortex is formed by inhibition of actomyosin contractility by E-cadherin and DDR1 at internal cell-cell
contacts [65], has been observed in 2D and 3D systems and is under tension [66-68]. We observed
high F-actin signal at the cortex of E-cadherin-positive but not -negative clusters, suggesting p120KO
clusters lose their actomyosin cortex. This is mostly likely caused by the loss of the E-cadherin-DDR1
axis from internal cell-cell contacts or increased RhoA activity leading to increased contractility. The
absence of an actomyosin cortex may have several functional consequences for collective migration
of cancer cells. Firstly, in MDCK cells leader cell phenotype is repressed in follower cells by tension
from actomyosin cables, and follower cells acquire a leader cell phenotype when these cables are cut
[66]. Furthermore, differences in actin dynamics between leader and follower cells lead to increased
β1-integrin protein in leader cells via nuclear signaling of MRTF-B/TRIM27 [69]. The recent observation
that E-cadherin-negative murine breast tumors have a 10-fold increased invasive boundary compared
to E-cadherin-positive tumors [11] may thus be explained by an increased adoption of leader cell
phenotype. The repression of leader cell phenotype by supracellular actomyosin may be offset by
promotion of directionality, as specific contraction of the actomyosin-rich cortex at the rear of a neural
crest cluster promoted collective migration along a chemokine gradient [67]. Thus, collective migration
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without an actomyosin cortex may be less directional but with higher branching levels compared to
collective migration with an actomyosin cortex.
Finally, the tensile actomyosin-rich cortex may also control invasive growth patterning and proliferation,
as it was shown to orient mitotic spindles [70] and cause compression of the cluster, which led to an
increase in expression of transcription factors involved in stemness [68]. Intriguingly, the loss of these
transcription factors caused by inhibition of actomyosin contraction could be rescued by compression
from culturing cells in stiff matrix [68]. These results imply that mechanosignaling and jamming of
cancer cells may compensate for E-cadherin loss in growth promotion. Overall, these data indicate
that E-cadherin-negative collective migration may constitute a distinct type of collective migration with
unique characteristics.

Microenvironmental dependence
Based on our data, expression of p120 isoforms is likely adaptive depending on the different
microenvironments that tumor collectives traverse. p120 isoforms can fulfill different functions (see
above), thus switching isoform expression may provide invading tumor cells with context-specific
advantages. For example, in the harsh environment of the bloodstream, where tumor cells are
subjected to high shear forces, tumor cells rely more on survival signals. Under these conditions,
upregulation of p120-1 may be advantageous, as p120-1 was shown to increase in vitro proliferation,
which was inhibited by p120-3 [43, 44]. p120-1 is also involved in the prevention of multinucleation
and chromosomal instability [71], and thus its loss might drive tumor development through the
accumulation of mutations during other phases of tumorigenesis. Furthermore, during local invasion
tumor collectives need dynamic cell-cell contacts for efficient translocation, which may be conferred by
the fine-tuning of p120 isoform expression and regulation of cell-cell adhesion.
Microenvironment-specific p120 isoform expression likely depends on factors such as growth factors,
the extracellular matrix and oxygenation levels of the tissue, which can alter p120 splicing or posttranscriptional stability. There are several candidate signaling pathways that might regulate local p120
isoform expression in vivo. For example, there are multiple ways in which the extracellular matrix
might affect p120 isoform expression, including matrix geometry, as Zeppo1 caused a p120 isoform
switch in cells grown in 3D but not on 2D substrates [72]. Furthermore, matrix stiffness causes nuclear
translocation of transcription factors such as Twist [73], which is known to reduce ESRP1/2 expression
and induce a p120 isoform switch [74]. Additionally, patterned autocrine TGF-β signaling, which was
shown to determine the location of branching initiation in mammary organotypic culture [75], might
signal through known mediators of p120 isoform expression such as Slug and Snail [76, 77] to induce
p120-1 expression at the transcriptional level. Furthermore, matrix-bound TGF-β can be locally induced
by integrins [78], indicating a further mechanism through which patterned p120 isoform mRNA
expression can be established by tumor-microenvironment interaction.
At the protein level, isoform-specific degradation by the Wnt destruction complex of p120-1 could
occur due to its N-terminal destruction sequence [54]. As Wnt signaling is deregulated in breast cancer,
it is possible differential Wnt signaling at invasive regions causes site-specific p120-1 downregulation.
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Finally, hypoxia could favor alternative splicing of p120-3 by increasing expression of epithelial splicing
proteins ESRP-1 and-2 [79]. Thus, locational cues might affect p120 isoform expression during migration
in different environments via several pathways.

Outlook
As we have identified differential expression p120 isoforms in normal tissues and breast cancer, future
work should comprehensively analyze differential p120 interactors. This may be achieved by coimmunoprecipitation with isoform-specific antibodies or isoform-specific proximity ligation, followed by
mass spectrometry of the isolates to gain a complete overview. Subsequent experiments may confirm
the colocalization of these interaction partners with p120 isoforms in the different stages of metastasis.
Furthermore, the effect of p120 isoforms on migration and metastasis might be confirmed using cells
with differential isoform expression. In the future, this may be achieved by mutating splice sites in the
p120 gene using Crispr Cas9, to avoid overexpression of p120 isoforms from recombinant constructs.
Other interesting options for future research include the expression and localization of p120 isoforms
in other cancer and developing tissues, i.e. the pancreas, where p120 expression levels determined cell
migration and fate [80](discussed in [8]). Furthermore, the in vivo expression of alternative adhesion
molecules and their contribution to metastasis in E-cadherin-negative breast cancer such as lobular
carcinoma may yield important information about the mechanisms of metastasis.
Since p120 isoforms and E-cadherin appear to have central roles in collective migration and metastasis,
future therapies may be developed to inhibit these molecules. One such strategy may be the
development of compounds that inhibit E-cadherin adhesive function extracellularly, which has already
been shown to inhibit collective migration in vitro [81]. However, such therapies may also disrupt
normal tissue, leading to off-target toxicity. Specificity may be obtained by exploiting synthetically
lethal interactions. In such cases, loss of one gene sensitizes cancer cells to a treatment that does
not affect normal cells. High-throughput screens have already identified compounds and siRNAs that
specifically target E-cadherin-deficient mammary and gastric tumor cells [82, 83], and in a recent case
identified clinical small molecule inhibitors targeting a tyrosine kinase that elicited synthetic lethality
in E-cadherin-negative breast cancer cells in vitro [84]. However, as the majority of breast cancers are
E-cadherin-positive, synthetic lethality of E-cadherin may only be applicable to a subset of patients.
Another promising candidate for synthetic lethality of metastatic breast cancer cells might be p120-1,
since it is highly expressed in normal mammary tissue including the epithelium and endothelium and
it is lost in metastasis. High-throughput screening using cells with differential p120 isoform expression
may identify compounds that specifically inhibit viability or migration in p120-1-deficient cells. These
compounds may target pathways described above including the regulation of RhoGTPase activity and
nuclear signaling. Thus, synthetic lethality may in the future be used to specifically target breast cancer
cells.
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Summary
The work in this thesis has been aimed at clarifying the involvement of p120 catenin (hereafter p120)
in determining the mode of migration and supporting invasion in breast cancer cells. Cell migration is a
vital process underlying the formation and homeostasis of tissues, as well as pathological processes. It
is now becoming apparent that collective migration is the predominant mode of migration in processes
such as epithelial morphogenesis, wound healing and cancer invasion and metastasis. A hallmark of
collective migration is the retention of cell-cell adhesion complexes, especially adherens junctions,
which are expressed in virtually all epithelia and are composed of E-cadherin and its cytoplasmic
interactor p120 [1]. As in sessile epithelial monolayers, these complexes not only contribute to the
structure of the migrating cohort but also inform cellular polarity and contribute to survival signaling
[2].
In Chapter 2 we reviewed current knowledge about the roles of adherens junctions and other cell-cell
adhesions in the polarity of moving cellular cohorts. We distinguished between front-rear polarization
of leader cells and the cluster as a whole, which is instructed by cell-intrinsic and -extrinsic signals and
contributes to directional locomotion, and cohesive polarization, which is instructed by the clustermicroenvironment boundary and contributes to cluster integrity. Together, these processes contribute
to directional movement of groups of cells in development, homeostasis and cancer. Furthermore,
during the different stages of metastatic progression, E-cadherin and p120 are involved in other
processes that determine metastatic success, including dynamic adhesion, anoikis resistance, survival
signaling and interaction with stromal cells. However, the outcome of E-cadherin and p120 expression
can be both metastasis-promoting and -suppressing, as has been reported by ostensibly conflicting
studies. In Chapter 3 we gave an overview of the functions of p120 and E-cadherin in the different
stages of metastasis. We proposed that the sometimes opposing functions of these molecules in part
depend on their complex regulation, including alternative splicing of p120 and cleavage of E-cadherin.
Moreover, the result of p120 and E-cadherin signaling depends of the phase of metastasis, e.g. local
invasion or transit in the circulation, and the process in which it is involved, e.g. heterotypic interaction
with other cell types or survival signaling.
Alternative splicing of p120 can be induced by signaling through EMT transcription factors [3, 4] and
regulators of epithelial identity [5], among other things, and leads to differential effects on RhoGTPase
activity [6], cell migration [7, 8] and proliferation [9, 10]. We hypothesized that the opposing functions
of p120 in breast cancer metastasis may be partially explained by differential isoform expression. In
Chapter 4 we developed a novel p120-3 isoform-specific antibody by targeting the free N-terminus
of p120-3. This antibody efficiently recognized p120-3 in its native and denatured form without crossreacting with p120-1. Using this antibody alongside the commercially available p120-1 antibody to
catalog p120 isoform distribution in normal human tissues, we showed that p120-3 is ubiquitously
expressed in nearly all epithelia, whereas co-expression of p120-1 correlates with homeostatic status
and developmental lineage. In Chapter 5 we analyzed p120 isoform expression in E-cadherin-positive
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breast cancer cells. Exon expression analysis indicated that the p120-3/p120-1 mRNA ratio is increased
in breast cancer compared to adjacent normal tissue. RT-PCR analysis showed that p120-3/p120-1
mRNA ratio correlated positively with tumor grade and size, and negatively with prognosis. In 2D and
3D in vitro invasion assays, we showed p120-3 is enriched at the leading edge of invading cohorts.
Finally, using our novel p120-3 antibody we demonstrated that p120-3 expression is maintained in
invasive structures of cancer cells in the local tissue, intravascular groups and lymph node metastases,
whereas p120-1 expression is reduced in cancer cells in the local tissue and lymph nodes. Together
these data indicate that, contrary to what is to be expected based on current paradigms, p120-3
expression is maintained in all phases of metastasis whereas p120-1 is downregulated in cells in local
invasion structures and distant metastasis.
Finally, in Chapter 6 we compared the migration pattern of p120-positive and -negative cells
representing adherens junction-positive and -negative breast cancers, respectively, in invasion assays
of diverse extracellular matrix geometries and densities. We showed that p120-positive and -negative
cells migrate collectively under confining conditions. Cell individualization required low adhesion and
low confinement, and occurred at the tips of invasive strands in collagen tracks of loose matrices.
Moreover, in the absence of adherens junctions, p120-negative collective clusters formed alternative
adhesions that contribute to collectivity.
In Chapter 7, I summarized the findings of this thesis and discussed them in the context of the current
understanding of cancer metastasis.
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Samenvatting
Het doel van dit werk was het verhelderen van de rol van p120 catenine (hierna p120) in het bepalen
van de modus van celmigratie en het ondersteunen van invasie in borstkankercellen. Celmigratie is een
essentieel proces dat ten grondslag ligt aan de ontwikkeling en homeostase van gezonde weefsels, en
eveneens aan pathologische processen zoals kanker. Wetenschappelijk onderzoek wijst uit dat collectieve migratie de meest voorkomende modus van celmigratie is in processen zoals epitheliale morfogenese, wondgenezing en kankercelinvasie en metastase. Collectieve migratie wordt gekenmerkt door
het behoud van cel-celadhesiecomplexen in het algemeen, en in het bijzonder zogeheten ‘adherens
junctions’. Deze adhesies komen in vrijwel alle epithelia voor en zijn opgebouwd uit E-cadherine en zijn
cytoplasmatische interactiepartner p120 [1]. Net als in stationaire epitheliale monolagen dragen deze
complexen in migratie niet alleen bij aan de structuur van het cohort, maar ook aan cellulaire polariteit
en signaaltransductieprocessen betrokken bij overleving [2].
In Hoofdstuk 2 bespraken we huidige inzichten in de rol van adherens junctions en andere cel-celadhesiemoleculen in de polariteit van migrerende clusters. Hierbij maakten we onderscheid tussen
voor-achter polarisatie van zogeheten ‘leider cellen’ en van het cluster als geheel, die wordt bepaald
door intrinsieke en extrinsieke signalen en bijdraagt aan directionele verplaatsing, en cohesieve polarisatie, die wordt geïnstrueerd door signalen aan het grensvlak van het cluster en zijn omgeving en die
bijdraagt aan de integriteit van het cluster. Samen dragen deze processen bij aan directionele beweging
van groepen cellen tijdens de ontwikkeling, homeostase en metastase.
Tijdens de verschillende fases van metastase zijn E-cadherine en p120 betrokken bij verschillende
processen die de vorming van metastases bepalen, zoals dynamische adhesie, resistentie tegen anoikis, het waarnemen van overlevingssignalen en interactie met stromale cellen. Echter, expressie van
E-cadherine en p120 kan zowel metastase bevorderen als onderdrukken, zoals is gerapporteerd door
ogenschijnlijk tegenstrijdige studies. In Hoofdstuk 3 gaven we een overzicht van de functies van p120
en E-cadherine in de verschillende fases van metastase. Wij stelden de hypothese voor dat de deels
tegengestelde functies van deze moleculen mede veroorzaakt worden door hun complexe regulatie,
zoals alternatieve ‘splicing’ van p120 mRNA en proteolytische klieving van E-cadherin. Verder hangt het
effect van p120 en E-cadherine signalering af van de fase van metastase, zoals lokale invasie en vervoer
in de bloedsomloop, en het proces waarbij het betrokken is, zoals heterotypische interactie met andere
celtypes of overlevingssignalering.
Alternatieve splicing van p120 kan o.a. geïnduceerd worden door signalen zoals EMT transcriptiefactoren [3, 4] en regulatoren van epitheliale identiteit [5], en isovormen van p120 hebben differentiële
effecten op RhoGTPase activiteit [6], celmigratie [7, 8] en proliferatie [9, 10]. Wij stelden de hypothese voor dat de tegengestelde functies van p120 in metastase van borstkanker deels verklaard kunnen worden door differentiële expressie van isovormen. In Hoofdstuk 4 ontwikkelden we een nieuw
isovormspecifiek antilichaam tegen de vrije N-terminus van p120-3. Dit antilichaam herkende p120-3
in zijn natuurlijk en gedenatureerde vorm zonder kruisherkenning van p120-1. Met behulp van dit
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p120-3-specifieke antilichaam in combinatie met een commercieel verkrijgbaar antilichaam tegen
p120-1 hebben we de verdeling van p120 isovormen in normale menselijke weefsels bestudeerd, en
aangetoond dat p120-3 aanwezig is in vrijwel alle epithelia. De co-expressie van p120-1, daarentegen,
correleert met homeostatische status en afstamming van het celtype. In Hoofdstuk 5 hebben we de
isovormexpressie van p120 bestudeerd in E-cadherine-positieve borstkankercellen. Analyse van exonexpressie wees uit dat de p120-3/p120-1 mRNA ratio verhoogd is in borstkanker in vergelijking met
nabijgelegen normaal weefsel. RT-PCR analyse toonde aan dat de p120-3/p120-1 mRNA ratio positief
correleert met de graad en grootte van de tumor en negatief met de prognose. Verder hebben we
aangetoond dat de aanwezigheid van p120-3 verhoogd is aan het invasieve front van groepen cellen in
2D en 3D in vitro invasiemodellen. Tot slot hebben we aangetoond dat p120-3 expressie gehandhaafd
wordt in invasieve structuren van kankercellen in lokaal weefsel, intravasculaire groepen en metastases
in de lymfeklieren, terwijl expressie van p120-1 verminderd is in lokaal weefsel en lymfekliermetastases. Samen wijzen deze data uit dat, in tegenstelling tot wat men zou verwachten op basis van huidige
paradigma’s, p120-3 expressie behouden wordt in alle fases van metastases terwijl p120-1 expressie
verminderd is in lokale invasieve structuren en lymfekliermetastases.
Tot slot vergeleken we in Hoofdstuk 6 de patronen van migratie van p120-positieve en -negatieve
cellen, die model staan voor adherens junction-positieve en -negatieve borstkanker, respectievelijk.
Hiervoor gebruikten we invasiemodellen met extracellulaire matrix van verschillende dichtheden en
geometrieën. Wij toonden aan dat p120-positieve en -negatieve cellen collectief migreren onder ruimtelijke beperking. Individualisatie van cellen vereiste lage adhesie en weinig ruimtelijke beperking en
vond vooral plaats aan de voorkant van invasieve strengen in voorgevormde banen in collageen of in
grofmazige matrices. Voorts vormden p120-negatieve clusters alternatieve adhesies die bijdroegen aan
collectiviteit in de afwezigheid van adherens junctions.
In Hoofdstuk 7 vatte ik de bevindingen van dit proefschrift samen en besprak ze in de context van de
huidige literatuur op het gebied van metastase.
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PhD period: 13-10-2013 – 31-12-2019
Promotor: Prof. PHA Friedl
Co-promotors: Dr MM Zegers, Dr PN Span

TRAINING ACTIVITIES
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- Introduction day Radboudumc
- Graduate School specific introductory course RIMLS
- Course Scientific Integrity
- Course ‘Begeleiden van onderzoeksstages’
- Fiji course
- Laboratory animal science course
- Scientific Journalism course
- Loopbaanmanagement voor promovendi
b) Seminars & lectures^
- Seminar Frank Entschladen
- Seminar Ulf Dittmer
- Seminar Florian Markowetz
- Technical Forum Bio-orthogonal chemistry
- Technical Forum Genomics
- Seminar Roman-Ulrich Müller
- Seminar Stephen Bustin
- Seminar Christine Mummery
- Seminar Visha Dixit
- Seminar Johan de Rooij
- Seminar Jennifer Lippincott-Schwartz
- Bioké immunofluorescence seminar
- Seminar Anna Akhmanova
- Seminar Francesca Cesari
- Seminar Alexander Hoischen
- Seminar Alpha Yap
- Radboud Research Round Theme Women’s Cancer
- Radboud Research Round Theme Women’s Cancer
- Radboud Grand Round Helga Nowotny
- Seminar Tamar Geiger
- Seminar Chris Bakal
- Seminar Dietmar Hutmacher
- Technical Forum From Bench to Bedside
- Technical Forum Imaging
- Technical Forum Nanoscience and Nanomedicine
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Year(s)

ECTS

2013
2014
2013
2014
2014
2015
2017
2018
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2.0
1.0
0.4
0.8
3.5
3
0.8

2013
2013
2013
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2015
2015
2015
2015
2015
2015
2015
2015
2015
2015
2015
2015
2015
2015
2016
2016
2016
2016

0.1
0.1
0.1
0.2
0.2
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.2
0.2
0.2
0.1
0.1
0.1
0.1
0.1
0.1
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- Seminar Michael Sixt
- Seminar Andrew Ewald
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TOTAL
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2017
2018

0.1
0.1

2014-2016
2014-2017
2014
2014, 2015
2014
2016

3.0
4.0
1.75
1.5
0.5
0.5

2014-2018

5.0

2015
2015
2016
2017
2017
2017
2018
2018

2
1
2
2
1
0.4
3
0.1
43.9

2
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