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Breast cancer heterogeneity
Cancer is global health problem with more than 24 million cases and close 
to 10 million deaths world wide1. The chance of developing cancer during a 
lifetime is 1 in 3 for men and 1 in 4 four women1. In women, the second most 
common type of cancer is breast cancer1. Despite substantial improvement 
of available interventions, breast cancer remains responsible for the most 
cancer related deaths in women1. Breast cancer is a very heterogeneous 
disease that comprises multiple tumor types which can be classified based 
on different characteristics2. 

The most common method for breast cancer classification is via 
histopathology. Classification by histopathology relies on morphology, 
size, grade and biomarker expression of the tumors3,4. The first distinction 
made in breast cancers is whether the cancer cells are retained within the 
borders of the mammary duct. Carcinomas that are contained within the 
lumen of the mammary ducts are referred to as in situ carcinomas. Tumors 
that have breached the mammary ducts are termed invasive carcinomas. 
The second distinction based on morphology is the presence of a specific 
growth pattern. The majority of breast cancers (70-75%) are classified as 
carcinomas of no special type (formerly known as ductal carcinomas). Most of 
the special subtypes of breast cancer are relatively rare and often associated 
with specific genetic alterations2. Besides morphological classification, 
breast tumors are also divided by the expression of the Estrogen (ER) and 
progesterone (PR) receptors and more recently by expression of ERBB2 
(also referred to as HER2)5. Tumors that express none of these receptors 
are referred to as triple-negative tumors. The classification by expression 
of these receptors is important because expression of ER and PR makes 
patients eligible for hormonal therapies while expression of HER2 enables 
treatment with HER2-blocking antibodies. 

At the turn of the 21st century, molecular profiling based on gene expression 
enabled classification of breast tumors into two different subtypes driven 
by the presence or absence of active ER signaling6. Shortly thereafter, the 
molecular subtypes were further refined into 5 intrinsic subtypes namely: 
Luminal A and B, basal-like, HER2 and normal-like7,8. Confirmation that 
molecular classification can be a useful tool for treatment came when a 
gene signature assay (PAM50) was developed based on these intrinsic 
subtypes enabling risk of relapse prediction for ER positive breast cancer 
patients9. In addition, a 70-gene signature was generated that was 
capable of predicting which breast cancer patients had a good or poor 
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survival outcome10,11. Next to gene expression analysis genome wide 
copy number analysis has also been used to classify patients. Analysis 
based on copy number alterations (CNAs) found in human breast cancer 
patients yielded subgroups with differential patient survival rates12,13. The 
subgroups identified using CNA data were different from the subtypes 
identified using gene expression indicative that better classification was 
possible. Integration of both copy number analysis and gene expression 
data yielded 10 subtypes with differential clinical outcomes14,15. Finally DNA 
sequencing data are an additional source of information which can be used 
to classify tumors16–18. Mutual exclusivity and co-occurrence of mutations 
enable identification of mutations with similar or synergistic underlying 
mechanisms and allow stratification of tumors based on the involvement of 
specific signaling pathways. 

While all of the above described techniques have greatly contributed to 
our knowledge of the mutational spectrum of breast cancers, many of the 
mechanisms underlying the various subtypes remain unclear. To establish 
causal relationships between mutations clinical outcomes we require 
representative models that recapitulate the complexity of patient tumors 
but also enable assessment the contribution of specific mutations. To this 
end, genetically engineered mouse models (GEMMs) were created that 
harbor the same mutations found in the tumors of human cancer patients. 
GEMMs can be used to study most aspects of tumor biology including 
initiation of tumor development, tumor progression and drug response19. 
Ex vivo analysis of GEMM derived material is an additional method that 
allows the assessment of specific conditions in a controlled setting while 
maintaining a relevant background.  

Invasive lobular Carcinoma
After breast cancer of no special type, invasive lobular carcinoma (ILC) is the 
second most common subtype of breast cancer accounting for 8-14% of all 
cases20–22. Several morphological subtypes of ILC have been identified23. 
The most frequent morphological subtype of ILC is classic ILC characterized 
by non-cohesive cells invading the surrounding stroma in single files also 
referred to as ‘Indian files’. The invasive nature of ILC complicates diagnosis 
since ILCs typically do not form a solid mass and have no calcifications 
making it difficult to detect these lesions by palpation or mammography24. 
ILCs also frequently develop multifocally and are more often bilateral at 
presentation than other breast cancers25–27. ILCs typically have low grade 
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histology, low proliferation rates and are ER positive28. Classic ILCs usually 
fall in the luminal A subgroup which have a good prognosis. Less common 
ILC subtypes like pleomorphic ILC are part of the luminal B group which 
have a poorer prognosis compared to classical ILCs2. Because most ILCs 
are ER- and PR-positive the standard of care is endocrine based therapy29. 
ILCs generally respond well to endocrine-based therapies and have a 
favorable 5 year survival rate compared to breast cancers of no special 
type but have lower long-term survival rates30,31. Furthermore, If hormone 
receptor expression is lost ILCs are less responsive to chemotherapy32–34. 
ILCs have a tendency to disseminate to different organs than other types 
of breast cancer. Metastasis to the bone, peritoneum and ovaries are 
particularly more frequent in ILC21,35.

ILCs are not only distinct on a morphological level but also have different 
genetic alterations than other breast cancers. Loss of the cellular adhesion 
protein E-cadherin (encoded by CDH1) is the most common molecular 
characteristic of ILC (discussed in more detail in the next paragraph)36. 
Recurrent gains of chromosomes 1q, 16p and loss of chromosome 16q 
(where CDH1 is located) are also more common in ILC patients37,38. 
Next generation sequencing of human ILCs have yielded a wealth of 
information39–41. After CDH1, the most common mutations are found in 
Phosphatidylinositol-4,5-Bisphosphate 3-Kinase Catalytic Subunit Alpha 
(PIK3CA) which is an important member of the PI3K pathway. Also, other 
members of the PI3K pathway PTEN and AKT1 are frequently mutated in 
ILC patients indicating that the Pi3K pathway is an important pathway for 
this type of breast cancer. In addition, mutations in TP53, FOXA1,TBX3 and 
RUNX1 are also found in ILC patients. 

E-cadherin as a Tumor suppressor
Intercellular adhesion is essential for the integrity of epithelial tissues. 
Adherens junctions ensure that the barrier function of the epithelium is 
maintained. The most prominent component of adherens junctions are 
the cadherens42. Cadherins are transmembrane proteins that interact in 
the presence of calcium with other cadherins on neighboring cells via 
their extracellular domains. The intracellular domains of cadherins bind to 
P120- and β-catenin. β-catenin in turn binds to α-catenin which facilitates 
the interaction with the actin cytoskeleton. However, adherens junctions 
are more than just structural proteins, they also mediate multiple signaling 
pathways43–45. The most studied cadherin is found in epithelial tissues, 
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and therefore named E-cadherin. The importance of adherens junctions 
is underscored by the fact that inactivation of the E-cadherin gene results 
in embryonic lethality46. In the mammary gland, the luminal epithelial cells 
express E-cadherin while the myoepithelial cells express P-cadherin47.

In the early 1990’s, it became apparent that E-cadherin acts as a tumor 
suppressor.  Patient analysis revealed that E-cadherin was frequently 
inactivated in multiple solid tumor types48–50. There are several mechanisms 
through which E-cadherin can be inactivated in tumors. Promotor hyper 
methylation can reduce the expression levels resulting in loss or reduction 
of E-cadherin function51. The chromosomal region 16q is also frequently 
lost in multiple types of cancer either homo- or heterozygously52–54. 
Finally, mutations can also result in E-cadherin inactivation by generation 
of a truncated protein or exon skipping55–57. Often it is a combination of 
these events that results in complete loss of E-cadherin. The two tumor 
types most clearly associated with loss of E-cadherin are diffuse gastric 
cancer and ILC. In these cancer types, mutations are observed frequently 
and are known to result in complete loss of E-cadherin expression39–41,58. 
Furthermore, hereditary diffuse gastric cancer syndrome is characterized 
by heterozygous germline mutations in E-cadherin59. Women with germline 
E-cadherin mutations not only have a very high risk of developing gastric 
cancer but also have a greater than 40% chance of developing lobular 
breast cancer during their lifetime60,61. 

A functional role for E-cadherin loss in tumorigenesis became clear 
when comparison of tumor cells revealed that more invasive tumor cells 
often express no E-cadherin and became less invasive when E-cadherin 
was expressed62,63. E-cadherin loss is also a well-known characteristic 
of epithelial to mesenchymal transition (EMT). EMT is a process where 
epithelial cells lose their epithelial properties and gain mesenchymal 
properties. EMT was discovered as a vital process involved in multiple 
phases of embryonic development64. This process can also be hijacked 
by tumor cells to promote their dissemination. While loss of E-cadherin 
is an essential step in EMT it is a common misconception that loss of 
E-cadherin by itself results in EMT. It has been shown that knockout of 
E-cadherin in epithelial cells is insufficient to induce EMT65–67. Furthermore, 
ILCs and diffuse gastric cancers typically do not display a mesenchymal 
phenotype23,68. This indicates that loss of E-cadherin is a consequence 
of EMT rather than a driving event. Nonetheless, it is clear E-cadherin 
mediated cell-cell interactions play an important role in the regulation of 
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motility in epithelial cells.

Besides increased invasion, loss of E-cadherin has also been shown to 
have an impact on cell proliferation. In tissue homeostasis, an epithelial cell 
needs to ‘know’ when to proliferate or not. Adherence junctions provide 
critical information of the direct spatial cellular surrounding. In wild-type 
epithelial cells, the growth is halted when cells become confluent, a 
phenomenon known as contact inhibition of proliferation. E-cadherin has 
been proposed to play an important role in this phenomenon as loss of 
E-cadherin was required for the growth of epithelial cancer cells when they 
are confluent69,70. However, there is also evidence that loss of E-cadherin 
alone is insufficient to induce contact inhibition in untransformed epithelial 
cells, indicating other alterations are required71.  Contact inhibition has 
been linked to multiple signaling pathways. One pathway may be related 
to growth factor signaling, as E-cadherin engagement has been shown 
to inhibit ligand-based activation of EGFR and other receptor tyrosine 
kinase receptors72,73. Furthermore, E-cadherin also activates the hippo 
signaling pathway via α-catenin, which upon activation inhibits the 
transcription factors YAP and TAZ that stimulate cell growth74. However, 
there is also evidence indicating that E-cadherin interactions between cells 
are involved in cell cycle progression75. Benham-pyle et al. showed that 
homophilic trans interactions between E-cadherin molecules is required 
for the transition from G1/0 to S phase that is induced by mechanical strain 
in confluent epithelial cells75. Altogether, E-cadherin may inhibit or induce 
cell proliferation depending on the physiological context.  

Finally, E-cadherin also plays an important role in the induction of cell-
extrinsic apoptosis76. Cell-extrinsic apoptosis is initiated by specific 
members of the tumor necrosis factor ligand family, including Apo2L/
TRAIL. These ligands bind to the death receptors DR4 and DR5, leading to 
the formation of a death-inducing signaling complex (DISC) which includes 
several protein including caspase 8. To induce apoptosis, DISC has to 
be coupled to the actin cytoskeleton. E-cadherin containing adherens 
junctions were shown to be required for coupling of the DISC complex 
to the cytoskeleton. This interaction was dependent on the presence of 
β-catenin. Knockdown of E-cadherin significantly reduced the sensitivity 
of cancer cells to TRAIL-induced apoptosis. It should be noted that cells 
that have lost E-cadherin are still going into apoptosis via cell-intrinsic 
apoptosis pathways. 

Overall E-cadherin has been shown to be an important tumor suppression 
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that acts via different mechanisms. The ample evidence for CDH1 mutations 
in ILC made E-cadherin a prime candidate for the generation of ILC mouse 
models.

Actomyosin contractility 
The actin cytoskeleton is a primary component of every cell, providing cell 
structure and controlling cell signaling by mechanotransduction. The actin 
cytoskeleton controls cell shape and movement but also cell survival and 
expansion. The actin cytoskeleton is composed of actin monomers which 
are polymerized into actin filaments77,78. Two actin filaments wind around 
each other to form a helical structure. The actin filaments can be used 
as anchoring points for myosins. Myosins are the motor proteins that can 
cause contraction of different actin filaments enabling motility and shape 
changes. Myosins were originally identified in muscle cells but later found 
to be present in all eukaryotic cells79. Epithelial cells express non-muscle  
myosin II (NM II) which is a complex of two myosin heavy chains, two 
regulatory light chains and two essential light chains80. The heavy chains 
form a homodimer with their c-terminal tails and bind one essential and 
regulatory light chain each. The essential light chains stabilize the heavy 
chains while the regulatory light chains (RLCs) determine the activity of the 
complex. In its active state, NM II can self-associate with other NM II via 
the c-terminal domain while the N-terminal heads tether to actin filaments. 
ATP hydrolysis in the heads of the heavy chains causes a conformational 
change resulting in the anti-parallel movement of the actin filaments. 

The activity of myosins has to be tightly controlled in order to result in directed 
motility. The primary determinant of NM II activity is the phosphorylation of 
Serine 19 (Ser19) of RLCs which greatly increases the ATPase activity by 
controlling the conformation of the myosin heads81,82. The phosphorylation 
Ser19 of the RLCs can be performed by a number of kinases, including 
myosin light chain kinase (MLCK), Rho-associated coiled coil-containing 
kinase (ROCK), citron kinase, leucine zipper interacting kinase and 
myotonic dystrophy kinase related CDC42-binding kinase81–84. These 
kinases are activated by different signals. MLCK is activated by calcium 
binding protein calmodulin while ROCK and citron kinase are activated by 
Ras homolog gene family member A (RhoA), which is a small GTP-binding 
protein85–87. While MLCK can only phosphorylate RLCs, both ROCK and 
citron kinase have multiple substrates. ROCK not only activates NM II by 
RLC  phosphorylation but also by phosphorylation of the myosin light chain 



Chapter 114

phosphatase (MLCP) complex. Myosin phosphatase is a protein complex 
containing protein phosphatase 1 (PP1), myosin phosphatase targeting 
subunit 1 (MYPT1 or PPP1R12A) and a small subunit M2088. As the name 
suggests, MLCP dephosphorylates RLC thereby inhibiting NM II. ROCK can 
phosphorylate MYPT1 at Threonine 697 and 855 inhibiting MLCP activity89. 
Further regulation of NM II activity is controlled by phosphorylation of 
C-terminal residues of the heavy chains, which prevents myosin filament 
formation or induces their dissociation90–92.  

Adherens junctions are not just tethered to the actin cytoskeleton but 
are also involved in actin filament assembly and actin contraction93. The 
effects of cadherens on actomyosin contractility seem to type dependent. 
The formation of adherens junctions by E-cadherin engagement has been 
shown to reduce RhoA signaling while upregulating the Rho GTPase 
Rac194. Inhibition of RhoA is partly mediated by sequestering of the GTPase 
activating protein (GAP) p190RhoGAP to the cell junction by E-cadherin95. 
In addition, loss of E-cadherin has been shown to increase cytoplasmic and 
nuclear localization of p120 catenin96. In E-cadherin-deficient mammary 
tumor cells, cytoplasmic localization of p120 can result in the activation of 
RhoA by binding and inhibiting the Rho antagonist myosin phosphatase 
Rho-interacting Protein (MRIP)97.  While E-cadherin seems to decrease 
RhoA activity, engagement of N-cadherin and VE-cadherin results in 
increased RhoA activation98,99. It appears therefore that E-cadherin reduces 
actomyosin contractility while N-cadherin and VE-cadherin activate 
actomyosin contractility. This is in line with the observation that luminal 
epithelial cells have low MLC phosphorylation compared to mesenchymal 
and endothelial cells100. 

Next to intercellular adhesion the adhesion of cells to their environment 
also plays an important role in actomyosin contractility101. Stiffer matrices 
have been shown to induce actomyosin contractility in fibroblasts and lead 
to higher migration rates of mesenchymal stem cells102,103. The stiffness 
of the extracellular matrix (ECM) is in part dependent on the components 
making up the matrix. For example fibrillar collagen (collagen 1) is much 
stiffer than basement membrane components laminin and collagen IV104. 
ECM components themselves also have differential effects on actomyosin 
contractility. For example, adhesion on fibrillar collagen results in increased 
actomyosin contraction while laminin 332 a component of the basement 
membrane of the mammary gland reduces actomyosin contractility105. 
This is caused by differential integrin activation. Integrin α3β1 adhesion 
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to laminin 332 leads to activation of Rac1, which in turn inhibits RhoA 
signaling106–109.  In contrast, adhesion of integrin α2β1 to collagen 1 induces 
RhoA activation105. 

The role of actomyosin contractility in cancer
Actomyosin contractility has been studied intensively in the context of 
tumorigenesis110. High actomyosin contractility has been associated with 
multiple steps of the metastatic cascade in multiple types of cancer. 
Increased activation of ROCK via RhoA  has been shown to increase 
invasion of cancer cells by increasing migration and matrix deformation111–114. 
Actomyosin contractility is also required for cells to enter and exit blood 
vessels and for their survival in circulation113,115–117. Finally the colonization 
of distant organs is also favored by cells with higher actomyosin 
contractility116,118–120. While there is extensive evidence that actomyosin 
contractility is important during metastasis, there is also evidence for a role 
in tumor growth. Inhibition of ROCK by shRNA-mediated knockdown or 
pharmaceutical inhibition not only reduced metastasis but also reduced 
tumor outgrowth97,121. ROCK activity has also been shown to increase 
tissue stiffness and activation of β-catenin, which increased the growth 
of melanoma122. Actomyosin contractility is also an important factor for 
the maintenance of nuclear integrity. Nuclear deformation and genomic 
instability are features of cancer and correlate with increased malignancy. 
Inhibition of MLCP by knockdown of either MYPT1 or PP1 has been shown 
to increase nuclear deformation and genomic instability123. Overall, 
actomyosin contractility has been primarily associated with migration and 
invasion whereas it clearly also impacts other aspects of tumorigenesis like 
cell adhesion.

Mouse models in breast cancer research
The first transgenic mouse models of breast cancers were generated by 
mammary specific overexpression of strong oncogenes, such as Myc, Ras 
and Neu (now known as ERRB2)124–126. To achieve this, a part of the mouse 
mammary tumor virus long terminal repeat (MMTV-LTR) was cloned in front 
of the Myc, Ras and Neu sequences. The development of gene knockout 
technology enabled analysis of tumor suppressor genes (TSGs) such as 
p53127. The limitations of these models were that the TSG knockouts were 
not tissue specific and the transgenic mice expressed the transgenes in 
the majority of mammary epithelial cells. The latter is a problem because 
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cancer is viewed to arise in single cells that progressively gain multiple 
genetic mutations. Another issue frequently observed with the deletion of 
tumor suppressor genes is that loss of these genes often causes embryonic 
lethality128–131. 

To circumvent the limitations of conventional GEMMs, new systems 
were developed that allowed induction oncogenes or knockout of 
TSGs in specific tissues and at the time of interest. The most commonly 
used system combines a bacterial enzyme called Cre recombinase with 
recombinase recognition sites (LoxP sites), which are integrated into the 
genome132. These loxP sites do not affect normal gene function but in the 
presence Cre recombinase a recombination event occurs that excises the 
region in between the loxP sites. If the loxP sites flank a gene or part of 
it then its expression will be perturbed. To ensure tissue specificity, Cre 
recombinase was coupled to promoter sequences only active in the 
tissue of interest. For the mammary gland, the most common promoter 
sequences are mouse mammary tumor virus (MMTV), Whey acid protein 
(WAP) and beta-lactoglobulin (BLG)133–135. Alternatively, Cre recombinase 
can also be expressed by transducing mammary epithelial cells with lenti- 
or adeno-viruses encoding Cre recombinase administered via intraductal 
injection136,137. To induce overexpression of (onco)genes with the Cre/LoxP 
system, it is possible to use a so called lox-stop-lox (LSL) system, which 
utilizes a transcription termination sequence flanked by loxP sites138–140. 
In the absence of Cre expression, the transgene downstream of the LSL 
system is not expressed. Besides the LSL system, it is also possible to 
use the mutant loxP sites Lox66 and lox71141,142. When Cre recombinase 
interacts with Lox66 and lox71 sites it results in an irreversible inversion. 
An inverted promotor sequence flanked by Lox66 and lox71 sites upstream 
of an oncogene will therefore only result in expression if Cre recombinase 
is active143. Overall, the Cre/loxP system has been used successfully to 
generate multiple models of breast Cancer144–148. 

While germline mouse models have given us valuable information they are 
also expensive and time-consuming. This holds true especially if multiple 
mutations are combined. The development of CRISPR/Cas technology has 
greatly expanded our options for mouse model development. The system 
was originally discovered as a prokaryotic defense mechanism against 
foreign genetic elements149–152. During recent years, this system has been 
successfully utilized to edit the genome of mammalian cells153. In this 
system, short RNA sequences called single guide RNAs are used to target 
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a nuclease called Cas9 to a specific site in genome. Once the nuclease 
is at this specific site it makes a double-strand break in the DNA, which 
can be repaired by the DNA repair pathways present in the cell. The true 
power of this technique lies in the fact that If repair of the break is done 
correctly it can be targeted again by the CRISPR system until mistakes 
are made during DNA repair. The repair with the non-homologous end 
joining pathway is relatively error-prone and can lead to small deletions 
or insertions that can cause a frame shift resulting in inactivation of the 
targeted gene. The CRISPR/Cas system has been utilized for modeling of 
multiple cancer types including breast cancer154–157. 

Modeling invasive lobular carcinoma in mice 
Loss of E-cadherin is not only a hallmark of ILC, it is also considered to be 
an early event in ILC tumorigenesis158. Therefore, modeling of ILC in mice 
started with the generation of E-cadherin floxed alleles that enabled somatic 
loss of E-cadherin in the mammary gland145,159. It quickly became apparent 
that despite being the main driver event in ILCs, loss of E-cadherin alone is 
insufficient to induce mammary tumors in mice. The first ILC mouse model 
therefore combined epithelium-specific loss of E-cadherin with the loss of 
tumor suppressor p53 which proved sufficient to induce ILC145. A limitation of 
this model is the Cre recombinase expression was under control of the K14 
promoter the activity of which is not exclusive to the mammary gland. Most 
mice therefore not only developed ILCs but also skin tumors. To address 
this issue, a new model was generated in which deletion of E-cadherin 
and p53 was induced by Cre recombinase expressed from the Whey acid 
protein (WAP) promotor, which is exclusive to mammary epithelial cells146. 
While the tumors generated by combined loss of E-cadherin and p53 were 
ILCs, there remained several limitations. The tumors  were typically had a 
pleomorphic morphology which is a relatively rare subtype observed in the 
clinic. Furthermore, tumors driven by combined loss of p53 and E-cadherin 
grow very rapidly while ILCs are typically marked by low proliferation rates. 
Finally most human ILCs are characterized by expression of the estrogen 
receptor (ER) but the tumors generated by combined loss of E-cadherin 
and p53 were mostly ER negative. Analysis of human tumors has shown 
that the most common mutations in human ILCs (after E-cadherin) are 
found in members of PI3K pathway. Combinations of these PI3K pathway 
mutations with loss of E-cadherin yielded additional models of ILC147,148,156. 
Importantly, tumors derived from these models did show a morphology 
closely resembling human classic ILC the most frequently observed 
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subtype. Additionally, ER expression was observed in most of these 
tumors although these models were never tested for their dependency 
on ER signaling. Overall, there have been made substantial advances in 
modeling ILC in mice over the past fifteen years, yielding multiple models 
that resemble different subtypes of ILC.       

Insertional mutagenesis as a tool for cancer driver discovery
The extensive analysis of patient tumors has yielded a wealth of 
information on the mutational landscape of cancer. For some genes the 
sheer number of specific mutations makes establishing causality relatively 
easy. However not all mutations have such clear causal links. Copy-
number alterations are particularly difficult since these mutations often 
involve large number of genes. An alternative method to identify genes 
involved in cancer development or progression is insertional mutagenesis 
in mice160. This method relies on the random insertion of genetic elements 
called transposons in the genome. These transposons can interfere with 
gene transcription leading to either inactivation or activation of the gene. 
Integration of transposons near/into oncogenes and tumor suppressor 
genes can result in tumor development. To establish which genes are 
affected by transposon insertions, the location of insertions needs to be 
determined. The location of insertions can be determined using DNA or 
RNA derived from the generated tumors161,162. Analysis of multiple tumors 
allows one to determine common insertion sites which are likely to contain 
candidate driver genes. 

Several insertional mutagenesis systems have been developed over the 
years. The initial insertional mutagenesis screen were conducted using 
slow transforming retroviruses163,164. While successful, these systems mainly 
identified oncogenes and were limited to tissues that could be readily 
infected165. These limitations were circumvented when DNA transposons 
were engineered to work in mammalian cells166,167. The most frequently 
used systems in mice are the Sleeping Beauty (SB) and piggyBac (PB) 
systems168–171. They are two-part systems that rely on a concatemer of 
transposons and an enzyme called transposase. The transposase facilitates 
excision of transposons and the integration into another part of the genome. 
The transposons have been engineered to contain splice acceptor sites 
followed by splice donor sites in both orientations, allowing for premature 
termination of transcription resulting in loss of gene expression or the 
expression of a truncated version of the protein. The transposon also 
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harbor a unidirectional promoter sequence upstream of a splice donor, 
enabling gene expression only if the transposon is inserted in the sense 
orientation. In this case, the orientation of the inserted transposon can 
provide a hint whether the gene is an oncogene or a tumor suppressor 
gene. One limitation of insertional mutagenesis is that it is not possible to 
generate point mutations. Overall, insertional mutagenesis screens in mice 
have proven to be a powerful tool for the discovery of genes involved in 
tumor development171–174. 

Chapters of this thesis

In this thesis, we made use of genetically engineered mouse models and in 
vivo insertional mutagenesis to identify drivers of ILC. Using lineage tracing 
and intravital imaging, we discovered the consequences of E-cadherin loss 
in luminal mammary epithelial cells and the requirement for rebalancing 
of actomyosin contractility to drive ILC development. We used in vivo 
insertion mutagenesis to discover new mechanisms of resistance against 
FGFR inhibition.  

In Chapter 2, we identified novel drivers of ILC by combining insertional 
mutagenesis with germline mouse modeling. We introduced the Sleeping 
Beauty system in mice that have mammary gland specific loss of 
E-cadherin.  We showed that insertional mutagenesis in these mice results 
in the formation of ILCs that resemble human ILC. Analysis of the common 
insertion sites in these tumors revealed mutually exclusive insertions in a 
group of four genes, indicating a shared mechanism of action. Transposon 
insertions in Ppp1r12a/b (MYPT1/2 ) and Trp53bp2  (ASPP2) resulted in 
the expression of truncation variants while insertion in Myh9 resulted in 
reduced protein expression. We validated that alterations in these genes 
are indeed sufficient to induce ILC when combined with E-cadherin 
loss. Three of these four genes are involved in actomyosin contractility 
implicating this pathway as an important component of ILC development. 

In Chapter 3, we delve deeper into the consequences of E-cadherin loss 
in the mammary epithelium and the requirements for ILC development. 
By combining our conditional E-cadherin knockout mouse models with a 
GFP reporter, we were able to identify the fate of luminal murine mammary 
epithelial cells (MMECs) that lose E-cadherin. We discovered that E-cadherin 
loss not only results in luminal extrusion followed by apoptosis as reported 
earlier, but also basal extrusion allowing survival of E-cadherin deficient 
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MMECs in the fibrous stroma. The basally extruded cells formed clusters 
of cells but did not progress into tumors over time. We discovered that 
increased actomyosin contractility inhibits adhesion and survival on fibrillar 
collagen and invasion into the mammary stroma. Expression of truncated 
MYPT1 partially reduced actomyosin contractility of E-cadherin deficient 
MMECs, resulting in rapid ILC formation. 

In Chapter 4, we investigated the molecular mechanism underlying ILC 
formation by truncated ASPP2 (Trp53bp2). We show that expression of 
truncated ASPP2 causes actomyosin relaxation similar to truncated MYPT1, 
enabling the survival and adhesion of E-cadherin deficient MECs on stiff 
substrates. Expression of truncated ASPP2 also decreased tumor related 
survival compared to tumors induced by expression of truncated MYPT1. We 
found that truncated ASPP2 not only decreases actomyosin relaxation but 
also induces activation of YAP1, which enhances tumor growth. Activation 
of YAP1 by truncated ASPP2 enhances tumor growth but is not required for 
tumor initiation.  

In Chapter 5, we used insertional mutagenesis to identify mechanisms 
of resistance to the FGFR inhibitor AZD4547. Tumors with active FGFR 
signaling were initially sensitive to FGFR inhibition but eventually developed 
resistance to AZD4547. Analysis of the resistant tumors yielded multiple 
candidate genes for resistance. We were able to identify 4 mechanisms of 
resistance, mostly converging on reactivation of the canonical MAPK-ERK 
pathway. Two of these mechanisms, inactivation of RASA1 and activation 
of the drugs efflux pump ABCG2, were only found by de novo transposon 
insertions in these genes. 

In Chapter 6 I discuss the findings of this thesis and put them into 
perspective. I also discuss some of the remaining issues and new questions.  



Introduction 21

References

1.	 Global Burden of Disease Cancer Collaboration et al. Global, Regional, and 
National Cancer Incidence, Mortality, Years of Life Lost, Years Lived With 
Disability, and Disability-Adjusted Life-Years for 29 Cancer Groups, 1990 to 
2017: A Systematic Analysis for the Global Burden of Disease Study. JAMA 
Oncol. (2019) doi:10.1001/jamaoncol.2019.2996.

2.	 Harbeck, N. et al. Breast cancer. Nat. Rev. Dis. Primer 5, 66 (2019).

3.	 Elston, C. W. & Ellis, I. O. Pathological prognostic factors in breast cancer. I. 
The value of histological grade in breast cancer: experience from a large 
study with long-term follow-up. Histopathology 19, 403–410 (1991).

4.	 Weigelt, B. et al. Refinement of breast cancer classification by molecular 
characterization of histological special types. J. Pathol. 216, 141–150 (2008).

5.	 Curigliano, G. et al. De-escalating and escalating treatments for early-stage 
breast cancer: the St. Gallen International Expert Consensus Conference on 
the Primary Therapy of Early Breast Cancer 2017. Ann. Oncol. Off. J. Eur. Soc. 
Med. Oncol. 28, 1700–1712 (2017).

6.	 Perou, C. M. et al. Molecular portraits of human breast tumours. Nature 406, 
747–752 (2000).

7.	 Sørlie, T. et al. Gene expression patterns of breast carcinomas distinguish 
tumor subclasses with clinical implications. Proc. Natl. Acad. Sci. U. S. A. 98, 
10869–10874 (2001).

8.	 Sorlie, T. et al. Repeated observation of breast tumor subtypes in independent 
gene expression data sets. Proc. Natl. Acad. Sci. U. S. A. 100, 8418–8423 
(2003).

9.	 Parker, J. S. et al. Supervised risk predictor of breast cancer based on intrinsic 
subtypes. J. Clin. Oncol. Off. J. Am. Soc. Clin. Oncol. 27, 1160–1167 (2009).

10.	 van ’t Veer, L. J. et al. Gene expression profiling predicts clinical outcome of 
breast cancer. Nature 415, 530–536 (2002).

11.	 van de Vijver, M. J. et al. A gene-expression signature as a predictor of survival 
in breast cancer. N. Engl. J. Med. 347, 1999–2009 (2002).

12.	 Hicks, J. et al. Novel patterns of genome rearrangement and their association 
with survival in breast cancer. Genome Res. 16, 1465–1479 (2006).

13.	 Russnes, H. G. et al. Genomic architecture characterizes tumor progression 
paths and fate in breast cancer patients. Sci. Transl. Med. 2, 38ra47 (2010).

14.	 Chin, K. et al. Genomic and transcriptional aberrations linked to breast cancer 
pathophysiologies. Cancer Cell 10, 529–541 (2006).

15.	 Curtis, C. et al. The genomic and transcriptomic architecture of 2,000 breast 
tumours reveals novel subgroups. Nature 486, 346–352 (2012).

16.	 Cancer Genome Atlas Network. Comprehensive molecular portraits of human 
breast tumours. Nature 490, 61–70 (2012).

17.	 Stephens, P. J. et al. The landscape of cancer genes and mutational processes 
in breast cancer. Nature 486, 400–404 (2012).



Chapter 122

18.	 Nik-Zainal, S. et al. Landscape of somatic mutations in 560 breast cancer 
whole-genome sequences. Nature 534, 47–54 (2016).

19.	 de Ruiter, J. R., Wessels, L. F. A. & Jonkers, J. Mouse models in the era of large 
human tumour sequencing studies. Open Biol. 8, (2018).

20.	 Martinez, V. & Azzopardi, J. G. Invasive lobular carcinoma of the breast: 
incidence and variants. Histopathology 3, 467–488 (1979).

21.	 Borst, M. J. & Ingold, J. A. Metastatic patterns of invasive lobular versus 
invasive ductal carcinoma of the breast. Surgery 114, 637–641; discussion 641-
642 (1993).

22.	 Wong, H. et al. Lobular breast cancers lack the inverse relationship between 
ER/PR status and cell growth rate characteristic of ductal cancers in two 
independent patient cohorts: implications for tumor biology and adjuvant 
therapy. BMC Cancer 14, 826 (2014).

23.	 Vlug, E., Ercan, C., van der Wall, E., van Diest, P. J. & Derksen, P. W. B. Lobular 
breast cancer: pathology, biology, and options for clinical intervention. Arch. 
Immunol. Ther. Exp. (Warsz.) 62, 7–21 (2014).

24.	 Porter, A. J., Evans, E. B., Foxcroft, L. M., Simpson, P. T. & Lakhani, S. R. 
Mammographic and ultrasound features of invasive lobular carcinoma of the 
breast. J. Med. Imaging Radiat. Oncol. 58, 1–10 (2014).

25.	 Newstead, G. M., Baute, P. B. & Toth, H. K. Invasive lobular and ductal 
carcinoma: mammographic findings and stage at diagnosis. Radiology 184, 
623–627 (1992).

26.	 Krecke, K. N. & Gisvold, J. J. Invasive lobular carcinoma of the breast: 
mammographic findings and extent of disease at diagnosis in 184 patients. 
AJR Am. J. Roentgenol. 161, 957–960 (1993).

27.	 Helvie, M. A., Paramagul, C., Oberman, H. A. & Adler, D. D. Invasive lobular 
carcinoma. Imaging features and clinical detection. Invest. Radiol. 28, 202–
207 (1993).

28.	 Arpino, G., Bardou, V. J., Clark, G. M. & Elledge, R. M. Infiltrating lobular 
carcinoma of the breast: tumor characteristics and clinical outcome. Breast 
Cancer Res. BCR 6, R149-156 (2004).

29.	 Rakha, E. A. et al. Invasive lobular carcinoma of the breast: response to 
hormonal therapy and outcomes. Eur. J. Cancer Oxf. Engl. 1990 44, 73–83 
(2008).

30.	 Colleoni, M. et al. Annual Hazard Rates of Recurrence for Breast Cancer 
During 24 Years of Follow-Up: Results From the International Breast Cancer 
Study Group Trials I to V. J. Clin. Oncol. Off. J. Am. Soc. Clin. Oncol. 34, 927–
935 (2016).

31.	 Korhonen, T. et al. The impact of lobular and ductal breast cancer histology 
on the metastatic behavior and long term survival of breast cancer patients. 
Breast Edinb. Scotl. 22, 1119–1124 (2013).

32.	 Cristofanilli, M. et al. Invasive lobular carcinoma classic type: response to 
primary chemotherapy and survival outcomes. J. Clin. Oncol. Off. J. Am. Soc. 
Clin. Oncol. 23, 41–48 (2005).



Introduction 23

33.	 Tubiana-Hulin, M. et al. Response to neoadjuvant chemotherapy in lobular 
and ductal breast carcinomas: a retrospective study on 860 patients from one 
institution. Ann. Oncol. Off. J. Eur. Soc. Med. Oncol. 17, 1228–1233 (2006).

34.	 Lips, E. H. et al. Lobular histology and response to neoadjuvant chemotherapy 
in invasive breast cancer. Breast Cancer Res. Treat. 136, 35–43 (2012).

35.	 Ferlicot, S. et al. Wide metastatic spreading in infiltrating lobular carcinoma of 
the breast. Eur. J. Cancer Oxf. Engl. 1990 40, 336–341 (2004).

36.	 Moll, R., Mitze, M., Frixen, U. H. & Birchmeier, W. Differential loss of E-cadherin 
expression in infiltrating ductal and lobular breast carcinomas. Am. J. Pathol. 
143, 1731–1742 (1993).

37.	 Stange, D. E. et al. High-resolution genomic profiling reveals association of 
chromosomal aberrations on 1q and 16p with histologic and genetic subgroups 
of invasive breast cancer. Clin. Cancer Res. Off. J. Am. Assoc. Cancer Res. 12, 
345–352 (2006).

38.	 Simpson, P. T. et al. Molecular profiling pleomorphic lobular carcinomas of 
the breast: evidence for a common molecular genetic pathway with classic 
lobular carcinomas. J. Pathol. 215, 231–244 (2008).

39.	 Ciriello, G. et al. Comprehensive Molecular Portraits of Invasive Lobular Breast 
Cancer. Cell 163, 506–519 (2015).

40.	 Desmedt, C. et al. Genomic Characterization of Primary Invasive Lobular 
Breast Cancer. J. Clin. Oncol. Off. J. Am. Soc. Clin. Oncol. 34, 1872–1881 (2016).

41.	 Michaut, M. et al. Integration of genomic, transcriptomic and proteomic data 
identifies two biologically distinct subtypes of invasive lobular breast cancer. 
Sci. Rep. 6, 18517 (2016).

42.	 Takeichi, M. Cadherin cell adhesion receptors as a morphogenetic regulator. 
Science 251, 1451–1455 (1991).

43.	 Thoreson, M. A. et al. Selective uncoupling of p120(ctn) from E-cadherin 
disrupts strong adhesion. J. Cell Biol. 148, 189–202 (2000).

44.	 Ozawa, M., Baribault, H. & Kemler, R. The cytoplasmic domain of the cell 
adhesion molecule uvomorulin associates with three independent proteins 
structurally related in different species. EMBO J. 8, 1711–1717 (1989).

45.	 Gottardi, C. J. & Gumbiner, B. M. Adhesion signaling: how beta-catenin 
interacts with its partners. Curr. Biol. CB 11, R792-794 (2001).

46.	 Larue, L., Ohsugi, M., Hirchenhain, J. & Kemler, R. E-cadherin null mutant 
embryos fail to form a trophectoderm epithelium. Proc. Natl. Acad. Sci. U. S. 
A. 91, 8263–8267 (1994).

47.	 Daniel, C. W., Strickland, P. & Friedmann, Y. Expression and functional role of 
E- and P-cadherins in mouse mammary ductal morphogenesis and growth. 
Dev. Biol. 169, 511–519 (1995).

48.	 Birchmeier, W. & Behrens, J. Cadherin expression in carcinomas: role in 
the formation of cell junctions and the prevention of invasiveness. Biochim. 
Biophys. Acta 1198, 11–26 (1994).

49.	 Bracke, M. E., Van Roy, F. M. & Mareel, M. M. The E-cadherin/catenin complex 
in invasion and metastasis. Curr. Top. Microbiol. Immunol. 213 ( Pt 1), 123–161 



Chapter 124

(1996).

50.	 Berx, G. et al. E-cadherin is a tumour/invasion suppressor gene mutated in 
human lobular breast cancers. EMBO J. 14, 6107–6115 (1995).

51.	 Caldeira, J. R. F. et al. CDH1 promoter hypermethylation and E-cadherin 
protein expression in infiltrating breast cancer. BMC Cancer 6, 48 (2006).

52.	 Natt, E., Magenis, R. E., Zimmer, J., Mansouri, A. & Scherer, G. Regional 
assignment of the human loci for uvomorulin (UVO) and chymotrypsinogen 
B (CTRB) with the help of two overlapping deletions on the long arm of 
chromosome 16. Cytogenet. Cell Genet. 50, 145–148 (1989).

53.	 Berx, G. et al. Cloning and characterization of the human invasion suppressor 
gene E-cadherin (CDH1). Genomics 26, 281–289 (1995).

54.	 Strumane, K., Berx, G. & Van Roy, F. Cadherins in cancer. Handb. Exp. 
Pharmacol. 69–103 (2004) doi:10.1007/978-3-540-68170-0_4.

55.	 Berx, G. et al. E-cadherin is inactivated in a majority of invasive human lobular 
breast cancers by truncation mutations throughout its extracellular domain. 
Oncogene 13, 1919–1925 (1996).

56.	 Becker, K. F. et al. Exon skipping in the E-cadherin gene transcript in metastatic 
human gastric carcinomas. Hum. Mol. Genet. 2, 803–804 (1993).

57.	 Becker, K. F. et al. E-cadherin gene mutations provide clues to diffuse type 
gastric carcinomas. Cancer Res. 54, 3845–3852 (1994).

58.	 Bass, A. J. et al. Comprehensive molecular characterization of gastric 
adenocarcinoma. Nature 513, 202–209 (2014).

59.	 Guilford, P. et al. E-cadherin germline mutations in familial gastric cancer. 
Nature 392, 402–405 (1998).

60.	 Pharoah, P. D., Guilford, P., Caldas, C. & International Gastric Cancer 
Linkage Consortium. Incidence of gastric cancer and breast cancer in CDH1 
(E-cadherin) mutation carriers from hereditary diffuse gastric cancer families. 
Gastroenterology 121, 1348–1353 (2001).

61.	 Hansford, S. et al. Hereditary Diffuse Gastric Cancer Syndrome: CDH1 
Mutations and Beyond. JAMA Oncol. 1, 23–32 (2015).

62.	 Frixen, U. H. et al. E-cadherin-mediated cell-cell adhesion prevents 
invasiveness of human carcinoma cells. J. Cell Biol. 113, 173–185 (1991).

63.	 Vleminckx, K., Vakaet, L., Mareel, M., Fiers, W. & van Roy, F. Genetic 
manipulation of E-cadherin expression by epithelial tumor cells reveals an 
invasion suppressor role. Cell 66, 107–119 (1991).

64.	 Thiery, J. P., Acloque, H., Huang, R. Y. J. & Nieto, M. A. Epithelial-mesenchymal 
transitions in development and disease. Cell 139, 871–890 (2009).

65.	 Chen, A. et al. E-cadherin loss alters cytoskeletal organization and adhesion 
in non-malignant breast cells but is insufficient to induce an epithelial-
mesenchymal transition. BMC Cancer 14, 552 (2014).

66.	 Shamir, E. R. et al. Twist1-induced dissemination preserves epithelial identity 
and requires E-cadherin. J. Cell Biol. 204, 839–856 (2014).



Introduction 25

67.	 van der Post, R. S. et al. Hereditary diffuse gastric cancer: updated clinical 
guidelines with an emphasis on germline CDH1 mutation carriers. J. Med. 
Genet. 52, 361–374 (2015).

68.	 Hu, B. et al. Gastric cancer: Classification, histology and application of 
molecular pathology. J. Gastrointest. Oncol. 3, 251–261 (2012).

69.	 St Croix, B. et al. E-Cadherin-dependent growth suppression is mediated 
by the cyclin-dependent kinase inhibitor p27(KIP1). J. Cell Biol. 142, 557–571 
(1998).

70.	 Motti, M. L. et al. Reduced E-cadherin expression contributes to the loss 
of p27kip1-mediated mechanism of contact inhibition in thyroid anaplastic 
carcinomas. Carcinogenesis 26, 1021–1034 (2005).

71.	 Liu, W. F., Nelson, C. M., Pirone, D. M. & Chen, C. S. E-cadherin engagement 
stimulates proliferation via Rac1. J. Cell Biol. 173, 431–441 (2006).

72.	 Perrais, M., Chen, X., Perez-Moreno, M. & Gumbiner, B. M. E-cadherin 
homophilic ligation inhibits cell growth and epidermal growth factor receptor 
signaling independently of other cell interactions. Mol. Biol. Cell 18, 2013–
2025 (2007).

73.	 Qian, X., Karpova, T., Sheppard, A. M., McNally, J. & Lowy, D. R. E-cadherin-
mediated adhesion inhibits ligand-dependent activation of diverse receptor 
tyrosine kinases. EMBO J. 23, 1739–1748 (2004).

74.	 Kim, N.-G., Koh, E., Chen, X. & Gumbiner, B. M. E-cadherin mediates contact 
inhibition of proliferation through Hippo signaling-pathway components. Proc. 
Natl. Acad. Sci. U. S. A. 108, 11930–11935 (2011).

75.	 Benham-Pyle, B. W., Pruitt, B. L. & Nelson, W. J. Cell adhesion. Mechanical 
strain induces E-cadherin-dependent Yap1 and β-catenin activation to drive 
cell cycle entry. Science 348, 1024–1027 (2015).

76.	 Lu, M. et al. E-cadherin couples death receptors to the cytoskeleton to 
regulate apoptosis. Mol. Cell 54, 987–998 (2014).

77.	 Dominguez, R. & Holmes, K. C. Actin Structure and Function. Annu. Rev. 
Biophys. 40, 169–186 (2011).

78.	 Pollard, T. D. Actin and Actin-Binding Proteins. Cold Spring Harb. Perspect. 
Biol. 8, (2016).

79.	 Clark, K., Langeslag, M., Figdor, C. G. & van Leeuwen, F. N. Myosin II and 
mechanotransduction: a balancing act. Trends Cell Biol. 17, 178–186 (2007).

80.	 Vicente-Manzanares, M., Ma, X., Adelstein, R. S. & Horwitz, A. R. Non-muscle 
myosin II takes centre stage in cell adhesion and migration. Nat. Rev. Mol. Cell 
Biol. 10, 778–790 (2009).

81.	 Somlyo, A. P. & Somlyo, A. V. Ca2+ sensitivity of smooth muscle and nonmuscle 
myosin II: modulated by G proteins, kinases, and myosin phosphatase. Physiol. 
Rev. 83, 1325–1358 (2003).

82.	 Wendt, T., Taylor, D., Trybus, K. M. & Taylor, K. Three-dimensional image 
reconstruction of dephosphorylated smooth muscle heavy meromyosin 
reveals asymmetry in the interaction between myosin heads and placement 
of subfragment 2. Proc. Natl. Acad. Sci. U. S. A. 98, 4361–4366 (2001).



Chapter 126

83.	 Matsumura, F. Regulation of myosin II during cytokinesis in higher eukaryotes. 
Trends Cell Biol. 15, 371–377 (2005).

84.	 Tan, I., Yong, J., Dong, J. M., Lim, L. & Leung, T. A tripartite complex containing 
MRCK modulates lamellar actomyosin retrograde flow. Cell 135, 123–136 
(2008).

85.	 Fujisawa, K., Fujita, A., Ishizaki, T., Saito, Y. & Narumiya, S. Identification of the 
Rho-binding domain of p160ROCK, a Rho-associated coiled-coil containing 
protein kinase. J. Biol. Chem. 271, 23022–23028 (1996).

86.	 Leung, T., Chen, X. Q., Manser, E. & Lim, L. The p160 RhoA-binding kinase ROK 
alpha is a member of a kinase family and is involved in the reorganization of 
the cytoskeleton. Mol. Cell. Biol. 16, 5313–5327 (1996).

87.	 Madaule, P. et al. A novel partner for the GTP-bound forms of rho and rac. 
FEBS Lett. 377, 243–248 (1995).

88.	 Hartshorne, D. J., Ito, M. & Erdödi, F. Myosin light chain phosphatase: subunit 
composition, interactions and regulation. J. Muscle Res. Cell Motil. 19, 325–
341 (1998).

89.	 Matsumura, F. & Hartshorne, D. J. Myosin phosphatase target subunit: Many 
roles in cell function. Biochem. Biophys. Res. Commun. 369, 149–156 (2008).

90.	 Even-Faitelson, L. & Ravid, S. PAK1 and aPKCζ Regulate Myosin II-B 
Phosphorylation: A Novel Signaling Pathway Regulating Filament Assembly. 
Mol. Biol. Cell 17, 2869–2881 (2006).

91.	 Dulyaninova, N. G., Malashkevich, V. N., Almo, S. C. & Bresnick, A. R. Regulation 
of myosin-IIA assembly and Mts1 binding by heavy chain phosphorylation. 
Biochemistry 44, 6867–6876 (2005).

92.	 Clark, K. et al. TRPM7 regulates myosin IIA filament stability and protein 
localization by heavy chain phosphorylation. J. Mol. Biol. 378, 790–803 
(2008).

93.	 Wu, S. K. & Yap, A. S. Patterns in space: coordinating adhesion and actomyosin 
contractility at E-cadherin junctions. Cell Commun. Adhes. 20, 201–212 (2013).

94.	 Noren, N. K., Niessen, C. M., Gumbiner, B. M. & Burridge, K. Cadherin 
engagement regulates Rho family GTPases. J. Biol. Chem. 276, 33305–33308 
(2001).

95.	 Noren, N. K., Arthur, W. T. & Burridge, K. Cadherin engagement inhibits RhoA 
via p190RhoGAP. J. Biol. Chem. 278, 13615–13618 (2003).

96.	 Thoreson, M. A. & Reynolds, A. B. Altered expression of the catenin p120 in 
human cancer: implications for tumor progression. Differ. Res. Biol. Divers. 70, 
583–589 (2002).

97.	 Schackmann, R. C. J. et al. Cytosolic p120-catenin regulates growth of 
metastatic lobular carcinoma through Rock1-mediated anoikis resistance. J. 
Clin. Invest. 121, 3176–3188 (2011).

98.	 Charrasse, S., Meriane, M., Comunale, F., Blangy, A. & Gauthier-Rouvière, C. 
N-cadherin-dependent cell-cell contact regulates Rho GTPases and beta-
catenin localization in mouse C2C12 myoblasts. J. Cell Biol. 158, 953–965 
(2002).



Introduction 27

99.	 Nelson, C. M., Pirone, D. M., Tan, J. L. & Chen, C. S. Vascular endothelial-
cadherin regulates cytoskeletal tension, cell spreading, and focal adhesions 
by stimulating RhoA. Mol. Biol. Cell 15, 2943–2953 (2004).

100.	 Schipper, K. et al. Rebalancing of actomyosin contractility enables mammary 
tumor formation upon loss of E-cadherin. Nat. Commun. 10, 3800 (2019).

101.	 Martino, F., Perestrelo, A. R., Vinarský, V., Pagliari, S. & Forte, G. Cellular 
Mechanotransduction: From Tension to Function. Front. Physiol. 9, 824 (2018).

102.	 Calvo, F. et al. Mechanotransduction and YAP-dependent matrix remodelling 
is required for the generation and maintenance of cancer-associated 
fibroblasts. Nat. Cell Biol. 15, 637–646 (2013).

103.	 Vincent, L. G., Choi, Y. S., Alonso-Latorre, B., del Álamo, J. C. & Engler, A. 
J. Mesenchymal stem cell durotaxis depends on substrate stiffness gradient 
strength. Biotechnol. J. 8, 472–484 (2013).

104.	 Chaudhuri, O. et al. Extracellular matrix stiffness and composition jointly 
regulate the induction of malignant phenotypes in mammary epithelium. Nat. 
Mater. 13, 970–978 (2014).

105.	 Zhou, H. & Kramer, R. H. Integrin Engagement Differentially Modulates 
Epithelial Cell Motility by RhoA/ROCK and PAK1. J. Biol. Chem. 280, 10624–
10635 (2005).

106.	 Bustos, R. I., Forget, M.-A., Settleman, J. E. & Hansen, S. H. Coordination of 
Rho and Rac GTPase function via p190B RhoGAP. Curr. Biol. CB 18, 1606–1611 
(2008).

107.	 Rosenfeldt, H., Castellone, M. D., Randazzo, P. A. & Gutkind, J. S. Rac inhibits 
thrombin-induced Rho activation: evidence of a Pak-dependent GTPase 
crosstalk. J. Mol. Signal. 1, 8 (2006).

108.	 Alberts, A. S., Qin, H., Carr, H. S. & Frost, J. A. PAK1 negatively regulates the 
activity of the Rho exchange factor NET1. J. Biol. Chem. 280, 12152–12161 
(2005).

109.	 Guilluy, C., Garcia-Mata, R. & Burridge, K. Rho protein crosstalk: another social 
network? Trends Cell Biol. 21, 718–726 (2011).

110.	 Rodriguez-Hernandez, I., Cantelli, G., Bruce, F. & Sanz-Moreno, V. Rho, ROCK 
and actomyosin contractility in metastasis as drug targets. F1000Research 5, 
(2016).

111.	 Sahai, E. & Marshall, C. J. Differing modes of tumour cell invasion have distinct 
requirements for Rho/ROCK signalling and extracellular proteolysis. Nat. Cell 
Biol. 5, 711–719 (2003).

112.	 Sahai, E., Garcia-Medina, R., Pouysségur, J. & Vial, E. Smurf1 regulates tumor 
cell plasticity and motility through degradation of RhoA leading to localized 
inhibition of contractility. J. Cell Biol. 176, 35–42 (2007).

113.	 Giampieri, S. et al. Localized and reversible TGFbeta signalling switches 
breast cancer cells from cohesive to single cell motility. Nat. Cell Biol. 11, 1287–
1296 (2009).

114.	 Wyckoff, J. B., Pinner, S. E., Gschmeissner, S., Condeelis, J. S. & Sahai, E. ROCK- 
and myosin-dependent matrix deformation enables protease-independent 



Chapter 128

tumor-cell invasion in vivo. Curr. Biol. CB 16, 1515–1523 (2006).

115.	 Roh-Johnson, M. et al. Macrophage contact induces RhoA GTPase signaling 
to trigger tumor cell intravasation. Oncogene 33, 4203–4212 (2014).

116.	 Medjkane, S., Perez-Sanchez, C., Gaggioli, C., Sahai, E. & Treisman, R. 
Myocardin-related transcription factors and SRF are required for cytoskeletal 
dynamics and experimental metastasis. Nat. Cell Biol. 11, 257–268 (2009).

117.	 Lawler, K., Foran, E., O’Sullivan, G., Long, A. & Kenny, D. Mobility and 
invasiveness of metastatic esophageal cancer are potentiated by shear 
stress in a ROCK- and Ras-dependent manner. Am. J. Physiol. Cell Physiol. 
291, C668-677 (2006).

118.	 Sanz-Moreno, V. et al. Rac activation and inactivation control plasticity of 
tumor cell movement. Cell 135, 510–523 (2008).

119.	 Garcia, M. et al. Inhibition of xenografted human melanoma growth and 
prevention of metastasis development by dual antiangiogenic/antitumor 
activities of pigment epithelium-derived factor. Cancer Res. 64, 5632–5642 
(2004).

120.	 Orgaz, J. L. et al. ‘Loss of pigment epithelium-derived factor enables migration, 
invasion and metastatic spread of human melanoma’. Oncogene 28, 4147–
4161 (2009).

121.	 Rath, N. et al. Rho Kinase Inhibition by AT13148 Blocks Pancreatic Ductal 
Adenocarcinoma Invasion and Tumor Growth. Cancer Res. 78, 3321–3336 
(2018).

122.	 Samuel, M. S. et al. Actomyosin-Mediated Cellular Tension Drives Increased 
Tissue Stiffness and β-Catenin Activation to Induce Epidermal Hyperplasia 
and Tumor Growth. Cancer Cell 19, 776–791 (2011).

123.	 Takaki, T. et al. Actomyosin drives cancer cell nuclear dysmorphia and 
threatens genome stability. Nat. Commun. 8, 16013 (2017).

124.	 Stewart, T. A., Pattengale, P. K. & Leder, P. Spontaneous mammary 
adenocarcinomas in transgenic mice that carry and express MTV/myc fusion 
genes. Cell 38, 627–637 (1984).

125.	 Sinn, E. et al. Coexpression of MMTV/v-Ha-ras and MMTV/c-myc genes in 
transgenic mice: synergistic action of oncogenes in vivo. Cell 49, 465–475 
(1987).

126.	 Muller, W. J., Sinn, E., Pattengale, P. K., Wallace, R. & Leder, P. Single-step 
induction of mammary adenocarcinoma in transgenic mice bearing the 
activated c-neu oncogene. Cell 54, 105–115 (1988).

127.	 Donehower, L. A. et al. Mice deficient for p53 are developmentally normal but 
susceptible to spontaneous tumours. Nature 356, 215–221 (1992).

128.	 Gowen, L. C., Johnson, B. L., Latour, A. M., Sulik, K. K. & Koller, B. H. Brca1 
deficiency results in early embryonic lethality characterized by neuroepithelial 
abnormalities. Nat. Genet. 12, 191–194 (1996).

129.	 Hakem, R. et al. The tumor suppressor gene Brca1 is required for embryonic 
cellular proliferation in the mouse. Cell 85, 1009–1023 (1996).

130.	 Clarke, A. R. et al. Requirement for a functional Rb-1 gene in murine 



Introduction 29

development. Nature 359, 328–330 (1992).

131.	 Jacks, T. et al. Effects of an Rb mutation in the mouse. Nature 359, 295–300 
(1992).

132.	 Sauer, B. & Henderson, N. Cre-stimulated recombination at loxP-containing 
DNA sequences placed into the mammalian genome. Nucleic Acids Res. 17, 
147–161 (1989).

133.	 Selbert, S. et al. Efficient BLG-Cre mediated gene deletion in the mammary 
gland. Transgenic Res. 7, 387–396 (1998).

134.	 Hennighausen, L. G. & Sippel, A. E. Mouse whey acidic protein is a novel 
member of the family of ‘four-disulfide core’ proteins. Nucleic Acids Res. 10, 
2677–2684 (1982).

135.	 Wagner, K. U. et al. Cre-mediated gene deletion in the mammary gland. 
Nucleic Acids Res. 25, 4323–4330 (1997).

136.	 Rutkowski, M. R. et al. Initiation of metastatic breast carcinoma by targeting of 
the ductal epithelium with adenovirus-cre: a novel transgenic mouse model of 
breast cancer. J. Vis. Exp. JoVE (2014) doi:10.3791/51171.

137.	 Utomo, A. R., Nikitin, A. Y. & Lee, W. H. Temporal, spatial, and cell type-
specific control of Cre-mediated DNA recombination in transgenic mice. Nat. 
Biotechnol. 17, 1091–1096 (1999).

138.	 Lakso, M. et al. Targeted oncogene activation by site-specific recombination 
in transgenic mice. Proc. Natl. Acad. Sci. U. S. A. 89, 6232–6236 (1992).

139.	 Jackson, E. L. et al. Analysis of lung tumor initiation and progression using 
conditional expression of oncogenic K-ras. Genes Dev. 15, 3243–3248 (2001).

140.	 Tuveson, D. A. et al. Endogenous oncogenic K-ras(G12D) stimulates 
proliferation and widespread neoplastic and developmental defects. Cancer 
Cell 5, 375–387 (2004).

141.	 Albert, H., Dale, E. C., Lee, E. & Ow, D. W. Site-specific integration of DNA into 
wild-type and mutant lox sites placed in the plant genome. Plant J. Cell Mol. 
Biol. 7, 649–659 (1995).

142.	 Zhang, Z. & Lutz, B. Cre recombinase-mediated inversion using lox66 and 
lox71: method to introduce conditional point mutations into the CREB-binding 
protein. Nucleic Acids Res. 30, e90 (2002).

143.	 Oberdoerffer, P., Otipoby, K. L., Maruyama, M. & Rajewsky, K. Unidirectional 
Cre-mediated genetic inversion in mice using the mutant loxP pair lox66/
lox71. Nucleic Acids Res. 31, e140 (2003).

144.	 Jonkers, J. et al. Synergistic tumor suppressor activity of BRCA2 and p53 in a 
conditional mouse model for breast cancer. Nat. Genet. 29, 418–425 (2001).

145.	 Derksen, P. W. B. et al. Somatic inactivation of E-cadherin and p53 in mice 
leads to metastatic lobular mammary carcinoma through induction of anoikis 
resistance and angiogenesis. Cancer Cell 10, 437–449 (2006).

146.	 Derksen, P. W. B. et al. Mammary-specific inactivation of E-cadherin and p53 
impairs functional gland development and leads to pleomorphic invasive 
lobular carcinoma in mice. Dis. Model. Mech. 4, 347–358 (2011).



Chapter 130

147.	 Boelens, M. C. et al. PTEN Loss in E-Cadherin-Deficient Mouse Mammary 
Epithelial Cells Rescues Apoptosis and Results in Development of Classical 
Invasive Lobular Carcinoma. Cell Rep. 16, 2087–2101 (2016).

148.	 An, Y. et al. Cdh1 and Pik3ca Mutations Cooperate to Induce Immune-Related 
Invasive Lobular Carcinoma of the Breast. Cell Rep. 25, 702-714.e6 (2018).

149.	 Bolotin, A., Quinquis, B., Sorokin, A. & Ehrlich, S. D. Clustered regularly 
interspaced short palindrome repeats (CRISPRs) have spacers of 
extrachromosomal origin. Microbiol. Read. Engl. 151, 2551–2561 (2005).

150.	 Ishino, Y., Shinagawa, H., Makino, K., Amemura, M. & Nakata, A. Nucleotide 
sequence of the iap gene, responsible for alkaline phosphatase isozyme 
conversion in Escherichia coli, and identification of the gene product. J. 
Bacteriol. 169, 5429–5433 (1987).

151.	 Jansen, R., Embden, J. D. A. van, Gaastra, W. & Schouls, L. M. Identification of 
genes that are associated with DNA repeats in prokaryotes. Mol. Microbiol. 
43, 1565–1575 (2002).

152.	 Mojica, F. J. M., Díez-Villaseñor, C., García-Martínez, J. & Soria, E. Intervening 
sequences of regularly spaced prokaryotic repeats derive from foreign 
genetic elements. J. Mol. Evol. 60, 174–182 (2005).

153.	 Cong, L. et al. Multiplex genome engineering using CRISPR/Cas systems. 
Science 339, 819–823 (2013).

154.	 Wang, H. et al. One-step generation of mice carrying mutations in multiple 
genes by CRISPR/Cas-mediated genome engineering. Cell 153, 910–918 
(2013).

155.	 Inui, M. et al. Rapid generation of mouse models with defined point mutations 
by the CRISPR/Cas9 system. Sci. Rep. 4, 5396 (2014).

156.	 Annunziato, S. et al. Modeling invasive lobular breast carcinoma by CRISPR/
Cas9-mediated somatic genome editing of the mammary gland. Genes Dev. 
30, 1470–1480 (2016).

157.	 Annunziato, S. et al. Comparative oncogenomics identifies combinations of 
driver genes and drug targets in BRCA1-mutated breast cancer. Nat. Commun. 
10, 397 (2019).

158.	 Vos, C. B. et al. E-cadherin inactivation in lobular carcinoma in situ of the 
breast: an early event in tumorigenesis. Br. J. Cancer 76, 1131–1133 (1997).

159.	 Boussadia, O., Kutsch, S., Hierholzer, A., Delmas, V. & Kemler, R. E-cadherin 
is a survival factor for the lactating mouse mammary gland. Mech. Dev. 115, 
53–62 (2002).

160.	 Kool, J. & Berns, A. High-throughput insertional mutagenesis screens in mice 
to identify oncogenic networks. Nat. Rev. Cancer 9, 389–399 (2009).

161.	 Koudijs, M. J. et al. High-throughput semiquantitative analysis of insertional 
mutations in heterogeneous tumors. Genome Res. 21, 2181–2189 (2011).

162.	 de Ruiter, J. R. et al. Identifying transposon insertions and their effects from 
RNA-sequencing data. Nucleic Acids Res. 45, 7064–7077 (2017).

163.	 Nusse, R. & Varmus, H. E. Many tumors induced by the mouse mammary tumor 
virus contain a provirus integrated in the same region of the host genome. 



Introduction 31

Cell 31, 99–109 (1982).

164.	 van Lohuizen, M. et al. Identification of cooperating oncogenes in E mu-myc 
transgenic mice by provirus tagging. Cell 65, 737–752 (1991).

165.	 Uren, A. G., Kool, J., Berns, A. & van Lohuizen, M. Retroviral insertional 
mutagenesis: past, present and future. Oncogene 24, 7656–7672 (2005).

166.	 Dupuy, A. J., Akagi, K., Largaespada, D. A., Copeland, N. G. & Jenkins, N. 
A. Mammalian mutagenesis using a highly mobile somatic Sleeping Beauty 
transposon system. Nature 436, 221–226 (2005).

167.	 Collier, L. S., Carlson, C. M., Ravimohan, S., Dupuy, A. J. & Largaespada, D. 
A. Cancer gene discovery in solid tumours using transposon-based somatic 
mutagenesis in the mouse. Nature 436, 272–276 (2005).

168.	 Dupuy, A. J., Jenkins, N. A. & Copeland, N. G. Sleeping beauty: a novel cancer 
gene discovery tool. Hum. Mol. Genet. 15 Spec No 1, R75-79 (2006).

169.	 Ding, S. et al. Efficient transposition of the piggyBac (PB) transposon in 
mammalian cells and mice. Cell 122, 473–483 (2005).

170.	 Rad, R. et al. PiggyBac transposon mutagenesis: a tool for cancer gene 
discovery in mice. Science 330, 1104–1107 (2010).

171.	 Rad, R. et al. A conditional piggyBac transposition system for genetic 
screening in mice identifies oncogenic networks in pancreatic cancer. Nat. 
Genet. 47, 47–56 (2015).

172.	 Rangel, R. et al. Transposon mutagenesis identifies genes that cooperate with 
mutant Pten in breast cancer progression. Proc. Natl. Acad. Sci. U. S. A. 113, 
E7749–E7758 (2016).

173.	 Mann, M. B. et al. Transposon mutagenesis identifies genetic drivers of 
Braf(V600E) melanoma. Nat. Genet. 47, 486–495 (2015).

174.	 Kodama, T. et al. Transposon mutagenesis identifies genes and cellular 
processes driving epithelial-mesenchymal transition in hepatocellular 
carcinoma. Proc. Natl. Acad. Sci. U. S. A. 113, E3384-3393 (2016).



Chapter 132


