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Breast cancer
The World Health Organization (WHO) estimates that every year approximately 14 million 
people worldwide are diagnosed with cancer leading to 8.2 million deaths. The number of 
annual cancer incidence is projected to increase to 22 million new cases in the coming two 
decades. Although breast cancer is ranked as fifth among the most lethal cancer subtypes, 
it is the leading cause of cancer-related death among women in the developed and non-
developed world accounting for 1.67 million new cases and 521,000 deaths annually 
(1). The majority of new cases are caused by sporadic breast cancer whereas hereditary 
breast cancer accounts for 5-10%. Common mutations in sporadic breast cancer include 
the oncogene PIK3CA, encoding the catalytic subunit of phosphoinositide 3-kinase (PI-3K), 
or the tumor suppressors TP53 (encoding p53), PTEN and CDH1 (encoding E-cadherin) (2). 
Besides these mutations, copy number alterations as a result of chromosomal instability are 
often observed in breast cancer resulting in allelic loss, gain and/or amplifications of specific 
chromosomal regions and genes such as ERBB2 (encoding the growth factor receptor HER2/
neu) and CCND1 (encoding Cyclin D1) (2). In addition, expression of tumor suppressor genes 
can be altered by other epigenetic or post-translational mechanisms.
Invasive ductal carcinoma (IDC) and invasive lobular carcinoma (ILC) are the two major 
subtypes of invasive breast cancer. Although IDC accounts for the majority of breast cancer 
cases, the incidence of ILC (approximately 15% of all breast cancer cases) has been increasing 
among post-menopausal women due to unknown causes (3). Unlike IDC, ILC is characterized 
by the presence of non-cohesive small round cells which infiltrate the stroma in a single file 
without distinct mass formation, a characteristic which hinders early diagnosis by palpation 
and mammography (4). In addition, ILC has an increased tendency to present multifocal 
and bilateral lesions compared to other invasive breast cancer subtypes (5). Furthermore, 
ILC is less likely to affect the lungs and the central nervous system whereas metastatic 
dissemination to the peritoneum, ovary and gastrointestinal system is much more common 
compared to IDC (5, 6). 
Treatment of breast cancer is determined by a number of parameters including estrogen 
receptor (ER) and progesterone receptor (PR) status, amplification of the growth factor 
receptor HER2/Neu, histological grade, and lymph node status. In general, treatment of 
breast cancer patients includes surgery, radiotherapy, and chemotherapy with cytostatic 
agents and/or targeted therapy. In contrast to IDC, surgical intervention and radiotherapy 
in patients displaying ILC is more cumbersome due to the diffuse growth pattern and less 
defined tumor margins, which might cause the increased local relapse observed after 
breast-conserving surgery (7). Furthermore, cases have been reported in which distant 
metastases had developed without the presence of a detectable primary tumor (8, 9). 
Metastatic dissemination of the primary tumor is often the reason for anti-cancer therapy 
failure and the major cause of mortality in cancer patients. Although the overall occurrence 
of metastases and short-term survival in ILC is comparable to IDC (5), long-term survival 
is significantly decreased in ILC patients when corrected for clinopathological parameters 
(10). Approximately 75% of all ILC cases display ER expression, which might account for the 
higher susceptibility to tamoxifen or aromatase inhibitor treatment (10, 11).  Because Her2/
Neu is not commonly expressed (12), there are currently no treatment options available 
for ILC patients when the tumor does not respond to conventional chemotherapy and ER 
antagonists.
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In contrast to IDC, mutational inactivation of p53 is uncommon in ILC and seems to occur 
only during later stages of disease progression (13, 14). However, allelic loss of TP53 has been 
observed in 30-40% of ILC cases indicating that functional inactivation of p53 is most likely 
not so uncommon as originally thought (15). In contrast, mutations in the tumor suppressor 
E-cadherin (encoded by CDH1) are restricted to ILC, which suggests that functional loss of 
E-cadherin, an important gatekeeper of epithelial integrity, is a driver of ILC etiology (16). 
Conditional mouse models indeed demonstrated that loss of E-cadherin is causal to the 
formation and progression of ILC (17, 18). Genome-wide expression profiling furthermore 
revealed that ILC forms a distinct breast cancer subtype. Together these data argue for the 
assumption that early loss of E-cadherin induces ILC development over a genetically distinct 
pathway compared to other breast cancer subtypes (19). In summary, it has become evident 
that ILC is a distinct breast cancer subtype characterized by functional loss of E-cadherin, 
suggesting that ILC patients will benefit from ILC-specific therapeutics.

Anoikis resistance 
In order for cancer cells to metastasize and colonize distant organs, numerous obstacles 
have to be overcome. These include evading immune surveillance, local invasion, intra- 
and extravasation and resistance to apoptosis (20). Cells that become detached from its 
surroundings, and thereby lose their interactions with other cells and the extracellular 
matrix (ECM), undergo a specific type of apoptosis termed anoikis. While the function of 
the ECM as survival factor had been recognized before by Martin Schwartz and co-workers 
(21), the term anoikis (derived from Greek, meaning “the state of being without a home”) 
was originally coined by Frisch and Francis in 1994 (22). In their original article, the authors 
demonstrated that resistance to anoikis, and subsequent anchorage-independent survival, 
occurred specifically upon oncogene-induced transformation of epithelial cell lines (22). 
Furthermore, they suggested that anoikis resistance is an intrinsic feature of non-epithelial 
cells and therefore may rely on the absence of epithelium-specific adhesion complexes that 
can relay apoptotic signals upon loss of anchorage (22). Over the years, many players and 
signaling pathways have been identified that control anoikis. These cues include growth 
factor receptor (GFR) signaling, oncogenic Ras signaling and activation of Rho GTPases (23). 
For example, the formation of a 3D luminal space by non-malignant mammary epithelial 
MCF-10A cells depends on clearing of cells through anoikis, and is mediated through 
upregulation of the pro-apoptotic BH3-only proteins BIM and BMF (24, 25). Both factors are 
upregulated in anchorage-independent conditions and increased expression has shown to 
be mediated through ERK and PI3K signaling (24-26). 
Previous research has demonstrated that in vitro resistance to anoikis can serve as a 
measure to predict the in vivo metastatic potential of cells (17, 18, 27, 28). Interestingly, loss 
of E-cadherin underlies the acquisition of anoikis resistance of ILC cells (17, 18). Given the 
significance of functional loss of E-cadherin in ILC and other cancers, these findings highlight 
the members of the epithelial adherens junction as important regulators of anoikis.

The epithelial adherens junctions
Classical cadherins mediate cell-cell adhesion
Multicellularity depends on the ability of cells to form strong contacts with other cells 
and with the ECM. In epithelia, cells are tightly packed to assure barrier function while 
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allowing for selective uptake of nutrients. Epithelial integrity and functioning depends on 
cell-ECM interactions mediated by focal adhesions and hemidesmosomes as well as cell-
cell interactions mediated by desmosomes, gap junctions, tight junctions (TJ), and adherens 
junctions (AJ). At the center of the AJ are the classical cadherins, which control cell-cell 
adhesion through homotypic interactions. The function of the archetype classical cadherin 
(termed E-cadherin for epithelial cadherin) as mediator of cell-cell adhesion was originally 
identified by the notion that treatment of embryonic mouse cells with the extracellular (EC) 
domain of this adhesion molecule was able to disrupt cell compaction and cell-cell adhesion 
in embryonic mouse cells (29-31). Subsequently, it was demonstrated that monoclonal 
antibodies raised against these fragments could effectively disrupt cell-cell adhesion and, 
moreover, were only effective in the presence of Ca2+, indicating that the presence of this 
bivalent cation induces a conformational change in this molecule, which was subsequently 
termed cadherin for calcium-dependent adhesion (32). Evidence for a direct function of 
E-cadherin in cell-cell adhesion was provided when the full-length cDNA of E-cadherin was 
cloned and was demonstrated to be able to morphologically change the growth pattern 
of fibroblasts. Forced expression of E-cadherin induced fibroblasts, which are normally 
deficient for E-cadherin, to grow in tight clusters in a calcium-dependent manner which 
resembled epithelial cell growth (33). Over the years at least 80 members of the cadherin 
superfamily have been identified including other classical cadherins (such as neural 
cadherin for N-cadherin and vascular endothelial cadherin for VE-cadherin) and the non-
classical cadherins (including the desmosomal cadherins desmocollin and desmoglein, and 
the protocadherins, which are predominantly expressed in the central nervous system) (34).  

E-cadherin is a tumor suppressor 
Loss of E-cadherin function is a frequently observed event in invasive breast cancer and 
diffuse-type gastric cancer. In gastric cancer, mutational inactivation of CDH1 occurs in 
the germ line, leading to a truncated non-functional E-cadherin (35). In contrast, ILC is 
characterized by somatic frame-shift mutations in CDH1 (16). In either cancer type functional 
inactivation occurs through loss of heterozygosity. Alternatively, loss of E-cadherin can 
be mediated through allelic loss (36), epigenetic silencing (37, 38) and transcriptional 
downregulation (39-43). The first indications that E-cadherin functions as a bona fide 
tumor suppressor came from the observations that downregulation of E-cadherin by 
means of anti-sense RNA silencing dramatically increased the invasiveness of transformed 
epithelial cells (44). Moreover, introduction of full-length E-cadherin was shown to induce 
epithelial differentiation and inhibit invasion in collagen gels (44, 45). In vivo causality for 
E-cadherin loss of function in tumor progression was provided in 1998, when Christofori 
and co-workers showed that expression of a dominant-negative form of E-cadherin induced 
metastasis in a mouse model of pancreatic carcinoma (46). Loss of function studies have 
been hampered by the fact that homozygous E-cadherin ablation in mice is embryonically 
lethal and leads to severe abnormalities due to a failure in trophectoderm formation (47). 
Eventually, site-specific recombination systems like the Cre/loxP system allowed for somatic 
and tissue-specific inactivation of E-cadherin (48). Conditional inactivation of E-cadherin 
in the mammary gland is not tolerated and therefore does not lead to the formation of 
mammary tumors (17, 18, 49). However, combined inactivation of E-cadherin and p53 led 
to the formation of highly-metastatic mammary tumors that displayed typical phenotypical 
and functional characteristics of human ILC, and were therefore termed mouse ILC (17, 18). 
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α-catenin links the AJ to the actin cytoskeleton
While the EC domains of E-cadherin mediate the physical interactions that facilitate cell-
cell adhesion, the cytosolic domains provide interactions domains for different cadherin-
associated catenins including α-catenin, β-catenin and p120-catenin (p120). The connection 
between the AJ complex and the actin cytoskeleton depends on α-catenin, which indirectly 
interacts with E-cadherin via β-catenin (50). While α-catenin is capable of direct binding to 
β-catenin and filamentous actin (F-actin) (51, 52), the mechanism responsible for linking 
the AJ complex to the actin cytoskeleton has been the subject of fierce debate (53). In the 
classical static view of AJ functioning, α-catenin bridges the interaction between actin and 
cadherin complexes through binding of β-catenin. Evidence for this view comes from the 
observation that α-catenin is capable of binding β-catenin and F-actin via two separate 
domains (VH1 and VH3 domain, respectively) (52). In addition, α-catenin can interact with 
a plethora of actin-binding proteins including vinculin and α-actinin (50). Interestingly, 
introduction of an E-cadherin-α-catenin chimeric fusion protein, which effectively 
circumvents the bridging function of β-catenin, was able to rescue cell-cell adhesion in cell 
lines and Drosophila oocytes (54, 55). Furthermore, these fusion proteins associated with 
the underlying cytoskeleton judged by extraction with nonionic detergents which indicates 
a bridging function for α-catenin (55). However, this view has been disputed by the findings 
that α-catenin is not capable of simultaneous binding to F-actin and β-catenin (56). It was 
demonstrated that α-catenin exists as a monomer and as a homo-dimer with differential 
binding properties to cadherins and F-actin. While monomeric α-catenin has high affinity 
with cadherin-catenin complexes, the binding properties of the α-catenin dimer are shifted 
towards F-actin binding (57). These data are supported by the notion that the catenin-
cadherin complex displays differential dynamics compared to cortical actin network, which 
does not support the view that a highly stable interaction exists between the two factors 
(56). Another hypothesis is that the direct interaction between cadherin-catenin complexes 
and the actin cytoskeleton is mediated through the cumulative effects of multiple weak 
interactions between cadherin-associated α-catenin and actin binding proteins including 
Vinculin, α-actinin and EPLIN (53, 56, 58). The function of these proteins becomes more 
evident when external force is transmitted to the AJ complex. This results in a conformational 
change of α-catenin and subsequently recruits Vinculin and EPLIN which directly link the AJ 
to the actin cytoskeleton in a force-dependent manner (59-61).

p120 mediates AJ stability
While α-catenin mediates the interaction between cadherins and the actin cytoskeleton, 
p120 functions at the center of AJ stability through direct binding of the cytosolic tail of 
classical cadherins (62-64) (Fig. 1). The cadherin-associated catenin p120 was originally 
identified as part of a large-scale study to identify the substrates of oncogenic Src activity 
(65). The identification of p120 among the other Src substrates was unique in the sense that 
phosphorylation of p120 was specifically mediated by constitutively active oncogenic Src 
and not by non-transforming Src (65). Moreover, phosphorylation of p120 tightly correlated 
with cellular transformation, which put p120 forward as an interesting Scr substrate which 
could confer the oncogenic potential of Src (65). Later it was demonstrated that the structure 
of p120 harbors linked domains that share identify to the domains originally identified in the 
Drosophila protein armadillo (β-catenin in vertebrates) and were therefore termed armadillo 
(ARM) domains. This structural similarity led to the notion that p120 might also associate 
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with the cytosolic domain of classical cadherins, although the ARM domains of p120 only 
share 22% identity with the ARM domains of β-catenin (66, 67). Indeed, shortly thereafter 
p120 was experimentally confirmed to be a cadherin-associated catenin (67, 68). Conclusive 
evidence was provided when mutations in the identified p120 binding domain in E-cadherin, 
termed the juxtamembrane domain (JMD), were introduced and shown to effectively 
disrupt cadherin clustering and cell-cell adhesion (69, 70). Later research demonstrated that 
the association with p120 is crucial to stabilize E-cadherin at the cell cortex (63, 64, 71). 
For instance, restoration of physiological p120 levels in p120 mutant cell lines induced the 
transition from a non-differentiated phenotype to an epithelial morphology and led to post-
translational stabilization of membrane-bound E-cadherin (64). Other studies showed that 
in the absence of p120, classical cadherins are rapidly endocytosed and eventually degraded 
in the lysosome (63, 71). The crystal structure of p120 in complex with E-cadherin revealed 
that binding of p120 to the JMD might prevent the endocytotic machinery to associate 
with E-cadherin through steric hindrance and subsequent masking of endocytotic signals 
(72). These endocytotic signals in E-cadherin include two non-conserved leucine motifs 
(residues 743 and 744) and tyrosine phosphorylation sites (residues 755 and 756) that have 
been implicated in p120-dependent and Hakai-mediated endocytosis of E-cadherin (73, 
74). Conclusive evidence for such a mechanism was provided when it was experimentally 
demonstrated that the conserved core p120 binding domain in classical cadherins (residues 
758-771 in E-cadherin) acts as the main endocytotic signal whereas the presence of the 
dileucine motif controls an additional E-cadherin-specific endocytotic signal (62). It has 
become evident that binding of p120 to classical cadherin such as E-cadherin inhibits 
endocytosis of cadherin complexes through masking of endocytotic signals and thereby 
assures cortical stability and proper cell-cell adhesion.

DegradationSynthesis

Cadherin
Turnover

β-cat

α-cat

F-actin

Clathrin-dependent
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ubiquitination
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Figure 1: p120 controls AJ stability and RhoA activity
Binding of p120 to the juxtamembrane domain (JMD) of E-cadherin controls the stability of the AJ complex. Upon dissociation of p120, 
the exposed dileucine motif and/or phopshorylated tyrosines are recognized by adaptor proteins (AP) and/or the E3 ligase Hakai and 
endocytotoic processing of the cadherin-catenin complex is initiated. In addition, p120 controls the activity of the small GTPase RhoA through 
direct interaction with inactive GDP-bound RhoA. This Rho GDP-dissociation inhibitor (GDI) function of p120 occurs independent of binding 
to classical cadherins. 
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The myriad functions of p120
The p120 family
The p120 family is composed of ARM-containing proteins that can be roughly divided into two 
subgroups based on sequence identity (75, 76). The first group consists of p120, δ-catenin, 
p0071 (PKP4; plakophilin 4), and armadillo repeat gene deleted in velocardiofacial syndrome 
(ARVCF). These proteins share over 45% sequence identity in their ARM domains and have 
been demonstrated to associate with classical cadherins (75). The second group consists of 
the more distantly related plakophilins 1-3 (PKP1-3) that share approximately 30% sequence 
identity to the p120 ARM domains and do not associate with classical cadherins. Instead, 
these proteins function in the desmosome by direct binding to desmosomal cadherins or 
indirect binding via desmoplakins and plakoglobins in a manner highly reminiscent of the 
function of catenins in the AJ complex (77).
The shared ability to associate with and stabilize classical cadherins between p120 family 
members implies a certain degree of redundancy (75). However, conditional inactivation of 
p120 in the skin revealed that ARVCF is not capable of substituting p120 in the stabilization 
of the AJ complex in this model system (78). The level of redundancy between p120 family 
members remains undetermined for most tissue types and might be highly dependent on 
the studied cell type. Interestingly, p0071 appears to associate with both classical cadherins 
and desmosomes and may provide crosstalk between the two different cell-cell adhesion 
complexes (79, 80).
 
The structure of p120
The gene expressing p120 is encoded from the CTNND1 locus located on chromosome 
11q11 (81). Four different isoforms can be expressed as the result of alternative start codons 
located at residues 1 (isoform 1), 55 (isoform 2), 102 (isoform 3), and 324 (isoform 4) (82). 
Further complexity is provided through alternative C-terminal splicing, which leads to the 
use of exons A and/or B. Additional alternative exon usage can give rise to expression of exon 
C but only occurs on rare occasions (76). The largest isoform, p120-1ABC, consists of 968 
residues (Fig. 2) (82). Structural analysis of the most proximal N-terminus of p120 reveals 
the presence of a coiled-coil (CC) domain (residues 4 to 43), which is only present in isoform 
1 and is highly conserved between p120 family members (76). Following the CC domain is 
the regulatory N-terminal domain (residues 44 to 324), which harbors most of the tyrosine 
and serine/threonine phosphorylation sites and is fully present in isoform 1 and largely 
retained in isoform 2 and 3. All expressed p120 isoforms express the ten ARM domains 
(residues 352 to 824) and the C-terminal domain (residues 825-968). When expressed, exon 
C is inserted into ARM domain 6 (82). Exon A and B are located to the C-terminal domain 
of p120. In the next sections the different functions and binding partners of p120 will be 
discussed in detail (Fig. 2).

Regulation of Rho GTPases by p120 
Local activity of the Rho family of GTPases, comprised of 22 members including the prototype 
members RhoA, Rac1, and Cdc42, is crucial for cell migration, polarity and cellular adhesion 
(83-85). The AJ complex fulfills a crucial function during cell-cell adhesion by serving as a 
signaling platform for the Rho GTPases (84). The initial homophilic interactions between 
E-cadherin molecules induces local activation of Rac1 and Cdc42, which leads to downstream 
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activation of effector proteins and induces rearrangement of the actin cytoskeleton, which 
ultimately stabilizes the AJ (85). This maturation of the AJ induces a decrease of Rac1 activity 
leading to recruitment and activation of RhoA (86). In turn, activation of RhoA recruits the 
downstream effectors Rho associated coiled-coil kinase 1/2 (ROCK1/2). Phosphorylation 
of the subunit myosin light chain 2 (MLC2) activates the actin-associated motor protein 
myosin-2 which provides the actomyosin contractility required for proper cell-cell adhesion 
(87, 88). In this setting, p120 acts as a central player in mediating Rho GTPase signaling 
either in complex with cadherins or through direct binding to RhoA. The first evidence for a 
function in Rho GTPases regulation came from the observation that overexpression of p120 
induces a distinct phenotype characterized by a severe “branched” dendritic morphology 
reminiscent of toxin-induced RhoA inhibition (89, 90). It was shown that p120 directly binds 
and inhibits RhoA through a small leucine-rich region located near ARM domain 6 (residues 
622-628) (89). Interestingly, this region functions as a nuclear localization sequence (NLS) 
and contributes to nucleocytoplasmic shuttling of p120 (discussed later) (91). In addition, 
Src-mediated tyrosine phosphorylation in the N-terminal regulatory domain (Tyr217 and 
Tyr228) is thought to further increase the affinity between p120 and RhoA (92). Binding of 
p120 inhibits GTP-loading of RhoA, which effectively inhibits RhoA activity (89). Interestingly, 
this Rho guanine dissociation inhibitor (RhoGDI) function of p120 can be counteracted by 
cadherin sequestering of p120 to the cortex, indicating that direct RhoA inhibition occurs 
independent of cadherin association and is specific for cytosolic p120 (89). Besides direct 
binding to RhoA, cytosolic p120 can also interact directly with Rac1 and the Rac1 activator 
Vav2 (90, 93, 94). Vav2 is a guanine exchange factor (GEF) with a high affinity towards Rac1 
and Cdc42 (95). Overexpression of p120 not only inhibits RhoA activity but also activates 
Rac1 and Cdc42 in a Vav2-dependent manner, indicating that the observed dendritic 
phenotype may be in part dependent on the interaction with Vav2 (90, 93). These data 
show that p120 functions in the crosstalk between classical cadherins and regulation of Rho 
GTPases in a mutually exclusive fashion. The low affinity interaction of p120 with classical 
cadherins (relative to β-catenin) in combination with post-translational regulation may 

Figure 2: Schematic representation of p120-1ABC structure
Depicted are the different transcriptional startsites that give rise to the different p120 isoforms. In addition, differential splicing can yield the 
usage of exons A, B, and C. Shown are characterized phosphorylation events and the bindings regions of different notable p120 interaction 
partners. CC: coiled-coil; NLS: nuclear localization sequence; NES: nuclear export sequence.

Ser/Thr

Tyr

C-terminusARM domainsRegulatory domain

0 100 200 300 400 500 600 700 800 900 1000

CC

1 2 3 4

residue

translational
start site A BC alternative

exon

RhoA RhoA

p120-1ABC

I II III IV V VII VIII IX XVIphosphorylated
residues

Kaiso, Vav2 
notable binding 

partners

Classical cadherins

GSK3β, CK1α, DYRK1A

CK1ε

Rac1, CoREST

p190RhoGAP

REST

NES

NLSNLS



General Introduction

15

Ch
ap

te
r O

ne

allow for this bimodal function (69). Besides the plasma membrane-uncoupled p120 pool, 
cadherin-associated p120 is also able to regulate Rho GTPase activity through recruitment 
of a number of Rho regulatory factors. Recruitment of the Rho GTPase-activating protein 
190RhoGAP to the AJ complex is mediated by p120 in response to growth factor signaling 
and Rac1 activation. Here, p190RhoGAP leads to a decrease in local RhoA activity and 
mediates AJ formation (96). Conversely, G-protein alpha 12 (Gα12) functions as an activator 
of RhoA and interacts with both cadherin-associated p120 as cytosolic p120 (97). Gα12 can 
recruit a number of RhoGEFs including p115RhoGEF and PDZ-RhoGEF, which contribute to 
rapid local RhoA activation (98). Interestingly, binding of Gα12 to p120 downregulates Src-
mediated phosphorylation, which prevents p120 from binding to RhoA and is indicative of 
the presence of negative feedback regulation (97).
Regulation of RhoA at the AJ is dependent on dynamic microtubules (88, 99). It has been 
demonstrated that p120 can interact directly with the microtubule plus-end binding protein 
cytoplasmic linker associated protein2 (CLASP2) and with the minus-end binding protein 
NEZRA via direct binding to PLEKHA7 (100, 101). These interactions connect the dynamic 
microtubule network directly to the AJ and are crucial for AJ clustering and function in a 
kinesin-dependent fashion (100, 101). For instance, the interaction between p120 and the 
motor protein kinesin 1 (KIF5C) has been shown to be crucial for catenin-cadherin transport 
to sites of cell-cell contacts and junction assembly (102). In addition, p120 may associate 
directly with microtubules in a way that is mutually exclusive with regulation of Rho GTPases 
(103). However, the relevance and specificity of this interaction remains undetermined.  
Another kinesin, mitotic kinesin-like protein 1 (MKLP1 or KIF23) is crucial for regulating local 
Rho GTPase activity at the AJ (88). MKLP1 is part of the centralspindlin complex and is best 
known as a crucial regulator of cytokinesis. Centralspindlin can be recruited to the AJ by 
binding to α-catenin and regulates RhoA activity through recruitment of the RhoGEF Ect2 
and inhibition of junctional p190RhoGAP (88). 
These studies demonstrate that p120 plays an important role in regulation of Rho 
GTPase signaling in cadherin-dependent and cadherin-independent conditions. Given the 
pivotal function of Rho GTPases in cell migration, adhesion, polarity, and cell division it 
is not surprising that deregulation of Rho GTPase activity has been linked to loss of the 
AJ components E-cadherin and p120. For instance, the cytosolic pool of p120 controls 
oncogenic Rho-ROCK signaling in ILC. In this setting, activation of RhoA and its downstream 
effector ROCK1 has been shown to induce anoikis resistance and metastatic dissemination 
(discussed later) (104). In addition, conditional loss of p120 in keratinocytes led to RhoA-
dependent activation of NFκB signaling, inducing an inflammatory response, which indicates 
that p120 also controls RhoA-mediated transcriptional regulation (78, 105). 

Nucleocytoplasmic shuttling by p120
ARM domain-containing proteins, including the p120 protein family, share the ability to 
shuttle between the cytosol and the nucleus (106, 107, 108). This common trait indicates 
that nucleocytoplasmic shuttling has evolved before the ability to function in adhesion 
complexes given the fact that regulation of adhesion is exclusively restricted to ARM 
domain-containing catenins. Nuclear localization of p120 has been observed in cell lines 
lacking E-cadherin expression and is sensitive to treatment with leptomycin B, an inhibitor of 
canonical nuclear export, indicating active nucleocytoplasmic shuttling (106, 108). Nuclear 
shuttling of ARM domain-containing proteins might be facilitated through interactions with 
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nuclear membrane proteins as was demonstrated for β-catenin and Emerin (109). 
Nuclear transport is dependent on a number of features including the presence of two 
nuclear localization sequences (NLS), a nuclear export sequence (NES) and the intrinsic 
ability of the ARM domains to facilitate nuclear localization (Fig. 2) (106, 108). Interestingly, 
the observation that the ARM domains (required for binding to E-cadherin) are also crucial 
for nuclear import, indicate that E-cadherin might be able to negatively regulate the nuclear 
function of p120 (106). Introduction of E-cadherin in cadherin-deficient cell lines severely 
reduced nuclear p120 expression whereas introduction of p120-uncoupled E-cadherin 
had no influence on nuclear p120 localization. These finding indicate that cadherins can 
sequester p120 and reduce its nucleocytoplasmic shuttling (106, 108). 
The regulatory mechanisms behind nucleocytoplasmic shuttling of p120 remain largely 
unidentified. Indications for post-translational regulation come from the observations that 
p120-3A, lacking the N-terminal regulatory domain, is predominantly localized to the nucleus 
whereas p120-1A is expressed in the cytosol and nucleus indicating that the regulatory 
domain is involved in shuttling between the cytosol and the nucleus (106). Interestingly, 
Wnt-induced phosphorylation of Thr47 (only expressed in p120-1A) by dual-specificity 
tyrosine-regulated kinase 1A (Dyrk1A) and Ser268/269 by casein kinase 1 epsilon (CK1ε) 
have been shown to stabilize p120 and induce nuclear import as well as association with the 
transcriptional repressor Kaiso (110) (discussed in the next section). More recently it was 
demonstrated that p120 also interacts with other nuclear partners. These factors include 
the transcriptional repressor delta interacting protein A (DIPA or CCDC85B for coiled-coil 
domain containing 85B) and the REST/CoREST complex, which functions as a transcriptional 
repressor during stem cell self-renewal and differentiation (111, 112). Binding of p120 to 
the REST/CoREST complex inhibits the transcriptional repression mediated by this complex 
and induces target gene expression crucial for differentiation of embryonic stem cells into 
the neuronal lineage (112). While most of the evidence remains fragmentary, these studies 
implicate a broad regulatory function for nuclear p120 in transcriptional regulation during 
development and disease. 

p120 interacts with the transcriptional repressor Kaiso
The first evidence for a functional role of nuclear p120 came with the identification of the 
transcriptional repressor Kaiso (ZBTB33) as a p120 interaction partner (113). Kaiso is a 
member of the BTB/POZ-ZF (Broad complex, Tramtrack, Bric à brac (BTB) or pox virus and 
zinc finger (POZ)-zinc finger) (114). Kaiso was named after the rhythmic Caribbean music 
calypso that accompanied the cloning of the gene (115). Other members of the BTB/POZ 
family include promyelotic leukemia zinc finger (PLZF) and B cell lymphoma 6 (BCL-6) and 
have been implicated in developmental processes and cancer (114). Kaiso was identified as 
a novel p120 interaction partner in a yeast two-hybrid study (113).  The interaction between 
p120 and Kaiso was mapped to ARM domain 1-7 of p120 and the first 200 residues of the 
C-terminus of Kaiso  (Fig. 2 and Fig. 3) (113). The sequence of Kaiso reveals the presence of 
a conserved N-terminal POZ domain and three zinc finger (ZF) domains which mediate the 
interaction with target gene promoters (Fig. 3) (113). In addition, Kaiso contains a putative 
NLS and is predominantly localized to the nucleus where it functions as a transcriptional 
repressor (116). Interestingly, p120 binds Kaiso in the region directly flanking the ZF 
domains of Kaiso which could negatively affect the interaction between the ZF domain and 
DNA (117). Indeed, binding of p120 to Kaiso induces dissociation of Kaiso from promoter 



General Introduction

17

Ch
ap

te
r O

ne

regions and induces expression of Kaiso target genes (117-119). Interestingly, Kaiso interacts 
with target gene promoter regions through binding of two distinct Kaiso binding sites (KBS): 
(i) the classical KBS (TCCTGCNA) (117, 120) and (ii) an alternative methyl-CpG-dependent 
KBS (TCTCGCGAGA) (121). Interestingly, specific methylation of the double CpG core in the 
alternative KBS significantly increased the affinity with Kaiso in artificial reporter assays 
(121). However, the functional significance of the alternative KBS remains unknown, as does 
the relevance of methylation of the site to Kaiso binding and whether this leads to repression 
or activation in vivo. In addition, Kaiso can associate with hyper methylated promoter 
regions through an interaction with methylated CpG dinucleotides independently of the 
presence of a sequence-specific KBS (117, 122). While the functional relevance of this multi-
specificity remains undetermined, the association with p120 promotes disruption of Kaiso 
binding from the classical KBS and non-sequence-specific methylated CpG dinucleotides, 
although the latter is less responsive to inhibition by p120 (117, 120). Resolution of the 
crystal structure of the ZF domains of Kaiso in complex with DNA revealed that ZF1 and ZF2 
are involved in recognition of the classical KBS and methylated CpG dinucleotides whereas 
the C-terminal region following ZF3 is involved in high affinity binding to the minor groove 
of DNA (123, 124). Furthermore, structural analysis revealed a high level of conservation in 
the ZF domains and the flanking regions indicating that regulation of Kaiso function by p120 
may be conserved among species (123). 
Kaiso exerts its transcriptional repressive function through recruitment of a number of factors 
including the nuclear co-repressor 1 (N-COR1) (125), myeloid translocation gene 16 (MTG16) 
(126), silencing mediator of retinoic acid and thyroid hormone receptor (SMRT) (121), and 
the transcriptional insulator CCCTC-binding factor (CTCF) (127). The N-CoR complex has been 
demonstrated to function as an important transcriptional regulator during early embryonic 
development (128). Interestingly, Kaiso functions as a crucial regulator of early development 
in Xenopus (119, 122). Here, depletion of Kaiso induced severe defects in convergent 
extension movements during gastrulation and resulted in premature expression of silenced 
genes (119, 122, 129). The defects in convergent extension movements were pinpointed 
to deregulation of Wnt11 expression, which is a direct p120-regulated Kaiso target gene 
(119). In contrast, studies on Kaiso function in mammalian development showed no obvious 
role for Kaiso during development. Kaiso knock-out mice did not display any developmental 
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defects or changes in Kaiso target gene expression (130). However, this phenotype may 
be explained by functional redundancy between Kaiso and its two closest family members 
ZBTB4 and ZBTB38, which are both not present in Xenopus. To avoid these problems, a Kaiso 
transgene was expressed under the control of the intestine-specific Villin promoter (131). 
Contrary to the results obtained from the Kaiso-/- animals, mice overexpressing the Kaiso 
transgene displayed inflammation and crypt hyperplasia (131). While this phenotype might 
be artificial due to forced Kaiso expression, increased Kaiso levels have been observed in 
primary intestinal tumors and metastases and are indicative that Kaiso exerts oncogenic 
properties (132).
Although the majority of studies have shown that Kaiso functions as a transcriptional 
repressor, there is evidence for a role in activation of gene expression as well. For instance, 
the p120 family member δ-catenin associates with Kaiso and induces transcription of 
the Kaiso target gene receptor-associated protein of the synapse (RAPSYN) in neuronal 
cells (133). In addition, genome-wide chromatin immunoprecipitation (ChIP) sequencing 
data revealed that Kaiso predominantly associates with transcriptionally active and non-
methylated genomic regions (134). While this finding might reflect a function for Kaiso in 
transcriptional activation, its is more likely that Kaiso acts as a direct or indirect dampener of 
actively transcribed genes by recruitment of repressive machinery (134). In this setting, Kaiso 
would act as an opportunistic transcription factor by binding to more unfavorable binding 
sites as access to its preferable binding sites (for instance the classical KBS) is restricted by 
the specific chromatin state (134). Functional evidence for a regulatory function of actively 
transcribed genes comes from the Kaiso interaction partner and transcriptional activator 
ZNF131, also a member of the POZ-ZF protein family (135). Binding of ZNF131 to its target 
gene promoter is disrupted upon Kaiso association in a dose-dependent manner, indicating 
that Kaiso can dynamically inhibit active gene expression in addition to its function as 
steady-state transcriptional repressor (135). 

Canonical Wnt signaling regulates p120/Kaiso
Wnt signaling is essential for vertebrate and invertebrate development (136). A number 
of studies have demonstrated that crosstalk between canonical Wnt signaling and p120/
Kaiso signaling exists on different levels. First, studies in Xenopus have demonstrated 
that expression of Kaiso can inhibit expression of canonical Wnt target genes during early 
development (129, 137). Kaiso may inhibit expression of Wnt target gene expression by 
binding to classical KBSs in the promoter region of these genes. This will most likely only 
affect a subset of Wnt target genes as only a fraction of Wnt target genes harbor a KBS in 
their promoters (129). In parallel, Kaiso can directly inhibit canonical Wnt signaling through 
direct binding with TCF/LEF family proteins and β-catenin (137-139). Binding of the ZF 
domains of Kaiso to the DNA-binding HMG box of TCF/LEF proteins displaces these factors 
from their target gene promoters and thereby inhibits β-catenin-dependent transcriptional 
activation (137, 138). 
Secondly, activation of Wnt signaling can induce dissociation of p120 from cadherin 
complexes and thereby enlarge the cytosolic and nuclear signaling pool of p120. The levels 
of cytosolic p120, analogue to β-catenin, appear to be controlled by the multiprotein 
destruction complex including the Thr/Ser kinases casein kinase 1 (CK1) and glycogen 
synthase kinase 3 (GSK3) and the tumor suppressors Axin and adenomatous polyposis coli 
(APC) (140). In the absence of Wnt signaling, p120 associates with the destruction complex 
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and is phosphorylated in the N-terminus regulatory domain by CK1 and GSK3β (residues 
Ser6, Ser8, Ser11 and Ser15) resulting in ubiquitin-mediated proteasomal degradation  
(140). Mutations of these residues stabilize p120 and induce the association with Kaiso 
(140). Conversely, the presence of Wnt signals induces stabilization of p120 and increases 
the cytosolic and nuclear signaling pool. For instance, Wnt-induced phosphorylation of p120 
on Ser268 and Ser269 by CK1ε leads to reduced binding of p120 to E-cadherin and induces 
binding to Kaiso (141). In addition, phosphorylation of Ser47 by Dyrk1A, in response to 
canonical Wnt signaling, has been shown to stabilize p120 and induce the association with 
Kaiso leading to Kaiso target gene expression (110). 

The role of Kaiso in cancer
As discussed, p120 functions as a direct regulator of Kaiso-mediated transcriptional 
repression. Loss of E-cadherin is a common event in cancer and leads to cytosolic and 
nuclear translocation of p120, which raises the possibility of a tumor suppressive function 
for Kaiso in repression of oncogenic target genes. In addition, a number of bona fide Kaiso 
target genes have been strongly linked to cancer and oncogenic signaling including WNT11, 
CCND1 (encoding CyclinD1), MMP7 (encoding the metalloproteinase Matrilysin) and MTA2 
(encoding metastasis tumor associated 2) (142-145). 
Additional indications for a functional role of Kaiso in cancer initiation and progression come 
from studies on subcellular localization of Kaiso. Although Kaiso is predominantly expressed 
in the nucleus of cultured cells, cytosolic localization of Kaiso has often been observed in 
tumor tissues (146, 147). Xenografts of human cancer cell lines showed that the subcellular 
localization of Kaiso is dynamic and heavily depends on the specific microenvironment. 
During in vivo growth of the xenografts, localization of Kaiso shifted from predominantly 
nuclear to cytosolic in the majority of the cells. Interestingly, the cells in the periphery of 
the xenograft retained nuclear Kaiso localization whereas the cells in the center of the 
nodule displayed decreased Kaiso levels, suggesting that tumor-stroma interactions may 
control Kaiso localization (146). In lung cancer, cytosolic Kaiso was associated with poor 
prognosis, indicating a function as tumor suppressor for nuclear Kaiso (147). In this setting, 
cytosolic Kaiso correlated with the presence of cytosolic p120. These data indicate that 
loss of cadherin function and subsequent p120 translocation can negatively regulate Kaiso-
mediated transcriptional control by mediating nuclear export of Kaiso (148). 
Multiple studies point towards a tumor suppressor function of Kaiso in repression of 
oncogenic target genes while some reports have suggested an oncogenic function for Kaiso. 
For instance, Kaiso functions in methylation-dependent transcriptional repression of tumor 
suppresor genes in colon cancer cell lines (149). In vivo data further supports this oncogenic 
role for Kaiso in intestinal cancer. Kaiso-/- animals crossed in the Apc-/+ mouse model of 
intestinal cancer resulted in a delayed onset of tumor formation (130). Conversely, expression 
of transgenic Kaiso in combination with heterozygous Apc inactivation significantly decreased 
life span and induced polyp formation (132). In addition, nuclear localization of Kaiso 
correlated with the poorly differentiated phenotype and decreased survival in prostate and 
breast cancer (150, 151). In both settings, it was demonstrated that Kaiso directly controls 
the expression of E-cadherin in a methylation-dependent manner. Depletion of Kaiso from 
prostate and breast cancer cell lines induced expression of E-cadherin, downregulation of 
mesenchymal cadherins and subsequent reversal to the epithelial phenotype, suggesting a 
function for Kaiso in an epithelial to mesenchymal transition (EMT) (150, 151).
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In conclusion, Kaiso has been implicated in oncogenic and tumor suppressive signaling. Its 
function appears to be highly dependent on the specific cell type and the microenvironment. 
The limited data on the target genes that are directly and indirectly regulated by Kaiso 
prevent correct interpretation of its function during development and disease. However, 
the fact that Kaiso activity is directly antagonized by p120 implies that Kaiso target gene 
expression may contribute to oncogenic processes in cancer cells displaying downregulation 
or mutational inactivation of E-cadherin.

Context-dependent functions for p120 in cancer 
Tumor suppressive functions of p120
Indications for a tumor suppressive function of p120 come from the observations that 
p120 expression is lost or decreased in a number of different tumors including breast, 
colorectal, esophageal, gastric and lung cancer (152-155). In breast cancer, p120 levels 
are absent in approximately 10% of all IDC cases and reduced in one-third of examined 
IDC samples (152, 155). Although these data suggest that p120 is a tumor suppressor in 
breast cancer, to date only one missense mutation (C1081A) has been described (156). 
Identification of mutations in p120 is challenging because tumors often show focal loss 
of p120 expression (152). However, it appears more likely that mutational inactivation is 
a rare event in breast cancer. Lost or reduced p120 expression is therefore more likely to 
be the result of epigenetic modifications, transcriptional downregulation or allelic loss 
although compelling evidence for the involvement of these processes is currently lacking. 
The first in vivo evidence that p120 functions as a tumor suppressor came from two studies 
in which p120 was conditionally inactivated in the mouse skin or salivary glands. In the 
salivary gland, p120 inactivation resulted in severe defects in epithelial morphology and 
adhesion which was characterized by reduced E-cadherin expression (157). Interestingly, 
ducts in p120-null glands were characterized by the presence of luminal epithelial masses 
that proliferated independent of contact with the basal lamina indicating a survival 
advantage for p120-deficient tumor cells  (157). The functional outcome of p120 loss 
appears to be highly tissue-dependent. For instance, conditional inactivation of p120 in 
the skin does not lead to overt barrier functions although E-cadherin and α-catenin levels 
are severely reduced, indicating that the AJ complex is no longer stabilized (78). In this 
setting, p120-null animals showed chronic inflammation of the skin as a result of RhoA-
dependent NFκB and MAPK activation. Loss of p120 did not induce the formation of skin 
tumors, despite the presence of epidermal hyperproliferation (78). Evidence for a true 
tumor suppressor function of p120 came from the observation that inactivation in the 
upper gastrointestinal tract induced the formation of tumors that closely resembled human 
esophageal squamous carcinomas (ESCC), a cancer subtype characterized by reduced or lost 
p120 expression (153). In accordance with previous observations, p120 ablation induced 
NFκB activation and subsequent increased stromal immune cell infiltration due to secretion 
of pro-inflammatory cytokineses such as GM-CSF, MCP-1, and M-CSF (153). Conditional loss 
of p120 in the colon induced massive intestinal barrier defects and chronic inflammation 
leading to premature death of the animals (158). However, intestinal tumors were observed 
when p120 depletion was controlled in a tamoxifen-inducible manner to enable long-term 
studies (159). Intriguingly, in this model all tumors that formed were positive for p120 and 
were characterized by severe immune cell infiltration,  suggesting that tumor formation in 
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this setting is a indirect consequence of chronic inflammation (159). Similar to E-cadherin 
inactivation, p120 ablation in the mammary gland induced apoptosis and rapid clearance 
of the targeted cells (160). However, mammary-specific dual inactivation of p120 and p53 
fully revealed the tumor suppressive function of p120 in the context of breast cancer (152). 
In this setting, loss of p120 induced the formation of mammary carcinomas that resembled 
high-grade IDC which displayed local invasion and metastatic dissemination to the lungs and 
lymph nodes (152). Additional in vitro experiments demonstrated that loss of p120 confers 
resistance to anoikis due to hypersensitization of growth factor receptor signaling (152). The 
latter is thought to be mediated through loss of direct sterical hindrance of growth factor 
receptors by E-cadherin and/or indirectly through loss of cadherin-dependent functioning 
of the ERM domain proteins Merlin and Ezrin in inhibiting EGFR signaling (161, 162). 
Although the functional outcome of p120 loss differs between tissue types, the common 
denominator is that loss of p120 induces the formation of a pro-tumorigenic microenvironment 
through secretion of growth factors and cytokines. Although the mechanism between p120-
dependent RhoA signaling and the activation of NFκB remains elusive, it seems to occur 
independent of the function of p120 in supporting cell-cell adhesion and epithelial integrity.

Oncogenic functions of p120
Several lines of evidence have implicated a clear oncogenic function for p120. It has been 
well established that loss of E-cadherin leads to cytosolic translocation of p120 in a variety 
of different tumor types including breast, colon, lung, and gastric tumors (154). Studies in 
breast and colon cancer indicated that cytosolic expression of p120 controls the invasive 
phenotype of E-cadherin negative cells (104, 163-165). In a mouse model for human ILC, 
loss of E-cadherin expression leads to cytosolic translocation of p120 where it mediates 
anchorage-independent survival and metastatic dissemination (104). In the cytosol, p120 
controls anoikis resistance of E-cadherin deficient cells by indirect activation of Rho-
associated coiled-coil containing kinases (ROCK) through binding of the Rho antagonist 
MRIP (104). 
Analogous to binding to E-cadherin, p120 is also capable of binding and stabilization 
of mesenchymal cadherins including cadherin-11 and N-cadherin (166), which further 
supports an oncogenic function of p120 as these cadherins are predominantly expressed 
in motile invasive cell types (167). Here, the binding of p120 to mesenchymal cadherins 
leads to activation of Rac1 and Ras-MAPK signaling. As a result, invasion and anchorage-
independent growth are induced (163, 166).
Together, these studies provide compelling evidence for the oncogenic function of p120 
upon loss of E-cadherin. The mechanistic differences downstream of oncogenic p120 
might be reflective of the differential tumor evolution in the absence of E-cadherin. In ILC, 
mutational loss of E-cadherin is an early event during tumorigenesis whereas downregulation 
of E-cadherin during epithelial-mesenchymal transition (EMT) occurs later on during 
tumor progression and is accompanied by upregulation of mesenchymal cadherins (168). 

Scope of this thesis
This thesis provides insight into the different functions of p120 that extend beyond its role 
at the plasma membrane and the regulation of adhesion. Using conditional mouse models 
based on mammary-specific inactivation of E-cadherin and tumor-derived cell lines, we 
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provide data for a causal role of p120 in the deregulation of Kaiso-mediated transcriptional 
repression. Furthermore, using genome-wide expression profiling, we have identified novel 
candidate p120-responsive oncogenic Kaiso target genes involved in anoikis resistance of 
ILC. In addition, we unraveled a novel function for p120 in regulation of cytokinesis through 
modulation of MKLP1-dependent RhoA activity. By combining data from conditional mouse 
models, cell lines and patient samples we provide evidence that loss of p120 underpins 
breast cancer progression through loss of cell-cell adhesion and induction of chromosomal 
instability. Together, this thesis provides novel insight into the different cadherin-independent 
functions of p120 in breast cancer initiation and progression.



General Introduction

23

Ch
ap

te
r O

ne





Chapter Two

Nuclear Kaiso Expression is Associated with 
High-Grade and Triple-Negative Invasive Breast 

Cancer

Jeroen F. Vermeulen1*, Robert A.H. van de Ven1*, Çiğdem Ercan1, Petra van 
der Groep1,2, Elsken van der Wall2, Peter Bult3, Matthias Christgen4, Ulrich 
Lehmann4, Juliet M. Daniel5, Paul J. van Diest1, and Patrick W.B. Derksen1

Adapted from PLoS ONE (2012), May; 7(5): e37864

1Department of Pathology, University Medical Center Utrecht, Utrecht, The Netherlands. 
2Division of Internal Medicine and Dermatology, University Medical Center Utrecht, 
Utrecht, The Netherlands. 
3Department of Pathology, Radboud University Nijmegen Medical Centre, Nijmegen, The 
Netherlands. 
4Institute of Pathology, Hannover Medical School, Hannover, Germany.
5Department of Biology, McMaster University, Hamilton, ON, Canada.

*Equal author contribution



Chapter Two

26

Abstract
Kaiso is a BTB/POZ transcription factor that is ubiquitously expressed in multiple cell 
types and functions as a transcriptional repressor and activator. Little is known about 
Kaiso expression and localization in breast cancer. Here, we have related pathological 
features and molecular subtypes to Kaiso expression in 477 cases of human invasive 
breast cancer. Nuclear Kaiso was predominantly found in invasive ductal carcinoma (IDC) 
(p=0.007), while cytoplasmic Kaiso expression was linked to invasive lobular carcinoma 
(ILC) (p=0.006). Although cytoplasmic Kaiso did not correlate to clinicopathological 
features, we found a significant correlation between nuclear Kaiso, high histological grade 
(p=0.023), ERα negativity (p=0.001), and the HER2-driven and basal/triple-negative breast 
cancers (p=0.018). Interestingly, nuclear Kaiso was also abundant in BRCA1-associated 
breast cancer (p<0.001) and invasive breast cancer overexpressing EGFR (p=0.019). We 
observed a correlation between nuclear Kaiso and membrane-localized E-cadherin and 
p120-catenin (p120) (p<0.01). In contrast, cytoplasmic p120 strongly correlated with 
loss of E-cadherin and low nuclear Kaiso (p=0.005). In conclusion, our data indicate that 
nuclear Kaiso is common in clinically aggressive ductal breast cancer, while cytosolic Kaiso 
characterizes ILC.

 Introduction
Kaiso was initially identified as a binding partner of the adherens junction (AJ) complex 
member p120-catenin (p120) (113). Kaiso is a member of the BTB/POZ-ZF (Broad complex, 
Tramtrak, Bric á brac/Pox virus and zinc finger) family of transcription factors (115) consisting 
of approximately 60 BTB/POZ-ZF members that include the cancer-associated B cell 
lymphoma 6 (BCL6), lymphoma-related factor (LRF), and hypermethylated in cancer (HIC1) 
genes (reviewed in (169)). Kaiso (also known as zinc finger- and BTB domain-containing 
protein 33; ZBTB33) interacts with its target gene promoters via two distinct mechanisms: 
via (i) sequence-specific Kaiso binding sites (KBS), consisting of the consensus sequence 
CTGCNA, or via (ii) methylated CpG-dinucleotides (117, 120, 137, 170). Although Kaiso can 
act as a transcriptional activator (133), it mainly acts as a transcriptional repressor by binding 
to the promoters of its target genes. This interaction can be inhibited by p120 binding to 
a region flanking Kaiso’s ZF motifs (113) and results in expression of distinct target genes 
(119). Kaiso has been shown to directly repress canonical Wnt targets via TCF/LEF family 
members (129, 138). These target genes include the matrix metalloprotease Matrilysin (also 
known as MMP7), CCND1, Siamois, Fos, and Myc (117, 129). In addition, Kaiso can regulate 
expression of Wnt11, which regulates directed cell movement and morphogenesis (119).
While there is data demonstrating a role for Kaiso in early vertebrate development (122, 
129), data implicating Kaiso-mediated regulation of gene transcription in cancer are scarce. 
Kaiso expression and subcellular localization seems dynamic and highly dependent on tumor 
type and microenvironmental conditions (135, 146). Interestingly, Kaiso-null mice show 
resistance to intestinal cancer characterized by a delayed onset of tumor development, 
decreased tumor size, and prolonged survival when crossed with Apc-/+ mice (130). 
Loss of E-cadherin and subsequent disruption of AJ function is strongly linked to breast cancer 
development and progression (reviewed in (171)). Using tissue-specific and conditional 
mouse models, we have established a causal relationship between early inactivation of 
E-cadherin and formation of invasive lobular carcinoma (ILC) (17, 18). While β-catenin is 
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rapidly degraded upon loss of E-cadherin (104, 172), p120 translocates and resides in the 
cytosol (173) where it regulates anchorage-independent tumor growth and metastasis 
through Mrip-dependent activation of the Rock pathway (104). In addition, cytoplasmic 
p120 has been implicated in the acquisition of motility and invasiveness in E-cadherin 
negative breast cancer (165, 174). The structure of p120 reveals a number of domains 
including a protein-protein interaction Armadillo (Arm) domain consisting of 10 Armadillo 
repeats. This domain mediates not only the interaction with cadherins but also p120 binding 
to the transcriptional repressor Kaiso, probably in a mutually exclusive manner (113).
Given the importance of p120 in the pathobiology of breast cancer and its regulation of 
Kaiso-mediated transcriptional repression, we performed a comprehensive analysis of Kaiso 
expression and localization to pathological features and molecular subtypes in 477 cases of 
invasive breast cancer (IBC).

Results
Kaiso expression in normal breast epithelium and invasive breast cancer
In normal breast tissue, localization of Kaiso was observed in the cytosol of both luminal and 
myoepithelial cells (Figure 1). We detected nuclear Kaiso expression mainly in the luminal 
epithelial cells, which was heterogeneous, while the number of cells showing nuclear Kaiso 
varied between ductal structures (5-35% of the cells) (Figure 1).
Next, we set out to analyze Kaiso expression in invasive breast cancer (IBC). We used a study 
population comprised of 312 (65.4%) IDC, 130 (27.3%) ILC, and 35 (7.3%) IBC cases with 
other histology (Table 1). First, we scored absence or presence of cytoplasmic expression of 
Kaiso, since this variable has recently been linked to poor prognosis in non-small cell lung 
cancer (NSCLC) (147). Although cytoplasmic expression of Kaiso was significantly different 
between the histological sub-types of breast cancer (p=0.006), it was not associated with 
other clinicopathological features (Table 2 and Figure 2). Given that Kaiso functions as a 
transcriptional repressor, we scored nuclear expression in our breast cancer cohort. Since 
using thresholds of 1%, 5% or 10% for scoring of nuclear accumulation resulted in identical 
outcome and statistical significance (data not shown), we used 5% nuclear localization as 
a positive cut-off percentage. IDC expressed nuclear Kaiso more often than ILC (p=0.007; 

Figure 1: Kaiso expression in normal breast 
epithelium
Sections were stained using 
immunohistochemistry for Kaiso (middle panel) 
or E-cadherin (right panel). Kaiso expression 
in normal breast epithelium is heterogeneous; 
high nuclear expression (top row) versus only 
cytoplasmic expression (bottom row) is found 
with equal frequency. Left panels show a 
haematoxylin and eosin (H&E) staining. Size 
bars equal 50µm, in inserts 25µm.

H&E Kaiso E-cadherin
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Table 4). 

Localization of Kaiso, EGFR and the adherens junction in breast cancer
Expression of EGFR has been linked to prognosis in basal/triple-negative breast cancer (175, 
176). Because EGFR partly co-localizes with the AJ (177), and EGF stimulation can modulate 
AJ function through phosphorylation of Src, p120, and PKCδ (178, 179), we determined 
whether EGFR expression correlated with levels of membranous E-cadherin and nuclear 
Kaiso. Indeed, a strong association between EGFR and E-cadherin was observed, which 
coincided with a higher prevalence of nuclear Kaiso expression in EGFR-expressing IBC 
(p=0.019; Table 4). 
Kaiso was identified as a p120-binding partner in a yeast two-hybrid screen, using p120 as 
bait (113). Since then, several studies indicated that p120 controls relief of Kaiso-mediated 
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Figure 2: E-cadherin and p120 membrane localization 
correlates with nuclear Kaiso expression 
IDC (left panels) and ILC (right panels) were stained for 
E-cadherin, p120, and Kaiso using immunohistochemistry. 
Note the association between membrane-localized 
E-cadherin and p120, and high nuclear Kaiso in IDC. In 
contrast, ILC is characterized by loss of E-cadherin, and 
expression of cytoplasmic p120, which correlates with 
absence of nuclear Kaiso. Size bars equal 50µm.

Table 3; Figure 2), while exclusive cytoplasmic 
expression of Kaiso was a common feature of 
ILC. In addition, no significant difference was 
found between classical and pleomorphic 
lobular cancers (p=0.237) (data not shown). 
For the other clinicopathological features, we 
observed that high-grade tumors and cancers 
with a MAI ≥13 had significantly more nuclear 
Kaiso than low-grade tumors (p=0.023 and 
p=0.003, respectively), while no significant 
differences were found for lymph node status 
and tumor size (Table 3). 

Nuclear Kaiso expression and molecular 
subtypes of breast cancer
Since Kaiso is implicated in transcriptional 
repression of specific target genes and our 
data indicated that nuclear Kaiso correlated 
with histology and grading in our IBC cohort, 
we performed a cross-comparison between 
nuclear Kaiso expression and the molecular 
subtypes of breast cancer. Nuclear Kaiso 
was significantly enriched in the basal/triple 
negative and HER2-driven IBC than luminal-
type IBC (p=0.018; Table 4). While we did not 
find differences in nuclear Kaiso expression 
in the context of PR and HER2 (p=0.104 and 
p=0.246, respectively), an inverse correlation 
between nuclear Kaiso and ERα expression 
was detected (p=0.001) (Table 4). Moreover, 
BRCA1-associated breast cancers showed a 
significant higher number of tumors expressing 
nuclear-localized Kaiso than sporadic 
carcinomas (71,4% versus 29,3%, respectively; 



Kaiso Expression and Localization in Breast Cancer Patients

29

Ch
ap

te
r T

w
o

transcriptional repression through binding and shuttling from and to the cytosol (119). 
Interestingly, this feature can be antagonized by E-cadherin expression, a key determinant in 
the differential diagnosis between IDC and ILC (108). While approximately 90% of ILC cases 
show loss of E-cadherin expression, the majority of IDC cases have retained E-cadherin on 
the membrane (180-182). Our data indicated that IDC and ILC show significant differences in 
cytoplasmic and nuclear Kaiso localization (Figure 2, Tables 3 and 4). The presence of AJs, i.e. 
membranous localization of E-cadherin and p120, strongly correlated with high nuclear Kaiso 
(p=0.008 and p=0.001, respectively; Table 5). Moreover, nuclear Kaiso inversely correlated 
with cytoplasmic p120 (p=0.005), thus supporting the notion that loss of E-cadherin and 
subsequent translocation of p120 to the cytosol may control Kaiso localization.

Discussion
In addition to the established role of BTB-POZ-ZF transcription factors in vertebrate 
development, increasing evidence emerges that these factors can function as oncogenes 
or tumor suppressors (114). For instance, the BTB/POZ promyelocytic leukemia zinc finger 
(PLZF) has been identified as a translocation partner of the retinoic receptor alpha (RARα). 
In this setting, PLZF confers oncogenic potential through fusion to the hormone-binding 
domain of RARα, subsequent binding to its target sites and local recruitment of histone 
deacetylases (183). Another well-studied BTB-POZ oncogene is BCL6, a protein that exerts 
its pro-tumorigenic functions by repression of target genes necessary for terminal B cell 
differentiation (184, 185). In contrast, HIC1 is a candidate tumor suppressor that is often 
found mutated or hypermethylated in human cancer (186). However, unlike PLZF, BCL-6 and 
HIC1, it remains unclear whether Kaiso mislocalization or absence could drive malignancy. 

Table 2: Correlation of cytosolic Kaiso with clinicopathological 
features of invasive breast cancer

Feature Grouping N Cytoplasmic Kaiso expression p-value

Negative N (%) Positive N (%)

Histological 
type

IDC

ILC

Other

312

130

35

45 (14.4)

5 (3.8)

5 (14.3)

267 (85.6)

125 (96.2)

30 (85.7) 0.006

Histological 
grade

1

2

3

85

163

207

12 (14.1)

16 (9.8)

25 (12.1)

73 (85.9)

147 (90.2)

182 (87.9) 0.585

Tumor size 
(cm)

≤2

≥2 and ≤5

>5

205

213

49

22 (10.7)

29 (13.6)

3 (6.1)

183 (89.3)

184 (86.4)

46 (93.9) 0.296

MAI          
(per 2 mm2)

≤12

≥13

238

236

29 (12.2)

26 (11.0)

209 (87.8)

210 (89.0) 0.691

Lymph node 
status

Negative

Positive

229

223

28 (12.2)

25 (11.2)

201 (87.8)

198 (88.8) 0.737

Table 1: Clinicopathological characteristics 
of 477 invasive breast cancer patients 
studied for the expression of Kaiso

Feature Grouping N or value %

Age (years) Mean

Range

60

28-88

Histological 
type

IDC

ILC

Other

312

130

35

64.5

27.3

7.3

Tumor size 
(cm)

≤2

≥2 and ≤5

>5

Not available

207

213

50

7

43.4

44.7

10.5

1.4

Histological 
grade

1

2

3

Not available

85

165

208

19

17.8

34.6

43.6

4.0

MAI          
(per 2 mm2)

≤12

≥13

241

236

50.5

49.5

Lymph node 
status

Negative*

Positive**

Not available

229

223

25

48.0

46.8

5.2

* N0 or No(i+)

** ≥N1mi (according to TNM 7th edition, 2010)
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progression through silencing of tumor suppressors. Conversely, Kaiso has been strongly 
implicated in regulation of Wnt signaling-related target genes (117, 129, 138, 139). Given 
its bimodal nature of β-catenin-dependent regulation of Wnt signaling (187) and the 
overlap between TCF/LEF regulated genes and Kaiso targets, the effects of Kaiso on tumor 
development may be highly dependent on cell type and their dependency on (canonical) 
Wnt signals. In lung cancer, cytoplasmic Kaiso has been correlated with poor prognosis 
(147). Here it was proposed that the invasive phenotype of NSCLC might be regulated by 
nuclear export of Kaiso, which was mediated by phosphorylation of p120 isoform 3 (188). 
Lung and other epithelial tissue differ substantially from breast with respect to cadherin 
expression and p120 function. For instance, conditional p120 knockout in the skin, gastro-
intestinal tract or oral cavity is tolerated and induces hyperplasia or tumor formation (78, 
153, 157, 159). In contrast, p120 knock-out in the mammary gland is not tolerated and leads 
to apoptosis and subsequent cell clearance (152), indicating that p120 family members may 
play tissue-specific redundant roles, as has been suggested for δ-catenin in non-small-cell 
lung cancer (189). 
In this study, we have performed to the best of our knowledge the first comprehensive analysis 
of Kaiso expression in breast cancer,using a tissue micro array (TMA)-based collection of 477 
invasive breast cancer cases. Previous studies had already indicated that localization of Kaiso 
may be highly variable depending on tumor type and environmental context (146). Our data 
indicate that nuclear Kaiso expression correlates with the pathological and phenotypical 
traits of specific breast cancer sub-types that are linked to poor prognosis, i.e. high-grade, 
and basal/triple-negative breast cancer. These tumors were also associated with high EGFR 
expression, which is associated with worse prognosis for basal/triple-negative breast cancers 
(175, 176). Our observation that BRCA1-associated hereditary breast cancers often showed 
high nuclear Kaiso is in line with the finding that nuclear Kaiso is in general associated with 
high grade, basal-like and EGFR positive breast cancers. Since our data does not indicate 
differential E-cadherin expression and localization between sporadic and BRCA1-related IBC, 
this cannot explain the increase in nuclear Kaiso localization. Future research will have to 

Table 3: Correlation of nuclear Kaiso with clinicopathological features 
in invasive breast cancer

Feature Grouping N Nuclear Kaiso expression p-value

Low (>5%) N (%) High (≥5%) N (%)

Histological 
type

IDC

ILC

Other

312

130

35

211 (67.6)

107 (82.3)

25 (71.4)

101 (32.4)

23 (17.7)

10 (28.6) 0.007

Histological 
grade

1

2

3

85

165

208

67 (78.8)

125 (75.8)

136 (65.4)

18 (21.2)

40 (24.4)

72 (34.6) 0.023

Tumor size 
(cm)

≤2

≥2 and ≤5

>5

207

213

50

154 (74.4)

149 (70.0)

37 (74.0)

53 (25.6)

64 (30.0)

13 (26.0) 0.573

MAI          
(per 2 mm2)

≤12

≥13

241

236

188 (78.0)

155 (65.7)

53 (22.0)

81 (34.3) 0.003

Lymph node 
status

Negative

Positive

229

223

168 (73.4)

158 (70.9)

61 (26.6)

65 (29.1) 0.552

Kaiso could function as an oncogene 
or as a tumor suppressor as it 
has been implicated in both 
transcriptional activation and 
repression (117, 122, 133). In 
colon cancer, Kaiso may regulate 
methylation-dependent inhibition 
of tumor suppressors such as 
CDKN2A by binding to its methylated 
promoter. As a consequence, tumor 
cells are resistant to cell cycle arrest 
and chemotherapy-mediated cell 
death (149). Interestingly, genetic 
Kaiso ablation results in a delay 
of intestinal tumorigenesis in the 
context of Apc-/+ mice (130), which 
suggests that Kaiso may indeed 
contribute to intestinal tumor 
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Table 4: Correlation of nuclear Kaiso with the molecular subtypes of breast 
cancer in invasive breast cancer

Feature Grouping N Nuclear Kaiso expression p-value

Low (>5%) N (%) High (≥5%) N (%)

Perlou/Sorlie 
classification

Luminal

Her2-driven

Basal/Triple negative

386

19

72

288 (74.6)

13 (68.4)

42 (58.3)

98 (25.4)

6 (31.6)

30 (42.7) 0.018

ER Positive

Negative

378

99

285 (76.0)

58 (58.6)

93 (24.0)

41 (41.4) 0.001

PR Positive

Negative

276

199

206 (74.6)

135 (67.8)

70 (25.4)

64 (32.2) 0.104

Her2 Positive

Negative

45

431

29 (64.4)

313 (72.6)

16 (35.6)

118 (27.4) 0.246

BRCA1 Mutation carrier

Sporadic

21

324

6 (28.6)

229 (70.7)

15 (71.4)

95 (29.3) 0.001

EGFR Positive

Negative

80

395

49 (61.3)

293 (74.4)

31 (38.7)

102 (25.8) 0.019

determine if and how other 
(p120-unrelated) events such 
as promoter methylation of 
specific genes may recruit 
Kaiso to the nucleus and 
initiate subsequent epigenetic 
silencing in BRCA1-related 
IBC. We have furthermore 
shown that nuclear Kaiso 
correlated with the presence 
of membrane-localized 
E-cadherin and p120, a 
finding that is in line with the 
reported regulation of Kaiso 
by p120 (116). In this scenario, 
p120 relieves transcriptional 
repression by Kaiso and as 
such may control shuttling 
of the p120/Kaiso complex 
to the cytosol (116). Because 
most IDC retain a membrane-
localized E-cadherin/p120 
complex, our data confirmed 
this concept by showing that 
nuclear Kaiso correlated with 
tumors expressing E-cadherin. 

Table 5: Correlation between functional adherens junctions and nuclear Kaiso 
expression in invasive breast cancer

Feature Grouping N Nuclear Kaiso expression p-value

Low (>5%) N (%) High (≥5%) N (%)

E-cadherin Positive

Negative

327

121

220 (67.3)

97 (80.2)

107 (32.7)

24 (19.8) 0.008

p120 Membranous

Cytosolic

320

139

214 (66.9)

114 (82.0)

106 (33.1)

25 (18.0) 0.001

Also, since the basal-like and ERα negative high-grade tumors mainly reside in the E-cadherin-
expressing IDC cohort, it supports the notion that p120 may regulate Kaiso distribution in 
breast cancer. The mechanism behind this needs to be further elucidated. 
ILC is characterized by loss of the AJ complex through early mutational inactivation of 
E-cadherin and subsequent translocation of p120 to the cytosol. If p120 were a major factor 
controlling Kaiso distribution, one would expect that the absence of nuclear Kaiso associated 
with ILC. Our data indeed conforms to this hypothesis by showing that exclusive cytoplasmic 
Kaiso expression is strongly correlated with the lobular phenotype. Together, these findings 
suggest that genes may be differentially regulated in IDC versus ILC as a result of differential 
Kaiso localization. This notion may therefore partly explain the differences in expression 
profiles that have been reported when comparing IDC and ILC (19, 190). 
Recent data have indicated that phosphorylation of p120 can increase its binding to 
Kaiso and induce inhibition of canonical Wnt signaling (138). It is well established that ILC 
expresses cytoplasmic p120 and does not activate canonical Wnt signals (104, 172, 191). 
Although it is unclear if this mechanism controls expression of Kaiso targets in ILC, it clearly 
emphasizes the possible ramifications of Kaiso and its regulation by p120 in breast cancer. 
Moreover, we have recently shown that cytoplasmic translocation of p120 controls ILC 
tumor growth and metastasis through Mrip-dependent regulation of Rock1 signaling while 
IDC does not appear to be contingent on these signals for anchorage-independence (104). 
We envisage that differential cadherin-catenin localization in IDC and ILC and the signals 
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that emanate from p120 may not only explain the lobular phenotype, but probably also 
control regulation of transcriptional regulation and cellular biochemistry. Although Kaiso’s 
target genes in breast cancer are unknown, our findings suggest that Kaiso may function as 
an oncogene in IDC through inhibition of tumor suppressor gene expression whereas in ILC, 
Kaiso might harbor tumor suppressor functions by p120-mediated relieve of transcriptional 
repression of oncogenic target genes. As such, our findings may have significant impact on 
the development of personalized cancer care since it suggests that the main breast cancer 
types may depend on diametrical mechanisms for tumor progression.

Materials and Methods
Patients
The study population was derived from the archives of the Departments of Pathology of 
the University Medical Center Utrecht, Utrecht, and the Radboud University Nijmegen 
Medical Centre, Nijmegen, The Netherlands. These comprised 477 cases of invasive breast 
cancer, including cases with a BRCA1 germ-line mutation as previously described (192). 
Histological grade was assessed according to the Nottingham scheme, and mitotic activity 
index (MAI) was assessed as before (193). From representative donor paraffin blocks of 
the primary tumors, tissue microarrays were constructed by transferring tissue cylinders 
of 0.6 mm (3 cylinders per tumor) from the tumor area, determined by a pathologist, 
based on haematoxylin-eosin stained slides, using a tissue arrayer (Beecher Instruments, 
Sun Prairie, WI, USA) as described before (194). The use of anonymous or coded left over 
material for scientific purposes is part of the standard treatment contract with patients in 
The Netherlands (195). Ethical approval was not required.

Immunohistochemistry
Immunohistochemistry was carried out on 4µm thick sections. After deparaffination 
and rehydration, endogenous peroxidase activity was blocked for 15 min in a citric acid-
phosphate buffer solution pH5.8 containing 0.3% hydrogen peroxide. After antigen retrieval, 
i.e. boiling for 20 min in 10mM citrate pH6.0 (Kaiso, p120, PR), Tris/EDTA pH9.0 (E-cadherin, 
ERα, HER2) or Prot K (0.15mg/ml, DAKO, Glostrup Denmark) for 5 min at room temperature 
(EGFR), a cooling period of 30 min preceded the primary antibody incubation. Kaiso (clone 
6F, Upstate, Billerica, MA, USA) (196) 1:100; E-cadherin (clone 4A2C7, Zymed, Invitrogen, 
Breda, The Netherlands) 1:200; ERα (clone ID5, DAKO) 1:80; PR (clone PgR636, DAKO) 1:25; 
HER2 (SP3, Neomarkers, Duiven, The Netherlands) 1:100 were diluted in 1X PBS containing 
1% BSA and incubated for 1h at room temperature. Primary antibodies against p120 (cat 
610134, BD Transduction Labs, San Diego, CA, USA) 1:500 and EGFR (clone 31G7, Zymed, 
Invitrogen) 1:30 were diluted in 1X PBS containing 1% BSA and incubated overnight at 4°C. 
The signal was amplified using Powervision poly-HRP anti-mouse, rabbit, rat (DPVO-HRP, 
Immunologic, Duiven, The Netherlands) or the Novolink kit (Leica, Rijswijk, The Netherlands) 
(in the case of EGFR) and developed with diaminobenzidine, followed by counterstaining 
with haematoxylin, dehydration in alcohol, and mounting. Appropriate negative and positive 
controls were used throughout.
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Scoring of immunohistochemistry
All scoring was done blinded to patient characteristics and results of other staining by 
two independent observers. E-cadherin and EGFR stainings were scored using the DAKO/
HER2 scoring system for membranous staining. Membranous scores 1+, 2+, and 3+ were 
considered positive, except for HER2 where only a score of 3+ was considered positive. 
Kaiso staining was scored based on localization and by counting the positive tumor nuclei, 
considering samples with more than 5% positive tumor nuclei as positive. Using thresholds 
of 1 or 10% for scoring nuclear accumulation as positive did not change the results. p120 
staining was scored based on the localization as membranous or cytoplasmic.
Based on ERα, PR, and HER2 immunohistochemistry, tumors were classified as luminal (ERα 
and/or PR positive), HER2-driven (ERα-, PR-, HER2+) or basal-like/triple negative (ERα-, PR-, 
HER2- with or without EGFR expression) using the immunohistochemical surrogate (197) of 
the original Sorlie/Perou classification (198).

Statistics
Statistical analysis was performed using IBM SPSS Statistics version 18.0 (SPSS Inc., Chicago, 
IL, USA). Associations between categorical variables were examined using the Pearson’s 
Chi-square test and associations between continuous variables using the Student’s t-test. 
P-values <0.05 were considered to be statistically significant.
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Abstract
E-cadherin inactivation underpins the progression of invasive lobular breast carcinoma 
(ILC). In ILC, p120-catenin (p120) translocates to the cytosol where it controls anchorage 
independence through the Rho-Rock signaling pathway, a key mechanism driving tumor 
growth and metastasis. We now demonstrate that anchorage-independent ILC cells show 
an increase in nuclear p120, which results in relief of transcriptional repression by Kaiso. 
To identify the Kaiso target genes that control anchorage independence, we performed 
genome-wide mRNA profiling on anoikis resistant mouse ILC cells and identified 29 
candidate target genes including the established Kaiso target Wnt11. Our data indicate 
that anchorage-independent upregulation of Wnt11 in ILC cells is controlled by nuclear 
p120 through inhibition of Kaiso-mediated transcriptional repression. Finally, we show 
that Wnt11 promotes activation of RhoA, which causes ILC anoikis resistance. Our findings 
thereby establish a mechanistic link between E-cadherin loss and subsequent control of 
Rho-driven anoikis resistance through p120/Kaiso-dependent expression of Wnt11.

Translational Impact
Clinical Issue
For cancer cells to metastasize they need to overcome apoptosis induced through loss of 
cell-cell or cell-matrix adhesion. Invasive lobular cancer (ILC) is a major breast cancer type 
that is characterized by a non-cohesive and infiltrative growth pattern due to E-cadherin 
inactivation and subsequent constitutive activation of Rho/Rock signaling. Although 
most cases are sensitive to initial endocrine antagonist treatment, ILC shows overall poor 
responsiveness to conventional chemotherapy once estrogen receptor (ER) expression is 
lost during disease progression. Since ILC in general lacks expression of Her2 receptors, 
there is currently no entrée for targeted intervention of metastatic lobular breast cancer.

Results
In this paper, the authors establish a functional link between loss of E-cadherin and 
subsequent activation of a distinct transcriptional program through nuclear influx of p120-
catenin (p120). Using mouse model systems of human metastatic ILC, evidence is provided 
that ILC cells are prone to relief of Kaiso-dependent transcriptional repression upon transfer 
to anchorage independence. The authors show that Wnt11 is a direct and p120-dependent 
Kaiso target gene that regulates ILC anoikis resistance through autocrine activation of RhoA, 
a crucial regulator of invasion and metastasis.

Implications and future directions
ILC forms a distinct breast cancer subtype with a differential tumor etiology based on early 
inactivation of cadherin-based cell adhesion. This study provides a molecular mechanism 
how loss of E-cadherin leads to a p120-driven and ILC-specific gene expression program. 
The current study defines novel candidate Kaiso target genes in anchorage-independent 
mouse ILC that will contribute to the development of a targeted intervention for ILC. 
The identification of a p120/Kaiso/Wnt11-dependent autocrine RhoA activation driving 
anchorage independence underpins the therapeutic ramifications of Rock targeting as a 
strategy in the treatment of metastatic ILC.
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Introduction
E-cadherin is the gatekeeper of epithelial integrity by linking extracellular homotypic cis and 
trans interactions to the actin and microtubule cytoskeleton via b-catenin, a-catenin, and 
p120-catenin (p120) in cellular structures called adherens junctions (AJs) (reviewed in (199)). 
Loss of AJ function through inhibition of E-cadherin was linked to cancer cell invasiveness 
more than two decades ago (44) and these findings were further substantiated shortly 
thereafter by the discovery of inactivating germ line and somatic E-cadherin mutations 
in gastric carcinoma and breast cancer (16, 35). In breast cancer, somatic inactivation of 
E-cadherin has been causally linked to the development and progression of invasive lobular 
carcinoma (ILC), a main breast cancer subtype comprising approximately 15% of all breast 
cancers (16-18). ILC is characterized by noncohesive and infiltrative growth patterns, which 
render clinical diagnosis difficult when using standard X-ray mammography (5). Genome-
wide gene expression profiling has indicated that ILC forms a distinct breast cancer subtype 
based on hierarchical clustering which implicates tumor development over distinct genetic 
pathways (19). Furthermore, ILC is characterized by downregulation of genes involved in 
actin cytoskeleton remodeling, cell adhesion, and TGF-b signaling whereas genes implicated 
in transcriptional regulation of immediate early genes and cell migration are upregulated 
(200).
In breast cancer, loss of E-cadherin has differential consequences for AJ-associated catenins. 
For example, β-catenin is rapidly degraded by the proteasome upon loss of E-cadherin and 
does not hyperactivate the canonical Wnt signaling pathway (104, 201). While in normal 
epithelium p120 controls stability of the AJ through binding and stabilization of E-cadherin 
(62-64), loss of E-cadherin leads to translocation of p120 to the cytosol where it acts as 
an oncogene by regulating anchorage-independent tumor growth and metastasis through 
GTPase-dependent induction of anoikis resistance (104, 163, 202). 
Like other members of the Armadillo (ARM) domain protein family, p120 can shuttle between 
the cytosol and the nucleus (108). Additional examples include adenomatous polyposis 
coli (APC) (203), β-catenin (204), importin-α (205), and ARVCF (107). Nucleocytoplasmic 
shuttling of p120 seems to be dependent on two distinct nuclear localization signals (NLS), a 
nuclear export signal (NES) and the ARM domains (106, 108). Evidence for a functional role 
of p120 in the nucleus emerged after identification of the transcriptional repressor Kaiso 
(ZBTB33) as a direct p120 binding partner (113). Kaiso is a member of the zinc finger and 
broad-complex, tramtrack and bric-à-brac or poxvirus and zinc finger (BTB/POZ-ZF) family 
of transcription factors (reviewed in (114)). Unlike its BTB/POZ-ZF family members, Kaiso 
is thought to interact with target gene promoters through both sequence-specific Kaiso 
binding sites (TCCTGCNA) and/or methylated CpG dinucleotides (117). Recent structural 
analyses of Kaiso in complex with DNA revealed that recognition of specific bases in the 
major groove of the consensus sequence KBS and methylated CpG sites is accomplished 
through hydrogen-bonds between residues in the first two zinc fingers, whereas high affinity 
binding requires binding of the third zinc finger to the minor groove (124). Interestingly, 
binding of p120 occurs in a region adjacent to the zinc finger domains of Kaiso and 
effectively disrupts the DNA-binding ability of Kaiso (113, 117). Binding to p120 relieves 
Kaiso-dependent transcriptional repression, suggesting a crucial role for p120 in regulating 
gene expression (117, 119, 129). In the context of cancer biology only a limited number of 
Kaiso target genes have been identified thus far, including the matrix metalloproteinase 
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matrilysin (MMP7) (117), metastasis-associated gene 2 (MTA2) (125), cyclin D1 (CCND1) 
(129), and Wnt11 (WNT11) (119). Wnt11 is a mediator of noncanonical Wnt signaling and 
is involved in developmental processes through control of Kaiso-dependent expression 
(119). Recently, Wnt11-induced Wnt signaling was identified as a major paracrine factor 
driving breast cancer invasion (206). Interestingly, the WNT11 locus maps to 11q13, a region 
frequently found amplified in human breast cancer (207). 
Here, we show that translocation of p120 inhibits Kaiso-mediated transcriptional repression 
in ILC. Moreover, we were able to show that the nuclear pool of p120 is increased in 
anchorage-independent mILC cells, a mechanism which could induce Kaiso target gene 
expression specifically in anchorage-independent ILC. Using anoikis resistant mILC cell lines,  
we now identify (candidate) Kaiso target genes including Wnt11 in anchorage-independent 
mILC cell lines. Moreover, we show that autocrine Wnt11 signaling promotes anoikis 
resistance through activation of RhoA, a cardinal event in the progression of metastatic 
lobular breast cancer.

Results
p120 localizes to the cytosol and nucleus in human and mouse ILC
Previously, we have generated mouse models for human metastatic ILC based on tissue-
specific inactivation of E-cadherin and p53 using either cytokeratin 14 or whey acidic protein 
promoter elements to drive Cre recombinase (K14cre;Cdh1F/F;Trp53F/F and 
WAPcre;Cdh1F/F;Trp53F/F) (17, 18). In these mouse models, loss of E-cadherin results in 
translocation of p120 to the cytosol where it regulates anchorage-independent tumor 
growth and metastasis through p120-dependent activation of Rho-ROCK signaling (18, 104). 
Because p120 has the ability to shuttle between the nucleus and the cytosol (106, 108), we 
set out to determine a possible functional role for nuclear p120 in E-cadherin negative breast 
cancer. We started by studying the extent of nuclear p120 influx in mouse and human ILC. 
Next to cytosolic p120 expression, we observed concomitant localization of nuclear p120 in 
human and mouse primary ILC tumors (Fig. 1A; arrowheads). Immunofluorescence on cells 
derived from pleural effusion fluids confirmed that p120 was also localized to the cytosol 
and nucleus in primary human metastatic ILC (hILC-2 and hILC-3; Fig. 1B; arrowheads, 
quantification of nuclear p120 in Fig. 1C). In addition to cytosolic p120 localization, we also 
observed nuclear p120 in cells from our ILC mouse model (mILC-1; Fig. 1B/C; arrowheads). 
Human and mouse breast cancer cell lines T47D and Trp53∆/∆-4 are shown (Fig. 1B/C; right 
panels) to emphasize that cytoplasmic and nuclear p120 is virtually absent in nonmetastatic 
breast cancer cells expressing a functional E-cadherin-based adherens junction. From these 
data, we conclude that, next to cytosolic translocation of p120, E-cadherin mutant ILC cells 
are characterized by nuclear p120 localization. 

Kaiso-dependent transcriptional repression is inhibited by nuclear p120 in mILC
Previous studies have reported that nuclear p120 can interact and functionally antagonize 
the activity of the transcriptional repressor Kaiso. To corroborate these findings in breast 
cancer, we validated the interaction between p120 and Kaiso in mILC-1 cells by co-
immunoprecipitation (Fig. 2A). Because p120 binds to Kaiso in a region near its zinc finger 
domains (an interaction that prevents Kaiso from functioning as a transcriptional repressor), 
we hypothesized that nuclear influx of p120 could inhibit transcriptional repression by Kaiso 
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Figure 1: p120 translocates to the cytosol and nucleus in mouse and human ILC
A. p120 localization in ILC. Immunohistochemistry showing expression of p120 in primary human ILC (left panels) and primary mouse ILC 
(right panels). Lower panels are magnifications that correspond to the upper panel insets. Arrowheads denote representative cells with 
pronounced nuclear p120 expression. Bar = 50µm B. Nuclear p120 expression in primary metastatic human ILC and mouse ILC cell lines. 
Immunofluorescence staining for p120 (upper panels) shows nuclear and cytosolic p120 in the majority of two independent primary human 
metastatic ILC samples (hILC-2 and hILC-3) and the tumor-derived mouse ILC cell line (mILC-1). Arrowheads denote representative cells 
with nuclear p120 expression in E-cadherin mutant ILC. Lower panels show the merge with DAPI (blue). The human breast cancer cell line 
T47D and mouse mammary carcinoma cells (Trp53∆/∆-4) were used to exemplify the near absence of nuclear p120 in E-cadherin expressing 
breast carcinoma cell. Bar = 10µm. C. Quantifications of nuclear p120 in cells shown in (B). At least 10 cells per cell line were quantified. 
Results are expressed as mean +/- SD.
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and induce Kaiso target genes in ILC. To functionally test this, we expressed a Kaiso reporter 
construct consisting of four repeats of the consensus Kaiso binding sequence (4XKBS; (116)) 
in a panel of mouse breast cancer cell lines. Indeed, Kaiso reporter activity was significantly 
higher in mILC cell lines compared to E-cadherin expressing Trp53Δ/Δ cell lines, indicative 
of relief of Kaiso-mediated transcriptional repression (Fig. 2B). To determine whether 
the observed elevated transcriptional activity was dependent on p120, we used a p120 

Figure 2: Kaiso-mediated transcriptional repression is relieved by nuclear p120 in mILC
A. Kaiso interacts with p120 in mILC. p120 was immunoprecipitated to show the interaction between Kaiso and p120 (lane 1). Mouse 
IgG was used as a nonspecific immunoprecipitation control (lane 3). The total cell lysate (input) is shown in a separate panel. B. Kaiso-
mediated transcriptional repression is relieved in mILC. Renilla-based and Kaiso-specific reporter assays were performed on lysates from 
Trp53Δ/Δ, mILC and PMC-1 cells. C. Nuclear p120 controls relief of Kaiso-mediated transcriptional repression in mILC. Findings in (B) were 
substantiated by inducible knockdown of p120 (p120-iKD) in mILC-1 cells. D. Localization of p120 and Kaiso in the presence and absence 
of the epithelial adherens junction. E-cadherin proficient Trp53Δ/Δ-4 cells and E-cadherin mutant mILC-1 cells were analyzed by IF. While 
p120 is predominantly localized to the plasma membrane in Trp53Δ/Δ-4 cells (upper panels), mILC-1 cells are characterized by cytosolic and 
nuclear p120 expression (lower panels). In contrast, the subcellular localization of Kaiso is not altered in mILC compared to Trp53∆/∆-4 cells. 
Note the punctate accumulation of Kaiso in mILC-1 nuclei (arrowheads). Bar = 10µm.  E. Quantification of nuclear p120 and Kaiso in cells 
shown in (D). Note the increase in nuclear p120 in mILC-1 compared to Trp53Δ/Δ-4. In contrast, no difference in nuclear Kaiso levels was 
observed between the two models. Shown are data from three independent experiments. Results are expressed as mean +/- SD. *p<0.05, 
**p<0.01, ***p<0.001 (unless denoted otherwise).
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deficient cell line (PMC-1), which we derived previously from a conditional mouse model of 
human metaplastic mammary carcinoma (WAPcre;Ctnnd1F/F;Trp53F/F) (152). Indeed, basal 
Kaiso reporter activity in PMC-1 cells was significantly reduced compared to mILC cell lines 
suggesting that p120 antagonized Kaiso-mediated transcriptional repression (Fig. 2B). To 
further substantiate these findings, we transduced mILC-1 cells with a doxycycline (dox) 
inducible p120 knockdown construct (p120-iKD) and observed a three-fold decrease in Kaiso 
reporter activity upon dox administration (Fig. 2C). Together, these data demonstrate that 
translocation of p120 is causal to the inhibition of Kaiso-mediated transcriptional repression 
in E-cadherin deficient ILC cells.

Nucleocytoplasmic shuttling of p120 does not translocate Kaiso from the nucleus in ILC
Given the p120-dependent relief of Kaiso-mediated transcriptional repression in mILC 
cells, we reasoned that the nuclear influx of p120 could alter the subcellular localization 
of Kaiso. To test this, we initially assessed localization of p120 and Kaiso in mILC-1 and the 
E-cadherin expressing Trp53Δ/Δ-4 using immunofluorescence (IF) microscopy. Confirming 
previous results, we observed that Trp53Δ/Δ-4 cells showed p120 expression predominantly 
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Figure 3: Kaiso is displaced from genomic regions of active transcription in mILC cells
A. Co-localization of Kaiso with the active transcriptional mark H3K4me3, the inactive transcriptional mark H3K9me3 and heterochromatin 
(DAPI) was assessed by means of immunofluorescence. B. Co-localization of Kaiso with the active transcription mark H3K4me3-positive 
genomic regions is decreased in mILC while co-localization with the inactive transcription mark H3K9me3 is unaltered between cell models. 
Shown is a quantification of co-localization using the Pearson’s correlation coefficient (r) C. Co-localization of DAPI with H3K4me3 and 
H3K9me3 was used as a validation of the method used in (B). All bars shown represent the mean values of 40 or more analyzed nuclei. Error 
bars depict standard deviation. *p<0.05, **p<0.01, ***p<0.001.
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at the plasma membrane whereas mILC-1 cells expressed both cytosolic and nuclear p120 
localization (Fig. 2D; left panels). Interestingly, Kaiso localization was exclusively restricted 
to the nucleus independent of E-cadherin status, which suggests that the nuclear influx of 
p120 in mILC-1 cells does not alter the nuclear localization of Kaiso (Fig. 2D; middle panels). 
Quantification indeed confirmed these findings by showing that in contrast to p120, nuclear 
Kaiso levels were not affected by the presence or absence of E-cadherin (Fig. 2E). However, 
while total Kaiso levels were similar, we observed that in contrast to Trp53Δ/Δ-4 cells, mILC-1 
cells displayed distinct nuclear foci (Fig. 2D; arrowheads). 
A recent report suggested a correlation between Kaiso binding to DNA and the presence of 
active transcription marks including H3K9ac, H3K27ac and H3K4me3 (134). Therefore, we 
anticipated that nuclear p120 might alter Kaiso-mediated transcriptional repression through 
displacement of Kaiso from active promoter regions. By using IF, we determined that 
colocalization of Kaiso and the active transcription marker H3K4me3 was significantly lower 
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Figure 4: Identification of candidate Kaiso target genes in anchorage-independent mILC
A. Nuclear p120 is enriched in anchorage-independent mILC cells. Fractionation was performed on adherent (Adh) and anchorage-
independent (Sus) mILC-1 cells and the cytosolic and nuclear fractions were analyzed for p120 expression using western blotting. The 
purity of the lysate samples was confirmed by using the nuclear marker acetyl histon H3 (Ac-H3) and the cytosolic marker Gapdh (bottom 
panels). Subsequent analysis of the nuclear fractions showed enrichment for p120 in anchorage-independent mILC-1 cells (compare lane 
5 and 6). Shown are two exposure times for the p120 blot (short and long). B. Quantification of p120 in cytosolic and nuclear fractions. 
The signal for p120 was quantified and normalized to the appropriate marker (Gapdh for the cytosolic pool; Ac-H3 for the nuclear pool). 
Note the significant and specific increase in nuclear p120 in anchorage-independence compared to adherent conditions. Shown are the 
pooled data from three experiments. Results are expressed as mean +/- SD. *p<0.05. C. The mILC Anoikis Resistance Transcriptome. To 
identify candidate Kaiso target genes specifically upregulated in anchorage-independent conditions, eight independent mILC cell lines were 
cultured in adherent and suspension and subjected to genome-wide micro-array analysis. Using an arbitrary 2log1.5 cut-off we identified 249 
genes that were upregulated in mILC cells cultured under anchorage-independent conditions. We termed this gene list the mILC Anoikis 
Resistance Transcriptome (ART). Subsequent transcription factor binding site (TFBS) promoter analysis of genes within the mILC ART 
revealed enrichment for the consensus binding sequence of Kaiso (Kaiso binding site: KBS). No enrichment for TCF/LEF binding sites was 
observed. Based on the presence of KBS sequences in the promoter regions of genes within the mILC ART, we identified 29 candidate Kaiso 
target genes including Wnt11. The p-values reported in this figure are the result of initial testing for the KBS and TCF/LEF consensus sites. 
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Figure 5: Anchorage-independent upregulation of the Kaiso target gene Wnt11 in mILC is p120-dependent
A. Anchorage-independent upregulation of Wnt11 in mILC cell lines. Three independent mILC cell lines were cultured in the presence of 
cell-matrix anchorage (Adh) or in suspension (Sus). Wnt11 expression was quantified using qPCR. No Wnt11 upregulation was observed 
in mILC-2, most likely due to high basal levels in anchorage-dependent conditions. The fold increase Wnt11 expression derived from the 
microarray analyses (Fig. 3B) is shown in italic. B. Upregulation of Wnt11 is dependent on p120. Wnt11 expression was assayed in mILC 
p120-iKD cells in the absence or presence of doxycycline (dox) and under adherent (Adh) and suspension (Sus) conditions using qPCR. 
C. and D. Kaiso binds to the Wnt11 promotor. Kaiso-specific ChIP was performed on Trp53Δ/Δ-4 cells and mouse IgG was used as negative 
control (C). No input (H2O) and genomic DNA (gDNA) served as PCR controls. Specificity of the ChIP data shown in (C) was validated 
by amplification of a β-globin intronic promotor region (D). Fold increase of the KBS-specific signal compared to the β-globin signal was 
determined for the Kaiso-specific and the control ChIP using qPCR. E. Expression of p120 in PMC-1 induces Wnt11 expression. PMC-1 
(Ctnd1∆/∆;Trp53∆/∆) cells were transduced with either a control vector or a vector expressing p120-1A. F. and G. Kaiso knockdown in Trp53Δ/Δ-4 
Kaiso-iKD cells using qPCR (F) and western blotting (G). H. Kaiso knockdown in Trp53Δ/Δ-4 Kaiso-iKD cells induces Wnt11 expression. 
Shown are qPCR data from three independent experiments. Results are expressed as mean +/- SD. *p<0.05, **p<0.01, ***p<0.001 (unless 
denoted otherwise).
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in mILC-1 cells when compared to Trp53∆/∆-4 cells (Fig. 3A-C). In contrast, colocalization of 
Kaiso and the inactive transcription marker H3K9me3 did not significantly differ between 
Trp53∆/∆-4 and mILC-1 cells (Fig 3A-C). These findings suggest that Kaiso acts as a repressor 
on transcriptionally active genomic regions, a function that may be inhibited by the nuclear 
influx of p120. Our data also indicate that, although Kaiso is not exported from the nucleus, 
displacement of Kaiso from genomic regions associated with active transcription may 
underlie the observed relief of Kaiso-dependent transcriptional repression in ILC.

Nuclear p120 is enriched in anchorage-independent mILC cells
A hallmark of metastatic mILC cells is that they are able to overcome anoikis when grown 
in anchorage-independent conditions, a characteristic that can be used as measure for in 
vivo metastatic potential (18, 28). Given the fact that membrane-uncoupled p120 controls 
anchorage-independent tumor growth and metastasis of ILC (104), and nuclear p120 
antagonizes Kaiso-dependent transcriptional repression in mILC cell lines, we hypothesized 
that Kaiso target genes could contribute to anchorage-independent survival of metastatic 
ILC. In such a scenario, the rate-limiting step in the induction of Kaiso target gene expression 
would be the amount of nuclear p120 during anchorage independence. To test this, we 
performed cellular fractionations on cells cultured either in adherent conditions or in 
suspension and were able to obtain pure cytosolic and nuclear fractions (Fig. 4A; lower two 
panels). Conforming to our hypothesis, we observed that anchorage-independence induced 
a significant increase in nuclear p120 in mILC-1 cells (Fig. 4A; compare lanes 5 and 6; Fig. 4B 
for quantifications). Although we did observe a non-significant increase in total p120 levels 
upon transfer to anchorage-independence, we did not detect an increase in the cytosolic 
p120 pool (Fig. 4B) which conforms to the notion that the increase in nuclear p120 is specific 
and is not merely the result of an overall upregulation of p120 in anchorage-independent 
mILC-1 cells. These results show that nucleocytoplasmic shuttling of p120 is increased in 
anchorage-independent ILC cells and thereby provide a rational for the identification of 
Kaiso target genes in ILC specifically under anchorage-independent conditions. 

Identification of Kaiso target genes in anoikis resistant ILC 
To identify novel candidate Kaiso target genes specifically in anchorage-independent 
conditions, we harvested mRNA from eight independent mILC cell lines grown in the 
presence or absence of anchorage and performed genome-wide micro-array analysis. These 
data were combined to generate a list of 249 genes that were upregulated in anchorage-
independent mILC cell lines, based on an arbitrary 2log-ratio cut-off of 1.5. We termed this 
gene subset the mILC Anoikis Resistance Transcriptome (ART) (Fig. 4C). Subsequent gene 
ontology analysis revealed enrichment for genes involved in regulation of apoptosis, cellular 
adhesion, proliferation and the immune response. Next, we performed transcription factor 
binding site (TFBS) analyses, which yielded a number of significantly enriched transcription 
factor binding sites (data not shown). Interestingly, we identified enrichment of the 
consensus KBS (TCCTGCNA; p=0.0025) in the promoter regions of 29 genes (Fig. 4C), which 
is in agreement with our hypothesis that Kaiso activity is relieved in ILC. We did not detect 
enrichment of the TCF/LEF consensus sequences (p=0.5217), which is supported by work 
from our and other labs showing that loss of E-cadherin does not induce canonical Wnt 
signaling (104, 201). Importantly, we identified Wnt11 among the list of candidate Kaiso 
target genes (Fig. 4C). Wnt11 is a bona fide Kaiso target gene that has been linked to 
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regulation of Xenopus gastrulation by Kaiso-dependent transcriptional repression (119).  
In summary, we have analyzed the transcriptional effects of anchorage independence in 
metastatic breast cancer cells and have identified candidate Kaiso target genes. Our results 
suggest a functional link between anoikis resistance and p120-dependent relief of Kaiso-
mediated transcriptional derepression. 

Anchorage-independent upregulation of the Kaiso target gene Wnt11 is p120-dependent
Wnt11 is a key inducer of noncanonical Wnt signaling during vertebrate development and its 
expression is dependent on p120 and Kaiso (119, 208). In order to validate the anchorage-
independent upregulation of Wnt11, we performed quantitative RT-PCR and confirmed a 
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Figure 6: Wnt11 regulates RhoA-dependent anoikis resistance in mILC 
A. Knockdown of Wnt11 in mILC-1 Wnt11-iKD cells reduces anoikis resistance of anchorage-independent mILC cell lines. Knockdown of 
Wnt11 was validated by RT-PCR. Gapdh was used as a loading control. B. Introduction of a nontargetable Wnt11 cDNA in mILC-1 Wnt11-
iKD restored anoikis resistance in mILC-1 cells (rescue). A scrambled shRNA (control-iKD; left lanes) was used as control for dox and 
shRNA expression. C. Wnt11 regulates RhoA activation in mILC. Shown is a western blot depicting the effect of Wnt11-iKD on endogenous 
RhoA-GTP levels. GTP-loaded Rho was pulled down from the lysates using agarose-coupled Rhotekin-GST. Total RhoA was used as 
loading control. Note the rescue of Wnt11-iKD induced RhoA inhibition (rescue). Shown below are quantifications of RhoA-GTP levels. D. 
Rho controls anoikis resistance of mILC cells. Inhibition of Rho by cell-permeable C3 transferase leads to inhibition of anoikis resistance of 
mILC-1 (Sus) but does not affect adherent cellular viability (Adh). Note the differential inhibitory effect at low molar concentrations. Shown are 
representative data from three independent experiments. Results are expressed as mean +/- SD. *p<0.05, **p<0.01, ***p<0.001.
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transcriptional upregulation of Wnt11 upon transfer to anchorage-independence in two out 
of three mILC cell lines (Fig. 5A). To assure that the anchorage-independent transcriptional 
upregulation of Wnt11 is dependent on p120, we assayed Wnt11 expression in adherent 
and anchorage-independent mILC-1 p120-iKD cells (Fig. 5B). Knockdown of p120 in 
adherent mILC-1 p120-iKD led to a two-fold decrease in Wnt11 levels in analogy with the 
decrease of Kaiso reporter activity shown in Fig. 2C. However, p120-iKD in the absence of 
anchorage reduced Wnt11 expression to a level comparable to adherent mILC-1 cells (Fig. 
5B), indicating a causal role for p120 in the control and increase of Wnt11 expression in 
anchorage-independent ILC. 
To confirm that p120 is indeed regulating Wnt11 expression through Kaiso, we again made 
use of the E-cadherin proficient Trp53Δ/Δ-4 cell line. We used this particular cell line because 
it showed low Kaiso reporter activity (Fig. 2B) and may therefore harbor the largest fraction 
of target gene promoter-bound Kaiso. Indeed, we were able to confirm binding of Kaiso 
to the Wnt11 promotor in this cell line using chromatin immunoprecipitation (ChIP) and a 
PCR specific for the most proximal KBS in the mouse Wnt11 promoter (Fig. 5C and D). To 
substantiate these findings, we probed the transcriptional consequences of introduction of 
p120 in the p120-deficient PMC-1 cell line. Conforming to our previous findings, expression 
of p120 indeed induced a dramatic increase in Wnt11 levels (Fig. 5E). To confirm the 
causal role for Kaiso in represson of Wnt11 expression, we assessed Wnt11 expression in 
Trp53Δ/Δ-4 cells containing an inducible Kaiso shRNA (Trp53Δ/Δ-4 Kaiso-iKD) and confirmed 
knockdown of Kaiso protein and mRNA (Fig. 5F and 5G). Ablation of Kaiso by administration 
of dox induced a three-fold induction of Wnt11 expression (Fig. 5H). In summary, these 
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Figure 7: A model for p120-dependent relief of Kaiso transcriptional Wnt11 repression in ILC 
In E-cadherin expressing cancer cells, p120 resides at the plasma membrane in the adherens junction (AJ) complex with E-cadherin (left 
panel). In this scenario, Kaiso is repressing or dampening expression of its target genes in transcriptionally active regions by KBS-dependent 
binding and recruitment of repressive machinery. Upon loss of E-cadherin, p120 translocates to the cytosol and the nucleus (Adh), a shuttling 
process that is exacerbated by unknown mechanisms when cells lose cell-matrix interactions (Sus). In the nucleus p120 binds Kaiso and 
reliefs Kaiso-mediated transcriptional repression. As a consequence, Kaiso target genes including Wnt11 are expressed. Autocrine Wnt11 
will subsequently activate the small GTPase RhoA, which is a critical event in the regulation of anchorage-independent tumor growth and 
metastasis of ILC. 
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results confirm the validity of Wnt11 as a genuine Kaiso target in mILC and demonstrate its 
regulation in E-cadherin deficient breast cancer cells by nuclear p120. 

Wnt11 promotes RhoA-dependent anoikis resistance
To investigate if the p120-dependent upregulation of Wnt11 in mILC promotes anoikis 
resistance, we transduced three mILC cell lines with a Wnt11-iKD construct and assayed the 
effect on anchorage-independent survival in absence or presence of dox. Upon addition of 
dox we observed a significant decrease in anoikis resistance in all mILC Wnt11-iKD cell lines 
(Fig. 6A). To demonstrate specificity of the used hairpin, we expressed a nontargetable Wnt11 
cDNA in mILC-1 cells and observed a full restoration of the anoikis resistant phenotype (Fig. 
6B; most right bar and lane). Wnt11 is known to mediate convergent extension movements 
during vertebrate gastrulation through activation of the small GTPase RhoA and its key 
downstream targets Rho-associated kinase (Rock) 1 and Rock2 (209, 210). We recently 
showed that cytosolic p120 is a key regulator of ILC anoikis resistance through control of Rho/
Rock activity by binding and inhibition of the Rho antagonist Mrip (104). While the inhibition 
of Mrip by p120 provided a rationale for increased Rho activity in the presence of cytosolic 
p120, it did not reveal the upstream signal that drives RhoA. We therefore envisaged that 
Wnt11 could represent an autocrine cue that induces RhoA activation in mILC. To address 
this, we assayed RhoA activity in the absence or presence of Wnt11-iKD and observed that 
Wnt11-iKD resulted in a marked reduction of active, GTP-bound RhoA (Fig. 6C; compare 
left and middle lanes), while expression of the nontargetable Wnt11 cDNA fully restored 
RhoA activity in these cells (Fig. 6C; right lane). In agreement with previous findings, we 
confirmed that RhoA activation was necessary for the anchorage-independent growth and 
survival of ILC cells (104). Treatment with the specific Rho inhibitor C3 transferase at low 
molar concentration (0.02 μM) significantly reduced anoikis resistance in a dose-dependent 
manner while adherent proliferation remained unaltered (Fig. 6D). In conclusion, our data 
indicate a crucial regulatory role for p120/Kaiso-dependent transcriptional regulation of 
Wnt11 and subsequent autocrine activation of Rho-dependent anoikis resistance in ILC.

Discussion
In order for cancer cells to metastasize they have to overcome execution of apoptosis in 
the absence of cell-cell and/or cell-matrix interactions. This anoikis resistance is instigated 
upon mutational inactivation of E-cadherin, an initiating event that underlies the etiology 
of invasive lobular breast cancer (16, 18). While our previous data identified p120 as an 
upstream driver of Rho/Rock-dependent anoikis resistance of ILC (104), the proximal 
cues controlling Rho activity remained unclear. Here, we show that nuclear p120 exerts 
an oncogenic function by inhibiting Kaiso-mediated transcriptional repression and thereby 
induces expression of the Kaiso target gene Wnt11, a factor that drives Rho-dependent 
anoikis resistance in ILC.
The presence of ARM domains in combination with nuclear import and export sequences 
render p120 capable of shuttling in and out of the nucleus (106, 116). While it is still largely 
unknown how p120 transverses the nuclear pore and what factors mediated this transport, 
our observations support previous data showing that p120 relieves Kaiso-mediated 
transcriptional repression (117, 119). Furthermore, we demonstrate that E-cadherin mutant 
breast cancer cells increase their nuclear p120 levels upon transfer to anchorage independent 
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conditions. Finally, our studies show that Kaiso is displaced from transcriptionally active 
genomic regions leading to increased endogenous Kaiso reporter activity in E-cadherin 
mutants breast cancer cells. Based on these findings, we propose a model in which Kaiso 
functions as a general ‘brake’ that prevents or dampens transcriptional activity of genes in 
transcriptionally active genomic regions (Fig. 7). This mechanism would thereby function 
to induce rapid target gene expression upon (extra)cellular signals. As such, nuclear p120 
acts as a rate-limiting antagonist of Kaiso-dependent transcriptional repression. Recently, 
a similar mechanism was proposed in the p120-dependent regulation of REST/CoREST-
mediated transcriptional repression of genes involved in stem cell differentiation (112). 
Although the mode of action shared similarities, Kaiso did not associate with the p120-REST/
CoREST complex, suggesting that nuclear p120 may have a broad function in the regulation 
of transcriptional repression.
ILC is renowned for diffuse infiltration patterns without overt desmoplastic responses. 
Interestingly, literature has reported several ILC cases in which distant metastasis had 
developed without the presence of a detectable primary tumor mass (9), a phenotype 
we have also observed in the WAPcre-driven mouse models of human ILC (17). Moreover, 
women suffering from ILC show a higher incidence in the development of contralateral 
lesions (211) and long-term survival in ILC appears to be worse than other breast cancers 
when corrected for age and clinicopathological parameters (212). Given these characteristics, 
we hypothesized that disseminating ILC cells may have developed autocrine biochemical 
cues that promote cellular survival ex situ. By probing the transcriptional consequences 
of anchorage independence of eight independent mILC cell lines, we identified candidate 
Kaiso target genes judged by the presence of the consensus KBS site in their promoter 
regions. These data are in line with observations described here and by others that cytosolic 
and nuclear translocation of p120 can relieve Kaiso-mediated transcriptional repression. 
In addition, we did not observe enrichment of genes harboring TCF/LEF binding sites 
in their promoter regions confirming previous findings that the β-catenin-dependent 
canonical Wnt signaling pathway is not activated by loss of E-cadherin (104, 201). These 
findings not only demonstrate validity of our observations, they also suggest that in an 
E-cadherin deficient setting, biological responses through p120/Kaiso and b-catenin/TCF 
dependent transcriptional activity may be mutually exclusive. Given that Kaiso and TCF 
family transcription factors show overlap in their target repertoire (129), we presume that 
specificity may have evolved in order to control homeostasis through differential regulation 
of a given gene in response to distinct proximal signals. 
We identified Wnt11 among the candidate Kaiso target genes and validated Wnt11 as a 
direct Kaiso target gene in mILC. Research conducted in other labs has shown that Wnt11 
plays important roles during vertebrate development through activation of the Rho/
ROCK signaling axis and subsequent cytoskeletal rearrangements (208-210). Our data 
provide a novel concept in which loss of cadherin-based epithelial cell-cell adhesion drives 
activation of a specific promalignant transcriptional program. Moreover, we demonstrate 
that p120-dependent derepression of the Kaiso target gene Wnt11 activates an autocrine 
Wnt11 signal that acts upstream of RhoA-dependent ILC anoikis resistance. Interestingly, 
several lines of research indicated that Wnt11-mediated signaling acts as a player in breast 
cancer progression. For instance, stromal-derived paracrine Wnt11 signaling was shown to 
transform mammary epithelial cells (213). In addition, estrogen related receptor α (ERRα) 
and β-catenin-dependent Wnt11 expression was shown to act as an autocrine promigratory 
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in breast cancer cell lines (214). More recently, it was demonstrated that Wnt11-loaded 
exosomes excreted by tumor-associated fibroblasts can activate the planar cell polarity 
signaling pathway and via this mechanism induces breast cancer metastasis (206). In short, 
while the mechanism underlying Wnt11 expression differs between studies, it is clear that 
induction of Wnt11 expression results in (pro)metastatic behavior of breast cancer cells. 
Altogether, we think our data have unraveled a mechanism whereby mutational inactivation 
of E-cadherin, and subsequent nuclear translocation of p120, leads to relief of Kaiso-
mediated transcriptional repression of Wnt11 and anoikis resistance of ILC cells.
Although Wnt11-iKD induced a robust inhibition of mILC survival in suspension, a number 
of cells survived this condition, which may be explained by the observed Rho activity upon 
Wnt11-iKD. Our data do not exclude the possibility that residual Rho activity and subsequent 
survival may be caused by exogenous (serum-derived) Wnt11. Moreover, Wnt proteins are 
generally heavily glycosylated and can be retained at the plasma membrane by heparan 
sulfate proteoglycans (215). Since this can result in highly localized ligand concentrations, 
small quantities may be sufficient to trigger the observed Rho activation upon Wnt11-iKD. 
Alternatively, residual Rho activity after Wnt11 inhibition may also be caused by intracellular 
cytoskeletal tension due to cellular rounding in suspension, which could potentially induce 
a positive feedback loop resulting in high Rho-GTP, as has been shown previously (216). 
Our previous and current research provides a clear rationale for the activation of ROCK in 
ILC. First, somatic E-cadherin inactivation induces activation of ROCK signals through p120-
dependent binding and inhibition of the Rho antagonist MRIP (104). Secondly, our current 
data show that activation of RhoA and Rock is maintained through a proximal autocrine 
activation of RhoA by Wnt11. Recent data have indicated that Wnt signals can be successfully 
inhibited by Frizzled receptor decoys and antibodies (217) or prevention of Wnt secretion 
by the membrane-bound O-acyltransferase Porcupine (218). However, we believe that 
options for clinical interventions should be based on inhibition of Rho and Rock, because 
they represent the central hub in the regulation of anchorage-independent tumor growth 
and metastasis of E-cadherin mutant breast cancer.
In conclusion, our data establish a novel functional link between mutational inactivation 
of E-cadherin and subsequent p120-dependent relief of Kaiso-mediated transcriptional 
repression of Wnt11. In addition, we show that nucleocytoplasmic shuttling of p120 is the 
rate-limiting step in inhibition of Kaiso-mediated transcriptional repression. Subsequent 
anchorage-independent expression of the Kaiso target gene Wnt11 drives anoikis resistance 
of metastatic breast cancer cells through activation of the Rho-ROCK signaling pathway. 
This study thereby strongly advocates the potential of specifically targeting Rho-dependent 
ROCK signaling as an intervention strategy in the clinical management of metastatic ILC.

Material and methods
Cell culture and inhibitors
Origin of mouse models and culture of all tumor-derived mouse cell lines has been described 
before (17, 18, 104, 152). Transduced cells were cultured for four days in the presence of 
1.0 μg/ml doxycycline in order to induce p120-, Kaiso- and Wnt11-specific shRNA expression 
(iKD). Cell permeable C3-transferase (Cytoskeleton, Denver, USA) was used according to the 
manufacturer’s instructions.
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Constructs, viral production and transduction
For stable knockdown of Wnt11 and Kaiso, shRNA 
sequences flanked by a BbsI and XhoI overhang (Wnt11 5’- 
TCCCGTCTGCAAGTGAGACCATATTCAAGAGATATGGTCTCACTTGCAGACTTTTTC -3’; Kaiso 5’- 
TCCCTCAGAAGATCATTACATTAGATTTCAAGAGAATCTAATGTAATGATCTTCTGATTTTTC-3’) were 
annealed and ligated into pH1tetflex (219). Subsequent cloning was performed as described 
(104). Creation of the p120-iKD construct was described previously (152). To generate the 
Wnt11 nontargetable construct, three silent point mutations were introduced in the pCR4-
TOPO vector containing mouse Wnt11 cDNA (Thermo Scientific, Lafayette, USA) using site-
directed mutagenesis (forward 5’-GGAGCGCTACGTGTGTAAATGAGACCATATG-3’; reverse 
5’-CATATGGTCTCATTTACACACGTAGCGCTCC-3’). The resulting cDNA was cloned in the pLV.
CMV.IRES.puro lentiviral vector using PstI. Lentiviral production and transduction was done 
as described (104). 

Immunofluorescence microscopy 
For immunofluorescence, cells were washed with PBS containing Ca2+ and Mg2+ and fixed 
with 4% paraformaldehyde for 30 minutes at room temperature. After washing, cells were 
permeabilized with 0.1% Triton X-100 in PBS for 10 minutes and blocked with 4% BSA/PBS 
for 10 minutes. Fixed samples were incubated with primary antibody for 1 hour at room 
temperature, washed with PBS and incubated with secondary antibodies for 1 hour at 
room temperature. Samples were stained with DAPI for 5 minutes and analyzed using a 
Zeiss LSM 700 (Carl Zeiss, Sliedrecht, the Netherlands). Images were processed using ImageJ 
and Adobe Photoshop CS6. For colocalization studies, image processing and quantification 
was done using Volocity (Perkin-Elmer, Waltham, USA). The following primary antibodies 
were used: mouse anti-Kaiso clone 6F (1:1000; a kind gift from Dr. Juliet Daniel, McMasters 
University, Hamilton, Canada), mouse anti-p120-TRITC (1:200; BD Biosciences; #610137), 
rabbit anti-H3K9Me3 (1:500; Abcam; ab8898) and rabbit anti-H3K4Me3 (1:500; Diagenode; 
pab003-050).

Kaiso reporter assays
To generate pGL3-4XKBS-RLuc, Renilla luciferase (RLuc) was isolated 
from pRL (Promega, Madison, USA) by means of PCR (forward 5’- 
AGCTCCATGGCTTCGAAAGTTTATGATCCAGAACAAAGG -3’; reverse 5’- 
TGGTCTAGAATTATTGTTCATTTTTGAGAACTCGC -3’) and ligated into pJET1.2 (Fermentas, 
Landsmeer, the Netherlands). The resulting vector was NcoI/XbaI digested and the 
excised fragment containing RLuc was exchanged with Firefly luciferase from the Kaiso 
reporter plasmid pGL3-4XKBS ((116); a kind gift from Dr. Juliet Daniel). Mouse mammary 
tumor cell lines were transfected with the reporter using Fugene HD (Promega, Madison, 
USA) according to manufacturer’s instructions and assayed 48h later for RLuc activity as 
described (220). For normalization purposes, mCherry was cotransfected and expression 
was quantified using FACS analysis.

RNA extraction, amplification and microarray hybridization
Total RNA was isolated from 8 independent mILC cell lines grown either in the absence 
or presence of anchorage. Next, RNA was purified, reverse transcribed and amplified as 
described (221). Oligonucleotide microarrays containing 31,769 longmer probes representing 
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18,173 genes and 32,829 transcripts (Operon Biotechnologies Inc, Huntsville, USA) were 
a kind gift from the Netherlands Cancer Institute microarray facility. One microgram of 
amplified RNA was labeled with cyanine 5-conjugated ULS or cyanine 3-conjugated ULS 
(Kreatech Biotechnology, Amsterdam, The Netherlands). Hybridizations were processed, 
scanned and analyzed as described (221).

GO term analysis 
GO term analysis was performed using the Database for Annotation, Visualization and 
Integrated Discovery (DAVID) version 6.7 (david.abcc.ncifcrf.gov) as previously described 
(222). 

Motif matching and enrichment analysis
In order to determine whether differentially expressed genes were enriched for Kaiso binding 
sites in their promoter regions, we performed a sequence matching procedure followed by 
an enrichment analysis. First, we obtained sequences for 1kb upstream regions of all genes 
represented on the microarrays used in this study. In order to enrich for functional regions, 
we masked subsequences based on below-median sequence conservation levels across 18 
Euarchontoglires. Conservation data were obtained from the UCSC Table Browser (223). 
Sequences were then scanned for matches with the Kaiso motif as present in the TRANSFAC 
database using a custom built C-program (224). A position was called a hit if the similarity 
between the sequence at that position and the Kaiso motif corresponded to at least 90% of 
the information content present in the motif. Upstream regions with at least one hit were 
regarded as putative Kaiso binding targets. The total number of genes assayed was 24,787. 
Out of these, 1,342 contained at least 1 Kaiso binding site motif within their 1kb promoter 
region. We defined a set of 249 differentially expressed genes based on a signal-to-noise 
ratio cutoff of 1.5 (Supplemental Data S1). From this we extracted 29 genes that presented a 
consensus Kaiso binding site (Fig. 4C). Using the R statistical software package, we performed 
a Fisher’s Exact test to determine statistical significance (p<0.05) and corrected for multiple 
hypothesis testing.

Chromatin immunoprecipitation (ChIP)
For ChIP experiments, 25*106

 cells were cross-linked by adding formaldehyde directly to 
the medium to a final concentration of 1% and incubated at 37°C for 10 minutes. Cross-
linking was inhibited with glycine (final concentration of 125mM). Cells were put on ice 
and washed two times with ice-cold PBS. Cells were collected in 1ml ice-cold lysis buffer 
(50mM HEPES pH=7.8, 150mM NaCl, 1mM EDTA pH=8.0, 1% Triton, 0.1% SDS, 0.1% sodium 
deoxycholate and protease inhibitor tablets (cOmplete EDTA-free, Roche)) and transferred 
to 1.5 ml Eppendorf tubes and subsequently centrifuged for 5 minutes at 5,000 rpm at 4°C. 
Pellets were washed twice in 1 ml lysis buffer and sonicated in a Bioruptor (Diagenode, 
Denville, USA) in ice water for 30 seconds per cycle (high settings, 30 sec interval). Sonication 
efficiency (500–1,000 bp) was verified using agarose gel electrophoresis. Samples were 
centrifuged for 5 minutes at 12,000 rpm after which the supernatant was transferred to a 
new Eppendorf tube. Anti-Kaiso antibody clone 6F or control IgG (4 µg each) was precoupled 
overnight to ProtA/G agarose beads (Thermo Scientific, Lafayette, USA) in the presence 
of 200 µg sonicated herring sperm and 1.5% fish skin gelatin. Precoupled beads were 
incubated overnight with the sonicated chromatin in 500 µl lysis buffer. After centrifugation 
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the supernatant was removed and the beads were washed twice with lysis buffer, Wash 
Buffer 1 (250mM NaCl in lysis buffer) and Wash buffer 3 (50mM HEPES pH=7.8, 1mM EDTA, 
0.7% sodium deoxycholate, 1% NP-40, 0.5M LiCl). Elution was performed by adding 130 
µl of elution buffer (10mM Tris pH=8.0, 1mM EDTA, 1% SDS) to the beads and incubating 
the samples at 65°C overnight while shaking. Proteinase K was added to the samples and 
incubated at 37°C for 2 hours. Samples were centrifuged and the supernatant was purified 
using a column (Qiagen PCR purification kit). PCR was performed using primers flanking 
the most proximal KBS in the murine Wnt11 promoter as described (119). For β-globin 
the following primers were used: forward 5’-CCCAGCGGTACTTTGATAGC-3’; reverse: 5’- 
GCCTTCACTTTGGCATTACC-3’.

RNA isolation, cDNA synthesis and quantitative PCR (qPCR)
Cells were either cultured under adherent or nonadherent conditions and RNA 
was harvested after 24 hours using TRIzol® reagent (Invitrogen, Bleiswijk, the 
Netherlands). cDNA was synthesized using iScript™ cDNA Synthesis Kit (BioRad, 
Veenendaal, the Netherlands) with 1µg input RNA. Quantitative PCR was 
performed using the LightCycler® 480 (Roche, Almere, the Netherlands) using the 
following primer sets: mouse Wnt11 (forward: 5’-CCAAGCCAATAAACTGATGCG-3’; 
reverse: 5’-GCATTTACACTTCGTTTCCAGGG-3’), mouse Kaiso (forward: 
5’-CCAGCCTCTGTTGCTATTTCG-3’; reverse: 5’-GATTCACAGGAGTGGGAAGTTGA-3’), mouse 
GAPDH (forward: 5’-AAGCCCATCACCATCTTCC-3’; reverse: 5’-TAGACTCCACGACATACTCA-3’). 
For validation of Wnt11 knockdown PCR was performed using the primer sets as described 
above.

Anoikis assay, colony formation assay and migration assays
Anoikis resistance was determined and quantified as described (18). In short, mILC were 
cultured in the presence of anchorage for four days and subsequently stained for propidium 
iodide (PI) and AnnexinV-FITC to assay for viability using FACS. Colony formation assays were 
performed as described (104). 

RhoA-GTP pulldown assays, cell fractionation, co-immunoprecipitation and western blotting
RhoA-GTP pulldown assays were performed as described (104). Cytosolic and nuclear 
fractions were derived using the REAP method and performed as described (225). mILC-1 
cells were cultured in the presence of absence of anchorage for 24 hours before fractionation 
was performed. All samples were analyzed using SDS-PAGE and western blotting as described 
(226). Co-immunoprecipitation of p120 was performed using mouse anti-p120 (4μg/IP; BD 
Biosciences; 610134) coupled to ProtA/G agarose beads (Thermo Scientific, Lafayette, USA). 
In short, cells were lysed for 20 minutes (20mM Tris pH=7.5, 150mM NaCl, 1mM EDTA, 1mM 
EGTA, 1% Trition X-100, 1mM Na3VO4, 10mM NaF, 5% glycerol). Lysates were pre-cleared 
with ProtA/G beads and incubated with the pre-coupled beads for 2 hours. Afterwards, 
beads were collected and washed three times with lysis buffer and subsequently eluated 
with sample buffer and boiled. The following antibodies were used: mouse anti-p120 clone 
15D2 (1:2,000; kind gift from Dr. Albert Reynolds, Vanderbilt University, Nashville, USA), 
rabbit anti-Kaiso polyclonal (1:1,000; kind gift from Dr. Juliet Daniel, McMaster University, 
Hamilton, Canada), mouse anti-GAPDH (1:10,000; Millipore; mab374), rabbit anti-acetyl 
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histon H3 (1:1,000; Millipore; 06-599), goat anti-Akt1 (1:1000; Santa Cruz; sc-1618) and 
rabbit anti-RhoA (1:250; Santa Cruz; sc-179).
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Abstract
In order for cancer cells to metastasize they have to surpass numerous hurdles including 
overcoming induction of anoikis, a specialized type of apoptosis specifically induced 
upon loss of cell-cell and cell-ECM contact. Previously, we have established that loss of 
E-cadherin is causal to the acquisition of anoikis resistance in invasive lobular carcinoma 
(ILC). In this setting, nuclear and cytosolic translocation of the adherens junction 
component p120-catenin (p120) regulates anoikis resistance through activation of Rho-
ROCK signaling via two distinct pathways (i) binding to the Rho antagonist MRIP and (ii) 
transcriptional upregulation of the Kaiso target gene Wnt11. Here, we provide evidence 
for a novel mechanism involved in induction of anoikis resistance in ILC. We show that 
anchorage-independent upregulation of the helix-loop-helix (HLH) factor Id2 controls 
anoikis resistance through binding and inhibition of the pro-apoptotic function of the 
tumor suppressor Rb. Interestingly, upregulation of Id2 is not sufficient to reverse growth-
arrest in anchorage-independent cells indicating that Id2 functions as a specific inhibitor 
of the apoptotic function of Rb. In addition, we show that Id2 is a bona fide Kaiso target 
gene which expression is under the direct control of p120. Together, our findings unravel 
a novel mechanism involved in anoikis resistance through non-mutational inactivation of 
the Rb-E2F1 pathway.

Introduction
The tumor suppressor retinoblastoma (RB; encoded by the RB1 gene) is a member of the 
pocket protein family together with p107 and p130. Mutational inactivation of the RB 
pathway is a frequent event in cancer whereas mutations in p107 and p130 have rarely 
been observed (227, 228). RB confers its tumor suppressive function through interaction 
with the E2F family of transcription factors (reviewed in (229)). The E2F proteins regulate 
cell cycle progression by controlling the expression of genes involved in DNA replication. 
The E2F family consists of activating E2F members (E2F1, E2F2 and E2F3a/b), repressing E2F 
members (E2F4 and E2F5), and the pocket protein-independent E2F members (E2F6, E2F7 
and E2F8). During G0/G1 phase, p107 and p130 bind with E2F4/E2F5 and associate with 
the promoter regions of E2F target genes where they mediate transcriptional repression. 
Simultaneously, E2F1, E2F2 and E2F3 bind RB, which prevents transcriptional activation 
of E2F target genes. During the transition to S-phase, the pocket proteins are inactivated 
through cyclin-CDK-dependent phosphorylation, which disrupts binding to E2Fs. As a 
consequence, transcriptional repression of E2F-responsive target genes is relieved and 
E2F1-3 can occupy the promoter regions and induce target gene expression.
Besides regulation of cell cycle progression, E2F1 and RB have been shown to directly 
function in induction of apoptosis (reviewed in (230)). While induction of apoptosis largely 
relies on the expression of pro-apoptotic target genes by E2F1, E2F2 and E2F3 are thought 
to contribute to this process in an indirect manner. For instance, E2F3 can induce apoptosis 
through upregulation of E2F1 (231). Pro-apoptotic E2F1-responsive genes include ARF, 
APAF1, p73, caspases-7 and the BH3-only proteins BAD and BID (reviewed in (232)). The 
pro-apoptotic function of E2F1 becomes most notably in response to DNA damage where 
the specificity of E2F1 is directed from cell cycle gene promoters to pro-apoptotic gene 
promoters (233). This change in specificity of target gene promoter is regulated through 
acetylation and phosphorylation of E2F1, which facilitate the formation of transcriptionally 
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active complexes with the co-activators and acetyltransferases p300/CBP or P/CAF (233-
236). Surprisingly and in contrast to the regulation of cell cycle progression genes, RB has 
shown to associate with E2F1 in order to actively induce pro-apoptotic genes in response 
to DNA damage or oncogenic stress (237). Interestingly, loss of RB function severely impairs 
the induction of apoptosis in response to DNA damage or oncogenic stress (237). In 
parallel, RB can trigger BAX-dependent cytochrome c release through a direct interaction 
at the mitochondria which can sensitize the cells for apoptosis instead of actively inducing 
apoptosis (238). 
ID (inhibitor of DNA binding) proteins are helix-loop-helix (HLH) factors and best known as 
dimerization partners for the E-proteins E2A (E12 and E47), E2-2 and HEB (239). ID proteins 
lack a DNA binding domain and act as dominant-negative regulators of E-protein function 
by sequestering these factors and inhibiting target gene promoter association (240). ID2 has 
the unique ability to interact with the pocket domains of RB and inhibit its tumor suppressive 
functions (241, 242). Upregulation of ID2 enhances cell proliferation by sequestering 
hypophosphorylated RB, which prevents binding to E2Fs and leads to subsequent cell cycle 
arrest (241, 243). 
Inactivation of the master regulator of epithelial identity E-cadherin is a frequent event in 
breast cancer (171). Mutational inactivation of E-cadherin is an early and causal event in the 
development and progression of invasive lobular carcinoma (ILC) (17, 18). Loss of E-cadherin 
promotes anchorage-independent tumor growth and metastasis through p120-dependent 
activation of Rho-Rock signals (104, 244). Nuclear influx of p120 inhibits transcriptional 
repression by the BTB/POZ-ZF factor Kaiso (ZBTB33) and induces expression and signaling of 
the Kaiso target gene WNT11 (119, 244).
Here, we show that anchorage-independent lobular breast cancer cells counteract Rb-
dependent apoptosis through upregulation of the p120-responsive Kaiso gene target Id2. 
In addition, our data point towards a mechanism in anchorage-independent mILC cells 
in which the function of Rb is directed from regulation of cell cycle progression towards 
apoptosis. In this setting, Id2 underpins survival of metastatic cells in the absence of cell-
matrix interactions through binding of Rb and inhibition of Rb/E2F1 apoptotic targets.

Results
Id2 binds hypophosphorylated Rb in growth-arrested anchorage-independent mILC cells
Previously, we identified genes that displayed transcriptional upregulation upon transfer of 
mouse ILC (mILC) cells to anchorage-independent culture conditions (244). Among these 
genes, we identified the helix-loop-helix (HLH) factor Id2 (encoded by the Id2 gene). Id2 
is best known as a dominant-negative regulator of E-proteins during development and 
differentiation (240) and, in addition, has been shown to bind and negatively regulate 
the tumor suppressor Rb (241). First, we set out to validate the anchorage-independent 
upregulation of Id2 in mILC cell lines. Cells were cultured in the presence (adherent) or 
absence (suspension) of anchorage and subsequently processed for RNA and protein 
analysis at different time points (Fig. 1A). In accordance with our previous findings (244), 
we observed an anchorage-independent upregulation of Id2 by RNA sequencing (Fig. 1B) 
and western blotting (Fig. 1C). Id2 has been shown to reverse the G0/G1 arrest mediated 
by the pocket proteins (241, 243). We hypothesized that upregulation of Id2 might induce 
anchorage-independent proliferation possibly through inhibition of the pocket proteins. In 
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order to test this hypothesis, we made use of the Fucci system which allows identification of 
G0/G1 phase, G1/S phase and S/G2/M phase based on differential expression of fluorescent 
probes (245). Interestingly, the majority of anchorage-independent mILC-1 were arrested 
in G1 whereas adherent mILC-1 cells were actively cycling judged by the majority of cells in 
S/G2/M phase (Fig. 1D/E). These results suggest that upregulation of Id2 is not able or not 
sufficient to counteract Rb-mediated cell cycle arrest in anchorage-independent mILC cells.
Rb-dependent G0/G1 arrest is mediated through sequestering and inhibition of E2Fs by 

Figure 1: Id2 binds Rb in anchorage-independent and growth-arrested mILC cells
A Schematic overview of the different time-points used for the experiments described in this manuscript. A = 24 hours adherent culture, 
S1 and S2 = 8 hours and 24 hours in suspension (anchorage-independent) culture. B Id2 mRNA and C proteins levels are upregulated in 
three independent anchorage-independent mILC cell lines. Expression is depicted as RPKM value. Akt was used as a loading control in 
western blotting analyses. D Anchorage-independent mILC cells are arrested in G0/G1. Shown are representative fluorescence images 
of adherent (A) and anchorage-independent (S2) mILC-1 cells expressing the Fucci system. Scale bar = 50 μm E Quantification of the 
mILC-1 Fucci cells cultured in adherence (A) and anchorage-independence (S2). At least 500 cells were quantified per condition. F Rb is 
dephosphorylated upon transfer to anchorage-independent conditions. ppRb = hyperphosphorylated Rb; Rb = hypophosphorylated Rb. 
Akt was used as loading control. G Id2 binds hypophosphorylated Rb in anchorage-independent mILC-1 cells. Anti-Id2 and control IgG co-
immunoprecipitations were performed on mILC-1 cells grown in the absence of anchorage for 24 hours. Samples were blotted for Id2 and 
Rb to confirm interaction. Note the specificity for the faster migrating hypophosphorylated form of Rb. Representative data are shown from 
at least three independent experiments.
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hypophosphorylated Rb (and the other pocket proteins), which inhibits the transcription of E2F 
target genes involved in cell cycle progression. Therefore, we assessed the phosphorylation 
status of Rb under anchorage-independent conditions. In accordance with the observed 
anchorage-independent cell cycle arrest, we observed a shift from the hyperphosphorylated 
and inactive form of Rb under adherent conditions to hypophosphorylated Rb in anchorage-
independent mILC-1 cells (Fig. 1F). In addition, we probed for changes of specific Rb phospho-
residues. As expected, phosphorylation of serines 780 (246) and 807/811 (247), which are 
mediated by cyclinD/Cdk4/6 and cyclinE/Cdk2 complexes respectively, was reduced after 
eight hours and completely absent after 24 hours of anchorage-independence (Fig. 1F). 
Interestingly, Id2 has been demonstrated to specifically bind the hypophosphorylated form of 
Rb (241). Given the predominant presence of hypophosphorylated Rb and the upregulation 
of Id2 under anchorage-independent conditions, we hypothesized that Id2 would be able 
to effectively bind Rb under these conditions and therefore performed Id2-specific co-
immunoprecipitations in anchorage-independent mILC-1 cells. Interestingly, Rb efficiently 
precipitated with Id2 under these conditions (Fig. 1G). Together, these results indicate that 
Id2 is transcriptionally upregulated in anchorage-independent mILC. Under these conditions 
Id2 associates with the hypophosphorylated form of Rb but does not reverse Rb-mediated 
cell cycle arrest. Next, we set out to determine if the interplay between Id2 and Rb plays a 
causal role in anchorage-independent survival of ILC.

Id2 controls anoikis resistance in ILC
Next, we set out to determine if Id2 controls anoikis resistance of anchorage-independent 
breast cancer cells. We transduced mILC-1 with vectors expressing two independent shRNAs 
directed against Id2 and confirmed knockdown (Fig. 2A). Next, we assayed anoikis resistance 
and total numbers of viable cells under anchorage-independent conditions. In contrast to 
mILC-1 cells expressing the control shRNA, cells depleted for Id2 displayed a severe increase 
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in anoikis and a reduction in the number of viable cells after 24 hours in anchorage-
independent conditions (Fig. 2B/C). Furthermore, both Id2-specific shRNAs effectively 
decreased Id2 levels and anoikis resistance to comparable levels, which shows the specificity 
of the used hairpins. We made use of shId2 #1 for the remaining experiments as this specific 
hairpin showed the most robust decrease in anoikis resistance. To rule out the possibility 
of sampling errors due to low cell counts in Id2-depleted cells, we validated the increase in 
anoikis of mILC-1 shId2 cells by blotting for the presence of cleaved caspase-3 and observed 
a robust induction in anchorage-independent conditions compared to adherent culture (Fig. 
2D). Together, our results show that Id2 functions as an inhibitor of anoikis and contributes 
to the anchorage-independent survival of mILC cells.

Id2 confers its anti-apoptotic function through Rb
Rb can directly induce apoptosis in response to DNA damage or oncogenic stress through 
complex formation with E2F1 and subsequent transcriptional activation of pro-apoptotic 
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target genes (237). To determine if Id2 regulates anoikis resistance through inhibition of 
the pro-apoptotic function of Rb, we transduced mILC-1 either with the Rb-specific shRNA 
alone or in combination with the Id2-specific shRNA (Fig. 3A). Interestingly, Rb knockdown 
neither influenced anoikis resistance, nor did it induce a decrease in viable cell numbers 
upon transfer to anchorage-independence, which indicates that Rb loss is not sufficient to 
overcome the anchorage-independent cell cycle arrest (Fig. 3B/C). However, concomitant 
Rb and Id2 knockdown resulted in a rescue of cell viability indicating that Rb, at least in part, 
mediates anchorage-independent survival of metastatic ILC cells (Fig. 3B/C). In addition, 
we probed for the functional consequences of Id2 and Rb loss under adherent conditions 
and, in line with the published literature, observed decreased proliferation in mILC-1 shId2 
cells compared to control cells (Fig. 3D/E). As expected, loss of Rb did not induce increased 
proliferation as Rb is already in its inactive hyperphosphorylated form in the majority of 
adherent cells (Fig. 3D/E and Fig. 1F).
Together, these results show that upregulation of Id2 controls anoikis resistance in growth-
arrested ILC cells, in part through inhibition of the pro-apoptotic function of Rb. 

Id2 is a p120-responsive Kaiso target gene
Research in our lab has demonstrated that nuclear p120 translocation can effectively relieve 
Kaiso-mediated transcriptional repression and induce expression of Kaiso target genes 
(244). Furthermore, we have demonstrated that nuclear influx of p120 is further induced in 
anchorage-independent breast cancer cells. Since Id2 was previously identified as a candidate 
Kaiso target gene based on the presence of a conserved KBS in its promoter region (Fig. 4A 
and (244)), we hypothesized that anchorage-independent upregulation of Id2 expression is 
controlled by p120 and Kaiso. To test this, we made use of a previously described luciferase-
based reporter containing approximately 1 kb of the mouse Id2 promoter (Id2-pro1036) (248) 
and probed the transcriptional response after p120-1A or Kaiso expression. We observed 

Figure 4: Id2 is a p120-responsive Kaiso target gene
A Schematic overview of the promoter regions of mouse Id2 and human ID2 depicting the positions of the classical KBS (CTGCNA) relative 
to the transcription start site (TSS). B Id2 is a Kaiso target gene and is regulated by p120. Quantification of Id2-specific reporter activity 
co-transfected with empty vector, p120 or Kaiso in 293T cells. Note the increased reporter activity in cells co-transfected with p120 and the 
modest, but significant decrease in Kaiso co-transfected cells. C Depletion of p120 reduces Id2 expression in mILC-1. Id2 protein levels 
were analyzed by western blot in mILC-1 p120-iKD cells cultured in the absence of presence of dox. Representative experiments are shown 
from at least three independent experiments. In (B) the mean and standard deviation are shown. The student’s t-test was used to determine 
statistic significance. ***p<0.001, **p<0.01, *p<0.05.

0

5

10

15

20

25

Ka
is

o

Re
po

rt
er

 a
ct

iv
ity

 (F
Lu

c/
RL

uc
)

p1
20

-1
A

co
nt

ro
l

30
***

***
*

293T + Id2 reporter
BA

TSS
(+1)

KBS
(-154)

KBS
(-287)

KBS
(-418)

Id2 (mus musculus)
TSS
(+1)

ID2 (homo sapiens)

KBS
(-94)

C
mILC-1 p120-iKD

WB: Id2

WB: Akt

WB: p120

- + dox



Chapter Four

62

a 3-fold increase in the Id2 reporter activity upon co-expression of p120-1A (Fig. 4B). In 
addition, co-expression of Kaiso resulted in a modest but significant decrease of reporter 
activity (Fig. 4B). These results show that Id2 is a Kaiso target and that its expression is under 
the control of nuclear p120. To functionally assess these findings, we probed Id2 levels in 
mILC-1 cells transduced with a previously described doxycyclin (dox) inducible p120-specific 
shRNA system (p120-iKD) (152). In agreement with the results from the reporter assay, we 
observed that depletion of p120 resulted in a decrease in Id2 protein levels (Fig. 4C). 
Together, our results establish Id2 as a p120-responsive bona fide Kaiso target in ILC. These 
findings provide a rationale for the anchorage-independent upregulation of Id2 and its 
pivotal function in the regulation of anoikis resistance in E-cadherin deficient metastatic 
breast cancer cells.

Discussion
Detachment of cells from its surroundings induces a specific form of apoptosis termed 
anoikis (reviewed in (23)). Previous work in our lab has shown that loss of E-cadherin is 
causal to the formation and progression of ILC and the induction of anoikis resistance (17, 
18). We have demonstrated that anoikis resistance of ILC cells relies on p120-dependent 
activation of Rho-ROCK signaling through binding of the Rho-antagonist MRIP and the 
induction of the Kaiso target gene Wnt11 that provides the autocrine activation. 
Here, we have provided evidence for an oncogenic function of Id2 in controlling anoikis 
resistance of mILC cells. In this setting, upregulation of Id2 drives anchorage independent 
survival through inhibition of the pro-apoptotic function of Rb. Rb has been shown to confer 
its apoptotic function in complex with E2F1 where it drives transcriptional activation of pro-
apoptotic genes in response to DNA damage and oncogenic stress (237). Given the fact that 
under anchorage-independent conditions the majority of Rb is hypophosphorylated, Rb 
most likely resides in complex with E2F1 and the other Rb-associated E2Fs, hereby inhibiting 
their transcriptional activity. Upregulation of Id2 may disrupt or hinder E2F association with 
Rb as Id2 occupies the pocket domain of Rb, the same domain to which E2Fs bind Rb (241, 
249). In contrast to this view is the observation that Id2 can associate with promoter regions 
as part of a transcriptional repressive complex together with the pocket protein p130 and 
E2F4 in rat hepatocytes (250). As Rb and E2F1 together control transcription of pro-apoptotic 
genes, the presence of Id2 in complex with Rb and E2F1 may inhibit through interfering with 
the recruitment of histone acetylases and co-activators including P/CAF.
Id2 has been identified as a factor that can directly interact with and reverse cell cycle 
arrest mediated by the three members of the pocket protein family (241, 243). Indeed, 
we observed decreased proliferation in adherent mILC-1 cells depleted for Id2. In contrast, 
anchorage independence induced a G0/G1 arrest despite the observed Id2 upregulation. 
Under these conditions, Id2 controls anoikis resistance rather than proliferation in an 
Rb-dependent manner. This is an unexpected uncoupling of cell cycle responses versus 
apoptosis regulation by Rb, which might be explained by the unique ability of E2F1 to 
regulate apoptosis. First, post-translational modification of E2F1 has been shown to induce 
specificity. Upon DNA damage, E2F1 is phosphorylated by ATM and Chk2 and target gene 
specificity is driven from regulation of cell cycle genes towards pro-apoptotic genes (233, 251, 
252). Secondly, recruitment and acetylation by the co-activator P/CAF is required to induce 
the transcriptional apoptotic response (233). Thirdly, Rb harbors an additional E2F binding 
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domain that is specific for E2F1 and functions in induction of apoptosis independently of cell 
cycle regulation (253). This binding domain is located at the C-terminus of Rb and may leave 
the pocket domain available for binding of Id2 which allows for the presence of a Rb/E2F1/Id2 
complex. Unfortunately, it is presently unknown how the affinity or specificity of Id2 for Rb-
E2F complexes over p130-E2F and p107-E2F complexes is regulated. Our data suggest that 
in the presence of stress induced by anchorage-independence, Id2 may either preferentially 
interact with pro-apoptotic Rb-E2F1 complexes and/or is not able to disrupt or inhibit the 
interaction between pocket proteins and the other members of the E2F family. We propose 
that under adherent conditions the function of Rb is shifted towards cell cycle regulation. 
Here, rapid phosphorylation and dephosphorylation of Rb and the pocket proteins might 
allow Id2 to transiently bind the pocket proteins and positively regulate cell cycle progression.  
Rb-E2F1 signaling converges with the function of another classical tumor suppressor, 
namely p53, in deciding between cell cycle arrest and apoptosis (reviewed in (228)). E2F1 
can indirectly regulate activation of p53 through transcriptional regulation of the kinases 
ATM and Chk2 (254). These kinases are also capable of phosphorylating E2F1 and thereby 
redirecting specificity of E2F1 from cell cycle genes towards pro-apoptotic gene promoters 
which would further amplify the apoptotic response (230, 251, 252). We can formally not 
exclude the involvement of p53 in regulation of anoikis in ILC because we made use of tumor-
derived cell lines from mammary carcinomas inactivated for E-cadherin in combination 
with p53 (Cdh1Δ/Δ; Trp53Δ/Δ). While the inhibition of E2F1-mediated transcription of ATM 
and Chk2 by Id2 may bypass the pro-apoptotic p53 function to some extent, the effect of 
p53 expression in anoikis resistance in ILC remains undetermined. Interestingly, while p53 
mutations are rare in ILC, they seem to only occur during later stages of disease progression 
which indicates that functional loss of p53 remains beneficial for ILC cells and may be 
required to induce invasion and metastasis (13, 255).
Previously, we have shown that p120 translocation to the cytosol and the nucleus controls 
anoikis resistance through activation of Rho-ROCK signaling (104, 244). Cytosolic p120 
controls Rho-ROCK activation through inhibition of the Rho antagonist MRIP while nuclear 
p120 induces the expression of the Kaiso target gene Wnt11, which provides the proximal 
autocrine cue for activation of Rho signaling. Here, we show that Id2 is a novel Kaiso target 
gene and that its expression is regulated by p120. Interestingly, cyclin-D1 (encoded by CCND1) 
and c-Myc (encoded by MYC) have also been identified as Kaiso target genes (129, 256). Id2 
expression has shown to be under the control of n-Myc and c-Myc in neuroblastoma where 
it confers the oncogenic potential of Myc signaling through inhibition of Rb (242). However, 
cyclin-D1 and c-Myc are transcriptionally downregulated in anchorage-independent mILC 
cells (data not shown). These findings are in line with the notion that anchorage-independent 
mILC cells are growth arrested, as both these factors are involved in cell cycle progression 
by antagonizing pocket protein function. Together, this may indicate that p120-mediated 
upregulation of Id2 levels in anchorage-independent conditions occurs independent of 
upregulation of cyclin-D1 and c-Myc and specifically to inhibit the pro-apoptotic function 
of Rb/E2F1 complexes. This notion is in line with the observation that forced expression 
of cyclin-D1 can not compensate for Id2 loss in the mouse mammary gland indicating that 
both proteins function in independent pathways (257). Here, loss of Id2 severely impaired 
mammary gland development during pregnancy (258). However, loss of Id2 did not induce 
increased differentiation but instead led to pronounced defects in proliferation and survival, 
indicating that the main function of Id2 in mammary cells is the regulation of E2F1-Rb 
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signaling and not inhibition of differentiation (258).
In conclusion, we identified Id2 as p120-dependent Kaiso target that controls survival in 
anchorage-independent metastatic breast cancer cells. Here, Id2 inhibits the pro-apoptotic 
function of Rb through direct binding to Rb. Together, our data provide evidence for a novel 
p120-dependent mechanism involved in anoikis resistance of invasive E-cadherin deficient 
breast cancer cells.

Material and Methods
Cell culture and cell-based assays
Origin and culture of mILC cell lines have been described previously (17, 18). For anchorage-
independent culture, cell were washed with PBS, trypsinized, transferred to ultra-low cluster 
6-wells plates (Corning) and incubated for 8 or 24 hours. For western blot analysis, cells 
were centrifuged and using sample buffer. For quantification of mILC-1 Fucci cells, cells were 
centrifuged onto glass slides using a Cytospin 4 (5 minutes, 1500 rpm; Thermo Scientific) 
and imaged and quantified using a LSM700 confocal microscope (Carl Zeiss). Anoikis assays 
en colony formation assays was performed as described previously (104).

Plasmids
Cloning of the inducible p120-specific shRNA contructs (p120-iKD) has been described 
previously (152). For the generation of shRb and shId2-expressing vectors the 
following oligos (flanked by EcoRI and AgeI restriction sites) were used: mouse Id2 #1 
(5’-CCGGGCTTATGTCGAATGATAGCAACTCGAGTTGCTATCATTCGACATAAGCTTTTTG-3’), 
mouse Id2 #2 (5’-CCGGGACCCAGTATTCGGTTACTTA 
CTCGAGTAAGTAACCGAATACTGGGTCTTTTTG-3’), and mouse Rb1 
(5’-CCGGGTGGATTCTGAACGTACTTAACTCGAGTTAAGTACGTTCAGAATCCACTTTTTG-3’). 
Oligos were annealed and ligated in the EcoRI/AgeI-digested pLKO.1 vector (#10878; 
Addgene) and verified by sequencing. Plasmids expressing the Fucci system (pCSII-EF-mKO2-
hCdt(30/120) for G1 and pCSII-EF-mAG-hGeminin(1/1000) for S/G2/M were a kind gift from 
A. Miyawaki and have been described previously (245).

RNA sequencing
Extraction and sequencing of RNA from mILC cell lines was performed as described 
(Tenhagen et al., 2015; manuscript in preparation).

Lentiviral transduction
Production of lentiviral particles and transduction was performed as described before (104). 
In short, lentiviral particles were produced in COS-7 cells using third-generation packaging 
constructs transfected with XtremeGene9 (Roche) (259). The supernatant containing viral 
particles was harvested 48 hours post-transfection, passed through a 45-μm filter and 
concentrated by ultracentrifugation (175,000 g; 150 minutes). mILC cells were transduced 
overnight in the presence of 4 μg/ml polybrene (Sigma). mILC-1 cells expressing the pLKO.1 
vector were selected with and cultured in the presence of 10 μg/ml puromycin (p7255; 
Sigma) to assure stable expression of the shRNA. For the generation of mILC-1 Fucci cell 
lines, a clonal population was derived through limited dilution.
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Co-immunoprecipitations and western blotting
Co-immunoprecipitations were performed as previously described (244) using rabbit anti-
Id2 (1:100; #3431; clone D39E8, Cell Signaling Technology). Cells were cultured for 24 hours 
in anchorage-independent conditions in ultra low-cluster T75 flasks (Corning). Detection 
of proteins by western blotting was performed as described before (244). The following 
antibodies were used: monoclonal rabbit anti-Id2 D39E8 (1:1000; #3431; Cell Signaling 
Technology), polyclonal rabbit anti-Id2 C-20 (1:1000; sc-489; Santa Cruz Biotechnology), 
polyclonal rabbit anti-Rb M-153 (1:1000; sc-7905; Santa Cruz Biotechnology), rabbit 
monoclonal anti-phospho-Rb Ser 780 (1:2000; #9307; Cell Signaling Technology), 
monoclonal rabbit anti-phospho-Rb Ser 807/811 (1:2000; #9308; Cell Signaling Technology) 
and polyclonal goat anti-Akt1 C-20 (1:1000; sc-1618; Santa Cruz Biotechnology).

Id2 reporter assay
The mouse Id2 reporter plasmid (pGL4-Id2pro-1036) was a kind gift from J. Keller (NIH) and 
has been described previously (248). In short, 293T cells were cultured and transfected with 
100 ng pGL4-Id2pro-1036 and 5 ng pRL-Renilla in combination with either 400 ng empty 
vector (pcDNA3.1) or pC2-eGFP-p120-1A or pcDNA3.1-Kaiso using XtremeGene9 (Roche). 
Reporter activity was measured using the Dual-Luciferase Reporter kit (Promega) on a Lumat 
LB9507 Luminometer (Berthold Technologies) according to manufacturer’s instructions.
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Abstract
Spatiotemporal activation of RhoA and subsequent actomyosin contraction underpins 
cellular adhesion and division.  In cancer, loss of cell-cell adhesion and enhanced mitotic 
activity are cardinal events that drive tumour progression.  Here, we show that p120-
catenin (p120) not only controls cell-cell adhesion, but also acts as a critical regulator 
of cytokinesis. At the equatorial cortex p120 regulates actomyosin contractility through 
concomitant binding to RhoA and the centralspindlin component MKLP1, independent 
of cadherin association. Starting at anaphase, p120 accumulates at the cleavage furrow 
where it complexes with MKLP1 to spatially control RhoA-dependent actomyosin 
contractility. We show that binding to MKLP1 and balanced GTP loading of RhoA during 
cytokinesis depends on the N-terminal coiled-coil domain of p120 isoform 1A. 
Importantly, clinical data show that loss of p120 expression is a common event in breast 
cancer that strongly correlates with multinucleation and adverse patient survival. In 
summary, our study identifies p120 loss as a driver event of chromosomal instability in 
cancer.

Introduction
Tumour cells display chromosomal alterations including loss and gain of complete 
chromosomes termed aneuploidy (260-262). It is thought that chromosomal instability (CIN) 
facilitates tumour plasticity and adaptation to changing environments through Darwinian 
selection processes. A number of mechanisms contribute to CIN including DNA damage 
response defects (263, 264), mitotic checkpoints (265), and cytokinesis (266). Formation 
of malignant cells from binucleated cells is caused by the inheritance of extra centrosomes, 
which induces chromosome segregation errors during subsequent cell divisions (260, 
267). Additional mechanisms include non-genetic pathways like steric hindrance of furrow 
ingression by carcinogens, or cell-in-cell structures derived through a process termed entosis 
(268) . Moreover, genetic alterations or loss of tumour suppressors can induce cytokinesis 
defects and subsequently drive malignant transformation (269, 270).
Cytokinesis is intricately balanced through spatiotemporal recruitment and activation of 
the proteins that form the actomyosin contractile ring and drive cleavage furrow ingression 
(271, 272). Centralspindlin, a tetrameric complex composed of MgcRacGAP and the motor 
protein MKLP1 (KIF23), localizes to the central spindle and astral microtubules where it 
regulates balanced actomysosin contractility during cytokinesis (273-275). Recruitment of 
the RhoGEF Ect2 to the centralspindlin complex drives local activation of the small GTPase 
RhoA, which controls actomyosin contractility and subsequent furrow ingression (276-279). 
Rapid RhoA GTPase cycling depends on the presence of positive and negative regulators 
and limits lateral diffusion to maintain a restricted active Rho zone essential for proper 
cytokinesis (280-282) . 
Loss of cell-cell adhesion is commonly found in human cancer upon inactivation of the 
AJ components E-cadherin or p120-catenin (16, 37, 38, 152, 154, 283). Previously, we 
demonstrated that mammary-specific inactivation of E-cadherin causes the development 
and progression of invasive lobular breast carcinoma (ILC) (17, 18). Cortical stabilization 
of E-cadherin depends on binding of p120-catenin to the intracellular juxtamembrane 
domain (62, 63). Although conditional ablation of p120 causes formation of metastatic 
breast carcinoma in mice, it does not lead to ILC but instead induces the formation of 
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metastatic high-grade ductal-type carcinoma (152). These findings demonstrated that loss 
of p120 expression has differential functional consequences during tumour initiation and 
progression that may occur independently of cell-cell adhesion.
Here, we show that loss of p120 is causal to the formation of multinucleated and 
chromosomally unstable tumour cells in mouse and human cancer models. Our data point to 
a scenario where p120 regulates spatiotemporal regulation of RhoA activity at the equatorial 
cortex during cytokinesis through binding of the centralspindlin component MKLP1. 

Results
Loss of p120 induces multinucleation and CIN in cancer
Previous work in our lab has shown that loss of the AJ through somatic inactivation of either 
E-cadherin or p120 is causal to the development of metastatic mammary carcinomas (17, 
18, 152). However, while loss of E-cadherin in WAPcre;Cdh1F/F;Trp53F/F female mice induced 
the formation of mouse ILC (mILC), homozygous inactivation of p120 in WAPcre; Ctnnd1F/

F;Trp53F/F female mice induced the formation of high-grade invasive ductal-type carcinoma 
(Fig. 1A). Interestingly, we observed a high incidence of multinucleated tumour cells and 
overall severe nuclear atypia in p120-deficient mammary carcinomas, whereas E-cadherin 
and p53-deficient tumours did not show overt nuclear abnormalities (Fig. 1A). To further 
examine this we made use of mammary carcinoma cell lines from our mouse models and 
observed a high frequency of bi- and multinucleation in PMC-1 cells (Ctnnd1Δ/Δ;Trp53Δ/Δ) 
compared to mILC-1 (Cdh1Δ/Δ;Trp53Δ/Δ) and Trp53Δ/Δ-7 cells (Fig. 1B/C). We next visualized 
chromosomal content using multicolor combined binary ratio (COBRA)-FISH and observed 
that virtually all PMC-1 cells showed a numerical increase of chromosomal content (ranging 
from 4N to 8N) whereas most p120-proficient Trp53Δ/Δ-7 and mILC-1 cell lines displayed a near 
diploid content (Supplemental Fig. S1A). To establish causality we used an inducible shRNA 
expression vector to silence p120 (p120-iKD; Supplemental Fig. S1B) and observed a robust 
increase in bi- and multinucleation in cell lines of different origin (Fig. 1D/E). The frequency 
of bi- and multinucleation in dox-treated p120-iKD cells accumulated up to four passages 
suggesting a continuous process and/or a selective advantage for the multinucleated 
state (Fig. 1E). Multinucleated cells are chromosomally unstable due to the inheritance 
of extra centrosomes that can cause chromosome segregation defects during subsequent 
cell divisions (267). Indeed, we observed a significant increase in centrosome numbers in 
PMC-1 and dox-treated p120-iKD cell lines and detected an increase of mononucleated cells 
expressing more than two centrosomes (Fig. 1F), indicating that these cells are derived from 
bi- or multinucleated cells but reverted to a mononuclear state. Altogether, our results show 
that loss of p120 is causal to multinucleation and CIN in cancer cells. 

Loss of p120 induces multinucleation independent of cadherin association
Because multinucleation was restricted to p120-null mammary carcinomas while this 
phenotype was virtually absent in E-cadherin deficient tumours indicated that the induction 
of multinucleation upon p120 loss occurs independently of its role at the AJ. To substantiate 
this assumption we depleted p120 in mILC-1 cells that do not express classical cadherins 
(Supplemental Fig. S1B), and observed an accumulation of bi- and multinucleated cells (Fig. 
2A). Moreover, we reconstituted dox-treated U2OS p120-iKD cells with either full-length 
(FL) p120-1A or the p120-1A K410M mutant, which contains a substitution at lysine 401 
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Figure 1: Van de Ven et al.
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that disrupts binding to classical cadherins (72) (Fig. 2B). In line with our hypothesis, we 
observed that p120-1A K401M fully rescued the formation of bi- and multinucleated cells 
upon p120 loss (Fig. 2C), confirming that loss of p120 induces multinucleation through a 
process that is independent of cadherin association.

Loss of p120 induces cytokinesis defects 
Continuous defects during cytokinesis and/or abscission may represent the mechanism 
underlying the induction of multinucleation in p120-deficient cells. To investigate this we 
quantified the timing of mitosis in PMC-1 cells and p120-iKD cell lines. We did not detect 
defects during early mitosis (pro-metaphase and metaphase) in PMC-1 and Trp53Δ/Δ-7 
p120-iKD, although the length of the early stages of mitosis in U2OS p120-iKD was slightly 
increased (Fig. 3A). However, the length of late mitosis and cytokinesis (anaphase and 
telophase) was significantly increased in PMC-1 and both p120-iKD cell lines (Fig. 3B). In 
addition, we quantified the frequency of lagging chromosomes in U2OS p120-iKD cells and 
did not observe an increase after one passage on dox (-dox: 10/34; +dox: 6/23; p=0.428) 
indicating that loss of p120 does not induce early chromosome segregation errors. However, 
we observed severe membrane deformations specifically during anaphase in PMC-1 and 
p120-iKD cells, ultimately resulting in cytokinesis failure and binucleation (Fig. 3C). High 

Figure 1 (previous page): Loss of p120 induces multinucleation and chromosomal instability
A Mammary-specific conditional female mice mutant for p120 and p53 (WAPcre;Ctnnd1F/F;Trp53F/F), E-cadherin and p53 (WAPcre;Cdh1F/

F;Trp53F/F) or p53 alone (WAPcre;Trp53F/F) were stained for p120. Tissue architecture and nuclear morphology were visualized by H&E 
stainings. Bar=50 μm. B Immunofluorescence (IF) imaging of cell lines (Trp53Δ/Δ-7, mILC-1 and PMC-1) derived from the corresponding 
tumors shown in (A). Bar=10 μm. C Quantification of bi- and multinucleation in the cell lines shown in (B). Statistical significance was 
determined using the chi-square test. */‡=p<0.05 (binucleation and multinucleation respectively). D Control (-dox) and dox-treated (+dox) 
mouse and human cancer cell lines transduced with an inducible p120 were stained for p120 and Lamin A/C. Bar=10 μm. E Quantification 
of bi- and multinucleation of the p120-iKD cell lines shown in (D) over four consecutive passages in the absence or presence of dox. At least 
200 control and dox-treated cells were analyzed every passage. F Quantification of centrosome numbers in interphase PMC-1, Trp53Δ/Δ-7 
p120-iKD and U2OS p120-iKD cells. Centrosome numbers were determined by IF staining for γ-tubulin. Statistical significance in (C, E and 
F) was determined using the chi-square test. */‡=p<0.05 (binucleation and multinucleation respectively). ns=not significant.

Figure 2: Van de Ven et al.
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Figure 2: Multinucleation induced by p120 loss occurs independent of cadherin association
A Quantification of bi- and multinucleation in control and dox-treated E-cadherin deficient mILC-1 p120-iKD cells over four consecutive 
passages in the presence of dox. Statistical significance was determined using the chi-square test. */‡=p<0.05 (binucleation and 
multinucleation respectively). B IF of p120 and E-cadherin in dox-treated U2OS p120-iKD cells reconstituted with FL p120-1A or p120-
1A K401M. Right panels show magnifications of representative areas denoted by the dotted squares. Bar=10µm. C Quantification of bi- 
and multinucleation in dox-treated U2OS p120-iKD reconstituted with empty vector (control), p120-1A FL or p120-1A K401M. Statistical 
significance was determined using the student’s t-test. Shown are data from three independent experiments. Results are expressed as mean 
+/- SD. */‡=p<0.05 (binucleation and multinucleation respectively).
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magnification time-lapse imaging showed rapid and prolonged membrane oscillations 
starting at the onset of anaphase that suggested aberrations in actomyosin contraction 
(Fig. 3D and Supplemental Movies 1/2). Together, our data show that loss of p120 induces 
continuous cytokinesis defects characterized by membrane oscillations that ultimately lead 
to the generation of chromosomally unstable multinucleated cancer cells (Fig. 3E).

Figure 3: Van de Ven et al.
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Figure 3: Loss of p120 induces cytokinesis defects
A and B Quantifications of the length of (A) early mitosis (prometaphase and metaphase) and (B) late mitosis/cytokinesis (anaphase and 
telophase) in PMC-1, control and dox-treated Trp53Δ/Δ-7 p120-iKD and U2OS p120-iKD cell lines. Statistical significance was determined 
using the student’s t-test. *p<0.05, **p<0.01, ***p<0.001. C Time-lapse imaging of PMC-1, and control and dox-treated Trp53Δ/Δ-7 p120-iKD 
and U2OS p120-iKD cells. Shown are 10X DIC images. Bar=25 μm. D High-magnification time-lapse imaging of H2B-mCherry expressing 
control and dox-treated U2OS p120-iKD. Shown are 100X images. Arrowheads depict severe membrane deformation in dox-treated 
anaphase cells leading to cytokinesis failure. Bar=10 μm. E Loss of p120 induces binucleation through cytokinesis defects during anaphase. 
During subsequent cell divisions, this can give rise to chromosomal instability and aneuploidy in cancer cells due to the presence of extra 
centrosomes.
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p120 localizes to the equatorial cortex where it controls RhoA activity during cytokinesis
Formation of the contractile ring and subsequent cleavage furrow ingression during 
cytokinesis depends on local accumulation and rapid GTPase cycling of RhoA at the 
equatorial cortex (280, 281, 284). Interestingly, we observed enrichment of p120 at the 
equatorial cortex accompanied by co-localization with RhoA during anaphase and telophase 
(Fig. 4A). Based on this and the finding that p120 can function as a Rho GDP dissociation 
inhibitor (RhoGDI) (89, 285), we hypothesized that loss of p120 could result in aberrant 
RhoA activity during furrow ingression, analogous to the phenotype observed upon loss 
of RhoGAP function during cytokinesis (281, 282). In contrast to the highly focused RhoA 
localization at the equatorial cortex during anaphase in control U2OS p120-iKD cells, we 
observed that RhoA expression was aberrantly localized to distinct membrane protrusions in 
dox-treated U2OS p120-iKD cells (Fig. 4B). Next we used a Rho-specific RaichuEV FRET probe 
to assess RhoA activity during cytokinesis (286). In contrast to control U2OS p120-iKD cells, 
we observed oscillations of active RhoA during cytokinesis (t=5 and t=10) in dox-treated 
U2OS p120-iKD cells resulting in non-focused RhoA activity (t=20 and t=25), which induced 
cytokinesis failure and binucleation (Fig. 4C and Supplemental Movie 3 and 4). In addition, 
we observed similar aberrations in RhoA activity in PMC-1 cells and Trp53Δ/Δ-7 p120-iKD 
cells (Supplemental Fig. S2A/B). In agreement with the mislocalised activity of RhoA, we 
detected aberrant localization of phosphorylated MLC2 during cytokinesis in p120-deficient 
cells, which was accompanied by rapid oscillations of F-actin accumulation at sites other 
than the cleavage furrow (Supplemental Fig. S2C/D and Supplemental Movie 5 and 6). 
Inhibition of RhoA activity upon p120 binding is dependent on a small lysine-rich region 
in the Armadillo (ARM) domains of p120 (residues 622-628) (89). To test whether p120 
regulates cytokinesis through direct modulation of RhoA activity, we reconstituted dox-
treated U2OS p120-iKD with a p120 mutant lacking this region (p120-1AΔ[622-628]). 
Indeed, reconstitution with p120-1AΔ[622-628] did not rescue multinucleation, which 
demonstrates that the RhoGDI function of p120 is crucial for control of RhoA activity at 
the equatorial cortex during cytokinesis (Fig. 4D). While p120-1A FL and p120-1A K401M 
co-localized with RhoA at the equatorial cortex (Fig. 4E and Supplemental Fig. S2E), p120-
1AΔ[622-628] did not position to the equatorial cortex but instead was exclusively localized 
to the cytosol (Fig. 4E). Together, these data show that proper cytokinesis depends on local 
modulation of RhoA-dependent actomyosin contraction by p120 at the equatorial cortex. As 
a result, p120 loss leads to non-focused RhoA activity during anaphase, which is causal to 
cytokinesis failure and multinucleation.  

p120 controls balanced RhoA activity at the equatorial cortex through binding to MKLP1 
To unravel the mechanism that controls p120-dependent spatiotemporal regulation of 
RhoA activity during cytokinesis, we initially performed p120 immunoprecipitations and 
subsequent mass spectrometry on mILC-1 lysates to enrich for cadherin-independent 
binding partners. Interestingly, we identified the centralspindlin component mitotic kinesin-
like protein 1 (MKLP1; mascot score: 697). Centralspindlin is a tetrameric complex composed 
of MgcRacGAP and MKLP1 that accumulates at the spindle midzone during anaphase and 
functions as an essential regulator of cytokinesis through recruitment of the RhoGEF Ect2 
(276, 277, 287). Immunofluorescence microscopy confirmed co-localization of p120, RhoA 
and MKLP1 at the equatorial cortex during anaphase and telophase (Fig. 5A). To study the 
functional relevance of the interaction between p120, RhoA and MKLP1 during cytokinesis, 
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Figure 4: p120 regulates RhoA activity on the equatorial cortex during cytokinesis
A IF for p120 and RhoA in anaphase and telophase U2OS cells. Note the accumulation of p120 and co-localization on the equatorial cortex 
(arrowheads). Right panels show magnifications of representative areas denoted by the dotted squares. Bar=10 μm. B IF for p120 and 
RhoA in control and dox-treated U2OS p120-iKD cells. Bar=10 μm. Quantifications show the percentage of control and dox-treated U2OS 
p120-iKD cells with RhoA-positive membrane protrusions during anaphase. ***p<0.001. Statistical significance was determined using the 
chi-square test. C Time-lapse stills of control and dox-treated U2OS p120-iKD cells expressing the RaichuEV RhoA FRET probe. Note 
the focused RhoA zone in control cells (upper panels; arrows) whereas RhoA activity is non-focused and oscillates in dox-treated U2OS 
p120-iKD cells leading to cytokinesis failure (lower panels; arrowheads). Insets show H2B-mCherry channels. Bar=20 μm. D Quantification 
of bi- and multinucleation in dox-treated U2OS p120-iKD reconstituted with empty vector (control), FL p120-1A or the RhoA binding mutant 
p120-1AΔ[622-628]. Statistical significance was determined using the student’s t-test. Shown are data from three independent experiments. 
Results are expressed as mean +/- SD */‡=p<0.05 (binucleation and multinucleation respectively). E IF for p120 and RhoA in dox-treated 
U2OS p120-IKD cells reconstituted with FL p120-1A or p120-1AΔ[622-628]. Note the absence of co-localization of RhoA and p120 in p120-
1AΔ[622-628]-expressing cells (arrowhead) compared to cells reconstituted with p120-A FL (arrow). Bar=10 μm.

Figure 4: Van de Ven et al.
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we depleted MKLP1 by RNAi and induced cell cycle arrest to avoid early cytokinesis defects. 
Upon release we observed an impairment of cleavage furrow formation and ingression 
as described before (276) (Fig. 5B). Depletion of MKLP1 abolished accumulation of RhoA 
specifically at the equatorial cortex leading to a broad primitive cleavage furrow (Fig. 5B). 
In addition, MKLP1-dependent cells displayed predominant cytosolic p120 localization, 
indicating that equatorial localization of p120 depends on the presence of RhoA. We therefore 
hypothesized that the association between p120 and MKLP1 provides the spatial cue that 
controls RhoA activity at the equatorial cortex during cytokinesis. To test this, we mapped 
the MKLP1 binding region in p120 by co-expressing GFP-MKLP1 with the naturally occurring 
p120 isoforms 1A, 3A, 4A, or a truncation mutant lacking all ARM domains (p120ΔARM) (Fig. 
5C). Interestingly, only p120-1A and p120ΔARM precipitated with GFP-MKLP1, indicating 
that binding occurs through the N-terminal domain of p120, which includes the coiled-coil 
(CC) domain (Fig. 5D). To determine the significance of this interaction, we reconstituted 
dox-treated U2OS p120-iKD with either FL p120-1A, or N-terminal truncation mutants 
lacking the complete regulatory domain (p120-1AΔ[1-346]), or a CC truncation mutant 
(p120-1AΔ[1-27]). In contrast to FL p120-1A, reconstitution with either p120-1AΔ[1-346] or 
p120-1AΔ[1-27] was not sufficient to rescue the bi- and multinucleation (Fig. 5E). Moreover, 
we observed that cells reconstituted with these truncation mutants displayed a broadened 
RhoA gradient during cytokinesis that was characterized by a lack of co-localization with 
p120 at the distal sides of the RhoA zone (Fig. 5F). We next performed a motif search (ELM; 
Eukaryotic Linear Motif (288)) and identified a conserved minimal Polo-like kinase 1 (PLK1) 
motif in the CC domain of p120 (residues 7-10; ((D/E)-X-(S/T)-φ) (Fig. S3A/B). Late mitotic 
PLK1 activity is necessary to induce recruitment of Ect2 to centralspindlin and drive furrow 
ingression (278, 289). Interestingly, reconstitution with a p120 construct harboring a point 
mutation (p120-1A T9A) for the potential phosphorylated residue within the PLK1 motif was 
not sufficient to rescue multinucleation while no overt abnormalities in RhoA localization 
were observed (Fig. 5E/F). Together, these results demonstrate that p120 controls formation 
of a balanced RhoA gradient through an N-terminal interaction with MKLP1 during late 
mitosis. 

Loss of p120 expression correlates with decreased breast cancer patient survival
Based on our findings we examined breast cancer samples to correlate p120 loss with nuclear 
atypia and multinucleation and observed pronounced multinucleation in IDC samples that 
displayed focal loss of p120 expression (Fig. 6A). In contrast, tumours expressing p120 such 
as DCIS and ILC, did not display obvious nuclear abnormalities (Fig. 6A). Because mutation or 
promoter methylation of p120 is uncommon in cancer (152), we determined the correlation 
between allelic CTNND1 loss and p120 expression in a cohort of 1977 invasive breast 
tumours. Interestingly, heterozygous loss was a relatively frequent event (110/1977) that 
correlated with decreased mRNA expression (Fig. 6B and Supplemental Fig. S4A/B). We next 
analyzed the corresponding samples by immunohistochemistry and observed significant 
enrichment for loss of p120 expression, indicating homozygous CTNND1 inactivation 
(Fig. 6C/D). Importantly, we observed pronounced multinucleation and nuclear atypia 
in these p120 deficient tumours (Fig. 6E). Moreover, we detected a significant decrease 
(p=0.0064) in disease-specific survival in patients displaying heterozygous loss compared 
to patients with a neutral haplotype (Fig. 1F and Supplemental Fig. S4C/D). Together, these 
clinical data indicate that a high-grade and multinuclear phenotype correlates with p120-
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Figure 5: Van de Ven et al.
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Figure 5: p120 interacts with MKLP1 to regulate focused RhoA activity during cytokinesis
A IF for p120, RhoA and MKLP1 in anaphase and telophase U2OS. Note the co-localization of p120, RhoA and MKLP1 at the equatorial 
cortex (arrowheads). Right panels show magnifications of representative areas denoted by the dotted squares. Bar=10 μm. B IF for 
p120, RhoA and MKLP1 in U2OS cells transfected with control and MKLP1-specific siRNAs. Bar=10 μm. C Overview of the different 
p120 constructs used. CC=coiled-coil domains, ARM=Armadillo. Scale bar denotes the amino acid position. D Western blot showing the 
co-immunoprecipitations for GFP-MKLP1 and p120 constructs described in (C). E Quantification of bi- and multinucleation in dox-treated 
U2OS p120-iKD reconstituted with empty vector (control), FL p120-1A, p120-1AΔ[1-346], p120-1AΔ[1-27] and p120-1A T9A. Statistical 
significance was determined using the student’s t-test. Shown are data from three independent experiments. Results are expressed as mean 
+/- SD. */‡=p<0.05 (binucleation and multinucleation respectively). F IF for p120, RhoA and MKLP1 in dox-treated U2OS p120-iKD cells 
reconstituted with FL p120-1A, p120-1AΔ[1-346],  p120-1AΔ[1-27] and p120-1A T9A. Note the broadened RhoA zone in cells reconstituted 
with p120-1AΔ[1-346] and p120-1AΔ[1-27] (arrowheads). Bar=10 μm. 
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Figure 6: Van de Ven et al.
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Figure 6: Heterozygous CTNND1 loss correlates with loss of expression and decreased patient survival
A Immunohistochemistry (IHC) showing p120 and LaminA/C expression in human ductal carcinoma in situ (DCIS), invasive lobular 
carcinoma (ILC) and invasive ductal carcinoma (IDC). Bar=50 μm. B Box plot showing the relation between CTNND1 copy number 
status (CN) and p120 mRNA expression. Shown are heterozygous (het), neutral (neut), gain and amplified (amp) CN status. Statistical 
significance was determined using pair-wise Tukey’s testing with the neutral copy number group. ***p<0.001. C Tissue micro-array (TMA) 
cores of human breast cancer were stained and scored for p120. Shown are representative images of tumors neutral and heterozygous for 
CTNND1 that were scored as positive (retained) or negative (lost) for p120 expression. Bar=100 μm. D Quantification of p120 expression 
correlated to CTNND1 copy number (CN) of TMA cores of human mammary carcinomas. Significance was determined using the Fisher’s 
exact test. E IHC showing p120 expression in human breast carcinomas with heterozygous genomic loss of CTNND1. Note the abnormal 
nuclear morphology in p120 deficient tumor cells (arrowheads) compared to p120 expressing cells (arrow). Bar=50 μm. F Kaplan-Meier 
curve showing disease-specific survival of breast cancer patients displaying neutral CTNND1 CN (gray; n=1773) or heterozygous loss of 
CTNND1 (blue; n=109). Statistical significance was determined using the log-rank test. Censored events are shown as dots and depicted 
between parentheses.
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deficiency in breast cancer. Furthermore, our data are in agreement with the fact that p120 
is not haploinsufficient in tumour suppression and suggests that heterozygous genomic 
inactivation predisposes to complete loss of p120 expression and subsequent adverse 
survival of cancer patients. 

Discussion
Formation and ingression of the cleavage furrow during cytokinesis depends on a balanced 
gradient of localized RhoA activity. The integrity of this active RhoA zone relies on rapid 
cycling between the active GTP-bound and the inactive GDP-bound state, which limits 
the lateral diffusion of RhoA and thereby restricts and focuses actomyosin contractility 
(280, 281, 290). Since p120 functions as a bona-fide RhoGDI through direct binding of 
GDP-bound RhoA (89), we envision that binding of p120 to GDP-bound RhoA controls 
rapid GTPase cycling whereas the interaction between p120 and MKLP1 provides the 
signal that determines correct spatial RhoA GTPase cycling at the equatorial cortex (Fig. 
7). Consistent with this hypothesis, we show that expression of the RhoA binding mutant 
p120-1AΔ[622-628] was not sufficient to rescue the cytokinesis defects upon loss of p120. 
Interestingly, p120-1AΔ[622-628] was predominantly localised to the cytosol, suggesting 
that the association with RhoA promotes cortical positioning of p120 during mitosis and 
cytokinesis. In addition, although their RhoGDI function remained unaltered, reconstitution 
with the N-terminal p120-1A truncation mutants p120-1AΔ[1-27], p120-1AΔ[1-346], and the 
p120-1A T9A mutant were not able to rescue the cytokinesis defects,. Cells expressing these 
mutants typically displayed a broadened or disturbed RhoA zone during cytokinesis, which is 
consistent with the notion that MKLP1 provides the spatial signal to ensure p120-dependent 
focused equatorial RhoA GTPase cycling. Regulation of this interaction may be subjected 
to PLK1-dependent phosphorylation of p120, since  the T9A substitution mutation within 
the minimal putative PLK1 consensus motif was sufficient to prevent correct cytokinesis. 
Together, our findings demonstrate that p120 fulfills a decisive regulatory function during 
cytokinesis by controlling formation of a balanced Rho GTP gradient that limits lateral 
diffusion of actomysosin contraction, and through binding to MKLP1 to mediate spatial 
RhoA activation by Ect2 (Fig. 7).
Our current data provides a rationale for the previous observation that p120-null 
keratinocytes displayed a high frequency of mitotic alterations (291). We furthermore 
show that the function of p120 during cytokinesis is specific for p120 isoform 1A and is not 
restricted to the epithelial lineage. Moreover, p120 controls RhoA activity at the equatorial 
cortex independent of binding to classical cadherins, suggesting that different pools reside at 
specific locations to control designated cellular processes. For the regulation of actomyosin 
contraction during late mitosis, we envisage post-translational modifications of the p120 
N-terminus by cell-cycle-specific kinases such as PLK1 may regulate the spatiotemporal 
nature of this function. 
It has been become evident that p53 is essential in maintaining the diploid state by inducing 
a G1 arrest and/or apoptosis in binucleated tetraploid cells (292-294). Recent data indicated 
that binucleated cells derived through chemically-induced cytokinesis failure induced Hippo-
dependent stabilization of p53 through inhibition of the E3 ligase MDM2 by LATS2 (295). 
These results might explain the high penetrance of binucleation upon loss of p120 because 
we used conditional mouse models and cell lines that were either p53-null, p53 mutant, 
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In conclusion, we provide an unprecedented and crucial function for p120 in regulation 
of cytokinesis, which is independent of its established role in cadherin-based cell-cell 
adhesion. Our data show that p120 fulfills a key regulatory role in maintaining a balanced 
and focused gradient of active RhoA through interaction with MKLP1 during cytokinesis. Loss 
of p120 expression, a common feature of invasive cancers, therefore not only destabilizes 
cadherin-dependent cell-cell adhesion but also induces CIN through cytokinesis failure and 
subsequent induction of multinucleation.
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Figure 7: Proposed model for the p120-dependent regulation of 
cytokinesis 
During anaphase, p120 associates with the active RhoA zone at the 
equatorial cortex. Here, it regulates spatial RhoA activity through binding 
to the centralspindlin component MKLP1 that brings RhoA in close 
proximity to the RhoGEF Ect2 that is recruited to the other centralspindlin 
member, MgcRacGAP. The ability of p120 to directly bind GDP-bound 
RhoA will contribute to rapid GTPase cycling of RhoA, a process that 
limits lateral diffusion and restricts the active RhoA zone, which assures 
focused actomyosin contractility and correct cleavage furrow ingression.
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or overexpressed MDM2 (U2OS (296)). 
Interestingly, in human breast cancer loss 
of p120 is mainly observed in focal areas 
within the tumour (152, 155), suggesting 
that loss of p120 expression is a late event 
in tumour progression and is preceded 
by a first hit (e.g. inactivation of p53). 
Supporting this are in vivo data from our 
lab and others that inactivation of p120 
in the mammary gland is only tolerated in 
the context of p53 deficiency (152, 160). 
In contrast to the mammary gland, sole 
inactivation of p120 in the skin or the 
gastro-intestinal tract appears sufficient 
to induce hyperproliferation and tumour 
formation (78, 153, 158). Conditional p120 
loss in keratinocytes was linked to mitotic 
defects and cancer development (291), 
but it remains unclear if p53 inactivation 
needs to precede p120 inactivation to 
allow the formation of multinucleated 
tumour cells in these organ types.
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Material and Methods
Animal models, cell lines, lentiviral transduction and synchronization
Generation of all animal models and mouse mammary cell lines described in this study 
have been previously reported (17, 18, 104, 157). All cell lines were cultured in DMEM/
F12 supplemented with 6% tetracyclin-free FCS (#SH3007103; HyClone), 2mM glutamine 
(#BE17-605E; Lonza), 100U/ml penicillin and 10μg/ml streptomycin. For mouse cell lines 
the culture medium was additionally supplemented with 5ng/ml EGF and 5μg/ml insulin 
(#I9278; Sigma). Lentiviral transduction of cell lines has been described previously (104). For 
induction of shRNA expression cells were incubated with 1μg/ml doxycyclin for 4 days. For 
synchronization, U2OS cells were incubated with thymidine (2.5mM in culture medium) for 
20 hours to arrest cells in S-phase. Afterwards, cells were washed multiple times with warm 
medium, released for 4h and incubated with nocodazole (0.83μM in culture medium) for 14 
hours to arrest cells in prometaphase. Cells were again washed multiple times and fixated at 
different time points to enrich for cells in different stages of mitosis and cytokinesis.

Immunohistochemistry
Tissues were isolated and fixed in 4% formalin. Tissues were dehydrated, cut into 4 μm 
sections, and stained with hematoxylin and eosin. For immunohistochemical stainings, fixed 
sections were rehydrated and incubated with primary antibodies. The following primary 
antibodies were used: mouse anti-p120 (1:500; #610134; BD Biosciences) and rabbit anti-
Lamin A (1:200; #L1293; Sigma). For mouse tissue, endogenous peroxidases were blocked 
with 3% H2O2 and biotin-conjugated secondary antibodies were used, followed by incubation 
with HRP-conjugated streptavidin-biotin complex (DAKO). Substrate was developed with 
DAB (DAKO). For human tissue, stainings were performed using a Ventana BenchMark 
ULTRA (Roche) and detections were performed using DAB (DAKO) and NovaRED (#SK-4805; 
Vector Labs). All scoring was done blinded to patient characteristics and results of other 
staining by two independent observers. Expression of p120 was scored as membranous 
and/or cytosolic (0 (lowest), 1, 2, and 3(highest)). Expression of p120 was considered lost 
when the membranous score and the cytosolic score ≤1. Imaging was performed using a 
Nikon Eclipse E800 microscope mounted with a Nikon digital camera DXM1200.

Immunofluorescence Microscopy
Cells were allowed to adhere to glass coverslips overnight and subsequently fixed with 
10% trichloroacetic acid (TCA; for staining of RhoA) or 4% paraformaldehyde (PFA). After 
TCA fixation, cells were washed three times with 30mM glycine in PBS for 5 minutes as 
described previously (88), and permeabilized using 0.25% Triton-X100 in PBS for 5 minutes 
at room temperature. Samples were blocked with 5% milk in PBS (for RhoA stainings) or 
5% BSA in PBS for 1 hour. Samples were incubated with primary antibodies overnight at 
4°C. The following primary antibodies were used: rabbit anti-LaminA/C (1:1000, #L1293; 
Sigma) mouse anti-p120 (1:500; #610134; BD Biosciences), mouse anti-p120-TRITC (1:300; 
#610137; BD Biosciences), mouse anti-RhoA 26C4 (1:200; sc-418; Santa Cruz Biotechnology), 
rat anti-E-cadherin (1:200; #43254; Sigma), rabbit anti-MKLP1/KIF23 (1:200; sc-857; Santa 
Cruz Biotechnology), rabbit anti-Ect2 (1:100; #07-1364; Merck), mouse anti-alpha Tubulin 
(1:10,000; T5168; Sigma-Aldrich), rat anti-alpha Tubulin YL1/2 (1:500; MA1-80017; Thermo 
Scientific) and rabbit anti-gamma Tubulin (1:500; T5192; Sigma-Aldrich). For detection, 
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samples were incubated with secondary antibodies in blocking buffer for 1 hour at room 
temperature. The following secondary antibodies were used: (1:600; Invitrogen): goat anti-
mouse Alexa488 (#A11029), goat anti-rabbit Alexa488 (#A11034), goat anti-mouse Alexa568 
(#A11031), goat anti-rabbit Alexa568 (#A11036), goat anti-rabbit Alexa647 (#A21245) and 
goat anti-rat Alexa647 (#A21247). Afterwards, cells were incubated with Alexa633-phalloidin 
to visualize F-actin (1:300; #A22284; Life Technologies) or DAPI to stain DNA, washed and 
subsequently mounted using ImmunoMount (#9990402; Thermo Scientific). Imaging was 
performed on a LSM700 confocal microscope (Zeiss). Image processing was performed 
using ImageJ and Photoshop (Adobe).

Quantification of bi-/multinucleation and centrosome counts
For quantification of binucleation and multinucleation, cells were allowed to adhere to 
glass coverslips overnight, fixated with either ice-cold methanol and subsequent stained for 
α-Tubulin and DNA (DAPI) for quantification of bi- and multinucleation or fixated with 4% 
PFA and stained for γ-Tubulin, α-Tubulin and DNA (DAPI) for quantification of centrosome 
numbers. Multinucleation was defined as > 2 nuclei per cell. For both experiments, random 
fields (63X) were imaged with a LSM700 (Zeiss) and statistical significance was determined 
using the chi-square test.

mRNA expression, copy number and survival data METABRIC
DNA and RNA from matched pairs were extracted for 1980 tumors (297). Copy number 
analysis was performed using the Affymetrix SNP 6.0 platform. These arrays were pre-
processed and normalized using CRMAv2 (298) method from the aroma.affymetrix R 
package. For each of them, allelic-crosstalk calibration, probe sequence effects normalization, 
probe-level summarization and PCR fragment length normalization were performed. Then 
the array intensities were normalized against a pool of 473 normal samples for those that 
had no matched normal or against their matched normal when available. The log-ratios 
were segmented using the CBS algorithm (299) from the DNAcopy Bioconductor package. 
Finally, copy number callings into five groups (homozygous deletion, heterozygous deletion, 
neutral copy number, gain and amplification), were made using thresholds based on the 
variability of each sample and their proportion of normal contamination. RNA analysis was 
performed using Illumina HT-12 v3 platform and analyzed with the beadarray package (300). 
BASH (301) algorithm was employed to correct for spatial artifacts. Bead-level data was 
summarized and a selection of suitable probes based on their quality was done using the re-
annotation of the Illumina HT-12v3 platform described in (302). The samples were classified 
into the five breast cancer subtypes using PAM50 (303). Kaplan-Meier estimates and log-
rank tests were obtained using the survival R package. Comparison of expression levels and 
copy number states was performed fitting a linear model and then computing simultaneous 
testing using Tukey’s method from the multicomp R package (304).

COBRA-FISH
For gross analysis of structural variation, COBRA-FISH analysis was performed as described 
before (305). 

Constructs
Cloning of the doxycycline-inducible shRNA constructs directed against mouse and human 
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p120 and generation of the non-targetable p120 cDNA expression construct (pLV.CMV.p120.
IRES.puro) were previously described (152). All p120 mutants were generated by PCR-directed 
cloning, using the non-targetable p120 cDNA in pEGFP-C1 as template. PCR was performed 
using Phusion DNA polymerase (#M0530S;NEB). Amplicons were phosphorylated with T4 
polynucleotide kinase (#M0202L; NEB) and ligated. Afterwards, all GFP-tagged constructs 
were amplified from the vector with primers containing AscI and NheI sites, digested and 
ligated in pLV.CMV.IRES.puro. All constructs were sequence verified. Constructs used for 
pulldown experiments (RC-CMV-p120-1A, -3A, -4A and ΔARM(1-10)) were a kind gift from 
P. Anastasiadis (Mayo Clinic, Jacksonville, FL),  and were previously described (306). GFP-
tagged MKLP1 in pEGFP-C1 was a kind gift from A. Akhmanova (Utrecht University, The 
Netherlands).  

Time-lapse Imaging
To visualize mitosis and cytokinesis, U2OS cells were transduced with Baculovirus expressing 
H2B-mCherry in combination with either GFP-α-tubulin (kind gifts from M. Hadders and S. 
Lens, University Medical Center Utrecht, Utrecht, The Netherlands) or GFP-actin (CellLight; 
C10582; Life Technologies). Cells were imaged with a Personal Deltavision (GE Healthcare) 
in Leibovitz medium (Gibco) supplemented as described in previous sections. Images were 
processed with ImageJ.

FRET microscopy and image processing
The RaichuEV-RhoA biosensor was a kind gift from Prof. M. Matsuda, Kyoto University, Japan. 
U2OS cells were transfected with the probe containing the PiggyBac transposon system 
(Wellcome Trust Sanger Institute, Hinxton, UK) using Lipofectamine® 2000 Transfection 
Reagent (Life Technologies) according to manufacturer’s instructions. Cells were seeded on 
35-mm glass-base dishes at a density of 1.5 x 104 and transfected with the H2B-mCherry 
baculovirus overnight to allow visualization of the nucleus. FRET images were acquired 
using a Zeiss 710 inverted microscope equipped with 458 nm argon laser and 561 nm DPSS 
laser through an MBS 458/561 filter. Emission light of the biosensor was separated by 
beam splitters into 462-511 nm for Turquoise-GL, 521-559 nm for FRET, and 602-697 nm for 
mCherry. Stacked images of 7 sections (0.85 μm distance) were acquired every 5 minutes to 
capture FRET information in 3D for up to 24 hours. Using Metamorph software, sectioned 
images were made into sum stacks and background subtracted before generating a ratio 
image (YFP/CFP). 

siRNA-mediated MKLP1 depletion
U2OS cells were transfected with siRNAs (final concentration 20 μM) directed against 
MKLP1 (CGACAUAACUUACGACAAAUU) or luciferase (CGUACGCGGAAUACUUCGA). In short, 
siRNAs were mixed with 1.5μL HiPerfect Transfection Reagent (#301705; Qiagen) in 100μL 
OptiMEM and incubated at room temperature for 30 minutes. The reaction mixture was 
added to the cell suspension in a 24-wells plate (Costar) containing a 12mm glass coverslip. 
The next day, cells were incubated with thymidine at a final concentration of 2.5 mM for 24 
hours. Afterwards, cells were released through multiple washes and fixed approximately 8 
hours later to obtain cells in anaphase/telophase.
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Mass Spectrometry
Preparation of samples and mass spectrometry were performed as previously described 
(104). 

Anti-GFP immunoprecipitations and western blotting
293T cells plated in a 10 cm culture dish were transfected using XtremeGene9 (#06365809001; 
Roche) and 2 μg GFP-MKLP1 and 6 μg of either p120-1A, p120-3A, p120-4A, p120ΔARM 
or empty vector. Preparation of lysates was performed as previously described (244). 
GFP-Trap anti-GFP beads (#gta-20; Chromotek) were used to perform the GFP-MKLP1 co-
immunoprecipitations. Western blotting was performed as previously described (226).

Supplemental Figures

Supplemental Figure S3: Van de Ven et al.
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Supplemental Figure S3: The p120-1A CC domain harbors a 
minimal conserved PLK1 consensus motif
A Multiple alignment of the N-terminal domain (residues 1-120) of 
p120 containing the coiled-coil (CC) domain from different species. 
The minimal PLK1 motif (residues 7-10; E-S-T-A) is conserved 
among Amniota . The central threonine within the PLK1 motif 
(T9) is outlined. Minimal PLK1 consensus motif is shown. X=any 
amino acid; Φ=hydrophobic amino acid. B Cladogram showing the 
evolutionary relationship between full-length p120 of the different 
species depicted in (A).

Supplemental Figure S1: Van de Ven et al.

B

-      +

p120-iKD

WB: p120

WB: Akt

dox

HeLa

PM
C-

1T47D U2OS

-      + -      + -      +

p120-iKD

-      + -      +

Trp53Δ/Δ-7

PM
C-

1 mILC-1 U2OS

A

CO
BR

A
-F

IS
H

Trp53∆/∆-7
mILC-1

Cdh1∆/∆; Trp53∆/∆

PMC1
Ctnnd1∆/∆; Trp53∆/∆

2N (60%), ≥4N (40%) 2N (55%), ≥4N (45%) 2N (10%), ≥4N (90%)

Supplemental Figure S1: 
p120 depletion in PMC-1 
and p120-iKD cell lines
A Multicolor COBRA-FISH 
analysis of chromosomal 
content in Trp53Δ/Δ-7, 
mILC-1 and PMC-1 cell 
lines. Quantification of 
ploidy in analyzed cells 
is displayed (n=20; more 
details in Supplementary 
Table 1). B Western blot 
showing p120 depletion 
upon dox treatment in a 
range of different p120-iKD 
human and mouse cancer 
cell lines. Akt was used as 
a loading control.

Supplemental Figure S2: on next page



Chapter Five

84

Supplemental Figure S2: Van de Ven et al.
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Supplemental Figure S2: Loss of p120 induces aberrant RhoA activity during cytokinesis
A and B Time-lapse stills of PMC-1 (A) and Trp53Δ/Δ-7 p120-iKD (B) cells expressing the RaichuEV RhoA FRET probe. Note the mislocalised 
RhoA activity during anaphase (arrowheads). Bar=20 μm. C IF staining for phosphorylated myosin light chain 2 (pMLC2) in PMC-1, U2OS 
p120-iKD and Trp53Δ/Δ-7 p120-iKD cells. Note mislocalization of pMLC2 in p120 depleted cells (arrows). Bar=10 μm. D Pseudocolor time-
lapse images of control and dox-treated U2OS p120-iKD transduced with GFP-actin. Shown are 100X stills. Bar=10 μm. E IF staining for 
p120 and RhoA in dox-treated U2OS p120-iKD cells reconstituted with FL p120-1A and p120-1A K401M. Bar=10 μm.
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Supplemental Figure S4: CTNDD1 copy number 
status, expression and survival data 
A and B Relation between CTNND1 expression and 
copy number (CN) status in breast cancer patients 
subcategorized into (A) ER- and ER+ and (B) 
basal/Her2/LumA/LumB/normal subtypes. Shown 
are heterozygous (het), neutral (neut), gain and 
amplified (amp) CN status. Statistical significance 
was determined using pair-wise Tukey’s testing 
with the neutral haplotype. *p<0.05, **p<0.005 
and ***p<0.001. C and D Kaplan-Meier curves 
showing disease-specific survival of breast cancer 
patients displaying neutral CTNND1 CN (NEUT; 
gray) or heterozygous loss of CTNND1 (HET; 
blue) subcategorized into (C) ER- and ER+ and 
(D) basal/Her2/LumA/LumB/normal. Significance 
was determined using the log rank test. Censored 
events are shown as dots and depicted between 
parentheses.
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Introduction 
Epithelial tissues are polarized as single or multilayer sheets that line the cavities and cover 
the surfaces of most organs within the body. Epithelia function by providing a physical 
barrier to protect against external influences and allow for (non)-selective uptake of a broad 
spectrum of substances. Adhesion complexes control the physical connection between cells 
and the extracellular matrix (ECM), interactions that are crucial for tissue homeostasis. Cell-
cell adhesion in epithelial cells is maintained through a number of different complexes: 
desmosomes, tight junctions (TJs), gap junctions (GJs), and adherens junctions (AJs). AJs 
are highly dynamic complexes located at the basolateral membrane in the so-called zona 
adherens (ZA) and are composed of E-cadherin and cadherin-associated catenins including 
α-catenin, β-catenin and p120-catenin (p120) that control linkage to the underlying actin 
and microtubule cytoskeleton. Binding of p120 to the juxtamembrane domain (JMD) 
of E-cadherin masks endocytotic signals and inhibits internalization of cadherin-catenin 
complexes (62, 64, 69). The AJ also functions as a signaling platform for different members 
of the Rho GTPase familiy members, of which RhoA, Rac1, and Cdc42 represent the best 
studied members (reviewed in (84)). Rho GTPases are guanine nucleotide binding proteins 
and members of the Ras superfamily of GTPases (307). Functioning of Rho GTPases is 
dependent on the intrinsic GTPases cycle: GTP loading induces a conformational change in 
the GTPase that allows binding to downstream effectors whereas intrinsic GTPase activity 
leads to hydrolysis of GTP to form GDP, which induces inactivation (308). Three classes 
of proteins can regulate GTPase cycling: (i) guanine exchange factors (GEFs) that act as 
activators of GTPases by catalyzing the loading of GTP; (ii) GTPase-activating protein (GAPs) 
that catalyze the intrinsic GTPase activity and thereby the conversion to the inactive GDP-
bound state (309) and (iii) guanine dissociation inhibitors (GDIs) that function as inhibitors 
of GTPase activity through binding of the inactive GDP bound form and induce dissociation 
from membranes (310).  

Rho GTPase activity is spatiotemporally regulated during adhesion and 
cytokinesis
Proper cell-cell adhesion is dependent on local modulation of and the interplay between the 
different members of the Rho GTPase family. For instance, expression of either dominant-
negative or constrictively-active forms of RhoA or Rac1 can disrupt cadherin-dependent 
adhesion (311, 312). During initial cell-cell contact, the coordinated activation of Rac1 and 
RhoA downstream of E-cadherin regulates the expansion of the adhesive interface and 
provide actomyosin contractility, which is essential for strong adhesion (86). Here, p120 
fulfills an essential function in regulation of these Rho GTPases through recruitment of 
factors such as p190RhoGAP (96) and the RacGEF Vav2 (90). In addition, p120 can modulate 
RhoA activity through direct binding of Rho-GDP thereby functioning as a RhoGDI (285).
While the interplay between the different Rho GTPases is essential for the initiation, 
maintenance and functioning of proper cell-cell adhesion, the activity of these GTPases 
becomes more compartmentalized during mitosis and cytokinesis (reviewed in (313)). 
Although the levels of GTP-bound Rac do not change during mitosis, GTP-Cdc42 levels 
peak during metaphase (314). Here, local Cdc42 activity is thought to mediate bi-oriented 
attachment of spindle microtubules to kinetochores (314, 315). While Cdc42 represents 
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the primary Rho GTPase during the early stages of mitosis, RhoA activity is crucial during 
anaphase and telophase where it provides the signaling leading to the formation of 
the cytokinetic contractile ring and ingression of the cleavage furrow (316, 317). Local 
accumulation and activation of RhoA at the equatorial cortex drives actomyosin contractility 
through its downstream effectors ROCK and Citron kinase (318). Although overall GTP-Rac1 
levels do not fluctuate during mitosis and cytokinesis, its local inactivation seems to be 
crucial during these processes. Inactivation of Rac1 has been observed at the equatorial 
cortex during cytokinesis whereas GTP-Rac1 levels are increased at the polar regions after 
cytokinesis completion (319). Overexpression of dominant active Rac1 impairs cytokinesis 
and leads to binucleation (320). In contrast, elevated levels of GTP-Rac1 at the spindle poles 
are thought to mediate cell spreading and adhesion through the induction of actin branching 
during late telophase (313).
Regulation of Rho GTPase activity and the downstream components that control F-actin 
contractility is critical in both cell-cell adhesion and cytokinesis. Here, we will discuss the 
overlap in functional components that control actomyosin contractility during these distinct 
biological processes (see Figure 1 for an overview). 

Centralspindlin 
Centralspindlin is a complex comprised of MgcRacGAP (male germ cell Rac GTPase 
activating protein) and the plus-end motor protein MKLP1 (mitotic kinesin-like protein 1). 
This complex is best known for its essential function during cytokinesis, where it localizes 
to the spindle midzone and regulates spatiotemporal Rho activity (reviewed in (272)). In 
addition, centralspindlin localizes to the ZA where it controls junctional Rho GTPase activity 
(88). Disruption of cortical dynamic microtubules by low concentrations of nocodazole 
reduces the presence of junctional RhoA and phosphorylated MCL2 which demonstrates 
that the cortical Rho zone is dependent on microtubule function (88, 321). This microtubule-
dependent RhoA activation at the junction is regulated by the centralspindlin component 
and motor protein MKLP1 (KIF23) and is dependent on the recruitment of Ect2 (88). The 
recruitment of the centralspindlin/Ect2 complex to the AJ is mediated through binding to 
α-catenin (88). The cortical localization of centralspindlin activates Rho signaling via two 
mechanisms: (i) delivering the RhoGEF activity via Ect2 and (ii) inhibition of Rac1 activity 
which subsequently decreases the junctional recruitment of p190RhoGAP (88). The intrinsic 
GAP activity of MgcRacGAP is thought to be responsible for the junctional inhibition of 
Rac1 (322). In Xenopus, mutational inactivation of the GAP domain of MgcRacGAP leads to 
increased junctional Rac1 activity and ectopic RhoA activity and subsequent destabilization 
of cortical AJ components (323). In addition, MgcRacGAP can also localize to TJs during 
junction assembly where it associates with the RhoA regulators Cingulin and Paracingulin 
(324). Interestingly, depletion of Cingulin and Paracingulin effectively depleted MgcRacGAP 
from the TJ but did not affect the association of Ect2 to the TJ, demonstrating that Ect2 
localization to the TJ is not dependent on centralspindlin (324). However, depletion of 
MgcRacGAP had no effect on TJ stability which suggests that centralspindlin might not be 
essential once the TJ has been fully assembled (323). 
Together, these observations indicate a pivotal function for the centralspindlin complex 
in controlling the activity of Rho GTPases at the cell cortex and thereby mediating proper 
cell-cell adhesion. During cytokinesis, centralspindlin functions in bundling antiparallel 
microtubules that make up the central spindle (273). Both plus-end and noncentrosomal 
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minus-end microtubules associate with the AJ, which raises the question if centralspindlin 
can bind cortical antiparallel microtubules near adhesion complexes (100, 321). In addition, 
centralspindlin associates with astral microtubules that connect to the equatorial cortex 
which suggests that centralspindlin may associate with the cortical plus-end microtubule 
network regardless of the presence of antiparallel microtubules (277). 

Ect2
Ect2 (epithelial cell transforming 2) was originally identified as a proto-oncogene (325) and 
is best known as the RhoGEF that activates RhoA at the equatorial cortex during cytokinesis. 
Here, Ect2 is recruited to centralspindlin upon phosphorylation of MgcRacGAP by Polo-like 
kinase 1 (Plk1) (276, 289). Interestingly, extra mitotic functions for Ect2 have been described 
including regulation of cell-cell adhesion and cell polarity (326, 327). Ect2 localizes to cell-cell 
junctions and colocalizes with the TJ marker ZO-1 (327). Here, Ect2 interacts with the Par3/
Par6/aPKC polarity complex to regulate local Cdc42 and Rac1 activity (327, 328). Evidence 
for a function of Ect2 in cell polarity comes for 3D culture of MDCK cells (326). Expression 
of dominant-negative or constitutively-active Ect2 inhibits lumen formation and leads to 
disruption of apical-basal polarity in these cells (326). Given that aPKC activity is crucial for 
TJ formation and polarity (329), this disruption may be due to the inability of these Ect2 
mutants to recruit the Par3/Par6/aPKC complex to the TJ. In addition, Ect2 in complex with 
centralspindlin has been implicated in AJ function (88). Cells depleted for Ect2 displayed 
severely reduced junctional localization and activity of RhoA and reduced AJ integrity as 
a consequence (88). The oncogenic function of Ect2 seems to occur independent of its 
function during cytokinesis. For instance, amplification of Ect2 in non-small cell lung cancer 
drives transformation through Par6-dependent activation of Rac1 (328). Here, expression 
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Figure 1: Shared machinery in regulation of Rho GTPases during adhesion and cytokinesis
A Regulation of Rho GTPases in cell-cell adhesion complexes. The adherens junction (AJ) complex serves as a signaling scaffold that 
regulates the Rho GTPases. Centralspindlin binds α-catenin and delivers RhoGEF activity via Ect2 to the AJ. In contrast, p120 negatively 
regulates RhoA activity at the AJ either through recruitment of p190RhoGAP or through direct binding of inactive GDP-bound RhoA. The 
presence of centralspindlin at the AJ in turn inhibits the recruitment of p190RhoGAP to the junction and provides GAP activity towards Rac1 
through MgcRacGAP. In turn, the RacGEF Vav2 is recruited to p120 and positively regulates Rac1 near the junction. Besides its function at 
the AJ, Ect2 has also been associated with regulation of Cdc42 activity at the tight junction (TJ). B At the equatorial cortex, local RhoA activity 
drives ingression of the cleavage furrow. Centralspindlin localizes to the spindle midzone through association with overlapping parallel 
microtubules and astral microtubules. Ect2 is recruited to centralspindlin and acts as the main RhoGEF during cytokinesis. In addition, the 
RhoGEF activity of GEF-H1 is necessary during later stages of cytokinesis. The interaction between RhoA and Ect2 is stabilized by the 
catenin p0071. Another catenin, p120, regulates RhoA activity through direct binding of GDP-bound RhoA and associates with centralspindlin 
through MKLP1. The presence of positive and negative regulators of RhoA activity near the equatorial cortex provides rapid GTPase cycling 
and restricts the active RhoA zone needed for cytokinesis.
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of dominant-active Rac1 was sufficient to rescue Ect2 depletion, which indicates that Ect2 
confers its oncogenic function through Rac1 activation rather than RhoA.
Together, these studies show that the function of Ect2 as a RhoGEF is not restricted to 
cytokinesis and highlights Ect2 as an important RhoGEF in regulating cell-cell adhesion and 
polarity. 

Anillin
Anillin is a multi-domain scaffold protein that stabilizes the cytokinetic contractile ring 
through the crosslinking of F-actin, Myosins and Septins to their upstream activators RhoA 
and ROCK (reviewed in (330)). In Drosophila, Anillin can interact with the centralspindlin 
complex through binding of MgcRacGAP, which links the contractile ring to the central 
spindle (331). Interestingly, Anillin controls actomyosin contractility at the ZA and localizes to 
sites of cell-cell adhesion in interphase and mitotic Xenopus embryos (332, 333). Depletion 
of Anillin in Xenopus embryos and human epithelial cell lines disrupted cell-cell adhesion 
through destabilization of AJ and TJ complexes (332, 333). Cells depleted for Anillin display 
reduced cortical F-actin levels accompanied by decreased activity of myosin light chain 2 
(MLC2) (332). Interestingly, in addition to its function downstream of RhoA, Anillin depletion 
also induced short-lived flares of cortical RhoA activity indicative of junction repair which 
highlights Anillin as a indirect regulator of RhoA (332). 
During cytokinesis, Anillin controls spatiotemporal RhoA activity through direct interaction 
with RhoA and association with MgcRacGAP (directly or indirectly) and Ect2 (330). If 
Anillin is involved in the regulation of actomyosin contractility at the ZA in complex with 
centralspindlin and Ect2 remains undetermined. However, Anillin can function, at least 
partially, independent of centralspindlin during cleavage furrow formation (334). Here, the 
function of Anillin in accumulating F-actin and Myosin at the equatorial cortex is sufficient 
to induce furrow formation in a fraction of cells that have been depleted for MKLP1 (334). 
In conclusion, the observation that Anillin localizes and functions at sites of cell-cell adhesion 
further highlights the functional overlap of RhoA and actomyosin regulators in adhesion and 
cytokinesis.

Cadherins and catenins
Classical cadherins mediate calcium-dependent cell-cell adhesion through homophilic cis 
and trans interactions and function as signaling scaffolds for Rho GTPases (reviewed in (84)). 
During mitosis and cytokinesis, adhesion interfaces need to be remodeled while apical-basal 
polarity needs to be maintained (335-337). Polarity during division assures rapid engagement 
of cell-cell adhesion after mitosis and cytokinesis to provide and sustain the barrier function 
of epithelia (335, 338). During furrow ingression, the AJ associates with the actomyosin 
contractile ring via β-catenin and α-catenin and induces asymmetric furrow ingression and 
the subsequent apical formation of the midbody (339, 340). In addition, cadherins regulates 
the new adhesive interface between daughter cells and neighboring cells following 
cytokinesis completion (reviewed in (341)). Although this mechanism is crucial for polarized 
midbody positioning and functions in maintaining epithelial architecture during cytokinesis, 
the function of the AJ is not essential for cytokinesis. In Drosophila, cells deficient for 
E-cadherin or α-catenin are able to undergo cytokinesis although furrow ingression occurs in 
a symmetric fashion in the absence of a functional AJ (339, 340). Interestingly, overexpression 
of E-cadherin in Drosophila spermatocytes can rescue the cytokinesis defects induced by 
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Anillin depletion which indicates that AJ components may function in stabilization of the 
contractile ring (342). An obvious candidate for such a function is α-catenin, although the 
ability of α-catenin to bind to cadherin complexes and F-actin simultaneously is the subject 
of intense debate (53). Nonetheless, dimeric α-catenin is able to interact directly with 
F-actin independent of cadherin association and may therefore contribute to stabilization 
of the contractile ring (57). Interestingly, conditional activation of α-catenin in keratinocytes 
induced the formation of binucleated cells which indicates a function for α-catenin during 
cytokinesis (343). In addition, cadherin-associated α-catenin recruits the centralspindlin 
complex to the ZA although it is not clear if this also occurs during cell division (88).
At the cell cortex, p120 controls stabilization of cadherin complexes and regulates local 
activity of Rho GTPases (reviewed in (344)). Interestingly, p120 functions as a Rho GDI by 
direct binding of GDP-RhoA (89). Binding and inhibition of RhoA by p120 occurs via a small 
lysine-rich domain (residues 622-628) and appears to be mutually exclusive with cadherin 
binding (89). Functional evidence for a role of p120 in control of cytokinesis comes from 
conditional mouse models generated to study the tumor suppressive functions of p120 in 
the skin and the mammary gland (78, 152). Conditional inactivation of p120 in keratinocytes 
resulted in a high frequency of binucleated cells and chromosome segregation defects 
(291). In addition, mammary-specific inactivation of p120 in combination with loss of p53 
induced the formation of highly-invasive and metastatic breast carcinomas (152) that are 
characterized by abundant bi- and multinucleated tumor cells (Chapter Five). Our data 
demonstrated that p120 controls the spatiotemporal activity of RhoA at the equatorial 
cortex through concomitant association with RhoA and MKLP1. Inducible loss of p120 
expression induced mislocalized RhoA activity during anaphase and telophase, resulting 
in cytokinesis defects and subsequent binucleation. Interestingly, bi- and multinucleation 
did not occur in conditional E-cadherin knockout tumor models (Chapter Five and (18)). 
Moreover, reconstitution of a p120 mutant deficient in cadherin engagement (K401M 
substitution mutant) (72) fully rescued the cytokinesis defects upon p120 loss, which 
demonstrates that the regulation of cytokinesis by p120 is independent of its association 
with classical cadherins.
In addition, the p120 family member p0071 (or plakophilin-4; PKP4) has also been linked 
to RhoA activation during furrow formation (345). Depletion or overexpression of p0071 
induced cytokinesis defects and subsequent formation of binucleated cells. During 
metaphase, p0071 localizes to centrosomes and the mitotic spindle and accumulates at 
the spindle midzone during anaphase. Here, p0071 is proposed to function as a positive 
modulator of RhoA activity by stabilizing the interaction between Ect2 and RhoA (345). In 
contrast to p120, p0071 appears to have a higher affinity for GTP-RhoA and mediates efficient 
GTP-GDP exchange by stabilizing the interaction between RhoA and Ect2 (345). Interestingly, 
localization of p0071 to the midbody is dependent on RhoA activity, while p0071 itself acts 
as a positive regulator of RhoA signaling. A similar dependency has been observed for p120 
during cytokinesis (Chapter Five). While p120 functions as a Rho GDI, localization to the active 
Rho zone during cytokinesis depends on its ability to interact with RhoA. Deletion of the 
lysine-rich region required for binding to RhoA (∆[622-628]) was sufficient to prevent p120 
localization to the equatorial cortex and induce cytokinesis defects, while binding MKLP1 
to the N-terminal head region of p120 remained unaltered. Together, these data indicate 
that p120 and p0071 function as important scaffold proteins that bridge and stabilize the 
interactions between RhoA and its upstream regulators including centralspindlin and Ect2.



Adhesion and Cytokinesis: Two Sides of the Same Coin?

93

Ch
ap

te
r S

ix

GEF-H1
GEF-H1 was originally identified as a novel GEF that possesses activity towards RhoA and Rac1 
(346). Interestingly, GEF-H1 shows a striking association with microtubules in interphase and 
mitotic cells (346, 347). Furthermore, the association of GEF-H1 with microtubules inhibits 
its GEF activity leading to reduced RhoA activity (348). GEF-H1 localizes to sites of cell-cell 
contact where it associates with the TJ component Paracingulin and regulates RhoA and Rac1 
activity during TJ formation and maintenance (347, 349). Besides cell-cell adhesion, GEF-H1 
has also been shown to function in focal adhesions where it mediates stiffening of the actin 
cytoskeleton in response to mechanical force (350). During mitosis, GEP-H1 localizes to the 
mitotic spindle and accumulates at the contractile ring during cytokinesis (351). Depletion 
of GEP-H1 led to ectopic cleavage furrow formation and membrane deformations during 
anaphase. Ultimately, these cytokinesis defects induced the formation of binucleated cells as 
expected from a RhoA-associated regulatory factor in cytokinesis. GEF-H1 is phosphorylated 
by the mitotic kinase Aurora A early in mitosis and dephosphorylation during telophase is 
crucial to induce GTP-loading of RhoA (351). Interestingly, GEF-H1 seems to function during 
the final stages of cytokinesis, whereas Ect2 is responsible for RhoA activation during the 
early stages of cytokinesis (351). Although the functions of GEF-H1 have not been as well 
described as Ect2, it is evident from these data that GEF-H1 is crucial for regulation of RhoA 
during cytokinesis.

p190RhoGAP
The presence of both positive (GEFs) as negative regulators (GAPs and GDIs) of RhoA is 
crucial to maintain a highly focused active Rho zone by restricting lateral diffusion of GTP-
RhoA during cytokinesis (290). Next to the RhoGEFs Ect2 and GEF-H1, RhoGAPs such as 
MP-GAP (282) and p190RhoGAP (352) control RhoA activity at the equatorial cortex. 
Interestingly, p190RhoGAP is recruited to AJ-associated p120 in response to Rac1 activation 
(96). Depletion of p190RhoGAP in this setting destabilized the AJ complex and reduced cell-
cell adhesion (96). 
During cytokinesis, p190RhoGAP localizes to the cleavage furrow where it regulates the 
activity of RhoA through its GAP function (352, 353). The levels of p190RhoGAP are controlled 
through ubiquitin-mediated degradation and are reduced during mitosis and cytokinesis 
(352). Overexpression of p190RhoGAP induced cytokinesis defects and binucleation 
which indicates that its GAP activity needs to be restrained in order to undergo successful 
furrowing (352, 354). Interestingly, 190RhoGAP binds Anillin and Ect2 at the equatorial 
complex suggesting the presence of a signaling module that couples GEF and GAP activity to 
the contractile ring during furrow ingression (355, 356).

Concluding remarks
In this review, we discussed the functional overlap between regulators of RhoA and 
actomyosin contractility during cell-cell adhesion and cytokinesis. Several core players that 
control Rho GTPase activity and/or actomyosin contractility have been identified to function 
independently in adhesion and cytokinesis. These observations raise the interesting question 
whether these components may have evolved this dual function to orchestrate coordinated 
regulation of cell-cell adhesion and cell division, which would allow epithelial tissue to 
maintain its barrier function during cell divisions. In cancer, loss of cell-cell adhesion, for 
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instance through loss of the tumor suppressor p120, may induce cytokinesis defects and 
the formation of chromosomally unstable binucleated cells. Chromosomal instability may 
contribute to tumor progression by providing the tumor cells with a highly plastic genome 
that allows for rapid adaptation. However, besides p120 no other components have been 
identified to have a dual function in cell-cell adhesion and cytokinesis and are frequently 
mutated in cancer. 
An important remaining question is how the dual function of these components is regulated. 
The spatiotemporal regulation of RhoA activation at the equatorial cortex during cytokinesis 
by mitotic kinases is relatively well understood. For instance, phosphorylation of MgcRacGAP 
by Polo-like kinase 1 (Plk1) is crucial for Ect2 recruitment and subsequent RhoA activation 
during cytokinesis (278, 289). However, the signals that control the association between 
p120 and MKLP1 or the recruitment of centralspindlin to the AJ remain to be determined.
In conclusion, the evidence for a dual function for RhoA and actomyosin regulators involved 
in cell-cell adhesion and cytokinesis remains fragmentary. However, the involvement of 
crucial players such as centralspindlin and catenins hints towards a conserved overlap in 
function between other members of adhesion complexes and the cytokinesis machinery.



Adhesion and Cytokinesis: Two Sides of the Same Coin?

95

Ch
ap

te
r S

ix





Chapter Seven

Summary & Discussion



Chapter Seven

98

Summary
Chapter One provides a synopsis on the different functions of p120 in adhesion and 
beyond including stabilization of cadherin complexes, the regulation of Rho GTPases, and 
the transcriptional repressor Kaiso. In addition, it presents an overview of the context-
dependent functions of p120 in tumor development and progression. In Chapter Two, we 
have investigated the subcellular localization of p120 and Kaiso, and their correlation with 
clinicopathological parameters in invasive breast cancer patients. Interestingly, the presence 
of nuclear Kaiso associated with breast cancer subtypes is linked to poor prognosis. 
Furthermore, the absence of E-cadherin expression and cytosolic p120 correlated with 
decreased nuclear Kaiso, which is indicative of a functional link between loss of adherens 
junction (AJ) function and transcriptional regulation in invasive breast cancer. In Chapter 
Three, we show that Kaiso-dependent transcriptional repression is relieved in ILC. In this 
setting, loss of E-cadherin leads to translocation of p120 to the nucleus where it binds and 
inhibits the transcriptional repressor Kaiso. Our data show that nuclear import of p120 
is exacerbated in E-cadherin mutant ILC cells upon transfer to anchorage independence. 
Using genome-wide expression profiling of mouse (m)ILC cell lines, we identified known 
and novel Kaiso target genes, including Wnt11, a non-canonical Wnt ligand that controls 
anoikis resistance through induction of Rho signaling. As such we have identified the Kaiso 
target Wnt11 as a key upstream and autocrine cue driving activation of Rho-ROCK signaling 
in ILC cells. In Chapter Four, we identified Id2 as a novel Kaiso target gene and functionally 
characterized its role in anoikis resistance of ILC cells.  We show that Id2 confers its oncogenic 
function through binding and inhibition of the pro-apoptotic tumor suppressor Rb. Chapter 
Five, reports on a novel function of p120 in the regulation of cytokinesis. Using conditional 
mouse models based on inactivation of p120 in combination with p53 loss, we show that loss 
of p120 is causal to the formation of chromosomally unstable multinucleated cancer cells. 
Furthermore, we have unraveled a mechanism in which p120 regulates spatiotemporal RhoA 
activity at the equatorial cortex through binding to the centralspindlin component MKLP1. 
Subsequent loss of p120 expression leads to deregulated and non-focused RhoA activity 
during anaphase and leads to cytokinesis failure and the generation of multinucleated cells. 
Together, our results show that loss of p120 may contribute to tumor progression over two 
distinct pathways: (i) loss of adhesion and (ii) induction of chromosomal instability. Chapter 
Six provides an overview of the shared mechanisms in regulation of RhoA signaling in cellular 
adhesion and cytokinesis, two distinct processes that depend on actomyosin contractility.

General Discussion
1. Transcriptional regulation by p120
1.1. p120 controls transcriptional regulation through nucleocytoplasmic shuttling
Armadillo (ARM) repeat-containing proteins are multifunctional proteins that can interact 
with a broad spectrum of factors and are involved in a plethora of cellular processes ranging 
from adhesion to nuclear import (357). Although the different ARM proteins mediate very 
distinct cellular functions, most members, if not all, have the ability to shuttle between 
the nucleus and the cytosol (357). This dual function has been best characterized for 
the prototype member of the ARM repeat containing proteins: β-catenin (Armadillo in 
Drosophila) which fulfills a pivotal role in mediating a transcriptional induction in response 
to Wnt signals (358). Next to this nuclear function, β-catenin is a core component of the 



Summary & Discussion

99

Ch
ap

te
r S

ev
en

epithelial AJ complex together with E-cadherin, p120 and α-catenin. In addition to β-catenin, 
p120 also has nuclear functions including direct regulation of the transcriptional repressor 
Kaiso (ZBTB33) (115). In contrast to their roles in transcriptional regulation, the function of 
p120 and β-catenin in cell-cell adhesion is most likely a late evolutionary adaptation as it is 
not shared among the majority of the ARM domain proteins and restricted to the Metazoans 
(357). The bipartite function of β-catenin and p120 has raised the question whether loss 
of E-cadherin function during cancer initiation and/or progression can induce the aberrant 
activation of transcriptional programs that are dependent of these ARM domain proteins. 
However, loss of E-cadherin is only sufficient to induce ligand-independent canonical Wnt 
signaling in the presence of mutational alterations of β-catenin or APC (359). In addition, 
conditional loss of E-cadherin in the mammary gland and the pancreas does not induce 
β-catenin stabilization, which further rules out aberrant activation of β-catenin-dependent 
TCF/LEF target genes (104, 201). Furthermore, the genome-wide mRNA expression data 
presented in Chapter Three did not reveal an enrichment for β-catenin /TCF target genes 
in anchorage-independent mILC cells. Interestingly, the observation that in C. elegans the 
adhesion and signaling functions of β-catenin are performed by two distinct isoforms further 
strengthens the notion that the adhesion pool and the signaling pool of β-catenin are two 
separate entities and have evolved independently of each other (360).
In contrast to β-catenin, p120 is stably expressed in the cytosol and nucleus upon loss of 
E-cadherin (104, 106). Although there are indications that p120 levels are controlled by 
the destruction complex in a similar fashion as the levels of β-catenin are controlled, this 
mechanism is not sufficient to destabilize the cytosolic p120 pool in E-cadherin deficient 
cells such as ILC cells (104, 140). These findings have important implications: (i) in normal 
epithelial cells, p120 can function as a cadherin-based factor that is able to directly and/or 
indirectly process extra- and/or intracellular signals into a transcriptional response and, as a 
direct consequence, (ii) loss of E-cadherin expression and subsequent cytosolic and nuclear 
signaling of p120 can induce aberrant expression of p120-responsive target genes which 
may contribute to tumor progression.
In E-cadherin expressing cells, p120 may dynamically shift between its functions in adhesion, 
local regulation of Rho GTPases and regulation of transcription. Supporting this notion is the 
fact that the binding affinity of p120 to classical cadherins is relatively weak (Kd: 0.6 μM) 
compared to β-catenin (Kd: 9 nM) which may allow for these transient interactions (72, 361). 
In addition, phosphorylation of specific residues in the N-terminal regulatory domain induces 
dissociation of p120 from E-cadherin and stabilizes the cytosolic and nuclear signaling pool 
of p120. Thus far only a number of kinases have been identified that can induce dissociation 
of p120 from classical cadherins in response to signaling. For instance, screening for direct 
Src-mediated phosphoresidues in p120 has revealed eight key phosphotyrosine residues 
(Tyr96/112/228/257/280/291/296/302) that mediate cadherin association leading to 
stabilization of the signaling pool of p120 (362). In addition, canonical Wnt signals have 
been shown to induce nuclear p120 signaling. For instance, Wnt-induced phosphorylation 
of p120 on Ser268 and Ser269 by casein kinase 1 epsilon (CK1ε) leads to reduced binding of 
p120 to E-cadherin and induces binding to Kaiso (141). Moreover, phosphorylation of Thr47 
by Dyrk1A, also in response to canonical Wnt signaling, are known events that stabilize p120 
and induce the association with Kaiso leading to induction of Kaiso target genes (110).
In Chapter Three and Four, we studied the function of p120 in regulation of Kaiso activity in 
E-cadherin deficient breast cancer. We observed increased nuclear influx of p120 upon transfer 
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of mILC cells to anchorage-independent culture conditions. Although the signals that control 
nuclear import and/or retention here remain unknown, we observed a preference for the 
nuclear localization of p120 isoform 1 over isoform 3, which indicates that the larger isoform 
1 is more susceptible to nuclear import (Chapter Three). Isoform 1 and 3 differ only in the 
most N-terminal region, which contains only a few potential phosphoresidues in the context 
of nuclear signaling including Thr47 (phosphorylated by Dyrk1A) and the coil-coiled domain 
which may facilitate protein-protein interactions. Interestingly, the nuclear factor DIPA has 
been identified to bind the coiled-coil domain of p120 and may facilitate co-shuttling to the 
nucleus although currently no evidence is available that supports such a function (111). In 
addition, the observed increased levels of nuclear p120 in anchorage-independence may 
result from nuclear retention instead of increased nuclear import. For instance, association 
with the inner nuclear membrane protein Emerin inhibits nuclear accumulation of β-catenin 
and restricts its transcriptional function. However, thus far no analogues function has been 
described for p120 (109). In addition, the binding of p120 to Rho GTPases may aid nuclear 
import. Expression of constitutively-active Rac1 was demonstrated to increase nuclear p120 
whereas nuclear import of p120 was decreased in the presence of constitutively-active RhoA 
(363). Interestingly, p120 is able to bind directly to both Rho GTPases (89, 93). Regulation 
of nuclear import by Rho GTPases is dependent on a NLS sequence in the polybasic region 
(PBR), which is thought to mediate nuclear shuttling of complexed factors such as p120 
(363). In this scenario, the differential effects of active Rac1 and RhoA on nuclear p120 
import can be explained by the notion that p120 preferentially binds inactive GDP-bound 
RhoA but also associates with active GTP-bound Rac1 (89, 93). In support of this notion, 
is the observation that the lysine-rich region (residues 622-628), that mediates binding of 
p120 to RhoA, is also involved in nuclear import (89). The change in cell morphology and the 
increase in intracellular cytoskeletal tension may be sufficient to trigger activation of Rho 
GTPases (216) and drive nuclear import of p120 during anchorage-independence while the 
isoform specificity is controlled through post-translational modifications.

1.2. The transcriptional repressor Kaiso: a tumor suppressor or an oncogene?
In Chapter Two, we show that the presence of low nuclear Kaiso is characteristic for ILC. 
Furthermore, we show that the absence of E-cadherin and the presence of cytosolic p120 
correlated with low expression of nuclear Kaiso, indicating that subcellular Kaiso localization 
is under the control of the AJ complex. While we detected differential subnuclear 
localization, we did not observe a decrease in nuclear Kaiso levels in cell lines derived 
from the mILC model (Chapter Three; WAPcre; Cdh1F/F; Trp53F/F) compared to E-cadherin 
proficient mammary carcinoma cells (WAPcre; Trp53F/F). Under culture conditions, Kaiso was 
exclusively restricted to the nucleus whereas we also observed cytosolic localization of Kaiso 
in primary invasive breast tumors. Interestingly, the subcellular localization of Kaiso appears 
to be highly dynamic in transplanted cancer cell lines and in 3D cultures in vitro (146). In 
both settings, a decrease in nuclear Kaiso was observed in response to increased cell density 
(146). Although the signals that control subcellular Kaiso localization under such conditions 
remain elusive, it is evident that loss of E-cadherin and subsequent p120-mediated inhibition 
of Kaiso function induces a transcriptional tumor promoting program in ILC.  
In Chapter Three and Four, we show that Kaiso-dependent transcriptional repression is 
inhibited by nuclear p120 to induce the expression of the Kaiso target genes Wnt11 and Id2. 
In addition, we present data that support an oncogenic function for these target genes in 
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the control of anoikis resistance of ILC. The notion that Kaiso functions as a transcriptional 
repressor hints at a tumor suppressive function in ILC. However, our finding that the 
presence of high nuclear Kaiso associates with the clinically more aggressive breast cancer 
subtypes such as BRCA1-mutated and triple negative tumors indicates that Kaiso may have 
an oncogenic function in this setting. This observation supports the oncogenic function of 
Kaiso in intestinal tumors driven by heterozygous loss of the tumor suppressor APC (130) 
(132). In addition, Kaiso has been demonstrated to function as an oncogene in colon cancer 
cell lines by repressing tumor suppressor genes in a methylation-dependent manner (149). 
These findings indicate that the function of Kaiso during tumor progression is highly tissue-
specific and is most likely determined by the nature of the target genes that are under 
direct and/or indirect control of Kaiso. Thus far, only a few direct Kaiso target genes have 
been identified including WNT11 and CCND1 (encoding Cyclin D1) (119, 256). In Chapter 
Three, we describe a genome-wide expression approach to identify novel candidate Kaiso 
target genes involved in anchorage-independent survival of mILC cells. Our efforts focused 
on the presence of the classical Kaiso binding site (KBS; TCCTGCNA) in promoter regions 
of genes that displayed upregulation under anchorage-independent conditions. However, 
chromatin immunoprecipitations (ChIP) sequencing efforts have revealed that Kaiso can 
bind to promoter regions via an alternative KBS (TCTCGCGAGA) in addition to binding to 
the classical KBS and hypermethylated DNA stretches (121). Interestingly, Kaiso appears to 
bind to this alternative KBS with higher affinity when the motif is methylated at the two 
central CpG motifs (121). What could be the biological relevance of multiple distinct binding 
motifs for Kaiso? Kaiso may be present in different complexes, which dictate the specificity 
for one of the KBSs. Unfortunately, no biological data are present to support this notion. 
Interestingly, the ability of p120 to inhibit the association of Kaiso with promoter regions 
indicates that Kaiso exhibits different binding properties in complex with the different KBSs. 
For instance, p120 can effectively dissociate Kaiso from the classical KBS in in vitro binding 
assays whereas Kaiso binding to methylated oligos is only moderately affected by p120 
(117). Thus far there are no indications that p120 regulates the association of Kaiso binding 
to the alternative KBS and the significance of dynamic methylation of the core CpG motifs 
in this process. The existence of multiple different KBSs with distinct binding properties may 
indicate that p120 only regulates the subset of Kaiso target genes that harbor the classical 
KBS in their promoter regions whereas expression of genes dependent on the alternative KBS 
and/or methylation are controlled by other mechanisms. In addition to and in accordance 
with our findings, ChIP-seq has demonstrated that Kaiso predominantly associates with 
non-methylated transcriptionally active genomic regions (134). This finding may indicate 
that Kaiso functions as a general dampener of actively transcribed genes. In this setting, 
nuclear influx of p120 in response to signaling and/or due to E-cadherin loss can induce 
rapid upregulation of specific p120-responsive Kaiso target genes. 

1.3. p120 can indirectly modulate gene expression at the AJ
Recently it was demonstrated that p120 in complex with E-cadherin can modulate 
transcription in an indirect manner through processing of micro RNAs (miRNAs) (364). 
miRNAs are small non-coding RNAs that can negatively regulate expression of specific target 
genes by targeting the complementary mRNA. The processing of primary miRNAs into 
precursor miRNAs takes place in the nucleus and is mediated by the microprocessor complex 
composed of DGCR8, the subunit responsible for sequence recognition, and DROSHA, the 
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endonuclease that directs the cleavage (365). Interestingly, a subset of DROSHA and DGCR8 
molecules is recruited to AJ-associated p120 where it mediates extranuclear processing 
of primary miRNAs (364). The notion that depletion of PLEKHA7 only affects a subset of 
miRNAs, including the tumor suppressive miR-30b, implies that AJ-associated miRNA 
processing might be specific for certain miRNAs (364). 
In addition, loss of p120 in conditional mouse models has implicated a regulatory function 
for p120 in inducing pro-inflammatory responses independent of its function in the 
AJ. Conditional ablation of p120 in the skin induced the formation of lesions that were 
characterized by immune cell influx (78, 291). Keratinocytes ablated for p120 displayed NFκB 
actvivation and subsequent expression of pro-inflammatory cytokines (78, 291). Although 
the precise mechanism behind this activation remains elusive, the authors demonstrated that 
NFκB activation and subsequent expression of pro-inflammatory cytokinesis occurs in a Rho-
dependent manner (78, 366). In Chapter Five, we describe a conditional mouse model based 
on mammary-specific inactivation of p120. Previous work in our lab has shown that p120 
loss in this model induced the expression of pro-inflammatory cytokines and the formation 
of a pro-metastatic environment analogous to the aforementioned model (152). However, 
involvement of Rho-dependent NFκB activation in this model remains undetermined (152). 
These findings indicate that p120 might control NFκB activation through inhibition of RhoA 
signaling. Activation of NFκB in response to Rho GTPase activation has been observed in 
different models but the exact mechanism remains elusive (105).
Together, these results show that p120 not only controls transcriptional regulation through 
nucleocytoplasmic shuttling and direct interaction with transcription factors but can also 
regulate transcription through its ability to modulate Rho GTPase activity and miRNA 
processing.

2. Regulation of cytokinesis by p120
In Chapter Five, we demonstrated that p120 loss underpins cytokinesis defects and the 
formation of multinucleated chromosomally unstable cancer cells. Although we discovered 
this causal relationship in the context of mammary-specific conditional loss of p120, shRNA-
based depletion of p120 induced multinucleation in cell lines of different origins including the 
non-epithelial cell line U2OS, HeLa, and mouse and human invasive breast cancer cell lines. 
In addition, conditional loss of p120 in the skin induced the formation of multinucleated 
cells which further indicates that regulation of cytokinesis is not restricted to the mammary 
epithelium (291). Therefore, our findings may be of significance to many other tumor 
types as p120 loss has been observed in different tumors such as breast, colorectal, lung, 
gastric, and pancreas. (152, 154, 367, 368). In addition, we uncoupled the function of p120 
in adhesion from its cadherin-independent functions by mutation of lysine 401 (K401M), 
which is crucial for the interaction with classical cadherins (72), and show that that binding 
of p120 to classical cadherins is not required for its function during cytokinesis. Together, 
our findings indicate that the regulation of cytokinesis by p120 represents a conserved 
function that occurs independent of cadherin function and epithelial identity.
We show that p120 interacts with the centralspindlin component MKLP1 that may provide 
the spatial signal to restrict the activity of p120 to the equatorial cortex during cytokinesis. 
The interaction of p120 with centralspindlin raises the question if the function of p120 during 
anaphase is under the control of mitotic kinases. Differential phosphorylation of p120 has 
been observed during the different stages of mitosis and cytokinesis but the kinases and 
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phosphatases responsible for this dynamic behavior have not been identified yet (369). 
The serine/threonine kinase Polo-like kinase 1 (Plk1) phosphorylates the centralspindlin 
member MgcRacGAP which leads to recruitment of the RhoGEF Ect2 and is necessary to 
trigger cytokinesis (278, 370). Our data shows that p120 functions in the same process as 
Ect2, namely by regulating the GTPase cycle of RhoA at the equatorial cortex and through 
association with the same complex, namely the centralspindlin complex. Therefore, it would 
not be surprising that the function of p120 during cytokinesis is under the control of mitotic 
kinases such as Plk1. 

3. Clinical implications
3.1. Targeting metastatic ILC 
Treatment of ILC patients is based on conventional chemotherapeutics. However, while 
HER2 expression is rare, approximately 75% of ILC cases are ER-positive and eligible for  
treatment with tamoxifen or aromatase inhibitors (11, 12). The current combination 
of chemotherapy and ER antagonists have proven to be relatively effective in reducing 
recurrence of the primary tumor (5-year disease-free survival rate of approximately 70%) 
(11). However, currently no therapy is available when tumors develop resistance to these 
treatment regimens. The need to specifically target metastatic ILC cells is even more urgent 
given the fact that metastatic dissemination of ILC may coincide with resistance against 
chemotherapy and/or ER antagonists and may even occur in the absence of a detectable 
primary tumor mass (8, 9). 
Previous work from our lab has demonstrated that anchorage-independent survival and 
metastasis of ILC cells is dependent on activation of ROCK signaling (104). This finding provides 
a window of opportunity for targeted therapy to specifically treat non-adherent metastatic 
cells that heavily depend on these signaling pathways to survive. Activation of Rho-ROCK 
signaling in ILC is mediated through two mechanism that both dependent on p120. First, 
cytosolic p120 activates Rho-ROCK signaling by direct binding of the Rho antagonist MRIP 
(104). Secondly, we provided evidence in Chapter Three that p120-dependent derepression 
of the Kaiso target gene Wnt11 can induce autocrine Rho activation. These findings put p120 
forward as an essential factor in the anchorage-independent survival of ILC cells.  Targeting of 
Wnt11 may therefore be an attractive intervention option to inhibit the upstream activating 
signal. Secretion of the different Wnt ligands depend on post-translational palmitoylation 
that is mediated by the ER protein and O-acyltransferase Porcupine (PORCN) (reviewed in 
(136)). Loss of PORCN function leads to ER retention of Wnt ligands and therefore PORCN 
may represent an suitable drug target for treatment of Wnt-responsive cancers (371). The 
small molecule LGK974 has shown to be a potent and specific inhibitor of PORCN in various 
in vitro and in vivo models, including Wnt-driven mammary carcinomas, and is currently 
being tested in phase I clinical trials (218). While LGK974 functions as a broad spectrum 
Wnt signaling inhibitor, other approaches work more specifically on a subset of Wnt ligands 
and may therefore be more effective. It has been demonstrated that targeting of select 
Frizzled (Fzd) receptors, the extracellular receptors for Wnt ligands, can be an efficient 
therapy. For instance, the monoclonal antibody OMP-18R5 binds five different Fzd receptors 
including Fzd-7, the putative receptor for Wnt11, and has been shown to be effective against 
patient-derived xenografts from ILC patients (217, 372). However, treatment of anchorage-
independent ILC cells with OMP-18R5 did not affect anoikis resistance in in vitro assays which 
may indicate that Wnt11 signaling occurs intracellular (data not shown). In addition, we 



Chapter Seven

104

envisage that targeting Wnt secretion and/or autocrine Wnt11 signaling will be hampered 
due to the presence of stromal cells, which have been shown to secrete Wnt11 and are 
abundantly present in primary ILC tumors (206, 213). Therefore, targeting of ROCK will most 
likely be the most effective therapy to treat metastatic ILC cells as it represents a central 
downstream signaling hub from which numerous intracellular and extracellular signals will 
be transmitted. In vitro experiments performed in our lab have demonstrated that inhibition 
of Rho signaling with C3 transferase or inhibition of ROCK signaling with Y-27632 (104) with 
low molar doses is highly specific for anchorage-independent mILC cells whereas adherent 
growth and survival of these cells remained unaltered. These results imply that treatment of 
this signaling pathway with ROCK-specific inhibitors can selectively target metastatic ILC cells 
with only limited side effects. Preliminary data from our lab has indicated that treatment 
with the ROCK-inhibitor fasudil (HA1077) inhibits tumor growth in a transplantation-based 
animal model for metastatic ILC based on orthotopic transplantation (unpublished data). 
The more recently developed inhibitor GSK-429286 provides increased specificity over 
other ROCK inhibitors (373). Preliminary experiments in our lab demonstrated that nano-
molar concentrations of GSK-429286 could specifically inhibit anchorage-independent 
survival of mILC-1 cells (unpublished data). Given the fact that therapies based on targeting 
of a single factor are becoming rapidly ineffective due to resistance, targeting of multiple 
pathways in ILC will most likely be required to treat metastatic ILC. For instance, targeting of 
ROCK in combination with inhibition of PI3K signaling may represent a successful strategy 
in ILC treatment. Activating mutations in the catalytic PI3K subunit PIK3CA are common in 
ILC and occur in approximately 40% of all cases (14). In addition, unpublished results from 
our lab indicate that ILC cells respond to exogenous growth factors even in the presence 
of mutations that activate PI3K-AKT signaling (Tenhagen et al., manuscript in preparation). 
Together, these findings stress that ILC is dependent on active PI3K signaling for growth 
and/or survival, which highlights PI3K and its downstream effectors as suitable targets for 
combined therapy. A number of different therapeutics is available of which some are currently 
in clinical trails, including the PI3K inhibitor BKM120 and the AKT/PKB inhibitors MK-2206 
and AZD5363 (374-376). Future in vivo experiments should focus on the applicability of 
these combined therapies to better treat chemotherapy refractory ILC.

3.2 Clinical implications of p120 loss in breast cancer
Depletion of p120 induced continuous cytokinesis defects and is causal to the formation of 
bi- and multinucleated cells. Cytokinesis defects can induce chromosomal instability through 
inheritance of extra centrosomes and subsequent chromosome segregation defects (267). 
These findings have important clinical implications as chromosomal instability is thought 
to allow tumor cells to rapidly adapt and grow resistant against therapy through Darwinian 
selection processes (377, 378). Constant rearrangements of the chromosomal content 
in chromosomally unstable cancer cells provides more genetic variation for selection 
pressures to act on and provides the ideal background in which more resistant cancer cells 
can emerge. Moreover, this continuous loss and/or gain of whole or partial chromosomes 
allows for rapid adaptation which can not be mediated through mutational alterations 
of tumor suppressors and oncogenes alone (379). In addition, chromosomal instability 
provides a highly dynamic genome that allows for rapid adaptation whereas mutational 
alteration is a permanent process that does not easily allow for phenotypical reversion. 
Interestingly, resistance against therapy correlated with the rate of chromosomal instability 
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in breast cancer cell lines and ovarian cancer patients (380, 381). In colorectal cancer, high 
rates of chromosomal instability correlated with worse prognosis and decreased disease-
free survival (382). In addition, induced chromosomal instability by transient overexpression 
of the mitotic checkpoint gene Mad2 promoted relapse of KRAS-driven lung carcinomas 
(383). 
Taking these findings into account it would not be surprising that p120-negative breast 
cancers rapidly grow resistant against standard therapy. Therefore, combined targeting of 
multiple pathways will most likely be the most effective treatment. Previous work in our lab 
demonstrated that p120-ablated mammary epithelial cells are more sensitive for growth 
factor receptor (GFR) signaling due to decreased cortical expression of E-cadherin, which can 
directly and/or indirectly inhibit GFR signaling (152, 161, 384). However, this sensitization 
of GFR signaling is not specific towards a certain family of tyrosine kinase receptors making 
proximal targeting cumbersome (152). Therefore, targeting of a common downstream 
effector such as PI3K or AKT/PKB appears more promising.
In conclusion, the work described in this thesis provides novel insight in the different functions 
of p120 during cancer progression. Although best characterized as a core component of the 
AJ, p120 functions beyond cell-cell adhesion and is involved in distinct processes such as 
transcriptional regulation and modulation of Rho GTPases during cytokinesis. In addition, 
our work has unraveled molecular mechanisms that provide a rationale for targeted therapy 
of metastatic breast cancer cells.
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Nederlandse Samenvatting
Epitheelcellen, cadherines en catenines
Het menselijk lichaam bestaat uit vele miljarden cellen die onderverdeeld kunnen worden 
op basis van hun functie. Epitheelcellen bekleden het vrije lichaamsoppervlakte en de 
verschillende lichaamsholtes. Een belangrijke functie van epitheelcellen is om tegelijkertijd 
de organen die ze bekleden te beschermen tegen schadelijke invloeden van buitenaf maar 
ook om specifieke stoffen op te nemen of juist uit te scheiden. Denk hier bijvoorbeeld 
aan darmepitheelcellen die selectief voedingstoffen opnemen of epitheelcellen in de 
borstklier die componenten van moedermelk uitscheiden. Belangrijk voor het uitvoeren 
van deze functie is dat de epitheelcel heel strak tegen een naburige epitheelcel aan ligt 
zodat de barrièrefunctie van het epitheelweefsel intact blijft. Deze hechting tussen cellen 
(de zogenaamde cel-cel adhesie) wordt uitgevoerd door verschillende gespecialiseerde 
eiwit complexen waarvan het adherente junctie (AJ) complex één van de belangrijkste is. 
Het hoofdcomponent van het AJ complex is het molecuul E-cadherine. E-cadherine is een 
zogenaamd transmembraan eiwit, het gaat door het plasmamembraan heen waardoor een 
gedeelte buiten de cel zit (extracellulair) en een gedeelte binnenin de cel zit (intracellulair). 
Het extracellulaire gedeelte van E-cadherine kan een heel sterke binding aangaan met 
andere E-cadherine moleculen op naburige epitheelcellen waardoor de cellen aan elkaar 
vast blijven plakken en daardoor hun functie als epitheelcellen goed kunnen uitvoeren. Het 
intracellulaire gedeelte van E-cadherine wordt bevolkt door catenines die essentieel zijn 
voor de stabiliteit en de functie van het AJ complex. De belangrijkste catenines zijn α- en 
β-catenine, die samen het AJ complex vastmaken aan het onderliggende cytoskelet, een 
netwerk van eiwitfilamenten die stevigheid geven aan de cel. Daarnaast is er nog p120-
catenine (p120 voor intimi) dat zijn weing fantasierijke naam te wijten heeft aan het feit 
dat het eiwit (ook wel proteïne genoemd) een moleculaire massa heeft van 120 kilodalton 
(dalton is de eenheid waarin we de massa van eiwitten en macromoleculen uitdrukken). De 
binding van p120 aan het intracellulaire gedeelte van E-cadherine is zeer belangrijk voor 
de stabiliteit van het AJ complex; zonder p120 blijft E-cadherine niet lang op zijn plek zitten 
en wordt het binnenin de cel afgebroken waardoor tegelijkertijd ook de cel-cel adhesie 
verloren gaat. Naast het stabiliseren van het AJ complex op het plasmamembraan heeft 
p120 nog andere functies die belangrijk zijn voor het functioneren van de cel. Het reguleert 
bijvoorbeeld de activiteit van de GTPase RhoA, een belangrijke regulator van het cytoskelet. 
GTPases kunnen worden beschouwd als moleculaire switches, die in een actieve stand en 
in een inactieve stand kunnen staan en daarmee biologische signalen kunnen doorgeven, 
een proces dat we signaaltransductie noemen. Hiernaast heeft p120 ook een rol in de 
celkern oftwel de nucleus. Hier bindt en remt het de activiteit van de transcriptiefactor Kaiso 
(vernoemd naar de caribeaanse muziek Calypso). Transcriptiefactoren zijn er in veel soorten 
en maten en hebben allen gemeen dat ze de expressie van genen kunnen reguleren. Een 
gen is de bouwtekening van een eiwit (de functionele eenheid van het gen) en bestaat uit 
een DNA sequentie die specifiek is voor ieder gen. Hoewel (bijna) iedere cel in je lichaam 
hetzelfde identieke DNA bevat (verdeeld over 23 chromosomenparen) staan niet op ieder 
gegeven moment overal dezelfde genen aan of uit. Staat een gen aan dan zeggen  we dat 
het betreffende gen tot expressie komt. Met andere woorden; dit gen wordt actief afgelezen 
door specifieke enzymen wat uiteindelijk resulteert in de fabricage van een functioneel 
eiwit. Veel verschillende factoren bepalen de expressie van genen, en transcriptiefactoren 
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zijn er hier één van. Dit doen ze door te binden aan een specifieke DNA regio die alle genen 
hebben: de promoter. De promoter is als het ware de motor die de expressie van een 
specifiek gen aandrijft. Kaiso werkt als een repressor wat betekent dat binding van Kaiso aan 
de promoterregio van een gen resulteert in remming van genexpressie. Binding van p120 en 
Kaiso zorgt ervoor dat Kaiso niet langer kan binden met het DNA en zijn remmende functie 
niet meer kan uitvoeren. Naast zijn klassieke functie in cel-cel adhesie functioneert p120 
dus ook in andere biologische processen die cruciaal zijn voor het functioneren van een cel.

Borstkanker
De World Health Organization (WHO) schat dat er ieder jaar ongeveer 14 miljoen 
mensen worden gediagnostiseerd met een vorm van kanker wat resulteert in 8,2 miljoen 
sterfgevallen wereldwijd per jaar. Borstkanker is de meest voorkomende vorm van kanker bij 
vrouwen met jaarlijks meer dan 1,6 miljoen nieuwe gevallen en meer dan een half miljoen 
sterfgevallen wereldwijd. Er zijn verschillende types borstkanker die veelal gebaseerd zijn 
op de morfologie (uiterlijke kenmerken) van de tumor en de tumorcellen en op de expressie 
van specifieke eiwitten. De meerderheid van borstkankergevallen zijn van het subtype 
IDC (invasief ductaal carcinoom) en ongeveer een tiende van alle gevallen zijn van het 
subtype  ILC (invasief lobulair carcinoom). De term carcinoom geeft hier aan dat om een 
tumor (oftewel een kwaadaardig gezwel) gaat van epitheelcellen. Van alle kankersoorten 
zijn carcinomen veruit de meeste voorkomende (ongeveer 90%). ILC is een speciale 
borstkankersoort omdat het veroorzaakt en gekenmerkt wordt door verlies van E-cadherine 
expressie en functie. Onderzoek in genetische muismodellen heeft aangetoon dat verlies 
van E-cadherine expressie niet zomaar een karakteristiek is van ILC maar aan de grondslag 
ligt van het ontstaan van dit borstkankersubtype. Daarnaast leidt verlies van E-cadherine tot 
verlies van cel-cel adhesie en daardoor tot het uitzaaien van de primaire borsttumor (een 
proces dat we metastasering noemen). Waar een primaire borsttumor in de meeste gevallen 
relatief eenvoudig te verwijderen is (in vergelijking met tumoren in organen die dieper in 
het lichaam liggen), zijn het de metastases (uitzaaiingen) die vaak leiden tot sterfte van de 
patiënt. Een betere en vooral specifiekere behandeling om uitzaaiende of net uitgezaaide 
tumorcellen te kunnen aanpakken is dan ook van groot belang voor de patiënt en één van 
de grootste uitdagingen voor de moderne wetenschap.

Dit Proefschrift
In Hoofdstuk Eén wordt de literatuur besproken die ten grondslag ligt aan dit proefschrift. 
In Hoofdstuk Twee hebben we de relatie onderzocht tussen de subcellulaire localizatie 
van Kaiso en p120 en de verschillende klinische parameters. Het blijkt dat verlies van 
E-cadherine correleert met de aanwezigheid van p120 in het cytosol (oftwel de intracellulaire 
vloeistof) en verminderde expressie van Kaiso in de nucleus. Deze relatie hebben we verder 
onderzocht in Hoofdstuk Drie. Hier zijn we met behulp van cellijnen gaan kijken of verlies 
van E-cadherine kan leiden tot veranderingen in genexpressie door de inhibitie van p120 
op Kaiso. We hebben ontdekt dat in ILC cellen, de genen die normaal gereguleerd worden 
door Kaiso (zogenaamde Kaiso target genen) veel meer tot expressie komen en dat dit 
veroorzaakt wordt door de aanwezigheid van p120 in de nucleus. Daarnaast hebben we 
onderzocht of we in staat waren Kaiso target genen te identificeren die tot expressie komen in 
metastaserende cellen met als doel om deze uiteindelijk therapeutische te kunnen targeten. 
Dit leidde tot de ontdekking van het Kaiso target gen Wnt11. We laten zien dat expressie van 
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Wnt11 afhankelijk is van de remming van Kaiso door p120. Daarnaast hebben we ontdekt 
dat Wnt11 een belangrijke factor is in de overleving van tumorcellen in de afwezigheid van 
een substraat om aan te hechten. Dit is van belang omdat metastaserende tumorcellen in 
de bloedbaan zich ook niet kunnen hechten zoals ze dat wel doen in de primaire tumor. 
Therapeutische remming van Wnt11 zou dus als een therapie kunnen fungeren om specifiek 
metastaserende cellen te kunnen doden. In Hoofdstuk Vier hebben we een ander Kaiso target 
gen gekarakteriseerd namelijk Id2. Expressie van Id2 is ook essentieel voor de overleving van 
tumorcellen maar doet dit via een compleet ander mechanisme onder meer door de functie 
van de bekende tumor suppressor Rb te remmen. In dit hoofdstuk hebben we wederom 
gebruik gemaakt van tumorcellen uit onze muismodellen. We laten zien dat deze cellen, als 
je ze groeit in de afwezigheid van een substraat om aan te hechten, niet meer delen maar 
in een slaapstand komen. Rem je echter de expressie van Id2 in deze situatie dan kan je 
gericht deze tumorcellen doden wat zou kunnen betekenen dat therapeutische remming 
van Id2 een manier zou kunnen zijn om metastaserende cellen aan te pakken. In Hoofdstuk 
Vijf richten we ons op een andere functie van p120, namelijk de regulatie van RhoA tijdens 
de celdeling. Door gebruik te maken van genetische muismodellen waarin expressie van 
E-cadherine of p120 specifiek is uitgeschakeld in de borstklier hebben we onderzocht wat 
de verschillen in uitkomst zijn met betrekking tot het specifieke borstkankertype. Zo leidt 
verlies van E-cadherine tot de vorming van ILC maar verlies van p120 tot IDC tumoren wat 
al een indicatie geeft over de verschillende cadherine-onafhankelijk functies van p120. 
We ontdekten bijvoorbeeld dat verlies van p120 leidt tot de vorming van tumorcellen met 
meerdere celkernen. Dit fenotype ontstaat doordat deze p120 negatieve cellen niet langer op 
de correcte wijze een celdeling kunnen ondergaan. Deze tumorcellen met meerdere celkeren 
(oftwel multinucleaire tumorcellen) zijn zeer gevoelig om tijdens volgende celdelingen 
achter te blijven met een onjuist aantal chromosomen (dit noemen we aneuploïdie). Dit 
is van belang voor kankeronderzoek omdat er gedacht wordt dat het constant veranderen 
van je chromosomale inhoud tumorcellen in staat brengt om bijvoorbeeld sneller resistent 
te worden tegen therapie. Daarnaast hebben we ook het mechanisme ontrafeld hoe verlies 
van p120 precies leidt tot het ontstaan van een multinucleaire tumorcel. Het blijkt dat in 
een gezonde cel, p120 de activiteit van de GTPase RhoA in toom houdt tijdens de celdeling. 
Vlak nadat de cel zijn verdubbelde chromosomen heeft verdeeld zorgt de activiteit van RhoA 
ervoor dat het plasmamembraan, tussen wat nu de twee dochtercellen gaan worden, wordt 
dichtgeknepen en later wordt afgehakt. Zonder p120 gaat dit proces (dat we cytokinesis 
noemen) niet goed en worden wel de chromosomen verdeeld maar blijven deze in twee 
aparte celkernen in dezelfde cel. In Hoofstuk Zes worden andere factoren besproken, die 
net als p120, een dubbele functie hebben in de regulatie van cel-cel adhesie en de celdeling. 
Dit is van belang omdat verlies van cel-cel adhesie een veel voorkomende eigenschap is 
van tumorcellen en kan leiden tot problemen tijdens de celdeling met alle consequenties 
die daar aan verbonden zijn. Uiteindelijk is dit proefschrift afgesloten met een discussie 
in Hoofdstuk Zeven waarin alle bevindingen nog eenmaal de revue passeren en worden 
besproken in het breder licht van de literatuur.
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Robert Antonius Hendricus van de Ven was born on May 18th, 1986, in Veldhoven, The 
Netherlands. He graduated secondary school from the Sondervick College in Veldhoven and 
enrolled in the Bachelor’s programme Biology at Utrecht University in 2005. After obtaining 
his Bachelor’s degree in 2008, he started the Master’s programme Biomolecular Sciences 
at Utrecht University. During this programme, he performed the first research internship in 
the lab of prof. dr. Ger Strous at the Department of Cell Biology, University Medical Center 
Utrecht (UMC Utrecht). Here, he studied the role of the E2 ubiquitin conjugase UBC13 in 
the endocytosis of the growth hormone receptor. Next, he moved to San Francisco, CA, 
USA, where he performed his second research internship in the lab of dr. Jeroen Roose at 
the Department of Anatomy, University of California, San Francisco (UCSF). His research 
there focused on the function of the RasGEF RasGRP1 in activation of wild type and mutant 
K-Ras in colorectal cancer. After obtaining his Master’s degree in 2009, he started his PhD 
training at the Department of Pathology at the UMC Utrecht in the lab of dr. Patrick Derksen. 
Here, he studied the diverse functions of the cell-cell adhesion protein p120-catenin in 
cancer progression. The results of these studies are described in this thesis and have been 
published in a number of scientific journals. As of Spring 2016, he will continue his career as 
a postdoctoral researcher in the lab of dr. Marcia Haigis at Harvard Medical School, Boston, 
MA, USA.
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Dankwoord
Als u dit leest is het proefschrift af. Dat betekent ook dat ik dank verschuldigd ben aan vele 
collega’s, vrienden en familieleden zonder wiens steun dit proefschrift niet tot voltooiing 
was gebracht.

Mijn copromotor en begeleider, dr. P.W.B. Derksen. Beste Patrick, bedankt voor de 
begeleiding en het vertrouwen tijdens de afgelopen jaren. Je hebt een eigenwijze kijk op 
de wereld en de wetenschap. Mijn hele promotietraject kwam misschien een beetje traag 
op gang maar uiteindelijk ging alles van een leien dakje met als resultaat dit proefschrift en 
hopelijk snel nog enkele mooie publicaties. Ondanks mijn sporadische/chronische gezeur 
heb ik mijn tijd in je lab als zeer prettig ervaren.

Mijn promotor, prof. dr. P.J. van Diest. Beste Paul, bedankt voor je enthousiasme en je input 
tijdens de werkbespreking. Je weet altijd een verrassende vraag te stellen en verliest de 
klinische vraagstelling nooit uit het oog. Daarnaast ben ik je zeer dankbaar voor het snelle 
en betrouwbare scoren van de TMA’s.

De leden van mijn beoordelingscommissie: prof. dr. S.M.A. Lens, prof. dr. P.J. Coffer, prof. 
dr. ir. B.M.T. Burgering, dr. ir. J. de Rooij en prof. dr. E.M.D. Schuuring. Bedankt voor het 
doorlezen van mijn proefschrift en de bereidheid om te willen opponeren tijdens mijn 
verdediging. Daarnaast wil ik prof. dr. E. van der Wall bedanken. Beste Elsken, bedankt dat 
je wilt opponeren tijdens mijn verdediging. Je input op de verschillende projecten heb ik 
altijd zeer gewaardeerd. Je bekijkt altijd alles vanuit het klinische perspectief en dat is iets 
wat (soms) broodnodig is in de wereld van de fundamentele wetenschap.

De huidige en oud-leden van het Derksen lab. Miranda, bedankt voor je hulp en de 
gezelligheid de laatste jaren. Ik vrees dat je al het geklaag uit mijn hoek ondertussen zat 
bent. Je bent een topanalist en onze vaste huispsycholoog. Bedankt dat je mijn paranimf 
wilt zijn. Veel succes en geluk voor jou en Machiel in de toekomst. Ron, zonder jou hulp 
was ik waarschijnlijk al snel verdwaald tijdens mijn eerste maanden op het lab. Je kritische 
input tijdens de werkbesprekingen is onmisbaar geweest. Ik zal het congres in Washington 
niet snel vergeten al was het maar om de naam van het resort en de happy hours daar. Ik 
zit straks twee verdiepingen van je vandaan dus we zullen elkaar nog wel eens tegen gaan 
komen. Jolien, bedankt voor je hulp bij het cytokinese project. Ik wens je veel succes toe 
in de toekomst met wat je ook gaat ondernemen. Eva, bedankt voor de gezelligheid in en 
buiten het lab. We missen je vrolijkheid. Milou, bedankt voor de gezelligheid. Heel veel 
succes met het afronden van je promotie en veel succes in de toekomst. Iordanka, thanks 
for the critical input. Amar, thanks for the good times in the lab. I wish you all the best in 
the future. Jeske, bedankt voor je inzet tijdens je stage. Je werk heeft bijgedragen aan een 
mooie publicatie. Maria, many thanks for all the hard work during your internship. Your 
energy and your contribution were invaluable.

De leden van het Lens lab. Susanne, bedankt dat je de  voorzitter wilde zijn van mijn 
beoordelingscommissie en plaatst wilt nemen in de oppositie. Martijn, je inzet om de 
afdeling draaiende te houden is onmisbaar. Hetzelfde kan gezegd worden voor je inzet 
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tijdens de borrels. Bedankt voor je schunnige vrijdagmiddaggrappen op maandagochtend. 
Rutger, je bent een gemotiveerde en getalenteerde wetenschapper. Ik weet zeker dat je 
succesvol gaat worden in alles wat je gaat ondernemen. Ik wacht je Nature paper in alle 
spanning af. Ondertussen wordt Ajax weer eens kampioen. Arne, bedankt voor de fanatieke 
voetbalmiddagen en bijbehorende drinkavonden. Michael, de ongekroonde kloneerkoning 
en wandelende encyclopedie. Sibel, good luck with your PhD. Ingrid, Amanda, Sanne en 
Sippe, succes met promoveren en bedankt voor alle gezelligheid en hulp waar het nodig 
was.

De huidige en oud-collega’s uit het Stratenum. Livio, zonder jouw hulp en inzet waren er 
vast (nog) meer experimenten mislukt. Bedankt voor het organiseren van de afdeling en de 
gezelligheid in en buiten het lab. Jennifer, bedankt voor de vele kopjes koffie, je optimisme 
en de opbeurende woorden waar nodig. Het is maar goed dat niet iedereen altijd kon horen 
wat er gezegd werd. Succes met je promotie en alles wat daarna komt. Ik weet zeker dat het 
een groot succes gaat worden. Only one click away. Kari, bedankt voor de gezelligheid. Succes 
met je promotie. Niek, bedankt voor de gezelligheid tijdens de etentjes en drinksessies. 
Succes met je promotie en daarna bij de afdeling Pathologie. Ook dat kan niet anders dan 
een groot succes worden. Veel geluk voor jou en Jenna in de toekomst. Marten, zo nu en 
dan een extra lid van het lab maar vooral aanwezig voor de gezelligheid. De avond sushi 
eten zal niet snel vergeten worden. Succes met je promotie. David, bedankt voor je hulp 
en het delen van je kennis bij het RB verhaal. Willem-Jan, bedankt voor je optimisme en de 
gezelligheid. Saman, the Prince of Persia and thé most efficient striker in the world. Good 
luck with your PhD. Ajit, bedankt voor je enthousiasme en vrolijkheid. Je wordt nu al gemist. 
Wilco, bedankt voor de gezelligheid tijdens de borrels. Richard, even lekker over voetbal 
praten op de maandagochtend. Succes met je promotie. Hetty, bedankt voor je grondigheid 
in het onderhoud van de ultracentrifuge en de opvoeding van onze collega’s. Huub, het is 
goed om te weten dat in ieder geval één persoon de veiligheid in het oog houdt. Bedankt 
voor de altijd snelle hulp en flexibiliteit waar nodig. 
Alle leden van de onderzoeksgroepen die het Stratenum helaas verlaten hebben in de 
afgelopen jaren (het Medema lab, het Rowland lab, het Kops lab, het Timmers lab en het 
Holstege lab) en nog niet bij naam genoemd zijn. 

Alle groepen betrokken bij de MMM meeting: het van Rheenen lab, het de Rooij lab, het 
Kranenburg lab, het Snippert lab en het Jelluma lab. Bedankt voor de kritische input en 
discussies tijdens de werkbesprekingen
 
Alle leden van de onderzoeksgroepen waar ik als student stage heb gelopen. Allereerst prof. 
dr. G. Strous. Beste Ger, bedankt voor de hulp en steun tijdens mijn eerste stappen als 
onderzoeker. En prof. dr. J.P. Roose. Beste Jeroen, bedankt dat je me de mogelijkheid hebt 
geboden om naar je lab in San Francisco te komen. Het heeft een enorme bijdrage geleverd 
aan mijn wetenschappelijke vorming en daarnaast was het ook nog een fantastische tijd.

De huidige en oud-collega’s van de afdeling Pathologie maar in het bijzonder Willy, bedankt 
voor je essentiële hulp bij het regelen van afspraken, meetings, vluchten en al het promotie-
gerelateerde papierwerk. Robert, bedankt voor het vele kloneerwerk en het meedenken 
tijdens het cytokinese project. Daarnaast heel erg bedankt voor de hulp bij de opmaak van 
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dit proefschrift. Succes en veel plezier in Zweden. Jan, zonder jouw technische kennis had 
alles veel langer geduurd. Bedankt daarvoor. Willemijne, bedankt voor het organiseren van 
de werkbespreking. Succes met je promotie. Domenico, bedankt voor het (her)kleuren van 
de TMA’s. Jeroen, bedankt voor de samenwerking en je hulp bij de statistiek. De jongens 
van de IT-afdeling en in het bijzonder Eric en Marc. Bedankt voor de hulp bij alle computer-
gerelateerde zaken. Wat zijn het toch ook een boeven bij Apple. 

Dan zijn er ook nog mensen buiten de wetenschap. Ze bestaan echt.

Mijn vrienden. Joanne, bedankt voor de leuke tijd in Australië. Ik denk er nog vaak aan 
terug. Heel veel succes met het afronden van je promotie in Perth. Hopelijk kom je daarna 
toch iets dichterbij wonen. Roy, Koen, Teun, Paul en Lennart. Bedankt voor de gezelligheid. 
Ik had er veel vaker bij willen zijn maar dat ging niet altijd. St. Patrick’s Day in Dublin en de 
dagen in Boedapest zal ik niet snel vergeten. 

De families van de Ven, Helle en van Baar. Bedankt voor de gezelligheid tijdens alle 
familiebijeenkomsten. Het is heel fijn om zo nu en dan over iets anders te kunnen praten 
dan wetenschap en promoveren. 

Ons mam en ons pap, jullie steun en vertrouwen hebben bijgedragen aan dit proefschrift. 
Bedankt voor alles. Ik hoop dat ik de komende tijd wat vaker en meer uitgeslapen voor de 
deur zal staan. Mijn zussen. Simone, allereerst bedankt dat je mijn paranimf wilt zijn. Heel 
veel geluk met Sjors in jullie nieuwe huis. Ik ben je eeuwig dankbaar voor al de ritjes van en 
naar het treinstation. Wat er ook gebeurt je zal altijd de kleine blijven. Linda, bedankt voor 
je interesse. Je mag trots zijn op je twee kinderen. Colin en Owen, als jullie later groot zijn 
moeten jullie maar eens door dit boekje bladeren.  

Mijn vriendin en betere helft. Lieve Audrey, jouw grenzeloos vertrouwen heeft me enorm 
geholpen tijdens het afronden van mijn promotie. Bedankt dat je er altijd voor me bent. Je 
bent een hardwerkende en getalenteerde onderzoeker en een fantastisch persoon. Nu is 
het tijd voor het volgende avontuur samen in Boston. Ik hou van je.
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