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Summary 

 
Summary 
 

Over the past decades, reasonable progress has been made in the 

understanding of breast cancer biology and the treatment of the primary tumour. 

However, the molecular contribution of multiple cancer cell clones on the various steps 

of tumour progression is still poorly understood. Aside from that, standard of care 

treatments, like the chemotherapeutic reagents cyclophosphamide and docetaxel, are 

rarely able to cure breast cancer patients and the overall survival rates for metastatic 

disease remain poor. Only in 2018, more than 620,000 women lost their live to breast 

cancer, mostly due to the presence of tumour heterogeneity, an emerging drug 

resistance and the formation of secondary lesions. This exemplifies the unmet medical 

need to an in-depth understanding of tumour heterogeneity during the progression of 

metastatic breast cancer to finally develop new targeted therapies for this presently 

incurable disease. 

The first project has aimed to assess clonal heterogeneity during tumour 

progression using the MMTV-PyMT mouse model of metastatic breast cancer 

expressing the Confetti lineage reporter. For this purpose, mammary epithelial cells 

have been induced to express one of the four Confetti reporter fluorescent proteins. 

The outgrowth of clonal cell populations has been analysed when the maximum tumour 

volume comprising all stages (normal, hyperplasia, adenoma, carcinoma, pulmonary 

metastases) had been reached. The Confetti lineage tracing system initially visualized 

the emergence of clonal heterogeneity, which culminated in clonal restriction during 

carcinogenesis and pointed towards a polychromatic metastatic spread. Laser capture 

microdissection, RNA sequencing and comparative gene expression analysis of 

various clonal lesions indicated a substantial level of heterogeneity across and also 

within the various stages of tumour progression. This intra-stage tumour heterogeneity 

manifested by differences in proliferation, oxidative phosphorylation and cell death and 

could also be observed in human breast cancer biopsies. This novel understanding of 

clonal variation and intra-stage heterogeneity needs to be implemented in diagnosis 

and therapeutic options.  

In the past years, rising efforts have been made to develop agents targeting 

molecules and signalling pathways that are specifically present in breast cancer cells. 

Previous studies have linked an overexpression of focal adhesion kinase (FAK) – a 

cytoplasmic tyrosine kinase – with the initiation and progression of a wide variety of 
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malignancies, including breast cancer. This correlation of FAK and cancer, together 

with its role in cell migration, invasion, and proliferation, propose FAK as an attractive 

target for cancer therapy. In collaboration with a pharmaceutical company, we have 

assessed and characterized the therapeutic potential and the biological effects of 

BI 853520, a novel, potent and selective small chemical inhibitor of FAK, in vitro and 

in several preclinical mouse models of breast cancer. We observed a significant 

reduction in primary tumour growth driven by an anti-proliferative effect of BI 853520. 

In contrast, dissecting its influence on metastasis revealed heterogenous effects at 

different levels of the metastatic cascade. Hence, manipulation of FAK activity with the 

novel FAK-inhibitor BI 853520 offers a promising anti-tumour approach for breast 

cancer therapy.  

 
In summary, my Ph.D. work delivered new insights into: 

• The existence of an intra-stage tumour heterogeneity, which is conferred by 

clonal variations in proliferation, oxidative phosphorylation and cell death. This 

novel understanding of an intra-stage heterogeneity could have a significant 

impact on a patient’s diagnosis and therapeutic response and should be 

implemented in clinical decision-making. 

• The therapeutic potential and biological effects of the novel FAK-inhibitor 

BI 853520 in vitro and in preclinical mouse models of breast cancer. This 

highlighted BI 853520 as a promising anti-proliferative approach for cancer 

therapy. 

 



 

 
 
 
 
 
 
 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 
 

“One general law, leading to the advancement of all organic beings,  

namely, multiply, vary, let the strongest live and the weakest die.”  
Charles Darwin, The Origin of Species 
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1.General Introduction 
 
1.1 The Mammary Gland 
1.1.1 Murine Mammary Gland Development 

Human and murine mammary glands constantly undergo dynamic remodelling 

processes in response to its physiologic development, the oestrogen cycle and within 

pregnancy (Figure 1). From embryonic day 13.5 on (E13.5) in the mouse, the placode-

descending mammary bud infiltrates into the underlying mesenchyme. By E15.5, these 

buds start to sprout to form small glands in the nascent mammary fat pad. Postnatally, 

the murine mammary gland remains in a quiescent state until puberty starts at 3 weeks 

of age. Here, the mammary gland branches into the fat pad in response to oestrogen 

and forms the terminal end buds, which is followed by a progesterone-mediated side-

branching. In pregnancy, an interplay between oestrogen, progesterone and prolactin 

controls alveolar expansion and in the late stages of pregnancy, prolactin induces milk 

secretion. Following lactation, the mammary gland involutes to its primitive state1, 2. 

 

 
Figure 1: Remodelling processes in the mammary gland. During development, the mammary bud infiltrates into 
the underlying tissue and sprouts to form small glands. At puberty, the mammary epithelium branches into the 
mammary fat pad and forms terminal end buds. During pregnancy in adulthood, alveoli expand and milk is secreted. 
Following lactation, the mammary gland involutes to its original state (adapted from 2). 
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1.1.2 Mammary Gland Structure 
The adult mammary gland mainly consists of two epithelial cell types embedded 

in stromal cells: an inner layer of luminal cells and an outer layer of myoepithelial cells 

(Figure 2). Luminal cells lining the ducts and alveoli express keratin 8/18 (K8/18) 

and/or hormone receptors (oestrogen- and/or progesterone receptors, ER/PR, 

respectively), whereas the basal, contractile myoepithelial cells lining on top of the 

basement membrane express keratin 5/14 (K5/14), and/or smooth muscle actin and/or 

p631, 2. 

 
Figure 2: Schematic representation of the murine mammary gland. The mammary epithelium branches from 
the nipple into the mammary fat pad and forms terminal end buds (upper magnification). The mammary duct is 
embedded in an adipocyte-containing stroma and forms a bi-layered structure, comprising an inner luminal layer 
and an outer basal layer. A basement membrane is lining the outer basal layer (lower panel). 

 
1.1.3 Hierarchy of the Murine Mammary Gland 

The embryonic murine mammary gland consists of multipotent mammary stem 

cells (MaSC), which give rise to luminal and epithelial progenitor cells3. However, the 

hierarchical organization of the adult murine mammary gland is still not fully 

understood. K8/18 and K5/14-targeted lineage tracing studies have indicated the 

existence of multipotent progenitor cells during embryonic development that give rise 

to postnatal, long-lived, unipotent MaSCs for the luminal, as well as the myoepithelial 

lineage. These stem cells, with a capacity to self-renew, form their respective 

differentiated counterparts during puberty and adult homeostasis3, 4. In contrast to this,  
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Scheele et al. and Rios et al. have proposed a model in which a bipotent MaSC 

orchestrates ductal expansion during puberty and homeostasis5, 6. These conflicting 

interpretations might be due to differences in the time of induction, labelling 

efficiencies, mouse models and strains7. Thus, further extensive research is needed to 

unravel the hierarchy of the physiologic mammary gland to ultimately understand the 

occurrence of breast cancer.    

 

1.2 Breast Cancer 
Every year, around 2.1 million women worldwide are affected by breast cancer8. 

Classically, in a simplified view, breast cancer progression is initiated by an 

uncontrolled proliferation of mammary epithelial cells, resulting in the formation of a 

premalignant, atypical hyperplasia (Figure 3). Transformation events, such as the loss 

of tumour-suppressor genes, an abnormal expression of oncogenes (like the epidermal 

growth factor receptor 2 (HER2/neu)) and genetic instability further accelerate 

progression to adenoma and pre-invasive carcinoma in situ, which are still confined by 

the basement membrane9-11. Once the basement membrane is infiltrated, breast 

cancer cells are able to invade into the surrounding tissue (invasive carcinoma) and 

spread to distant organs, such as the lung, liver, bone and brain12, 13.  

 
Figure 3: Haematoxylin- and eosin stained representative images (upper panels) and schematic model 
(lower panels) of a stepwise breast cancer progression. The zoom-ins emphasize the various stages during 
breast carcinogenesis, which progresses from a normal mammary gland, into hyperplasia, which is followed by the 
formation of an adenoma, ductal carcinoma in situ (DCIS) and the infiltration into the underlying basement 
membrane, resulting in an invasive carcinoma. During this process, cells gradually de-differentiate and gain 
disseminating- and seeding capacities (adapted from 9, 11). 
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1.2.1 Breast Cancer Subtypes 
The breast cancer subtype is determined by a combinatorial evaluation of 

histological- and immunopathological parameters and molecular profiling. Depending 

on the location and the invasion pattern of breast cancer cells (limited to or beyond the 

basement membrane), the primary tumour is graded as ductal carcinoma in situ 

(DCIS), lobular carcinoma in situ (LCIS), ductal carcinoma no special type (NST) or 

invasive lobular carcinoma (ILC).  The expression pattern of ER, PR, HER2/neu and 

the proliferation marker Ki67, together with further genomic and transcriptomic 

profiling, classify the primary tumour in a specific molecular subtype2, 14-17.  

In 2000, DNA microarray profiling on 65 specimens of 42 different individuals 

has demonstrated for the first-time distinctive gene expression patterns for four breast 

cancer subtypes, called normal breast, luminal-like, HER2+ and basal-like, 

representing the presence of an enormous intertumoural heterogeneity (differences 

between patients)18. Ten years later, a claudin-low subtype has been added to this 

classification that specifically expresses epithelial to mesenchymal transition (EMT) 

markers, stromal- and immune related signatures as well as stem cell markers19, 20.  

Currently, there are six breast cancer subtypes: normal breast-like, luminal A 

(ER+/PR+), luminal B (ER+/PR+/HER2+), HER2-enriched (HER2+), basal-like and 

claudin-low. This applied classification impacts on a patient’s prognosis and possible 

treatment options. Since the luminal subtypes of breast cancer are characterized by 

the expression of hormone receptors, these are mainly treated by endocrine therapy, 

such as tamoxifen or aromatase inhibitors, and display a relatively good prognosis. 

HER2-enriched breast cancers are specifically targeted by the HER2-targeting 

antibody trastuzumab or lapatinib, a HER2 kinase inhibitor. The absence of specific 

targetable molecules in triple-negative breast cancer (TNBC, including basal-like and 

claudin-low) makes a systemic chemotherapeutic treatment inevitable and exhibits a 

poor therapy response, fast clinical progression and a poor prognosis13, 14, 21.  

 

1.2.2 Metastatic cascade 
Already in 1978, Fidler has elucidated the sequential multi-step process of the 

metastatic cascade22 (Figure 4). In invasive carcinomas, the underlying basement 

membrane is breached, and breast cancer cells invade into the surrounding tumour-

associated stroma and the adjacent tissue parenchyma. Here, breast cancer cells can 

follow – depending on microenvironmental conditions – different modes of local 
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invasion: an ameboid migration (depending on Rho/ROCK activity); a mesenchymal, 

single-cell invasion pattern or a cohesive, multicellular, so-called collective invasion 

mode23 (Figure 5, yellow). In the process of intravasation, locally disseminated cells 

enter tumour-draining blood vessels and/or lymphatics. Once in the circulation, 

circulating tumour cells (CTCs) travel as single CTCs, or as CTC-clusters or 

aggregations of CTCs and immune cells. Within minutes, these breast cancer cells 

arrest and/or home in secondary sites based on an interplay of various factors, e.g. 

physical characteristics, such as the vascular flow pattern, the diameter of the 

capillaries and breast cancer cells, the deformability capacity of the breast cancer cells, 

but also seed- and soil traits proposed by Paget in 188924, 25. At the distant organ site, 

tumour cells either grow into and rupture the capillaries (termed as intravascular 

proliferation26) or actively extravasate into the underlying parenchyma. In the case of 

breast cancer, circulating breast cancer cells first reach the capillary beds of the lungs, 

where they need to beat the tight endothelium and basement membrane in the lung 

capillary walls. A balance between proliferation, dormancy and cell death determines 

whether a solitary cell is able to form a small pre-angiogenic metastasis or not. Ongoing 

proliferation together with the formation of new blood vessels (neoangiogenesis), a 

process called colonization, allow the emergence of larger, vascularized metastases, 

which become clinically, systemically detectable.  

This metastatic process is very inefficient; it has been estimated that 0.01 % of 

tumour cells are capable of establishing metastases. Besides immune surveillance, 

obstacles including mechanical forces, niche constraints, nutrient supply and stress- 

and death signals need to be overcome in order to establish overt metastases. Here, 

(epi)genetic alterations and the later-mentioned co-option with the adjacent 

microenvironment dictate a tumour cell’s capability to adapt and – with this – foster 

carcinogenesis and metastatic capacity12, 27-30.  

However, this complex process of tumour progression from a premalignant 

disease to invasive carcinoma is still not fully understood and the overall survival rates 

for metastatic disease remain poor. Only in 2018, over 620,000 women lost their lives 

to breast cancer, accounting for around 15 % of all cancer-related deaths among 

women8.   
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Figure 4: The metastatic cascade. Cohesive, multicellular- or single cancer cells invade and disseminate into the 
surrounding stroma, intravasate into the blood circulation and either rupture the capillaries by intravascular 
proliferation or actively extravasate into the underlying parenchyma (magnification). At distant sites, cancer cells 
either undergo cell death and dormancy or – in the process of colonization – proliferate and form larger, vascularized 
metastases.  

 
1.2.3 Breast Cancer Heterogeneity 

These cancer-related deaths are mainly due to the presence of distant lesions 

and therapy resistance, which are in part mediated by an extensive tumour 

heterogeneity31. Breast cancer heterogeneity is affected by differences in the following 

intrinsic parameters (Figure 5): 
• Migration and invasion capacities 

• Genetic profile 

• Transcriptomic landscape 

• Interplay between the genome, transcriptome and epigenome 

• Range of cell plasticity and 

• Proliferation capacities 
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Besides these cell-autonomous traits, also extrinsic factors in the tumour 

microenvironment affect breast cancer heterogeneity, such as the vasculature and 

tumour cell interactions with 

• Fibroblasts 

• Macrophages 

• Neutrophils 

• T-cells and others 

This plethora of intrinsic and extrinsic factors vary spatially within a patient’s primary 

tumour, metastases and between primary tumour and secondary lesions, referred to 

as intratumoural heterogeneity. But the intrinsic and extrinsic factors may also change 

stochastically and temporally during breast cancer progression, as described in the 

following sections15, 32-36.  

 
Figure 5: Intratumoural breast cancer heterogeneity and its regulation by intrinsic- and extrinsic factors. 
Breast cancer cells vary in migration- and invasion capabilities, genetic instability, their transcriptome and 
epigenome, their plasticity-capacity and their proliferation rate. Extrinsic, heterogenous factors in the tumour 
microenvironment, such as the vasculature and residing immune cells can also affect intratumoural heterogeneity. 
Intratumoural heterogeneity changes in time and space, upon therapy and from patient to patient (intertumoural 
heterogeneity) (adapted from 34).  



General Introduction Breast Cancer 

 8 

1.2.3.1 Intratumoural Genetic Heterogeneity and Patterns of Clonal Evolution in Breast 

Cancer 

Whole genome- and exome sequencing of human breast cancer samples has 

unveiled an extensive intratumoural genetic heterogeneity21, 37-40 (Figure 5, orange). 
This somatic heterogeneity ultimately results in the formation of subclones with 

different biological capabilities, which will follow Darwin’s principle of “survival of the 

fittest”. Already in 1976, Nowell has described the idea of a clonal evolution, where 

subclones with a growth advantage in a certain ecosystem will persist, survive and 

eventually expand, whereas less fit subclones that are unable to compete against the 

others, will extinct41, 42. 

DNA barcoding experiments with human breast tumour cells in xenograft 

models have demonstrated this complex heterogeneity of unchanging, enlarging and 

diminishing clonal populations and the resulting dramatic change in clone number, size 

and the emergence of new subclones within and between samples43, 44. Similarly, in 

the majority of breast cancer xenografts undergoing deep genome and single-cell 

sequencing, a minor, pre-existing subclone expands and dominates the bulk tumour45. 

Multi-region DNA sequencing of primary and metastatic pancreatic and renal cell 

tumour samples, followed by analysis of genomic rearrangements and point mutations, 

have identified distinct phylogenetic trees that describe the clonal evolution in these 

type of cancers46-48.  

For breast cancer progression, genomic profiling inferred following patterns of 

primary tumour and metastasis evolution: a simple linear evolution model, an early 

metastatic spread model with parallel evolution and a late seeding pattern from a single 

or multiple subclone(s) within the primary tumour49, 50. In a recent study by Casasent 

et al., topographical genomic copy number profiling of 1293 single cells from DCIS 

tissue from 10 breast cancer patients has proposed the so-called “multi-clonal 

invasion” model, which highly resembles a mixture between the simple linear evolution 

model and an early dissemination accompanied with a parallel evolution. Here, 

genomic evolution within the ducts gives rise to multiple tumour subpopulations, which 

subsequently co-migrate into the underlying tissue to form the invasive carcinoma51. 

By using genomic profiling and bioinformatic algorithms, Nik-Zainal et al. have 

reconstructed the evolutionary tracks of 21 breast cancer cases52, 53. Here, due to the 

early occurrence of driver mutations and disruption of cancer genes, genetic variation 

arises, selective pressures are shifted, and clones expand. In contrast to these 
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examples of an early dissemination, sequencing of 299 samples from 170 metastatic 

or relapsed breast cancer patients, has highlighted a late metastatic spread and a 

continuous acquisition of alterations54.  

These obviously contrasting evolutionary paths might be due to distinct 

molecular patterns at different tumour stages in the various breast cancer subtypes, 

as observed by Wang et al. In this study, whole genome and exome single cell 

sequencing has detected a stable aneuploidy at the early stages of ER+ and TNBC 

progression, which was followed by gradually arising point mutations. While the ER+ 

subtype exhibited less mutations, the TNBC harboured a 13-fold increased mutation 

rate relative to normal cells, unveiling different modes of clonal evolution55. 

Regardless of an evolutionary path a tumour has taken, genetic heterogeneity, 

varying selection pressures and subclonal diversification enhance a primary tumour’s 

robustness and ultimately impinge on a patients’ prognosis, therapy response and 

clinical progression.  

 

1.2.3.2 Transcriptomic Heterogeneity in Breast Cancer 

Besides genomic heterogeneity, previous studies exploiting microarray and 

RNA-sequencing analyses have pointed towards an enormous heterogeneity in the 

transcriptomic profile of primary and distant breast cancer lesions (Figure 5, red).  
In 2002, microarray analysis of 117 breast tumours has been used to decipher 

three gene expression signatures that potentially predict therapy response: a signature 

indicative of poor prognosis, which harboured genes important for cell cycle 

progression, invasion, metastasis formation and angiogenesis; an ER signature, 

included K18, BCL2, ERBB3 and ERBB4 expression and a signature for carriers of 

BRCA1 mutations, a well-known tumour-suppressor gene56. Similarly, genome-wide 

gene expression analysis on lymph-node negative breast cancer patients has revealed 

gene expression patterns that hint towards an increased risk of distant recurrence57. 

Importantly, these gene expression signatures can be exploited to predict an individual 

patients’ treatment response and finally optimize therapy. 

Furthermore, gene expression profiling of various cell types of normal breast 

tissue, DCIS and invasive breast cancer has shown extensive gene expression 

changes in secreted proteins and receptors not only in tumour cells, but also in stromal 

cells. For example, overexpression of the chemokines CXCL14 in myoepithelial cells 

and CXCL12 in myofibroblasts stimulate the proliferation, migration and invasion 
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capacities of epithelial cancer cells in a paracrine manner58. Recently, a similar 

heterotypic interaction has been highlighted also during the progression of metastatic 

breast cancer. Here, single-cell RNA sequencing on CTC-neutrophil clusters has 

demonstrated the cell adhesion molecule VCAM1 as an important mediator of CTC-

neutrophil interaction and neutrophil-derived cytokines (IL-6 and IL-1b) as important 

stimuli to enhance cell-cycle progression and metastatic seeding59.  

Lastly, there is also a tremendous level of heterogeneity in organ-tropism: in 

vivo selection and transcriptomic analysis of bone and lung-homing breast cancer cell 

lines have determined numerous genes that are needed for specific organ-tropisms 

and site-specific outgrowths60, 61.  

Taken together, these and other studies show that transcriptomic heterogeneity 

increases a cell’s adaptivity to constitutively changing constraints, which ultimately 

fosters breast cancer progression.  

 

1.2.3.3 Whole-omics Heterogeneity in Breast Cancer 

Technological advances and the development of novel whole-omics profiling 

techniques offer the possibility to better comprehend the full extent of tumour 

heterogeneity34, 62 (Figure 5, orange, red, magenta).  
Around 2010, first attempts have been made to simultaneously sequence the 

genome and the transcriptome of an ER+ metastatic lobular breast cancer and two 

other human breast cancer samples63, 64. In 2012, Curtis et al. have described the 

genomic and transcriptomic landscape of 2,000 human breast cancer samples by 

using an integrated analysis of copy number variations and gene expression 

patterns39. Similarly, at the same time, the Cancer Genome Atlas Network has 

combined various methods to comprehend the molecular portraits of human breast 

tumours. Using a genomic DNA copy number array, in combination with DNA 

methylation analysis, exome sequencing, mRNA arrays, microRNA sequencing and a 

reverse-phase protein assay, the four distinct breast cancer subclasses were 

described in a more comprehensive and holistic view, revealing a tremendous amount 

of variation even within each subtype38. 

In a recent study by Obradovic et al., transcriptomic, proteomic and phospho-

proteomic profiling of 17 patient-derived xenograft models and transplanted human cell 

lines and their corresponding metastatic lesions have indicated an increased stress 

response and glucocorticoid receptor activity during tumorigenesis, resulting in an 
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increased colonization capacity and a decreased survival65. Interestingly, Gkountela et 

al. have utilized whole-genome bisulfite sequencing in combination with RNA-

sequencing to elucidate the methylation landscape of single CTCs and CTC clusters. 

In contrast to single CTCs, CTC clusters exhibited an augmented metastatic capacity 

and hypomethylated (thus active) binding sites in embryonic stem cell genes (OCT4, 

SOX2, NANOG, SIN3A), which can be therapeutically targeted by Na+/K+-ATPAse 

inhibitors66. Similarly, ATAC, RNA and ChIP-sequencing of fetal mammary cells, adult 

basal cells, hormone receptor negative (HR-) luminal cells and HR+ luminal cells have 

disclosed the transcription factor Sox10 as a plasticity factor in adult basal cells, that 

confers multi-lineage differentiation potential and invasion capacities, ultimately 

contributing to carcinogenesis67. Remarkably, single cell DNA, RNA, and exome deep 

sequencing of 20 TNBC patients pre, mid and post neoadjuvant chemotherapy have 

unravelled the presence of pre-existing, adaptive genomic alterations and further 

acquired transcriptional reprogramming during the evolution of chemoresistance68.  

All these studies hint towards an enormous complexity of genetic, 

transcriptomic, epigenetic and proteomic variations, which need to be further 

delineated49.  

 

1.2.3.4 Epithelial-to-Mesenchymal Transition-driven Breast Cancer Cell Plasticity 

All of a cell’s intrinsic characteristics, including genetic, transcriptomic, 

epigenetic and proteomic traits collectively determine the phenotypic state of a cell. 

This phenotypic state is not a fixed determinant, but may change in time and space, 

which reflects the plasticity of a cell33, 69 (Figure 5, purple).   
An important example of cell plasticity is epithelial-mesenchymal plasticity, 

which is governed by the process of an EMT and its reverse process, a mesenchymal-

to-epithelial transition. During an EMT, epithelial markers, such as E-cadherin, EpCAM 

and ZO-1 are lost, while mesenchymal markers and transcription factors, like N-

cadherin, vimentin, fibronectin, Snail1/2, Twist1 and Zeb1/2 are newly expressed70. 

This leads to a disassembly of epithelial cell-cell junctions (tight, adherens and gap 

junctions and desmosomes) and changes an apical-basal polarity into a front-rear 

polarity, conferring a cell with migratory- and invasive capabilities71. In addition, EMT 

has been associated with increased stemness and chemoresistance71-73.  

Generally speaking, an EMT is a transient and very heterogenous process, that 

is transcriptionally orchestrated in a stepwise manner by complex gene regulatory 
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networks and specialized signalling hubs. RNAi-mediated functional screening and 

transcriptomic profiling of normal murine mammary gland cells undergoing an EMT 

have discovered an epistatic, hierarchical regulatory network consisting of diverse 

transcription factors and micro-RNAs that orchestrate the multiple steps of an EMT74. 

A recent study by Pastushenko et al. has used mouse models of skin squamous cell 

carcinoma and breast cancer to study distinct transition states occurring during EMT 

in vivo and to elucidate their specific functional characteristics75, 76. Here, the authors 

identified six populations within an EpCAM- population. Depending on the state, a cell 

varies with regard to its range of plasticity, its invasive potential and its metastatic 

capacity77. Similarly, single-cell RNA sequencing of matched primary and metastatic 

head and neck squamous cell carcinomas of 18 patients has uncovered partial EMT 

cells at the leading edge of primary tumours, which predict poor pathologic features 

and distant seeding78. 

Next to these examples of a classic, transcriptional regulation of EMT, a recent 

study by Aiello et al. has unravelled a post-transcriptional regulation of EMT by sole 

protein relocalization79. In well-differentiated pancreatic ductal adenocarcinoma 

(PDAC), internalization of epithelial proteins renders PDAC cells in a final, partial EMT 

state, where epithelial and mesenchymal genes as well as cell-cell contacts are 

retained. However, poorly-differentiated PDAC cells undergo the well-known, complete 

EMT program, in which epithelial genes are transcriptionally repressed. Depending on 

the EMT program, PDAC cells disseminate as collective strands or single cells. These 

EMT programs are conserved in several carcinomas, including breast cancer and 

confer tumour heterogeneity. 

Despite its supposed association with tumour progression, the consequences 

of a spontaneous EMT on metastasis formation and chemoresistance are not well 

defined. Intriguingly, a recent study by Ishay-Ronen et al. has found that an EMT-

induced cell plasticity can be exploited to enforce a trans-differentiation of breast 

cancer cells into post-mitotic cancer-derived adipocytes, thereby inhibiting breast 

cancer progression and distant seeding80.  

 

1.2.3.5 De-differentiation-driven Breast Cancer Cell Plasticity 

However, cancer cell plasticity cannot only be elicited by an EMT, but also by 

(de-)differentiation events that can ultimately result in, for example, the emergence of 
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stem-like and cancer stem cells (CSCs), low and high-burden secondary lesions, 

asymmetric cell divisions and vascular mimicry (Figure 5, purple).  
In 2015, two studies have elucidated the effect of PIK3CA mutations – one of 

the most common mutations in breast cancer – on mammary tumours. Remarkably, 

the PIK3CAH1047R mutation induces Lgr5+ basal and K8+ luminal cells to de-differentiate 

into multi-potent stem-like cells, which on its own can again give rise to either Lgr5+ 

basal or K8+ luminal cells. The tumour cell of origin determines in the end tumour 

aggressiveness81, 82.  

In addition to a mutation-induced de-differentiation process, stochastic state 

transitions can also equilibrate cancer cell populations. Fluorescence-activated cell 

sorting of human breast cancer cell lines into specific differentiation states with distinct 

functional capacities (stem-like, basal and luminal), followed by cell expansion, have 

revealed a stochastic transition of each subpopulation in one or the other. This process 

of a dynamic and reversible, bidirectional interconversion, also known as Markov 

model, is in stark contrast to the classical CSC model, in which a self-renewing CSC 

gives rise to one CSC and one non-CSC83, 84. In accordance with the Markov model, 

Chaffer et al. have shown bivalent/poised chromatin marks at the Zeb1 promoter, a 

well-known EMT-inducing transcription factor, that – once activated by 

microenvironmental cues, such as the cytokine TGFb – converts basal CD44low non-

CSCs into basal CD44hi CSCs, which further enhance breast tumorigenesis and 

metastasis formation85.  

There is also a considerable heterogeneity in the differentiation of metastatic 

lesions of human triple-negative, basal-like breast cancer cells: low-burden metastatic 

cells have a high expression in genes regulating stemness, anti-apoptosis, dormancy 

and EMT, while high-burden metastatic cells are more heterogenous, have a 

differentiated/luminal gene signature, a great proliferation capacity and a decrease in 

genes regulating dormancy and EMT.  Here, experimental evidence has suggested 

that metastasis is initiated by stem-like cells, which differentiate into luminal-like, more 

advanced secondary lesions86.  

Furthermore, in TNBC, asymmetric divisions yielding K18+/K14- luminal-like as 

well as K18+/K14+ progenitor-like cells provoke differentiation transitions and a 

phenotypic cellular heterogeneity, in which K18+/K14+ progenitor-like cells are 

associated with an increased tumorigenic capacity87.  
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Interestingly, breast cancer cells not only de-differentiate into stem-like or more 

progenitor-like cells, but also into cells that confer microenvironmental stimuli. For 

example, expression of epiregulin, the enzyme cyclooxygenase COX2 and the matrix 

metalloproteinases MMP1- and  2 in human breast cancer cells facilitates 

neoangiogenesis and their intra and extravasation capacities for distant seeding88. In 

a study by Wagenblast et al., retroviral barcoding and subsequent mammary fat pad 

injection of 4T1 breast cancer cells have deciphered distinct, specialized clones that 

either dominate the primary tumour, or have the capacity to disseminate or that harbour 

a distinct organ-tropism. Clones exhibiting the capacity to intravasate into the 

vasculature specifically expressed two releasing proteins (Serpine2 and Slpi) to 

establish vascular networks and to accommodate a suitable perfusion. By doing so, a 

proper nutrient supply is ensured, and metastatic spread is enhanced. This 

phenomenon is also known as vascular mimicry and displays an additional outcome 

of cancer cell plasticity89 (Figure 5, vasculature). 
 

1.2.3.6 Heterogeneity in Cell Proliferation 

Aside from plasticity-driven heterogeneity, there is considerable variation in 

proliferation properties in cells within the primary tumour, in CTCs and even in 

secondary lesions (Figure 5, blue).  
By titrating the numbers of implanted murine lymphoma cells, Kelly et al. have 

demonstrated that lymphoma tumour growth does not require the existence of rare 

cancer stem cells, but that lymphoma cells with and without characteristic stem cell 

markers were able to form tumours90. Examining this heterogeneity in cell proliferation 

further, Roesch et al. have characterized within rapidly proliferating melanoma cells a 

slow-cycling subpopulation, which expresses the H3K4 demethylase JARID1B, and 

which is substantial for tumour growth91. Further studies hint towards an increased 

invasion capacity, metastatic seeding and drug resistance of slow-cycling 

subpopulations in melanoma and other cancer types92-94.  

There is a similar difference in the proliferation potential of single CTCs vs. CTC 

clusters: while single CTCs do not possess open binding sites in proliferation-

associated transcription factors, CTC clusters are enriched in proliferation-related 

genes and display an increased expression of the proliferation marker Ki6766.  

Even metastatic lesions exhibit these differences in proliferation: while 

micrometastases maintain a delicate balance in proliferation, apoptosis and dormancy, 
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evolving macrometastases undergo rapid cycles of proliferation and form large, 

clinically relevant metastases27, 30. 

This heterogeneity in cell proliferation needs to be taken into account in order 

to eradicate the whole tumour mass95-97 and will be further contemplated in the first 

part of my Ph.D. thesis. 

 

1.2.3.7 Interclonal Cooperativity in Breast Cancer 

Due to cell intrinsic factors, various breast cancer subclones emerge that can 

functionally cooperate by autocrine and paracrine signalling networks to drive breast 

cancer progression (Figure 5, green).  
In Wnt-1-driven mammary tumours, for example, a heterogenous mixture of 

basal and luminal cancer cells supports their own tumour growth by interclonal 

cooperation since neither of the cell subpopulations alone is able to sustain tumour 

maintenance. Here, cancer-driving, Hras-mutant basal cells are deficient for Wnt 

signalling, but instead recruit heterologous Hras-wildtype, luminal cells to secrete Wnt-

1 for biclonal tumour growth98, 99. A recent study by Malladi et al. has identified a 

stochastically occurring inhibition of Wnt-signalling caused by autocrine secretion of 

Dkk1 as an important determinant for the formation of slow-cycling breast cancer cells. 

These latent, stem-cell-like cells (expressing the transcription factors Sox2 and Sox9) 

decreased their cell surface innate immune sensor ULBP to evade a natural killer cell-

mediated immune surveillance, thereby enabling their long-term persistence100. 

Furthermore, metastasis-initiating breast cancer cells have been shown to secrete the 

extracellular matrix protein tenascin C in an autocrine manner, which stimulates Notch 

and Wnt signalling pathways and enhances their survival and metastatic fitness101. 

Along this line, in mammary epithelial cells autocrine and paracrine induced TGFb and 

(non)canonical Wnt signalling induce and maintain a mesenchymal/stem-cell like 

phenotype, increase tumorigenicity and enhance metastasis formation102.  

However, breast cancer subclones cannot only cooperate with neighbouring 

clones within the primary tumour, but also with cells of metastatic lesions. Classically, 

it was believed that there is only unidirectional seeding from the primary breast tumour. 

However, a study by Kim et al. has pointed towards a bi-directional spread from distant, 

metastatic lesions back to the primary tumour. This so-called self-seeding did not 

require further adaptation and was conferred by an interleukin mediated (IL6 and IL8) 

CTC attraction by the primary tumour. Once CTCs arrived in the compatible soil of the 
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primary tumour, they were able to foster tumour growth, angiogenesis and stromal 

recruitment103. Furthermore, whole-genome sequencing of matched primary and 

metastatic prostate cancer samples has indicated interclonal cooperation and 

polyclonal seeding from metastasis-to-metastasis104.  

Besides these homotypic, cancer-cell specific interactions that foster breast 

cancer progression, there is also heterotypic cooperation of breast cancer cells with 

various types of cells in the tumour microenvironment, e.g. fibroblasts, macrophages, 

neutrophils and T-cells, that dictate the pace of tumorigenesis, the occurrence of 

distant seeding and a patient’s therapy response105-109 (Figure 5, green).  
Experimental evidence from Marusyk et al. has verified – by transplanting a 

panel of sublines overexpressing single secreting factors implicated in tumour 

progression – such non-cell-autonomous driving forces, indicating that factors derived 

from the microenvironment are indispensable for subclonal heterogeneity110. Indeed, 

in breast cancer, fibroblast-derived caveolin-1 favours an increased contraction, matrix 

alignment and stiffening of the microenvironment. This, in turn, enhances breast 

cancer cell elongation, directional migration, and metastatic capacity111. Another 

fibroblasts-breast cancer cell cooperativity has been exemplified by Malanchi et al., 

where cancer stem cells induced a fibroblast-mediated secretion of periostin, an 

extracellular matrix protein, to engage their Wnt-signalling and metastatic colonization 

capacity112. Remarkably, stromal cells are also able to transfer exosomes harbouring 

noncoding transcripts and transposable elements to breast cancer cells, which induces 

an antiviral signalling pathway. This together with a juxtacrine JAG1-NOTCH3 

mediated interaction is responsible for tumour-initiating cell expansion, resistance to 

radiation and chemotherapy and breast cancer re-initiation113. These and other studies 

highlight the emerging, causative role of stromal fibroblasts during breast cancer 

progression114.  

Next to stromal fibroblasts, also macrophages are implicated in breast 

carcinogenesis. Multiphoton microscopy on primary murine mammary tumours has 

visualized a paracrine loop between breast cancer cells and macrophages close to 

vessels. A breast cancer-mediated secretion of the cytokine CSF-1 stimulated the peri-

vascular macrophages to release the growth factor EGF; thereby enhancing breast 

cancer cell migration, invasion and metastatic potential115, 116.  

In addition to this breast cancer cell-macrophage cooperativity, also breast 

cancer-neutrophil cooperation has been illustrated recently by RNA-sequencing 
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analysis of polyclonal tumours. Polyclonal, metastatic breast tumours harbouring IL11 

and VEGF-D-expressing subclones, systemically primed pulmonary stromal cells to 

secrete neutrophil-stimulating factors. Attracted, pro-tumorigenic neutrophils, in turn, 

stimulated the breast cancer cells’ capacity to disseminate117, 118.  

Furthermore, immunogenomic analysis of one high-grade ovarian cancer 

patient treated with various chemotherapeutic reagents has illustrated the remarkable 

interplay of T-cells with the course of tumour progression: while regressing metastases 

harboured massive T-cell infiltrations, progressing secondary lesions were devoid of 

T-cells119.  

Thus, these and other studies exemplify how interclonal cooperativity between 

various breast cancer subclones, but also between breast cancer and stromal cells 

(including fibroblasts, macrophages, neutrophils and T-cells), can have a great impact 

on breast cancer progression and therapy response.  

 

1.2.3.8 Temporal and spatial heterogeneity 

Cell-intrinsic and non-cell-autonomous traits do not only vary temporally 

throughout tumour progression, but also spatially within a primary tumour and its 

secondary lesions120 (Figure 5). This intratumoural heterogeneity is particularly 

striking in a study, where multiregion sequencing was performed on 12 invasive 

primary breast cancers to representatively sample the whole tumour mass and to 

assess the geographical distribution of subclones. In order to do so, primary tumours 

were surgically removed, and six needle biopsies were resected from each half of a 

tumour and analysed by targeted gene sequencing. Most of the breast cancer biopsies 

exhibited one mutation confined to one to three neighbouring tissue regions, indicating 

a locally constrained expansion of subclones, while other breast cancer samples 

displayed clonal intermingling throughout the tissue. Remarkably, targetable mutations 

and landmarks of therapy resistance and invasive capability occurred in detectable 

subclones121. Similarly, multi-focal breast cancer lesions with a comparable grade and 

expression pattern of ER and HER2 status underwent whole-genome sequencing and 

targeted sequencing of 360 cancer-related genes. In two-thirds of the patients, all 

lesions shared specific substitutions/indels and were clonally related. Topographically, 

genetically similar lesions were located closer to each other than genetically distinct 

lesions, pointing towards an intra-mammary spread. Interestingly, despite pathological 

homology, in one-third of the patients, an enormous inter-lesion heterogeneity was 
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found for oncogenic mutations in PIK3CA, TP53, GATA3 and PTEN, the most 

frequently altered genes in breast cancer122. In a similar study performed by Miron et 

al., targeted sequencing of exon 9 and 20 of the PIK3CA gene of DCIS tissue, DCIS 

adjacent to invasive carcinoma lesions and IDCs, identified the same frequency (30 %) 

of PIK3CA mutations in all three histologically distinct groups. Nevertheless, in some 

cases of pre-invasive and invasive lesions, a discordance – thus intratumoural 

heterogeneity – in PIK3CA status was detected123. Similarly, PIK3CA sequencing of 

single CTCs from metastatic breast cancer patients has revealed heterogeneity in the 

PIK3CA mutation status in one-third of PIK3CA-mutated CTCs124. Furthermore, when 

morphological distinct lesions of six metaplastic breast carcinomas where laser capture 

microdissected and analysed by genomic hybridization, immunohistochemistry and in 

situ hybridization, they comprised a similar genetic pattern and clonal relationship with 

the exception of two lesions, that contained distinct genetic alterations125. Thus, these 

and other studies highlight the presence of an enormous spatial heterogeneity in breast 

cancer during the various steps of malignant progression. 

Waclaw et al. have developed a model for this spatial and temporal tumour 

evolution, in which virtually every single, tumorigenic cell can expand and dominate its 

respective lesions. They report that already a small, advantageous selection-driven 

cell turnover and a short-range spread result in a clonal intermixing, replacement of 

precursor cells and can account for chemotherapy resistance126.  

 

1.2.3.9 Breast Cancer Heterogeneity and its Clinical Consequences 

The polyclonal nature of breast cancer in time and space increases a cell’s 

adaptivity to constitutively changing constraints and is a significant hurdle for diagnosis 

and therapeutic response15, 120. Thus, for a justified diagnosis and therapeutic decision, 

it is important to mitigate the risk of sampling bias and to evaluate the existing, 

substantial heterogeneity on a whole tumour-level. Comparison of multiple, spatially 

separated breast tumour sections, together with a non-invasive CTC analysis and the 

evaluation of matched, topographically dispersed metastatic lesions throughout breast 

oncogenesis is necessary during diagnosis and might enhance our understanding of 

intratumoural heterogeneity15, 32, 34, 62, 120, 127. This idea needs to be approached from 

various angles (genetics, transcriptomics, proteomics, etc.) on bulk- and single tumour 

cells with the help of recent technologies to ultimately find tailored, suitable treatment 

combinations128-132.   
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Based on Paget proposed “seed and soil” hypothesis, there are two treatment 

strategies: therapeutic regimens can target either the seed of a tumour, thus the cancer 

cells itself as exemplified by the HER2-targeting antibody trastuzumab in HER2-

enriched breast cancers, or the soil, thus a tumour’s microenvironment25, 29, 107. 

Examples for treating the tumour stroma in breast cancer is the anti-angiogenic 

antibody Bevacizumab (Avastin®), which binds to and inhibits the vascular endothelial 

growth factor VEGF-A133.   

However, “seed and soil” can also be simultaneously targeted by inhibiting focal 

adhesions, which are not only expressed by the cancer cells itself, but also by cells of 

the tumour microenvironment. Focal adhesions, the interacting link between the actin 

cytoskeleton and the extracellular matrix, are composed of integrin and signalling 

proteins, such as the cytoplasmic tyrosine kinase focal adhesion kinase (FAK). Once 

recruited by integrin- and growth factor-mediated signalling, FAK undergoes a 

conformational change, is autophosphorylated and serves as scaffold for Src family 

kinases134. A fully active FAK-Src signalling complex regulates a plethora of 

downstream signalling pathways essential for cell migration, proliferation and death – 

cellular functions that are also exploited by cancer cells during tumour progression135-

137. Hence, not surprisingly, previous studies have linked FAK expression levels with 

the initiation, progression and prognosis of a wide variety of malignancies, such as 

ovarian, head and neck, and breast cancer137. Shibue et al. have discovered a FAK-

dependent activation of the classical MAP kinase ERK, which in turn stimulated 

extravasated breast cancer cells in the lungs to survive and proliferate to form 

macrometastases71, 138, 139. Remarkably, enhanced FAK signalling has also been 

correlated with drug- and chemoresistance in melanoma- and lymphoma36, 140, 141. 

Here, endothelial cell-specific loss of FAK suppressed a DNA-damaged mediated NF-

kB activation and cytokine secretion from endothelial cells, thereby sensitizing cancer 

cells to chemotherapy and decreasing tumour growth141. Exploring this correlation of 

FAK expression and chemoresistance further, intravital imaging on BRAF-mutant 

melanomas emphasized a FAK-mediated reactivation of ERK/MAPK cascade, an 

increased survival signalling and the emergence of residual disease140. These well-

established tumorigenic activities together with its high expression and activity in 

different cancer types, suggests FAK as a promising target for cancer therapy, which 

has driven the screening and validation of small-molecule inhibitors142-145. The 
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assessment of the therapeutic potential of a novel, selective FAK-inhibitor will be 

delineated in the second part of my Ph.D. thesis.  

While a targeted approach implicates the risk of an overtreatment of cells, which 

do not rely on the specified target or which circumvent the treatment by upregulating 

other relevant pathways, stromal cells are genetically more stable, which might 

attenuate the risk of resistance and recurrence108, 109, 146. Just the presence, or the 

emergence of a single, drug-resistant cell (intrinsic vs. adaptive resistance) results in 

the expansion of a drug-resistant tumour within weeks or months after therapy 

initiation28, 50, 69. Therefore, various combinatorial treatment options might be applied 

with(out) chemotherapy to eradicate the polyclonal behaviour of breast cancer to 

achieve the optimum therapeutic benefit33, 34.  

 
1.2.4 Models for Breast Cancer Heterogeneity 

Until now, there are various model systems available to rebuild and understand 

breast cancer heterogeneity and to evaluate treatment regimens in a preclinical setting: 

2D and 3D-cultures of murine and human breast cancer cell lines, syngeneic and 

xenograft transplantations, patient-derived xenografts (PDX), and autochthonous 

murine mammary tumour models. Each preclinical system implies model-specific 

advantages and disadvantages. While 2D and 3D-culture systems, such as tumour 

slices and organoid cultures, are robust, easy to manipulate and allow co-culturing of 

various cell types, the microenvironmental aspect of breast cancer heterogeneity 

cannot be implemented. However, syngeneic and xenograft transplantation models 

allow to explore the cooperation of breast cancer cells with its microenvironment. 

Nevertheless, transplanted murine and human breast cancer cell lines are originally 

homogenous cell lines, which are expanded in vitro and cannot recapitulate the 

polyclonal nature of breast cancer cells. PDX-models are able to incorporate these 

features of a heterogenous cell population of the original patient sample and the co-

option with a host-derived microenvironment but lack the interaction with an intact 

immune system due to a cross-species incompatibility. Since in autochthonous murine 

mammary tumour models the tumour evolves over time in a native tissue context, this 

model incorporates the polyclonal nature of tumour cells and allows to study 

cooperations with immune- and microenvironmental cells15, 62, 69, 107, 109.   
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1.2.4.1 The MMTV-PyMT Mouse Model of Metastatic Breast Cancer 

Various genetically modified mouse models have been engineered to 

reconstruct breast cancer heterogeneity. Therefore, mammary gland-specific 

promoters (such as the mouse mammary tumour virus) have been exploited to drive 

the expression of oncogenes, e.g. polyomavirus middle T antigen (PyMT), HER2/neu 

and Wnt-1, amongst others. These mouse models in combination with a tamoxifen or 

tetracycline-inducible Cre/lox-P-mediated recombination or a Tet-On/Tet-Off system 

allow to induce a gene of interest specifically in time and space147.  

In the murine metastatic breast cancer model MMTV-PyMT, the mouse 

mammary tumour virus (MMTV) promoter is used to drive the mammary-gland specific 

expression of the PyMT oncogene. In female mice, this results in constitutive signalling 

of c-Src and PI3K, deregulated cell proliferation and widespread malignant 

transformation of the mammary gland epithelium from age 2-4 weeks on without further 

chromosomal aberrations. This ultimately culminates in the development of luminal-B 

type, multifocal mammary adenocarcinomas during a short latency and pulmonary 

metastases within 14 weeks in about 94 % of female mice. The MMTV-PyMT mouse 

model of metastatic breast cancer nicely resembles the human breast cancer 

pathogenesis by its stepwise progression to malignancy and the expression of specific 

biomarkers. During the various stages of mammary oncogenesis, the expression of 

ER, PR and integrin b1 is gradually lost, while the expression of HER2/neu and the 

cell cycle-regulatory protein cyclin D1 increase over time11, 147-149. During the pre-

malignant stages more than 50 % of the cells are cyclin D1-positive, which are mainly 

located at the outer layer of luminal ducts but increase and redistribute as clusters 

through the entire tumour during tumorigenesis11.  

Maglione et al. have characterized various MMTV-PyMT-derived hyperplastic 

lesions from different topographical zones with regard to histopathological parameters 

and their transplantation potential. Various stable hyperplastic outgrowth lines 

possessed their own morphology, tumour latency and metastatic capacity; thus, 

representing the heterogenous nature of each lesion150, 151. Microarray-analysis of the 

normal mammary fat pad and (pre)malignant lesions has revealed an upregulation of 

cell-cycle related genes and oncogenes during the premalignant transition152. 

Consistent with this, gene expression profiling of mammary tumours of different 

MMTV-PyMT mouse strains has shown a shared upregulation of genes mediating cell 

growth and a common downregulation of genes implicated in cell adhesion when 
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compared to normal tissue153. MMTV-PyMT tumour piece transplantation into FVB 

hosts, followed by a combinatorial treatment with the chemotherapeutic reagents 

docetaxel, doxorubicin and cyclophosphamide and then microarray analysis, 

discovered biomarkers of dissemination, distant seeding and resistance154. RNA-

sequencing of bulk primary breast tumours of the MMTV-PyMT mouse model at 

various stages of mammary tumour progression, has indicated a high transcriptomic 

overlap between the various breast cancer stages with a high preservation in modules 

regulating oxidative phosphorylation, the Krebs-cycle, DNA replication and cell-cycle 

progression155.  

However, it is still questionable whether these genetically modified murine 

models are able to adequately rebuild human breast cancer pathogenesis. Yet, DNA 

microarray analysis, gene expression profiling and transcriptomic classification of 

diverse murine mammary tumour models and cell subpopulations have verified the 

conservation of human subtype-specific characteristics and shared genes and 

pathways in murine samples156-159. Intriguingly, these studies have validated the 

classification of the MMTV-PyMT mouse model as luminal B-type of breast cancer, 

with high expression of the human luminal-defining genes XBP1 and K8/18 and an 

enrichment in genes that predict secondary lesions156, 157, 159. 

Despite the similarities of murine mammary tumour models to human breast 

cancer, it is clear that species-mediated differences remain, such as variations in cell-

intrinsic physiologies, growth kinetics, tumour size and site-specific metastatic 

seeding. Thus, various models are needed to start comprehending breast cancer 

heterogeneity that is present in the patient62, 107, 147. 

 

1.2.4.2 Lineage Tracing Studies 

In order to permanently probe, track and dissect the functions of various cell 

types during organ development and malignant tumour progression in an unperturbed 

system in vivo, various in situ dual and multicolour lineage tracing systems have been 

generated160.  

To genetically label neurons to visualize synaptic circuits over time in vivo, Livet 

et al. have developed in 2007 the widely exploited “Brainbow” reporter system, in which 

different constructs with incompatible lox variants (Brainbow-1) and tandem, invertible 

DNA segments (Brainbow-2) allow a stochastic, combinatorial expression of several 

fluorescent proteins160, 161. In Brainbow-1.0, incompatible lox variants can alternate, 
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enabling the switch from red fluorescent protein (RFP) expression to yellow fluorescent 

protein (YFP) or cyan fluorescent protein (CFP). Independent recombination of three 

transgene copies of the Brainbow-1.0 construct permits ten different colour 

combinations. In Brainbow-1.1, an additional, incompatible lox site has been inserted, 

which permits a fluorescent switch from orange to a stochastic recombination of CFP, 

YFP or RFP. Brainbow-2 makes use of tandem, invertible DNA segments. In Brainbow-

2.0, a Cre-mediated recombination triggers the inversion of one DNA segment in 

opposite direction, switching gene expression from RFP to CFP. Brainbow-2.1 

contains two tandem invertible DNA segments, which can be inverted and excised by 

Cre-activity, enabling the expression of four fluorescent proteins: CFP, green 

fluorescent protein (GFP), YFP and RFP161. In 2010, Snippert et al. have inserted the 

Brainbow-2.1 construct into the Rosa26 locus for the ubiquitous expression of the 

construct. The authors have utilized Lgr5-mediated Cre inversion and excision to 

fluorescently label stem-cell derived clones within the intestinal crypts in a random 

manner. Over time, these initially multicoloured clones progressed towards 

monoclonality, suggesting a life-long persistence of Lgr5+ stem cells by symmetric cell 

division162. Similarly, genetic lineage tracing and clonal analysis of K14-derived cells 

at distinct stages of squamous skin tumour progression unveils two proliferative cell 

compartments within papilloma’s, a more persistent, stem cell-like population, and a 

slower cycling, differentiating compartment163. 

Over the years, several other in situ lineage tracing systems have been 

established to fate-track, visualize and functionally dissect different cell types during 

mammary gland development and tumour progression7, 164. By using consecutive 

intravital imaging sessions on confetti-labelled mammary tumours (MMTV-PyMT; R26-

Brainbow-2.1; R26-CreERT2), Zomer et al. have visualized various clonal growth 

patterns indicative of cancer stem cell plasticity, such as disappearing clones, delayed 

growth onset, regression and continuous clonal growth165. A comparable, thorough 

clonal restriction during malignant progression occurs in chemically induced or tumour-

suppressor-inactivated confetti-labelled mammary tumours166. This observation of 

clonal loss and dominance during carcinogenesis has also been confirmed by lineage 

tracing studies in other tumour models, such as pancreatic- and squamous skin 

carcinomas and sarcomas167-169. For example, by using a multicolour R26-Confetti-Cre 

reporter in an autochthonous mouse model of pancreatic cancer, Maddipati et al. have 

demonstrated a significant decrease in clonal heterogeneity during premalignant 
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progression167. Furthermore, stage-specific lineage tracing of Confetti; K5-CreERT2 

mice in a chemical-induced squamous carcinoma model has suggested the 

occurrence of a clonal sweep and clonal intermixing during the evolution of squamous 

skin carcinomas168.  

Besides these clonal analyses of primary tumour growth, the extent of tumour 

heterogeneity and clonal expansion can also be traced at the other steps of malignant 

progression, including invasion, dissemination into the circulation and seeding to 

secondary organs. In a study by Aceto et al., orthotopic transplantation experiments 

with GFP or mCherry-expressing MDA-MB231 cells has unveiled a plakoglobin-

mediated polyclonal grouping of primary breast cancer cells as causative event for 

CTC cluster formation170. In accordance with this, Cheung et al. have exploited 

multicolour lineage tracing combined with orthotopic transplantation of MMTV-PyMT; 

R26-Confetti organoids to prove the presence of a multicoloured, collective invasion 

and the existence of polyclonal, pulmonary breast cancer metastases171, 172. Similar 

polyclonal metastases exist in pancreatic and squamous skin carcinomas167, 168. 

Intriguingly, in the autochthonous mouse model of pancreatic cancer, the site-

dependent selective pressures determine an either monoclonal or polyclonal 

outgrowth, with monoclonal metastases in liver and lung and polyclonal tumour cell 

expansion in peritoneum and diaphragm167.  

Throughout these exemplified, multifaceted studies, a universal pattern of clonal 

dynamics during tumour-evolution and growth becomes apparent, where clonal 

heterogeneity is followed by clonal dominance and subsequently polyclonal spread. 

This universality might – amongst other factors – be due to natural occurring tissue 

rearrangements, such as migration, proliferation and tissue deformation events, that 

foster fragmentation or merging of labelled cell clusters173.  
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2. Aim of the Study 
Breast cancer heterogeneity adversely affects a patient’s prognosis, therapeutic 

response and clinical progression. In the past years, we have gained increasing 

knowledge about the extent of breast cancer heterogeneity and the treatment of the 

primary tumour. However, the functional contribution of tumour heterogeneity towards 

breast cancer progression is still obscure and standard of care treatments are rarely 

able to cure metastatic breast cancer patients. This demonstrates the urgent clinical 

need to functionally understand tumour heterogeneity during the progression of 

metastatic breast cancer to develop new targeted therapies.  

This work aimed at identifying and characterizing clonal evolution and 

heterogeneity during metastatic breast cancer progression. To this end, we established 

a pipeline of multi-colour lineage tracing, in combination with laser capture 

microdissection and RNA-sequencing, to elucidate heterogeneity across and even 

within the stages of breast cancer progression. In collaboration with a pharmaceutical 

company, we have further assessed the therapeutic potential and biological effects of 

a novel, anti-proliferative inhibitor of focal adhesion kinase (FAK).  

 
Specifically, I addressed the following aspects during my Ph.D. studies: 

• The extent and functional contribution of clonal evolution and tumour 

heterogeneity to metastatic breast cancer progression.  

• The therapeutic- and biological effects of the novel FAK-inhibitor BI 853520 in 

vitro and in preclinical mouse models of breast cancer. 
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3. Results 
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3.1.1 Abstract 
Despite major progress in breast cancer research, the process of tumour 

progression from a premalignant disease to metastatic outgrowth is still poorly 

understood and efficient therapeutic options to efficiently combat metastatic disease 

are still lacking. In particular, the functional contribution of distinct cancer cell clones 

within a tumour stage of a primary tumour to malignant tumour progression remains 

largely elusive. We have assessed clonal heterogeneity within individual primary 

tumours and metastasis and also during the distinct stages of malignant tumour 

progression using the Confetti lineage reporter in the background of the MMTV-PyMT 

mouse model of metastatic breast cancer. Comparative gene expression analysis of 

the clonal populations reveals a substantial level of heterogeneity across and also 

within the various stages of breast carcinogenesis. This intra-stage heterogeneity is 

manifested by differences in cell proliferation, where the fast-proliferating subclass is 

further enriched in oxidative phosphorylation and cell death. Notably, intra-stage 

proliferative heterogeneity is also found within lesions of ductal carcinoma in situ 

(DCIS) and in invasive carcinomas of breast cancer patients. However, cancer-related 

pathways underlying progression to malignancy seem to overrule the intrinsic 

proliferation differences; both slow and fast-proliferating subpopulations are found in 

all stages of malignant tumour progression and in metastasis. This new understanding 

of clonal variation and intra-stage tumour heterogeneity may have considerable impact 

on patient diagnosis and therapy response.  

 
3.1.2 Introduction 

In the past years, we have gained increasing knowledge about the extent of 

tumour heterogeneity. Tumour heterogeneity is known to be conferred by differences 

in various intrinsic parameters, e.g. the genetic profile and the transcriptomic 

landscape of a cell, the interplay between the genome, transcriptome and epigenome 

and the range of cell plasticity. Besides these cell-autonomous traits, also extrinsic 

factors in the tumour microenvironment affect tumour heterogeneity, including the 

tumour vasculature and tumour cell interactions with stromal and immune cells15, 32-36. 

DNA- and gene expression profiling on bulk and single cells of primary tumours and 

metastatic lesions with and without chemotherapeutic regimens has revealed 

substantial differences in mutational profiles and large transcriptomic variations 

between clones of primary tumours and metastases18, 37-40, 44, 45, 51, 53-56, 64, 68, 121, 166, 168. 
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This heterogeneity ultimately results in the formation of subclones with different 

biological capabilities, which will follow Darwin’s principle of “survival of the fittest”. 

Already in 1976, Nowell has described the idea of a clonal evolution, where subclones 

with a growth advantage in a certain ecosystem will persist, survive and eventually 

expand, whereas less fit subclones that are unable to compete against the others, will 

extinct41, 42. Multi-colour lineage tracing studies in breast, pancreatic, squamous skin 

carcinoma and sarcoma have identified the emergence of clonal dominance and loss 

during carcinogenesis and the existence of mono- or polyclonal metastasis165-169, 172. 

Despite this increasing knowledge about the extent of breast cancer heterogeneity, the 

clonal diversification or, in other words, the topographical expansion of multiple cancer 

clones within a patient’s primary tumour and secondary sites remains largely elusive. 

In particular, a comparative gene expression analysis of various clonal populations 

specifically within the stages of oncogenesis, such as hyperplasia, adenoma, 

carcinoma and metastasis, are still lacking. Moreover, the functional contributions of 

the various clonal subpopulations to malignant tumour progression and metastasis 

formation remain unknown, and defined gene signatures or biomarkers for diagnosis, 

prognosis and therapeutic outcome prediction are still to be identified.  

Here, we have exploited the MMTV-PyMT mouse model of metastatic breast 

cancer expressing the Confetti lineage reporter and laser capture microscopy and 

next-generation RNA sequencing to interrogate clonal variation during breast cancer 

progression149, 161, 174. Comparative analysis of gene expression profiles indicates a 

substantial level of heterogeneity across the stages and also within the specific stages 

of neoplastic progression. These intra-stage differences are mainly due to varying 

capacities in cell proliferation, survival and in oxidative phosphorylation and are 

dominated by a plethora of other cancer-related pathways to ensure malignant 

progression. The differences in the proliferation rate of clonal subpopulations within 

tumour stages has also been observed in patient samples, indicating the generality of 

the findings and their importance for the development of better diagnosis and therapy 

prediction. 

 

3.1.3 Results 
3.1.3.1 Confetti lineage tracing in murine mammary tumours  

To assess clonal expansion and tumour heterogeneity during mammary gland 

carcinogenesis in the mouse, the MMTV-PyMT mouse model of metastatic breast 
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cancer was interbred with the Confetti lineage reporter mouse line (R26-CBW) and the 

K8-Cre-ERT2 driver mouse line149, 161, 174 (Fig. 1a). In the MMTV-PyMT mouse model, 

the MMTV promoter drives the mammary gland-specific expression of the PyMT 

oncogene, which results into the malignant transformation of the mammary gland 

epithelium, ultimately leading to the stepwise development of luminal mammary 

adenocarcinomas and pulmonary metastasis within 14 weeks of age149, 174. The 

cytokeratin 8 promoter (K8, specific for luminal epithelial cells in the mammary gland) 

was used to drive the expression of a tamoxifen-inducible Cre-recombinase (K8-Cre-

ERT2)3, 81. To validate the choice of the K8 promoter as an adequate Cre driver, MMTV-

PyMT primary tumours were first analysed for K8/K18 expression by 

immunofluorescence staining, demonstrating K8/18-expression in the different stages 

of murine mammary gland tumorigenesis, including hyperplasia, adenoma and 

carcinoma (Supplementary Fig. 1a). 
To specifically trace K8-expressing luminal epithelial cells in the mammary 

gland, Cre recombinase was induced in five weeks old, female MMTV-PyMT; R26-

CBW; K8-CreERT2 triple-transgenic mice by injecting one bolus of tamoxifen. 

Activation of Cre recombinase then led to recombination of the Confetti cassette and 

in the stable expression of one of the four Confetti reporter fluorescence proteins, 

membranous cyan fluorescent protein (mCFP), nuclear green fluorescent protein 

(nGFP), cytoplasmic yellow fluorescent protein (cYFP) and cytoplasmic red fluorescent 

protein (cRFP). The outgrowth of clonal cell populations was then analysed following 

1, 4.5 and 8 weeks of tracing, or when the maximum primary tumour volumes had been 

reached, enabling the tracing of various breast cancer stages, such as hyperplasia, 

adenoma, carcinoma and pulmonary metastases (Fig. 1b). This lineage tracing 

strategy was used throughout this study. 

Immunofluorescence staining of colour-induced MMTV-PyMT; R26-CBW; K8-

CreERT2 primary tumours for K8/18 expression verified the co-localization of 

recombined cells with K8/18 expression throughout tumour progression (Fig. 1c). 
Immunohistochemical and fluorescence analyses of vehicle or tamoxifen-induced 

MMTV-PyMT; R26-CBW; K8-CreERT2  primary tumours at indicated time points 

confirmed that the applied bolus of tamoxifen did not substantially affect primary 

tumour weight or malignant progression, tumour cell proliferation, apoptosis, immune 

cell infiltration, or tumour microvessel density (Supplementary Fig. 1b). 
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Figure 1. Tumour heterogeneity during the progression of metastatic breast cancer. 
a, Lineage tracing strategy for a cytokeratin 8 (K8) promoter-driven colour randomization. In triple transgenic mice, 
the MMTV-promoter was used to drive the mammary gland-specific expression of the PyMT oncogene (MMTV-
PyMT). The K8 promoter was used to drive the expression of tamoxifen-inducible Cre recombinase (K8-CreERT2). 
Upon tamoxifen treatment, activation of Cre recombinase led to the stochastic expression of one of the four 
fluorescent proteins CFP, GFP, YFP and RFP (R26-CBW) in K8-expressing luminal epithelial cells and their 
progeny in the mammary gland. 
b, Scheme depicting tamoxifen administration of five-weeks old MMTV-PyMT; R26-CBW; K8-CreERT2 triple-
transgenic mice to allow lineage tracing for 1, 4.5, or 8 weeks or until the maximum tumour volume had been 
reached.  
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c, Microscopic images of colour-induced MMTV-PyMT; R26-CBW; K8-CreERT2 mammary gland tumours following 
1, 4.5 and 8 weeks of tracing or until the maximum tumour volume had been reached, immunolabeled for K8 
(magenta) and DAPI (grey) (n = 3 mice per time point). Scale bar, 50 µm.  
 

3.1.3.2 Tumour progression is associated with clonal dominance 

To decipher tumour heterogeneity during the various stages of breast 

carcinogenesis, female MMTV-PyMT; R26-CBW; K8-CreERT2 mice were colour-

induced at five weeks of age, sacrificed at different time points (6, 9.5 and 13 weeks 

of age or once maximum tumour volume was reached), and clonal populations defined 

by the continuous and homogenous expression of one-colour fluorescence protein 

were analysed. FACS analysis and whole-mount imaging of mammary tumours of 

MMTV-PyMT; R26-CBW; K8-CreERT2 mice one week after tamoxifen-induced colour 

randomization demonstrated single recombined luminal progenitor cells with a total 

labelling efficiency of around 3% in all four colours, but with a slight bias in frequency 

towards GFP and RFP (Supplementary Fig. 2). 
Longitudinal imaging of MMTV-PyMT; R26-CBW; K8-CreERT2 mice harbouring 

fluorescently labelled primary tumours throughout progression to malignancy was 

associated with the emergence of clonal populations of various stages in the primary 

tumour and culminated in a clonal dominance of large individual subclones in the later 

stages of tumour progression (Fig. 2a). This clonal restriction was manifested by a 

decrease in the number of clones and an increase in the area of clonal populations 

over time (Fig. 2b).  
We next assessed the level of heterogeneity during tumour invasion, the initial 

step in the metastatic dissemination of tumour cells. Confocal microscopy imaging of 

thick cryosections of tamoxifen-induced MMTV-PyMT; R26-CBW; K8-CreERT2 

mammary gland tumours and subsequent 3D reconstructions revealed three modes of 

dissemination at the invasive fronts of primary tumours: disseminating single cells of 

all colours, monochromatic tumour cell clusters, and polychromatic tumour cell clusters 

(Fig. 2c).  
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Figure 2. Temporal and spatial heterogeneity in primary breast tumours. 
a, Representative fluorescence microscopy pictures (upper panels) and 3D-reconstructions (lower panels) of 
colour-induced mammary gland tumours of MMTV-PyMT; R26-CBW; K8-CreERT2 mice at 6, 9.5, and 13 weeks of 
age and when the maximum tumour volume had been reached. DAPI, grey; n = 7-17 mice per time point. Scale 
bar, 1000 µm. 3D-reconstructions: DAPI, blue; n = 3-6 mice per time point. Scale bar, 100 µm. 
b, Quantification of the numbers (left panel) and area sizes of clonal tumour cell populations (right panel) within 
tumours of colour-induced MMTV-PyMT; R26-CBW; K8-CreERT2 mice at 6, 9.5, and 13 weeks of age and when 
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the maximum tumour volume had been reached. n = 6-15 mice per time point. **** p < 0.0001, *** p < 0.001, 
** p < 0.01, * p < 0.05, unpaired, two-tailed Student’s t-test. 
c, Representative fluorescence microscopy images (upper panels) and 3D-reconstructions (lower panels) of 
invasive and disseminating single cells and mono and polychromatic tumour cell clusters at the invasive front of 
late-stage tumours of colour-induced MMTV-PyMT; R26-CBW; K8-CreERT2 mice. DAPI, blue; n = 5. Scale bar, 
upper panels, 250 µm; rectangle, 50 µm. Scale bar, middle and lower panels, 30 µm.  
 
3.1.3.3 Polyclonal metastatic spread 

To address the functional effect of the observed tumour cell heterogeneity at the 

invasive front in the subsequent steps of the metastatic cascade, we next analysed 

circulating tumour cells (CTCs) in the bloodstream and pulmonary metastases in 

MMTV-PyMT; R26-CBW; K8-CreERT2 mice bearing fluorescently labelled late-stage 

tumours. For CTC analysis, up to 1 ml of blood was isolated by cardiac puncture and 

CTCs were immediately captured with a Parsortix Cell Separation System. Microscopic 

analysis of cell separation cassettes identified CTCs as cells in the blood expressing 

one of the four fluorescent markers. We observed few single CTCs, yet more CTC 

clusters (harbouring on average 18 cells) (Supplementary Fig. 3a). The CTC clusters 

were either monochromatic or polychromatic and most of them were found to cluster 

with non-recombined tumour cells or other cell types, such as leukocytes (Fig. 3a and 
Supplementary Fig. 3a).  

Once maximum tumour volume had been reached in colour-induced MMTV-

PyMT; R26-CBW; K8-CreERT2 triple-transgenic mice, serial sectioning of the whole 

lung followed by microscopic analysis detected approximately 30 metastatic lesions in 

the lungs of each mouse ranging from small microscopic to large macroscopic nodules 

and exhibiting mono and polychromatic cellular composition (Fig. 3b, c). Interestingly, 

polychromatic metastatic lesions were found larger but less frequent than their 

monochromatic counterparts in MMTV-PyMT; R26-CBW; K8-CreERT2 mice and also 

in mice transplanted with a fragment of a triple-transgenic tumour (Fig. 3d; 
Supplementary Fig. 3b). The observation of larger polychromatic metastatic lesions 

might be the consequence of a survival benefit of polyclonal cell populations at the late 

stages of tumour progression, when metastatic outgrowth is maximal (Fig. 3c,d; 
Supplementary Fig. 3c). Analysis of the colour distribution of the clonal populations 

during progression to malignancy, including primary tumours, CTCs and pulmonary 

metastatic lesions, confirmed the extensive intra-tumoural heterogeneity with the 

concomitant preservation of colour, i.e. clonal dominance (Fig. 3e).  
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Figure 3. Polyclonal metastatic spread. 
a, Representative fluorescence microscopy pictures of single circulating tumour cells (CTCs) and monochromatic, 
polychromatic and poly-celltype CTC clusters of colour-induced MMTV-PyMT; R26-CBW; K8-CreERT2 mice at 
maximum tumour volume (left panels). A pie chart presents the percentage of CTC clusters being mono, 
polychromatic or poly-cell type (right panel). n = 3. Scale bar, 50 µm. 
b, Representative fluorescence microscopy images of small or large and mono or polychromatic metastatic lesions 
of colour-induced MMTV-PyMT; R26-CBW; K8-CreERT2 mice. n = 31. Scale bar, 50 µm. 
c, Quantification of the numbers and average metastatic areas of colour-induced MMTV-PyMT; R26-CBW; K8-
CreERT2 mice at 13 weeks of age and when the maximum tumour volume had been reached. n = 6-12 mice per 
time point. **** p < 0.0001, *** p < 0.001, ** p < 0.01, * p < 0.05, unpaired, two-tailed Student’s t-test. 
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d, Quantification of the numbers and average area of monochromatic vs. polychromatic metastatic lesions of colour-
induced MMTV-PyMT; R26-CBW; K8-CreERT2 mice when the maximum tumour volume had been reached (left 
and middle panel). Quantification of the average metastatic area of big monochromatic vs. polychromatic metastatic 
lesions is shown on the right. n = 12. **** p < 0.0001, *** p < 0.001, ** p < 0.01, * p < 0.05, paired, two-tailed 
Student’s t-test. 
e, Quantification of colour dominance within primary tumours, CTCs, and metastatic lesions of three individual 
colour-induced MMTV-PyMT; R26-CBW; K8-CreERT2 mice when the maximum tumour volume had been reached. 
n = 3.  
 

3.1.3.4 Substantial heterogeneity across and even within tumour stages  

To investigate tumour heterogeneity during oncogenesis in colour-induced 

MMTV-PyMT; R26-CBW; K8-CreERT2 mice at the gene expression level, zonal 

patches of clonal populations of various stages within primary tumours as well as 

metastases were isolated by laser capture microdissection and subjected to RNA 

sequencing. Immunofluorescence microscopy analysis of histological sections of 

colour-induced MMTV-PyMT; R26-CBW; K8-CreERT2 mice revealed the expression of 

GFP, YFP and RFP fluorescent markers in all stages of tumour progression, including 

metastatic lesions in the lungs (Fig. 4a). Since CFP expression was underrepresented 

at late-stage tumours, CFP-expressing clonal populations were excluded for further 

analysis. Clonal patches of GFP-, YFP- and RFP-expressing populations within 

primary tumours and metastatic lesions were then microdissected by laser capture 

microscopy and subjected to RNA sequencing (Supplementary Fig. 4a). 
Unsupervised hierarchical clustering of the top 500 most variable genes shared by 

hyperplasia, adenoma, carcinoma and metastatic lesions, suggested a substantial 

level of heterogeneity across the different stages of carcinogenesis (Fig. 4b). 
Interestingly, every stage with the exception of carcinoma harboured cell cycle-related 

terms in their top 10 reactome terms (Fig. 4c, left panels, highlighted in bold). 
Nevertheless, to adequately elucidate the extent and functional contribution of tumour 

heterogeneity to metastatic breast cancer progression, it is important to not only make 

a stage-wise comparison, but to specifically interrogate the level of heterogeneity 

between various subpopulations within the same tumour stages.  

Strikingly, unsupervised hierarchical clustering of the top 500 most variable 

genes of each tumour stage revealed a tremendous heterogeneity in gene expression 

profiles and the identification of distinct subclasses within each tumour stage (Fig. 4c, 
right panels, stage-specific subclasses are highlighted). Intriguingly, when each 

tumour stage-specific subclass was compared to gene expression profiles of normal 

murine mammary glands, each tumour stage was found to harbour one subclass which 

was enriched for cell cycle-related reactome terms (Fig. 4d). Based on this 
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comparison, we classified each stage-specific subclass as fast or slow-proliferating for 

further analysis. A comparison of the pathways (top 10 KEGG terms) of all fast-

proliferating subclasses of all tumour stages to all slow-proliferating subclasses 

validated their prominent vs. absent proliferative phenotype, respectively 

(Supplementary Fig. 4b). Additionally, Integrated Motif Activity Response Analysis 

(ISMARA) on all subclasses pointed towards a stage-specific transcriptional regulation 

of the slow-proliferating vs. fast-proliferating phenotype, with the regulatory hubs 

highlighted in green and in red orchestrating the respective phenotypes 

(Supplementary Fig. 4c). 
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Figure 4. Intra-tumoural vs. intra-stage heterogeneity. 
a, Outgrowth of clonal cell populations was analysed when the maximum tumour volume comprising all tumour 
stages (normal mammary gland, hyperplasia, adenoma, carcinoma, pulmonary metastases) had been reached in 
colour-induced MMTV-PyMT; R26-CBW; K8-CreERT2 mice. Zonal patches of clonal populations of the primary 
tumour as well as metastases were isolated by laser capture microdissection (encircled regions) and samples 
obtained were subjected to RNA sequencing. n = 3. Scale bar, 150 µm. 
b, Unsupervised hierarchical clustering of the top 500 most variable genes across the various stages of mammary 
gland carcinoma progression. Hyperplasia, n = 5; adenoma, n = 8; carcinoma, n = 9; metastases, n = 7. 
c, List of the top 10 reactome terms (percentage of expressed genes per term) of the top 500 most variable genes 
shared by all tumour stages are depicted in the left panels. Cell cycle-related terms are highlighted in bold. 
Unsupervised hierarchical clustering of the top 500 most variable genes within each stage (right panels) revealed 
stage-specific subclasses (highlighted in rectangles).  
d, Bar graph representing the percentage of all upregulated cell-cycle related reactome terms in the comparisons 
of stage-specific subclasses vs. normal mammary gland. n = 2 for each tumour stage.  
The following colour-code was used throughout the figure: hyperplasia, yellow; adenoma, orange; carcinoma, red; 
metastasis, blue. 
 
3.1.3.5 Intra-tumour stage heterogeneity is due to differences in cell proliferation 

In line with the slow-proliferating vs. fast-proliferating clonal populations in all 

tumour stages of MMTV-PyMT; R26-CBW; K8-CreERT2 mice, gene set enrichment 

analysis of each tumour stage confirmed for the proliferative subclasses of each 

tumour stage a significant enrichment in genes implicated in the positive regulation of 

cell cycle (Fig. 5a). To assess whether the slow vs. fast-proliferating phenotypes can 

be observed in confetti-labelled tumours of MMTV-PyMT; R26-CBW; K8-CreERT2 mice 

in situ, we performed immunofluorescence staining on primary tumours and lungs for 

phospho-histone H3 (pH3), a marker for proliferating cells. Within one tumour section, 

we detected several slow-proliferating clones in close proximity to fast-proliferating 

clones in hyperplasia, adenoma, carcinoma and metastases (Fig. 5b and 
Supplementary Fig. 5a). Quantification of pH3+-nuclei per clonal area verified the 

existence of slow vs. fast-proliferating clones within each tumour stage, which was 

accompanied by smaller vs. bigger clonal areas, respectively (Fig. 5b and 
Supplementary Fig. 5b). This correlation was not due to the selection of clone sizes 

for laser capture microdissection, since samples with identical size were isolated from 

one-colour clonal tumour patches for not introducing any confounder in the RNA 

sequencing analysis (Supplementary Fig. 5c). The finding of slow and fast-

proliferating subclones throughout breast tumorigenesis could also be observed in 

monoclonal cell lines isolated from primary tumours and from pulmonary metastatic 

lesions of colour-induced MMTV-PyMT; R26-CBW; K8-CreERT2 triple-transgenic mice 

and in mice transplanted with a fragment of a triple-transgenic tumour. Similar to 

primary tumours and metastatic lesions in vivo, the monoclonal cell lines displayed 

varying proliferation capacities, with some cell lines being slowly proliferating, whereas 

others harboured a high proliferative propensity (Supplementary Fig. 5d). The 
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differences in proliferation were found independent of the epithelial-to-mesenchymal 

transition state of the cell lines (data not shown). Notably, the intra-stage heterogeneity 

in tumour cell proliferation was also found in human breast cancer samples which had 

been stained for the proliferation marker Ki67 for clinical decision making. Also here, 

slow-proliferating and fast-proliferating lesions could be observed with high 

significance in ductal carcinomas in situ (DCIS) and invasive carcinomas, even though 

there was a considerable inter and intra-tumoural heterogeneity in the patient samples 

(Fig. 5c and Supplementary Fig. 5e).  
 Further gene-set enrichment analysis was performed to identify specific 

characteristics of the fast-proliferating subclasses. Interestingly, in addition to an 

induced cell cycle regulation the fast-proliferating subclasses were further enriched for 

oxidative phosphorylation and apoptosis. These computational results were validated 

by immunofluorescence staining of primary tumour sections of MMTV-PyMT mice for 

Ndufa2 and cleaved caspase 3 (ccaspase 3), markers for complex I of the oxidative 

phosphorylation system and for apoptosis, respectively (Fig. 5d, e). Here, fast-

proliferative clonal populations also displayed an increase in Ndufa2 staining intensity. 

Furthermore, primary tumour sections of colour-induced MMTV-PyMT; R26-CBW; K8-

CreERT2 mice harboured areas, which were low or high in the apoptosis marker 

ccaspase3. However, the observed slow and fast-proliferating phenotypes were not 

attributable to differences in immune cell infiltrates and tumour microvessel density, as 

determined by immunofluorescence staining of primary tumour sections for CD45 and 

CD31, respectively (Supplementary Fig. 5f, g). Thus, throughout progression to 

malignancy, each tumour stage comprised not only inert but also highly dynamic 

clones, which were characterized by increased proliferation, oxidative phosphorylation, 

cell death and a larger clone size. In contrast, slow-proliferating populations of tumour 

cells did not apparently correlate with any specific gene expression profile or gene set 

enrichments.  
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Figure 5. Intra-stage heterogeneity is due to differences in proliferation, oxidative phosphorylation and cell 
death. 
a, Gene set enrichment analysis (GSEA) revealed an enrichment in gene sets involved in a positive regulation of 
cell cycle for the fast-proliferating subclasses of each tumour stage. 
b, Representative immunofluorescence microscopy pictures of MMTV-PyMT; R26-CBW; K8-CreERT2 mammary 
gland tumours, stained for phospho-histone H3 (pH3, magenta) and DAPI (blue) (left panels). Lesions below or 
above the average of pH3+ nuclei/mm2 per tumour stage were classified as slow or fast-proliferating clonal 
populations, respectively. Differences in pH3+ nuclei per area of slow and fast-proliferating clonal populations within 
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each stage are depicted on the right. n = 4 mice. **** p < 0.0001, *** p < 0.001, ** p < 0.01, * p < 0.05, unpaired, 
two-tailed Mann-Whitney U test. Scale bar, 50 µm. 
c, Representative light microscopy image of a human breast cancer biopsy immunolabeled for Ki67 indicated intra-
stage heterogeneity due to proliferation differences (left panels). Lesions below or above the average of Ki67+ 
nuclei/mm2 per tumour stage per sample were classified as slow or fast-proliferating clonal populations, 
respectively. A quantification of Ki67+ nuclei per area of slow and fast-proliferating clonal populations within DCIS 
and invasive carcinoma lesions is shown on the right. n = 9 patients, with 1-4 sections each. **** p < 0.0001, *** p 
< 0.001, ** p < 0.01, * p < 0.05, unpaired, two-tailed Mann-Whitney U test. Scale bar, 2000 µm. 
d, Gene-set enrichment analysis (GSEA) revealed for all fast-proliferating clonal lesions (n = 8) vs. all slow-
proliferating lesions ones (n = 9) an enrichment in gene sets involved in oxidative phosphorylation (left panel). 
Lesions below or above the average of pH3+ nuclei/mm2 per tumour stage per MMTV-PyMT mouse were classified 
as slow or fast-proliferating clonal populations, respectively. A quantification of Ndufa2 mean intensity confirmed 
an increased capacity for oxidative phosphorylation in fast-proliferating clones (black labels). n = 3. **** p < 0.0001, 
*** p < 0.001, ** p < 0.01, * p < 0.05, unpaired, two-tailed Mann-Whitney U test. 
e, Gene-set enrichment analysis (GSEA) for all fast-proliferating clonal populations (n = 8) vs. all slow-proliferating 
clones (n = 9) revealed an enrichment in gene sets involved in the regulation of apoptosis (left panel). A 
quantification of the percentage cleaved caspase 3+ area validates areas with low and high incidence of cell death 
in primary tumours of colour-induced MMTV-PyMT; R26-CBW; K8-CreERT2 mice. n = 3. **** p < 0.0001, *** p < 
0.001, ** p < 0.01, * p < 0.05, unpaired, two-tailed Mann-Whitney U test. 
The following colour-code was used throughout the figure: hyperplasia, yellow; adenoma, orange; carcinoma, red; 
metastasis, blue. 
 

3.1.3.6 Progression to malignancy is driven by unique pathways 

To elucidate which unique pathways slow-proliferating and fast-proliferating 

tumour cell populations exploit to drive malignant progression, gene expression 

profiles of each stage-specific subclass were compared to that of normal mammary 

glands. The resulting differentially expressed genes and pathways (KEGG) of each 

subclass were then compared to each other to unravel unique up- and downregulated 

pathways for each stage-specific subclass (slow adenoma, slow carcinoma; slow 

carcinoma, slow metastasis; fast adenoma, fast carcinoma; fast carcinoma, fast 

metastasis) (Fig. 6). Interestingly, slow-proliferating clones progress from adenoma to 

carcinoma by upregulating oxidative phosphorylation and metabolic pathways in the 

adenoma stage and MAPK signalling pathways in the carcinoma stage and by 

downregulating ECM-receptor interactions and focal adhesions in the adenoma and 

carcinoma stage and cell cycle in the adenoma stage (upper left and middle columns). 

From invasive carcinoma to lung metastasis, slow-proliferating clonal populations 

further upregulate MAPK and Wnt signalling pathways in the carcinoma stage and 

oxidative phosphorylation in the metastases, which was accompanied by a 

downregulation of antigen processing and presentation in the carcinoma stage and 

protein digestion and absorption and ECM-receptor interactions in the metastases 

(lower left and middle columns). In contrast, fast-proliferating clones progress from 

adenoma to carcinoma by upregulating oxidative phosphorylation and pathways 

characteristic for Parkinson’s, Huntington’s and Alzheimer’s disease in the adenoma 

and carcinoma stage, while cell adhesion molecules and focal adhesions were 

downregulated in the adenoma and carcinoma stage, respectively (upper left and right 
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columns). For metastatic spread, oxidative phosphorylation was further upregulated in 

the carcinoma stage and metastases with a concomitant upregulation of pathways 

implicated in Parkinson’s (carcinoma and metastases), Huntington’s and Alzheimer’s 

disease (carcinoma stage). Conversely, complement and coagulation cascades and 

ABC transporters were downregulated in the carcinoma stage and focal adhesions 

were downregulated in the metastases (lower left and right columns). Thus, although 

each tumour stage harboured intrinsic differences in proliferation, this comparison 

exemplifies how both the slow and the fast-proliferating populations exploited various 

other pathways (including MAPK-and Wnt signalling and downregulation of cell 

adhesion molecules and focal adhesions) to progress from a hyperplastic lesion to 

distant metastasis. In other words, upregulated MAPK and Wnt signalling pathways 

were able to overrule the difference in proliferation rates within the various tumour 

stages in order to promote progression to malignancy.  
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Figure 6. Unique pathways drive tumour progression. 
Gene expression profiles of stage-specific subclasses were compared to normal mammary glands. The resulting 
differentially expressed genes and KEGG terms of each subclass were compared to each other (left and middle 
column: slow adenoma vs. slow carcinoma, slow carcinoma vs. slow metastases; left and right column: fast 
adenoma vs. fast carcinoma, fast carcinoma vs. fast metastases) to find unique up- and downregulated pathways 
for each stage-specific subclass (slow adenoma, slow carcinoma; slow carcinoma, slow metastasis; fast adenoma, 
fast carcinoma; fast carcinoma, fast metastasis) that drives malignant progression. The top 5 KEGG terms are 
depicted (ranked by p-values < 0.05).  
 
3.1.4 Discussion 

Using MMTV-PyMT; R26-CBW; K8-CreERT2 triple-transgenic mice for 

multicolour lineage tracing in combination with laser capture microdissection and RNA 

sequencing3, 81, 128-132, 149, 161, 174, we have assessed clonal evolution and tumour 

heterogeneity not only across the stages of neoplastic progression but specifically also 

within various tumour stages in a transgenic mouse model of metastatic breast cancer 

(Supplementary Fig. 6). Longitudinal imaging of Confetti-traced tumours identified 

clonal populations of various stages in primary tumours with the emergence of clonal 

dominance. Yet, metastatic spread appears associated with polyclonality at the 

invasive front, in circulating tumour cells (CTCs) in the blood stream, as well as in 

metastatic lesions in the lungs. Comparative analyses of gene expression profiles of 

various clonal primary tumour stages and metastasis indicate a substantial level of 

heterogeneity between the different oncogenic stages and, even more intriguing, within 

the same tumour stages. Unexpectedly, this intra-stage tumour heterogeneity is due 

to differences in tumour cell proliferation: each tumour stage harbours slow-

proliferating, inert subpopulations as well as fast-proliferating, highly dynamic clones. 

These fast-proliferating clonal populations are further characterized by an enrichment 

in the expression of genes active in oxidative phosphorylation and programmed cell 

death and by increased clonal overgrowth. Interestingly, even though these intrinsic 

proliferation differences exist, slow and fast-proliferating subclasses across the various 

breast cancer stages are able to exploit various other cancer-related pathways when 

progressing to malignancy.  

In line with our findings, others have previously used Confetti lineage tracing 

systems in breast, pancreatic, squamous skin carcinomas and sarcomas to report a 

similar replacement of a high polyclonality in early tumour lesions by few overgrowing 

clonal populations in later tumour stages, which is accompanied by a loss of clonal 

diversity and clonal restriction during tumorigenesis165-169. Furthermore, ours and other 

studies reveal the existence of polyclonal metastases in autochthonous and in tumour 

transplantation models167, 168, 172. However, whether clonal expansion and polyclonal 
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spread is due to acquired mutations and/or to beneficial clonal cooperativity between 

various clonal subpopulations remains open109. The presence of polychromatic and 

poly-cell type CTC clusters identified by us and others59, 169, 170, 172, as well as our 

observation of larger polychromatic metastatic lesions, suggest a survival benefit for 

polyclonal lesions. However, the molecular contribution of tumour heterogeneity to 

malignant tumour progression and to metastasis formation is still not fully understood.  

Here, we have combined laser capture microdissection, RNA sequencing and 

bioinformatics analyses to elucidate the transcriptomic profiles of a small number of 

cells of clonal populations within the various stages of tumour progression in the 

primary tumour and in pulmonary metastatic lesions. Consistent with previous findings, 

we observe a tremendous transcriptomic diversity between the different stages of 

carcinogenesis155, 166, 168. As expected, subclonal diversification and heterogeneity is 

high between the longitudinal stages of tumour progression. However, to adequately 

assess the functional contribution of tumour heterogeneity to breast cancer 

progression, it is important to additionally interrogate the extent of heterogeneity 

between subpopulations within the same tumour stage. Indeed, we find an intriguing 

heterogeneity between the clonal subpopulations within individual stages of malignant 

tumour progression. This intra-stage heterogeneity is mainly based on differences in 

tumour cell proliferation, where the fast-proliferating subclass is further enriched in 

oxidative phosphorylation and programmed cell death. RNA sequencing of whole 

tumour lysates has previously also reported a role of cell cycle-related genes in the 

progression of MMTV-PyMT primary tumours155. Other studies have found slow-

cycling subpopulations in melanoma and other cancer types to be essential for 

continuous tumour growth, invasion, metastatic progression and drug resistance91-94.  

Furthermore, the proliferative phenotype has been found predominantly accompanied 

by oxidative metabolism175, 176. Similarly, our study reveals a tight association of the 

proliferative phenotype with a high oxidative capacity and larger clonal outgrowth, yet 

also with an enrichment in tumour cell death. 

Noteworthy, the finding of slow and fast-proliferating subclones in the various 

stages of mammary gland tumorigenesis is translatable to human breast cancer 

patients. Here, Ki67 analysis confirms considerable inter and intra-tumour stage 

heterogeneity in human breast cancer punch biopsies. Intriguingly, low or high zonal 

expression of the proliferation marker Ki67 is found within lesions of both DCIS and of 

invasive carcinomas of patients. These data may be of great importance for patient 
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diagnosis. Histological parameters, including the cell-of-origin and invasion beyond the 

basement membrane, in combination with the expression of hormone receptors and 

further genomic and transcriptomic molecular profiling diagnostically determine distinct 

breast cancer subtypes. The temporal and spatial clonal variation and intra-stage 

proliferation differences specified here further add to the above-mentioned complexity, 

and we postulate that this new understanding of an intra-stage heterogeneity should 

be taken into consideration for diagnosis. More importantly, the observed proliferation 

differences within each tumour stage might enhance a tumour’s robustness to anti-

cancer therapies. For example, conventional medication for triple-negative breast 

cancers include chemotherapeutic reagents to specifically target fast-proliferating 

cells. Whether the slow-proliferating subpopulations of tumour cells are then 

responsible for the occurrence of therapy resistance and clinical progression, thus 

warrants further investigations.  

 
3.1.5 Methods 
Mice and Confetti labelling 

MMTV-PyMT, R26-Confetti (here: R26-CBW) and K8-CreERT2 mice were previously 

described3, 81, 149, 161, 174. To generate MMTV-PyMT; R26-CBW; K8-CreERT2 triple-

transgenic mice, male MMTV-PyMT; R26-CBW mice were crossed to female K8-

CreERT2 mice. To stochastically express one of the four Confetti reporter fluorescent 

proteins, female MMTV-PyMT; R26-CBW; K8-CreERT2 mice of five weeks of age were 

induced intraperitoneally with five mg tamoxifen (Sigma-Aldrich) dissolved in 200 µl 

sunflower oil (Sigma-Aldrich) containing 10% EtOH (Scharlau). These animal 

experiments have been performed under approval by the Swiss Federal Veterinary 

Office and the Cantonal Veterinary Office, Basel-Stadt, Switzerland (permit numbers 

1878, 1907 and 1908). 

 

Tumour-piece transplantation and primary tumour removal 

Non-induced MMTV-PyMT; R26-CBW; K8-CreERT2 tumour pieces were 

subcutaneously transplanted into eight weeks old, female, isoflurane-anaesthetized 

NSG mice, the wounds were closed by metal clips (7mm; Alzet Wound Closure 

System) and the animals were placed under infrared light until walking. For the next 

two days, meloxicam was administered (5 mg/kg body weight per day) for pain relief. 

Once tumours became palpable, mice were intraperitoneally injected with vehicle or 
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five mg tamoxifen dissolved in 200 μl sunflower oil (containing 1:10 100% ethanol). 

Formed tumours were routinely monitored. Tumours with a tumour volume of 500 mm3 

were surgically removed from isoflurane-anaesthetized mice, the wounds were closed 

by metal clips and the animals were kept warm upon recovery. For the next two days, 

meloxicam was administered (5 mg/kg body weight per day) for pain relief. At defined 

termination criteria, mice were sacrificed, and their lungs were further processed for 

histopathological analysis. All animal experiments were approved by and performed 

according to the guidelines and legislation of the Swiss Federal Veterinary Office and 

the Cantonal Veterinary Office, Basel-Stadt, Switzerland (permit number 1908). 

 

Tissue harvesting and capture of circulating tumour cells (CTCs) 

Primary tumours in the thoracic and abdominal mammary fat pad and lungs were 

isolated and tissue processing was performed as previously reported. Up to 1 ml of 

blood was collected by cardiac puncture and processed immediately on the Parsortix 

microfluidic device using Cell Separation Cassettes (GEN3D6.5, ANGLE). The number 

of single circulating tumour cells (CTCs) and CTC clusters was determined while cells 

were captured in the cassette.  

 
Immunofluorescence staining on frozen tumour sections  

For the preparation of cryostat sections, organs were fixed in 4% paraformaldehyde 

for two hours at 4°C, cryopreserved overnight at 4°C in 20% sucrose in PBS (Sigma-

Aldrich) and embedded in OCT freezing matrix (Tissue Tek). For immunofluorescence 

staining, 7 µm thick cryosections of tumour- or lung samples were dried for 30 min and 

rehydrated in PBS. Following a 20 minutes’ permeabilization in 0.1% Triton X-100 

(Sigma-Aldrich) in PBS, slides were washed in PBS, blocked in 5% goat serum diluted 

in PBS (blocking buffer) for 1 h at room temperature and incubated overnight at 4 °C 

with primary antibodies diluted in blocking buffer. Following primary antibodies were 

used: guinea pig anti-mouse cytokeratin 8 + 18, Fitzgerald Industries, 20R-CP004; 

rabbit anti-mouse cytokeratin 14, Thermo Scientific, RB-9020-P0; rabbit anti-mouse 

phospho Histone H3 (pH3), Millipore, 06-570; rabbit anti-mouse cleaved caspase 3 

(ccaspase 3), Cell Signaling, 9664, clone 5A1E; rat anti-mouse CD45, BD Pharmingen, 

550539 and rat anti-mouse CD31, BD Pharmingen, 550274; rabbit anti-mouse Ndufa2, 

biorbyt, orb221658. On the next day, sections were incubated at room temperature for 

one hour with Alexa Fluor 488-labeled, 568-labeled or 647-labeled secondary 
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antibodies (Invitrogen, 1:400) diluted in blocking buffer and washed in PBS. Nuclei 

were counterstained with 4′ ,6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich, 

1:5000) for 10 min and slides were washed in PBS and mounted in DAKO fluorescence 

mounting medium (DAKO). Images were analysed using the ImageJ software (ImageJ, 

Wayne Rasband, National Institutes of Health, USA) and the Zeiss microscopy 

software ZEN 2.6 pro. To determine whether the applied bolus of tamoxifen affects 

malignant progression, the number of pH3+-, ccaspase 3+-, CD45+-cells and CD31+ 

vessels were counted per primary tumour area (mm2) throughout tumorigenesis. For 

clonal analysis, the number of pH3+ nuclei per mm2, the mean fluorescence intensity 

of Ndufa2, the percentage of ccaspase 3+ area and the number of CD45+-cells and 

CD31+ vessels were analysed per clonal lesion.  

 

Quantification of Confetti labelling 

To quantify Confetti labelling, cryosections (7 µm thick) of mammary gland tumours 

were rehydrated in PBS, incubated with DAPI (Sigma-Aldrich, 1:5000) at room 

temperature for 10 minutes and washed with PBS. The whole mammary gland section 

was imaged by using a 10X objective of the Zeiss Axio Imager Z1 microscope equipped 

with filters distinguishing CFP (474/23), GFP (510/20), YFP (535/22) and RFP 

(620/60). Total recombination efficiency (% fluorescence area/total tumour area) and 

the number and area of clonal populations (µm2) was determined by using the ZEN 

software ZEN 2.6 pro.  

 

3 dimensional tissue analysis 

80 µm thick cryosections were dried for two hours at room temperature, rehydrated in 

PBS and incubated with DAPI (Sigma-Aldrich, 1:1000) at room temperature for 

25 minutes. Slides were then washed with PBS, mounted using DAKO fluorescence 

mounting medium (DAKO) and imaged using a Leica SP5 confocal microscope 

equipped with 405 nm diode-, 458 nm Argon- and 543 nm He-Ne lasers. Following 

emission signals were collected: DAPI (415-450), CFP (466-495), GFP (498-509), YFP 

(521-560), RFP (590-650). All images were acquired with a 10X and 40X objective 

using a Z-step size of (total Z-stack) and processed using ImageJ software. 

Representative 3D reconstructions for Confetti labelling of mammary gland tumours 

were created by Imaris software.  
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Flow Cytometry 

For FACS analysis, mammary gland tumour pieces were enzymatically digested by 

collagenase D (Roche) and trypsin (Sigma-Aldrich) for 1.5 hours at 37 °C. Digested 

tumour pieces were washed, treated for 3-5 minutes with DNAse (Sigma-Aldrich, 

1:100) and washed twice. Cell pellets were resuspended in FACS buffer (1 mM EDTA 

in PBS, 2% FCS) and filtered through a 40 µm filter before analysis. Following FACS-

settings were used: CFP (405; 450/50), GFP (488; 495 LP), YFP (488; 543/22), RFP 

(561; 582/15).  

 

Whole mount imaging of mammary gland tumours 

Mammary gland tumours were mounted on object glasses (Menzel) and imaged by 

using a Leica SP5 confocal microscope, equipped with 405 nm diode-, 458 nm Argon- 

and 543 nm He-Ne lasers. Following emission signals were collected: DAPI (415-450), 

CFP (466-495), GFP (498-509), YFP (521-560), RFP (590-650). All images were 

acquired with a 10X and 20X dry objective using a Z-step size of (total Z-stack) and 

processed using ImageJ software.  

 

Serial sections lungs 

For metastasis quantifications, OCT-embedded lungs were serially cut and pictures of 

mono-and polychromatic metastases were taken by a 10X (HC PL Fluotar) and 20X 

(HCX PL Fluotar L) objective of a Leica DMI 4000 microscope equipped with filters 

distinguishing CFP (460-500 nm), GFP (500-550 nm), YFP (520-550 nm) and RFP 

(604-644 nm).  

 
Laser capture microdissection and transcriptome sequencing 

The outgrowth of clonal cell populations has been analysed when the maximum 

allowed tumour volume comprising all stages (normal, hyperplasia, adenoma, 

carcinoma, pulmonary metastases) had been reached in colour-induced MMTV-PyMT; 

R26-CBW; K8-CreERT2 mice. By combining the recently published Geo-seq protocol 

using SmartSeq2 for laser capture microdissected samples with a recent report for 

parallel DNA and RNA sequencing from single cells, representative cDNA libraries of 

laser captured regions from fixed tumour sections were generated128-132. In brief, 7 µm 

thick cryosections were mounted onto Menzel Superfrost Plus slides and placed in 

decreasing and increasing ethanol solutions. Zonal patches of clonal populations of 
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various stages in the primary tumour as well as monochromatic metastases were 

microdissected by using a Zeiss Laser Capture Microscope (energy: 49, focus: 67, 

delta-energy: 15, delta-focus: 5; CFP (474/23), GFP (510/20), YFP (535/22) and RFP 

(620/60)) in Auto LPC mode. Clonal populations of normal mammary glands were 

pooled to obtain a sufficient sample size. Collected laser capture microdissected 

samples were first lysed at 37 °C for 30 minutes by using a digestion buffer containing 

proteinase K (150 mM NaCl, 100 mM Tris pH 7.5, 0.5% Igepal, 0.5 µg/µl proteinase K) 

to reverse the cross-linking of formalin fixation and for further 30 minutes at 42 °C by 

using a 4M GuSCN solution (Thermo Fisher). Biotinylated oligo-dT30VN beads were 

used to discard gDNA in the supernatant and specifically start the reverse-

transcriptase reaction and cDNA preamplification on poly-adenylated mRNA 

(exception to GeoSeq protocol: dNTP mix contained 10mM each of dATP, dCTP, 

dGTP, dTTP and SmartSeq2 ISPCR oligos were used, 5′-

AAGCAGTGGTATCAACGCAGAGT-3′). cDNA quality was assessed by a Qubit 

Fluorometer with a dsDNA HS assay kit (Thermo Fisher), an Agilent high-sensitivity 

DNA chip for cDNA size distribution and quantitative real-time PCR to check for the 

expression of housekeeping genes and the absence of gDNA. Laser capture 

microdissected samples with best quality were subjected to RNA sequencing.  

 

RNA sequencing 

For library preparation, 500 pg cDNA was amplified using the Nextera XT DNA library 

preparation kit (Illumina). 12 PCR cycles were carried out, DNA was purified using 

AMPure XP beads in a 0.8:1 ratio and cDNA was sequenced on a NextSeq 500 

platform (Illumina) with a 75-bp single-read mode (Index1:8, Index2: 8).  

  
Analysis of RNA-sequencing data 

Single-end RNA-seq reads (81-mers) were mapped to the mouse genome assembly, 

version mm10, with RNA-STAR177, with default parameters except for allowing only 

unique hits to the genome (outFilterMultimapNmax=1) and filtering reads without 

evidence in spliced junction table (outFilterType="BySJout"). Expression levels per 

gene (counts over exons) for the RefSeq mRNA coordinates from UCSC 

(genome.ucsc.edu, downloaded in December 2015) were quantified using qCount 

function in QuasR package (version 1.12.0)178. The samples with less than 10,000 

genes expressed were removed from further analysis. The top 500 highly variable 
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genes across the samples were obtained by calculating variance in R on counts per 

million (CPM) values. The differentially expressed genes were identified using the 

edgeR package (version 3.14.0)179. Genes with p-value ≤ than 0.05 and minimum log2 

fold change of +/-0.58 were considered as differentially regulated and were used for 

downstream functional and pathway enrichment analysis.  

 

Functional enrichment analysis 

Functional enrichment analysis of differentially expressed genes for biological 

processes or pathways were performed in R using several publicly available 

Bioconductor resources, including org.Ms.eg.db (version 3.6.0), GO.db (version 3.6.0), 

GOstats (version 2.48.0), KEGG.db (version 3.2.3) and ReactomePA (version 

1.26.0)180. Significance of each biological process or pathway identified was calculated 

using the hypergeometric test (equivalent to Fisher’s exact test) and those processes 

and pathways with p-values ≤0.05 were considered statistically significant. 

 

Genome-wide predictions of regulatory sites 

The Integrated System for Motif Activity Response Analysis (ISMARA) was used to 

identify binding sites recognized by transcription factors (TFs) and microRNAs 

(miRNAs)181. The fastq files of the samples obtained after sequencing were directly 

uploaded. Gained regulatory motifs of both TFs and miRNAs were sorted based on Z-

score. 

 

Gene-set enrichment analysis 

The Gene Set Enrichment Analysis (GSEA) analysis was performed using JAVA 

application from the Board Institute version 3.0182. The gene sets used for the analysis 

were derived from Molecular Signatures Database (MSigDB) version 6.2183, gene 

ontology annotations and pathways were obtained from Gene Ontology184 and 

Reactome databases185. 

 

Isolation of monoclonal cell lines 

To establish monoclonal cell lines from mammary gland tumours and pulmonary 

metastases, isolated mammary gland tumours and metastatic lesions were minced 

into small pieces and were enzymatically digested by collagenase D (Roche) and 

trypsin (Sigma-Aldrich) for 1.5 hours at 37 °C. Digested pieces were washed, treated 
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for 3-5 minutes with DNAse (Sigma-Aldrich, 1:100) and washed twice. Cell pellets were 

resuspended in Dulbecco’s modified Eagle’s medium (DMEM, Sigma-Aldrich), 

supplemented with fetal calf serum (FCS, Sigma-Aldrich, 10%), glutamine (Sigma-

Aldrich, 2 mM), penicillin (Sigma-Aldrich, 100 U) and streptomycin (Sigma-Aldrich, 

0.2 mg/l) and incubated in a humidified atmosphere of 37 °C and 5% CO2. To ensure 

monoclonality, established cell lines were resuspended in FACS buffer (1 mM EDTA 

in PBS, 2% FCS), filtered and sorted by FACS for their respective colour.  

 
Human breast cancer analysis 

Paraffin-embedded, human breast cancer samples were routinely stained for Ki67 and 

cross-sections were imaged with a 20X objective of the Zeiss Axio Imager Z1 

microscope. Lesions of ductal carcinoma in situ (DCIS) and invasive carcinoma were 

counted for the amount of Ki67+ nuclei as well as their respective area by using the 

ZEN software ZEN 2.6 pro.  

 
Statistical evaluation 

Graphs and statistical analyses were generated using GraphPad Prism software 

Version 8.2.0. To determine statistical significance, the (un)paired, two-tailed Student’s 

t test or Mann-Whitney U test were applied (**** p < 0.0001, *** p < 0.001, ** p < 0.01, 

* p < 0.05). Quantitative data were depicted as means ± SEM. 

 

Competing interests 

The authors declare no competing interests.  

 
Data availability 

The datasets generated and analyzed within the current study are deposited at Gene 

Expression Omnibus (GEO; currently in uploading process). 

 
Author contributions 

S. T. wrote the manuscript, designed the experiments and conducted most of the in 

vivo experiments, analyses, laser capture microdissections and validation studies, with 

support from L. v. A., M. H., B. M. and J. C. M. 



Results            Tumour Heterogeneity 

 52 

R. K. R. K. performed all bioinformatics tools, including analysis of RNA-sequencing 

data, functional enrichment analysis, genome-wide predictions of regulatory sites and 

gene-set enrichment analysis.  

B. S. and N. A. performed blood sample preparation on the Parsortix microfluidic 

device and gave technical advice.  

T. V. provided human breast cancer samples and pathological input.  

G. C. conceived and designed the experiments and wrote the manuscript with 

contributions from other co-authors.  

 
Acknowledgements 

We are grateful to V. Taylor and M. Bentires-Alj (DBM, University of Basel) for providing 

R26-CBW-, and K8-CreERT2 mice, respectively. We thank E. Panoussis, I. Galm, U. 

Schmieder and T. Bürglin (DBM, University of Basel) for their technical assistance, P. 

Lorentz and the DBM microscopy core facility for expert support with microscopy 

(University of Basel), C. Beisel, E. Burcklen, K. Eschbach and the Genomics Facility 

Basel (University of Basel) for RNA sequencing and R. Ivanek for bioinformatic 

support. RNA sequencing calculations were conducted at sciCORE scientific 

computing core facility, University of Basel.  

 

Funding 

This work was supported by the SystemsX.ch MTD project MetastasiX, the Swiss 

National Science Foundation, the Swiss Cancer League, and the Krebsliga Beider 

Basel. 

 

 
 
 
 
 
 
 
 
 
 



Tumour Heterogeneity                        Results 

   53 

3.1.6 Supplemental Information 

 
Supplementary Figure 1. Cytokeratin 8 expression in luminal epithelial cells in the mammary gland. 
a, Representative pictures of MMTV-PyMT mammary gland tumours (14 weeks) immunolabeled for Keratin 8 (K8, 
green), Keratin 14 (K14, red) and DAPI (blue) (n = 3). Scale bar, 50 µm.  
b, Vehicle and tamoxifen-treated mammary gland tumours of MMTV-PyMT; R26-CBW; K8-CreERT2 mice of 6, 9.5 
and 13 weeks of age and when the maximum tumour volume had been reached, were H&E graded and quantified 
for the percentage average tumour weight, pH3+-,  ccaspase 3+- and CD45+ cells and tumour microvessel density 
(average tumour weight: n = 2-17 mice per time point and treatment group, for other analyses: n = 2-3 per time 
point and treatment group). **** p < 0.0001, *** p < 0.001, ** p < 0.01, * p < 0.05, unpaired, two-tailed Student’s t-
test. 
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Supplementary Figure 2. A single tamoxifen administration results in an efficient K8-driven colour randomization. 
a, Digested, whole tumour lysates of colour-induced MMTV-PyMT; R26-CBW; K8-CreERT2 mammary gland 
tumours following one week of tracing were subjected to flow cytometry analysis. The percentage of CFP-, GFP-, 
YFP- and RFP-cells were quantified, and recombination’s efficiencies were calculated (n = 6, two mammary glands 
each). **** p < 0.0001, *** p < 0.001, ** p < 0.01, * p < 0.05, paired, two-tailed Student’s t-test. 
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b, Whole mount (left panel) and quantifications of the percentage single cells expressing CFP, GFP, YFP or RFP 
(right panel) of colour-induced MMTV-PyMT; R26-CBW; K8-CreERT2 mammary gland tumours following one week 
of tracing (n = 3). **** p < 0.0001, *** p < 0.001, ** p < 0.01, * p < 0.05, paired, two-tailed Student’s t-test. Scale bar, 
50 µm. 
c, Total recombination efficiency (% fluorescence area/total tumour area) of colour-induced MMTV-PyMT; R26-
CBW; K8-CreERT2 mammary gland tumours following one, 4.5- and eight weeks of tracing or when the maximum 
tumour volume had been reached (n = 7-17 mice per time point). **** p < 0.0001, *** p < 0.001, ** p < 0.01, * p < 
0.05, unpaired, two-tailed Student’s t-test. 
 
 

 
Supplementary Figure 3. Polychromatic metastatic spread. 
a, Pie Chart indicating that primary mammary gland tumours of colour-induced MMTV-PyMT; R26-CBW; K8-
CreERT2 mice shed few single CTCs and mainly CTC clusters (left panel). Quantification of the cell number in CTC 
cluster and percentage of (non) coloured CTCs per CTC cluster (right panels) (n = 3).  
b, Quantification of the number and average area of monochromatic vs. polychromatic metastatic lesions of colour-
induced MMTV-PyMT; R26-CBW; K8-CreERT2 tumour-piece transplanted NSG mice (left and middle panel). A 
quantification of the average metastatic area of big monochromatic vs. polychromatic metastatic lesions is shown 
on the right (n = 22). **** p < 0.0001, *** p < 0.001, ** p < 0.01, * p < 0.05, paired, two-tailed Student’s t-test. 
c, Quantification of the number and average area of monochromatic vs. polychromatic metastatic lesions of colour-
induced MMTV-PyMT; R26-CBW; K8-CreERT2 mice of 13 weeks of age (left and middle panel). A quantification of 
the average metastatic area of big monochromatic vs. polychromatic metastatic lesions is shown on the right (n = 
6). **** p < 0.0001, *** p < 0.001, ** p < 0.01, * p < 0.05, paired, two-tailed Student’s t-test. 
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Supplementary Figure 4. Substantial level of intra-stage heterogeneity. 
a, Overview of the number and fluorescent marker expression of monoclonal cell populations of various stages, 
e.g. normal, hyperplasia, adenoma, carcinoma and metastasis, which were laser capture microdissected from 
primary tumour sections of colour-induced MMTV-PyMT; R26-CBW; K8-CreERT2 mice and subjected to RNA 
sequencing (normal: n = 3, hyperplasia: n = 5, adenoma: n = 8, carcinoma: n = 9, metastasis: n = 7).  
b, Lists of the top 10 up (upper panels) and downregulated (lower panels) differentially expressed genes (DEGs) 
(logFC, left panels) and KEGG terms (percentage of expressed genes per term, right panels), comparing all fast 
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proliferative clonal populations (n = 8) to all slow proliferative ones (n = 9). All cell-cycle related terms are highlighted 
in bold. 
c, Lists of all ISMARA motifs with z > 2, comparing per stage each fast-proliferating subclass (n = 2) to the slow-
proliferating one (n = 2) (left panels). Right panel: a list of all ISMARA motifs with z > 2, comparing all fast-
proliferating clonal populations (n = 8) to all slow-proliferating ones (n = 9). Motifs with a high activity in fast and 
slow-proliferating clones are highlighted in red and green, respectively. The following colour-code was used: 
hyperplasia (yellow), adenoma (orange), carcinoma (red) and metastasis (blue). 
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Supplementary Figure 5. Proliferative subclasses are further characterized by an increase in area. 
a, Representative pictures of colour-induced MMTV-PyMT; R26-CBW; K8-CreERT2 metastatic lesions, 
immunolabeled for pH3 (magenta) and DAPI (grey) (left panels). Differences in pH3+ nuclei per area of slow- and 
fast proliferating monochromatic metastatic lesions are depicted in the right panel (n = 3, total of 17 monochromatic 
metastatic lesions). **** p < 0.0001, *** p < 0.001, ** p < 0.01, * p < 0.05, unpaired, two-tailed Mann-Whitney U test. 
Scale bar, 50 µm. 
b, Violin plots of clonal areas in slow vs. fast-proliferating populations in each stage of primary tumours of colour-
induced MMTV-PyMT; R26-CBW; K8-CreERT2 mice (n = 4). **** p < 0.0001, *** p < 0.001, ** p < 0.01, * p < 0.05, 
unpaired, two-tailed Mann-Whitney U test. 
c, Clone size of all laser captured microdissected slow vs. fast-proliferating populations in each stage of primary 
tumours of colour-induced MMTV-PyMT; R26-CBW; K8-CreERT2 mice (n = 2-3 slow vs. fast-proliferating clonal 
populations per stage). **** p < 0.0001, *** p < 0.001, ** p < 0.01, * p < 0.05, unpaired, two-tailed Mann-Whitney U 
test. 
d, Microscopic images of monoclonal cell lines from primary tumours of colour-induced MMTV-PyMT; R26-CBW; 
K8-CreERT2 mice and from metastatic lesions of colour-induced MMTV-PyMT; R26-CBW; K8-CreERT2 mice or mice 
transplanted with a triple-transgenic tumour piece, which were labelled for pH3 (green) and DAPI (blue) (left panels). 
Slow and fast-proliferating cell lines isolated from tumour (red, n = 9) and metastatic lesions (blue, n = 9) differed 
in their percentage of pH3+ cells (right panel). **** p < 0.0001, *** p < 0.001, ** p < 0.01, * p < 0.05, unpaired, two-
tailed Mann-Whitney U test. Scale bar, 50 µm. 
e, A quantification of Ki67+ nuclei per lesion area indicated a tremendous inter and intra-tumoural heterogeneity in 
human breast cancer patients (n = 9 patients, 23 specimens).  
f, Lesions below or above the average of pH3+ nuclei/mm2 per tumour stage per MMTV-PyMT mouse (13 weeks) 
were classified as slow or fast-proliferating clonal populations, respectively. A quantification of CD45+ cells per area 
(mm2) indicated that the proliferation phenotype is not attributable to variations in immune cell infiltrates. n = 3. **** 
p < 0.0001, *** p < 0.001, ** p < 0.01, * p < 0.05, unpaired, two-tailed Mann-Whitney U test. 
g, Lesions below or above the average of pH3+ nuclei/mm2 per tumour stage per MMTV-PyMT mouse (13 weeks) 
were classified as slow or fast-proliferating clonal populations, respectively. A quantification of CD31+ vessels per 
area (mm2) revealed that the proliferation phenotype is not attributable to tumour microvessel density. n = 3. **** p 
< 0.0001, *** p < 0.001, ** p < 0.01, * p < 0.05, unpaired, two-tailed Mann-Whitney U test. 
Following colour-code was used throughout the figure: hyperplasia (yellow), adenoma (orange), carcinoma (red) 
and metastasis (blue). 
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Supplementary Figure 6. Schematic overview to study heterogeneity during the progression of metastatic breast 
cancer.  
Lineage tracing strategy: In this model, the Mouse Mammary Tumour Virus promoter (MMTV) is used to drive a 
mammary-gland specific expression of the Polyoma virus middle T antigen (PyMT) oncogene, which will result in 
malignant transformation of the mammary gland epithelium. The cytokeratin 8 promoter is used to drive the 
expression of a tamoxifen-inducible Cre recombinase. Upon tamoxifen treatment, activation of the Cre recombinase 
leads to stochastic expression of one of the four fluorescent proteins CFP, GFP, YFP and RFP in K8-expressing 
luminal epithelial cells and their progeny in the mammary gland.  
Temporal heterogeneity: The confetti lineage tracing system allows to visualize clonal heterogeneity, culminates 
in clonal dominance and indicates polyclonal metastatic spread.  
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Experimental pipeline: Laser capture microdissection and RNA sequencing of clonal populations reveals 
transcriptomic variations across and particularly within various tumour stages.  
Intra-stage heterogeneity: The observed intra-stage heterogeneity is conveyed by differences in proliferation, 
oxidative phosphorylation and cell death.  
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3.2.1 Abstract  
Focal adhesion kinase (FAK) is a cytoplasmic tyrosine kinase that regulates a 

plethora of downstream signaling pathways essential for cell migration, proliferation 

and death, processes that are exploited by cancer cells during malignant progression. 

These well-established tumorigenic activities, together with its high expression and 

activity in different cancer types, highlight FAK as an attractive target for cancer 

therapy. We have assessed and characterized the therapeutic potential and the 

biological effects of BI 853520, a novel small chemical inhibitor of FAK, in several 

preclinical mouse models of breast cancer. Treatment with BI 853520 elicits a 

significant reduction in primary tumor growth caused by an anti-proliferative activity by 

BI 853520. In contrast, BI 853520 exerts effects with varying degrees of robustness on 

the different stages of the metastatic cascade. Together, the data demonstrate that the 

repression of FAK activity by the specific FAK inhibitor BI 853520 offers a promising 

anti-proliferative approach for cancer therapy.  

 

3.2.2 Introduction 
Every year, more than 1.4 million women worldwide are diagnosed with breast 

cancer, and over 450,000 women will lose their lives to this disease, mostly due to 

metastasis 186. Over the past decades, we have gained many important insights into 

breast cancer biology, which in turn have allowed the development of therapeutic 

approaches targeting molecules and signaling pathways specifically present in breast 

cancer cells 187, 188. Previous studies have linked the overexpression and activation of 

focal adhesion kinase (FAK) with the initiation and progression of a wide variety of 

malignancies, such as ovarian, head and neck, and breast carcinoma 187-191. FAK is a 

multifunctional cytoplasmic tyrosine kinase that forms an important component of focal 

adhesion sites 135, 192-195. Once recruited by signals initiated at integrin-mediated 

extracellular matrix attachment sites and by multiple growth factor receptors, such 

epithelial growth factor receptor (EGFR), vascular endothelial growth factor receptor 

(VEGFR) and platelet derived growth factor receptor (PDGFR), FAK undergoes a 

conformational change, enabling autophosphorylation of the tyrosine residue (Y) 397 

at its N-terminal domain 188, 196, 197. Subsequently, phosphorylated Y397 serves as a 

docking site for SRC homology 2 containing SRC family kinases, which results in a 

fully active FAK-SRC signaling complex that can trigger various downstream signaling 
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pathways known to control cell migration, invasion, proliferation and death – all 

activities pivotal for malignant tumor progression 135, 188, 192, 195, 198-202.  

Previous studies have indicated that the forced expression of FAK in endothelial 

cells enhances angiogenesis and that the ectopic expression of a constitutive-active 

form of FAK in murine mammary cancer cells promotes their proliferation. Conversely, 

decreasing FAK expression impairs cancer cell proliferation in vitro and in vivo 191, 195, 

203-205 and inhibits endothelial cell proliferation in vitro and in vivo. These data together 

suggest a linear relationship between FAK activity and tumorigenesis 193, 203, 204, 206, 207. 

However, a recent study has reported that the heterozygous depletion of FAK in 

endothelial cells increases endothelial cell proliferation and tumor angiogenesis, 

indicating a non-linear effect of FAK activity in carcinogenesis 188, 203, 204. Supporting 

this notion, low dose treatment with the FAK inhibitor PF-573228 increases 

microvessel sprouting ex vivo and tumor growth in vivo 203. These results indicate that 

the causal link between FAK activity and tumor progression still escapes a final 

conclusion, and further investigations are warranted to delineate the functional 

contribution of FAK to carcinogenesis. 

We have evaluated the therapeutic and biological effects of BI 853520, a novel, 

potent and selective small chemical entity kinase inhibitor of FAK (FAK-I) 144, in 

cultured murine breast cancer cells in vitro and in various transplantation and 

transgenic mouse models of breast cancer in vivo. Gene expression profiling of primary 

tumors of mice treated with BI 853520 reveals a decrease in the expression of genes 

regulating cell proliferation. Indeed, treatment with BI 853520 provokes a significant 

reduction in cell proliferation in vitro and in vivo. In contrast, BI 853520 exerts 

heterogeneous effects on pulmonary metastasis at different levels of the metastatic 

cascade depending whether it is used in a neoadjuvant or adjuvant therapeutic setting. 

Thereby, the epithelial cell adhesion molecule E-cadherin may serve as a potential 

predictive marker for increased sensitivity of cancer cells to treatment with BI 853520. 

 

3.2.3 Results 
3.2.3.1 The FAK-I BI 853520 represses Y397-FAK autophosphorylation  

To determine the in vitro efficacy of the FAK-I BI 853520 in repressing Y397-

FAK phosphorylation in differentiated breast cancer cells and in breast cancer cells 

that have undergone an epithelial-mesenchymal transition (EMT) and also test the 

generality of the findings, we employed a combination of various murine mammary 
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cancer cell lines. 4T1 cells, which have been derived from a spontaneous tumor in a 

mammary gland of a Balb/c mouse, show hallmarks of a partial EMT and are highly 

metastatic upon transplantation into mice. The Py2T cell line has been established 

from a tumor of a MMTV-PyMT transgenic mouse. Py2T cells exhibit an epithelial cell 

morphology and undergo a reversible EMT upon long-term treatment with transforming 

growth factor b (TGFb) in vitro (Py2T-LT cells) 208. 4T1, Py2T, and Py2T-LT cells were 

treated with different concentrations of BI 853520, and Y397-FAK phosphorylation was 

assessed by immunoblotting analysis and immunofluorescence staining using a 

phospho-Y397-FAK-specific antibody. BI 853520 significantly reduces Y397-FAK 

autophosphorylation in all cell types (Fig. 1A and B), while the phosphorylation levels 

of FAK’s homologue PYK2 remained unaffected up to micromolar concentrations (Fig. 
1A). Next, a time course experiment was performed on 4T1 cells treated for various 

time points with 0.1µM BI 853520 to analyze FAK-I efficacy in a time-dependent 

manner. Decreased Y397-FAK autophosphorylation following 0.1µM 

BI 853520 treatment occurred within 10 minutes and was substantially reduced at least 

for the following 48 hours (Fig. 1C), demonstrating a fast and potent inhibition of FAK 

by BI 853520 in this highly metastatic murine breast cancer cell line.  

 

3.2.3.2 BI 853520 represses tumor cell proliferation and invasion only in 3D culture   

We next assessed the repressive effect of the FAK-I BI 853520 on proliferation 

and invasion of 4T1 cells, Py2T cells and Py2T cells that have undergone an EMT 

(Py2T-LT). When cultured in 2D in plastic dishes, epithelial Py2T cells and 

mesenchymal Py2T-LT cells did not show any change in cell morphology or 

proliferation upon treatment with up to 3µM BI 853520. However, at a concentration of 

10µM and above a cytotoxic effect and massive apoptosis could be observed with both 

cell types (Fig. 1D).  
To further investigate the repressive effect of BI 853520 on breast cancer cell 

proliferation in vitro, we conducted a MTS-assay on 4T1, Py2T and Py2T-LT  cells as 

previously reported (Suppl. Fig. 1A) 209. Increasing concentrations of BI 853520 led to 

a modest yet significant reduction in cell viability of all three breast cancer cell types 

grown in 2D already at 10-100nM, with a massive reduction at the toxic concentrations 

above 3µM. Flow cytometry-based EdU/PI cell cycle analysis of 4T1 cells revealed a 

shift in cells leaving the S-phase and entering the G1-phase (Suppl. Fig. 1B). 
Consistent with these results, the percentage of pH3-positive nuclei was decreased in 
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4T1 cells with increasing concentrations of BI 853520, while increased rates of 

apoptosis were only observed at the toxic concentration of 10µM BI 853520 (Suppl. 
Fig. 1C, D).  

In contrast, when cultured in a 3D environment, such as in soft agar, colony 

formation of mesenchymal Py2T-LT started to be compromised already at a 

concentration of 1nM BI 853520 (Fig. 1E). Epithelial Py2T cells did not form colonies 

in this assay even in the absence of BI 853520 (data not shown).  

We have previously reported that mesenchymal Py2T-LT cells show a massive 

invasion into the surrounding matrix when cultured in 3D in Matrigel, while epithelial 

Py2T cells form highly differentiated spheres 208 (Figure1F; Suppl. Fig. 1E). 
Comparable invasive growth was also observed with 4T1 cells when cultured in 

Matrigel (Suppl. Fig. 1E; Suppl. Fig. 2A). The invasion of mesenchymal Py2T-LT cells 

was already inhibited at 10nM BI 853520, while sphere formation of epithelial Py2T 

cells was only affected by increased cell death at the toxic concentrations of BI 853520 

higher than 1µM (Fig. 1F). This effect was not as pronounced with 4T1 cells cultured 

in Matrigel, where BI 853520 at doses above 0.1µM repressed cell invasion, although 

without statistical significance, while high doses exerted a toxic effect (Suppl. Fig. 1E). 
The efficient repression of FAK autophosphorylation in the 3D Matrigel cultures was 

determined by immunofluorescence staining of the spheroids and by immunoblotting 

of spheroid lysates (Suppl. Fig. 2A, B). Despite a decrease in cell invasion, the 

immunofluorescence and immunoblotting analysis revealed that FAK inhibition did not 

substantially affect the expression of the mesenchymal markers fibronectin, vimentin 

or Zeb1 and the epithelial markers E-cadherin or ZO1 in the spheroid cultures.  

These results indicate that the specific inhibition of cell proliferation and invasion 

at low doses of BI 853520 is functional only in three-dimensional cell culture conditions, 

whereas cells cultured on plastic only respond to BI 853520 at very high, toxic doses 

of BI 853520. 
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Figure 1: BI 853520 decreases Y397-FAK phosphorylation in a dose and time-dependent manner.  
(A) To determine the effective dose of BI 853520, 4T1, Py2T and Py2T-LT cells were exposed to increasing 
concentrations of BI 853520 (0µM, 0.1µM, 0.5µM, 1µM, 5µM and 10µM for 4T1 cells; 1µM, 3µM and 10µM for 
Py2T- and Py2T-LT cells) for 24 hours. Top left panel: 4T1 cell lysates were examined by immunoblotting analysis 
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for phospho-FAK-Y397 (pFAK) and total FAK (FAK). GAPDH served as loading control (n = 4). Immunoblotting for 
phospho-PYK2-Y402 (pPYK2), total PYK2 (PYK2), and GAPDH and tubulin as loading control is shown in the top 
middle panel (n = 2). Top right panel: Quantification of pFAK signal intensity normalized to GAPDH and total 
FAK/GAPDH ratios from the immunoblotting analysis shown on the left. Statistical analysis was performed using 
an unpaired, two-tailed Student’s t test. ****, p < 0.0001; ***, p < 0.001; **, p < 0.01; *, p < 0.05. Bottom left panel: 
Py2T and Py2T-LT cell lysates were examined by immunoblotting analysis for phospho-FAK-Y397 (pFAK). GAPDH 
served as loading control (n = 1). Right panel: Quantification of pFAK signal intensity normalized to GAPDH from 
the immunoblotting analysis shown on the left. 
(B) 4T1 cells grown on coverslips were treated with the effective dose of BI 853520 (0.1µM) for 96 hours, followed 
by immunofluorescence staining for pFAK (Y397, green), total FAK (red) and DNA (blue). Images were obtained 
using a laser-scanning confocal microscope Leica SP5 (n = 2). Scale bar, 30µm.  
(C) To determine the onset and duration of BI 853520-mediated pFAK downregulation, 4T1 cells were treated for 
the times indicated with 0.1µM BI 853520. Cell lysates were analyzed by immunoblotting for pFAK (Y397), total 
FAK and GAPDH as loading control (n = 3). Right panel: Quantification of pFAK signal intensity normalized to 
GAPDH and total FAK/GAPDH ratios from the immunoblotting analysis shown on the left. Statistical analysis was 
performed using an unpaired, two-tailed Student’s t test. ****, p < 0.0001; ***, p < 0.001; **, p < 0.01; *, p < 0.05. 
(D) Cytotoxic effects of high doses of BI 853520 on murine breast cancer cells cultured on plastic surface. Epithelial 
Py2T and mesenchymal Py2T-LT murine breast cancer cells were treated with BI 853520 at the concentrations 
indicated and phase contrast micrographs were taken. Cells were then suspended, and staining for Annexin-V as 
marker of apoptosis was quantified by flow cytometry (n = 2). Statistical analysis was performed using an unpaired, 
two-tailed Student’s t test. ****, p < 0.0001; ***, p < 0.001; **, p < 0.01; *, p < 0.05. Scale bar: 120µm.  
(E) BI 853520 represses colony formation in three-dimensional growth conditions. Py2T-LT cells were seeded in 
soft agar gels and treated with increasing concentrations of BI 853520 as indicated. The numbers of colonies were 
quantified. (n = 3). Unpaired, two-tailed Student’s t-test. ****, p < 0.0001; *, p < 0.05. 
(F) BI 853520 represses mesenchymal murine breast cancer cell invasion cultured in Matrigel. Epithelial Py2T and 
mesenchymal Py2T-LT murine breast cancer cells were seeded in Matrigel and treated with increasing 
concentrations of BI 853520 as indicated. Phase contrast microscopy pictures were taken and the numbers of 
invasive colonies were quantified. Epithelial Py2T cells formed differentiated spheres which only responded to BI 
853520 at high, toxic concentrations (n = 1). Statistical analysis was performed using an unpaired, two-tailed 
Student’s t test. ****, p < 0.0001; ***, p < 0.001; **, p < 0.01; *, p < 0.05. Scale bar: 60µm.  
 

3.2.3.3 BI 853520 attenuates primary tumor growth  

To examine the repressive effect of the FAK-I BI 853520 on primary tumor 

growth in vivo, we have employed a variety of cellular and transgenic and 

transplantation mouse models of breast cancer. MMTV-PyMT transgenic mice develop 

mammary gland tumors and recapitulate the stepwise progression from differentiated 

mammary gland epithelia to hyperplasia, adenoma, carcinoma, and lung metastasis 
210. Py2T murine epithelial breast cancer cells are highly tumorigenic and gain 

mesenchymal characteristics when implanted into mice in vivo, yet they are rarely 

metastatic 208. 4T1 cells are highly metastatic breast cancer cells derived from a 

spontaneous mammary gland tumor of a Balb/c mouse 211.  Finally, E-cadherin-

proficient MTflECad cells have been isolated from a lymph node metastasis of a 

MMTV-Neu;Cdh1fl/fl tumor-bearing mouse and have been infected with an adenovirus 

expressing Cre recombinase to obtain the E-cadherin-deficient cell line MTΔECad 212.  

Py2T, 4T1 or MTflECad breast cancer cell lines were orthotopically transplanted into 

the mammary fat pad of syngeneic FVB/N, Balb/c or immunodeficient nude (nu/nu) 

mice, respectively, and mice were treated with 50mg/kg BI 853520 by oral gavage. 

BI 853520 treatment significantly suppressed primary tumor growth of all three cell 

lines in vivo (Fig. 2A-C; Suppl. Fig. 3A, B). Together, the data suggest a model-
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independent suppression of primary tumor growth by BI 853520 which is consistent 

with data shown by Hirt et al. 213, 214 Consistent with the results from experiments with 

cultured cell lines in vitro (Fig. 1A and C), immunoblotting analysis of primary Py2T 

tumors of mice treated with BI 853520 for three days displayed a decrease in the levels 

of Y397-FAK phosphorylation (Suppl. Fig. 3C). Similarly, Y397-FAK phosphorylation 

levels were reduced, although not with statistical significance, when mice bearing 4T1 

tumors were treated with a single dose of BI 853520 and sacrificed 1, 4 or 8 hours post 

treatment (Suppl. Fig. 3D).  
 Since transplantation models of cancer cell lines lack the multi-step 

development of tumors as observed in patients, we next tested the effect of 

BI 853520 on primary tumor growth and progression in the MMTV-PyMT transgenic 

mouse model of metastatic breast cancer, a valuable tool to investigate metastatic 

breast cancer development and progression 210. Strikingly, both the administration of 

BI 853520 at an early stage of tumor development (5 weeks of age; “BI 853520 early”) 

and at 10 weeks of age (“BI 853520 late”), a time point when most MMTV-PyMT mice 

had palpable tumors, significantly reduced mammary fat pad weight as a surrogate 

endpoint for total tumor burden per mouse (Fig. 2D). Notably, administration of 

BI 853520 at 5 weeks of age significantly delayed the development of palpable tumors, 

i.e. tumor-free survival (Fig. 2E). In addition, BI 853520 inhibited tumor progression by 

reducing the formation of invasive carcinomas within the primary tumors of the 

transgenic mice (Fig. 2F). In summary, the FAK-I BI 853520 exerts a potent capability 

to repress primary tumor growth and tumor progression in multiple mouse models of 

breast cancer. 
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Figure 2: BI 853520 decreases primary tumor growth in various orthotopic pre-clinical mouse models of 
breast cancer. 
(A) Oral treatment of mice bearing Py2T breast tumors with daily 50mg/kg BI 853520 dissolved in Natrosol or with 
Natrosol-vehicle alone from day 22 post injection (indicated by an arrow) for 25 consecutive days significantly 
decreased tumor volume over time. n = 10 mice per treatment cohort. 
(B) Oral treatment of mice bearing 4T1 breast tumors with daily 50mg/kg BI 853520 dissolved in Natrosol or with 
Natrosol-vehicle alone from day eight post injection (indicated by an arrow) significantly decreased tumor volume 
over time. Tumor growth curves of individual mice are shown. Vehicle cohort, n = 7 mice; BI 853520 cohort, n = 6 
mice. 
(C) Oral treatment of mice bearing MTflECad breast tumors with daily 50mg/kg BI 853520 dissolved in Natrosol or 
with Natrosol-vehicle alone from day 10 post injection significantly decreased tumor volume over time (indicated by 
an arrow). n = 9 mice per treatment cohort. 
(D) Top: Oral treatment schedule for the treatment of MMTV-PyMT transgenic mice with vehicle, BI 853520-late 
(50mg/kg daily, from 10 to 13 weeks of age) or BI 853520-early (50mg/kg daily, from 5 to 13 weeks of age). Bottom: 
Normalized mammary fat pad (MFP) weights for each treatment cohort. All mice were sacrificed at 13 weeks of 
age, and primary tumors and lungs were used for further analysis. Vehicle cohort, n = 9; BI 853520-late, n = 9; BI 
853520-early, n = 8. 
(E) Early BI 853520 treatment significantly improves tumor-free survival of MMTV-PyMT mice. Days on treatment 
starting from week 5 of age are shown. The time reaching termination criteria was determined for the mice treated 
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as described in panel D. As shown here, at the time point of treatment initiation of the BI 853520-late group (arrow; 
day 35 on treatment), most mice in this group displayed palpable tumors.  
(F) Grading of primary tumors of MMTV-PyMT transgenic mice treated as described in panel D. Data are shown as 
the percentage of the average area covered by each grade of two histological sections per mouse. Early 
BI 853520 treatment delays malignant tumor progression (increase in hyperplasia and adenoma stage, decrease 
in carcinoma stage).  
Statistical analysis was performed by unpaired, two-tailed Mann-Whitney U test (A, C, D), by Log-rank (Mantel-
Cox) test (E), and unpaired, two-tailed Student’s t-test (F). All data are depicted as means ± SEM. ****, p < 0.0001; 
***, p < 0.001; **, p < 0.01; *, p < 0.05. 
 

3.2.3.4 BI 853520 restrains tumor cell proliferation 

In order to delineate the molecular mechanisms leading to the therapeutic effect 

of BI 853520 on primary tumor growth, mice harboring 4T1 primary tumors were 

treated for five days with BI 853520, and RNA extracted from total tumors was 

subjected to next generation sequencing. Only primary tumors with sufficient RNA 

quality were included into further analysis (Suppl. Fig. 4A). Gene expression 

correlation analysis displayed a clear separation of transcriptomic profiles derived from 

primary tumors of mice treated with BI 853520 or vehicle (Suppl. Fig. 4B). 
Comparative gene expression analysis of primary tumors of mice treated with 

BI 853520 versus vehicle control revealed 1293 upregulated and 475 downregulated 

genes (cutoffs: p-value ≤ 0.05, fold change +/- 1.5). Functional enrichment analysis for 

biological processes and signaling pathways indicated that the regulation of epithelial 

cell proliferation and positive regulation of cell cycle/cell proliferation/cell division were 

enriched in genes downregulated by BI 853520 treatment (Fig. 3A). In line with this 

finding, gene set enrichment analysis confirmed a significant reduction in the relative 

expression of genes important for cell cycle and positive regulation of mitotic cell cycle 

(including cyclin-dependent kinase 1 and 4; Cdk1: log2 fold-change= -0.4519, FDR= 

4.24e-03; Cdk4: log2 fold-change= -0.3072, FDR= 0.003718), while the negative 

regulation of cell proliferation was increased following BI 853520 treatment (Fig. 3C; 
Suppl. Fig. 4C). Interestingly, biological processes linked to T cell differentiation and 

cell proliferation, (acute) inflammatory response, cytokine production and leukocyte 

activation were enriched in the group of genes upregulated by BI 853520 treatment 

(Fig. 3B).  
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Figure 3: BI 853520 treatment downregulates genes implicated in cell proliferation and upregulates genes 
implicated in immune response. 
(A, B) List of biological processes enriched in downregulated and upregulated genes, respectively, upon treatment 
of mice bearing primary 4T1 tumors with 50mg/kg BI 853520 dissolved in Natrosol-vehicle or vehicle alone for 5 
days. All terms shown in the bar graphs are statistically significant (p-value ≤0.05). The blue and red bars represent 
p-values in -log10 format and the fold enrichment for each term, respectively. The p-values and enrichment were 
computed using Fisher’s exact test. 
(C) Box whisker plots showing the relative expression of genes involved in processes of cell cycle, positive 
regulation of mitotic cell cycle, and negative regulation of cell proliferation that were identified using gene set 
enrichment analysis. Relative gene expression was compared between vehicle-treated group (n = 3) and BI 
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853520-treated group (n = 6). The significance between the groups is shown as p-values using an unpaired, two-
tailed Student’s t-test. ***, p < 0.001; **, p < 0.01; *, p < 0.05. 
 

In order to validate the anti-proliferative mechanism of BI 853520 on primary 

tumor growth, we analyzed the proliferation marker phospho-histone H3 (pH3) on 

histological sections of tumors from mice orthotopically transplanted with Py2T cells 

and short-term treated with BI 853520. Immunostaining for pH3 demonstrated a 

significant reduction of pH3-positive nuclei per area in mice treated with 

BI 853520 (Fig. 4A). Similarly, in both the 4T1 breast cancer model and the MMTV-

PyMT transgenic mouse model, BI 853520 treatment led to a significant decrease in 

pH3-positive nuclei per mm2 (Fig. 4B and C). In contrast, apoptosis as assessed by 

immunofluorescence staining for cleaved caspase 3 (cCasp3) was not significantly 

affected in the transgenic mouse model and in the short-term Py2T breast cancer 

model (Fig. 4C and D). In the 4T1 model, inter-experimental variability of cCasp3 

staining and thus of the rate of apoptosis did not allow a reliable conclusion. 

Immunofluorescence staining of histological sections from the 4T1 tumors for blood 

vessel density (CD31), for vessel perfusion (FITC-Lectin perfusion), for vessel 

leakiness (FITC-Dextran) and for tumor hypoxia (Pimonidazole) did not reveal any 

significant changes (Suppl. Fig. 5A-D). 
Consistent with the findings on murine breast cancer cells cultured in vitro, these 

results indicate that the repressive effect of BI 853520 on tumor growth is attributable 

to its anti-proliferative mode of action on tumor cells.  
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Figure 4: Reduced primary tumor growth is due to an anti-proliferative effect of BI 853520.  
(A) Immunofluorescence microscopy analysis of primary tumor sections of Py2T breast tumors of mice treated for 
three days with vehicle control or with daily 50mg/kg BI 853520 for phospho-histone 3 (pH3; red) and DAPI (cell 
nuclei; blue). Quantification of pH3-positive nuclei per mm2 is shown on the left, representative immunofluorescence 
images are shown on the right. n = 5 tumors in the vehicle group, n = 3 tumors in the BI 853520-treated group.  
(B) Immunofluorescence microscopy analysis of primary tumor sections of 4T1 breast tumor bearing mice treated 
with vehicle control or daily 50mg/kg BI 853520 and analyzed at the experimental end-point as shown in Figure 2B 
for phospho-histone 3 (pH3; red) and DAPI (cell nuclei; blue). Quantification of pH3-positive nuclei per mm2 is 
shown on the left, representative immunofluorescence images are shown on the right. n = 4 tumors in the vehicle 
group, n = 3 tumors in the BI 853520-treated group. Due to the widespread necrotic areas in this tumor model, only 
areas with intact cell nuclei were assessed. 
(C) Left panel: number of pH3-positive nuclei per mm2 on primary tumor sections from MMTV-PyMT transgenic 
mice following treatment with vehicle alone, daily 50mg/kg BI 853520-late (from 10 to 13 weeks of age) or daily 50 
mg/kg BI 853520-early (from 5 to 13 weeks of age) as described in Figure 2D. n = 4 tumors in the vehicle group, n 
= 5 tumors in the BI 853520-late group and n = 5 tumors in the BI 853520-early group. Right panel: number of 
cleaved caspase-3 (cCasp3)-positive nuclei per mm2 of primary tumor sections from MMTV-PyMT transgenic mice 
following BI 853520 treatment. n = 5 tumors in the vehicle group, n = 6 tumors in the BI 853520-late group and n = 
7 tumors in the BI 853520-early group. Due to the massive difference in cellularity between different tumor areas in 
this particular tumor model, pH3 and cCasp3 counts were corrected to the area covered by DAPI-staining as a 
surrogate for cellularity. 
(D) Immunofluorescence microscopy analysis of primary tumor sections of Py2T breast tumor-bearing mice treated 
for three days with vehicle control or 50mg/kg daily BI 853520 for cleaved caspase 3 (cCasp3; red) and DAPI (cell 
nuclei; blue). Quantification of cCasp3-positive nuclei per mm2 is shown on the left, representative 
immunofluorescence images are shown on the right. n = 5 tumors in the control group, n = 3 tumors in the BI 
853520-treated group.  
Data indicate counts per field of view, shown as mean ± SEM. Statistical difference was determined by the unpaired, 
two-tailed Student’s t test. ****, p < 0.0001; ***, p < 0.001; **, p < 0.01; *, p < 0.05. 
 

3.2.3.5 Heterogeneous effects of BI 853520 at different stages of the metastatic 

cascade 

Most studies have primarily focused on primary tumor growth when validating 

novel anti-cancer compounds, yet metastasis is the major cause of morbidity and 

mortality. To this end, we performed an in-depth analysis of BI 853520’s effect on the 

different stages of the metastatic process, employing the 4T1 transplantation model of 

breast cancer that predominantly metastasizes to the lung. Assuming that the 

metastatic process involves the interplay between cancer cells and cell types of the 

tumor microenvironment, we orthotopically injected 4T1 cells in BALB/c mice and 

started BI 853520 treatment three days before (BI 853520 PRE) or seven days post 

4T1 cell implantation (BI 853520 POST). Both treatment regimens efficiently reduced 

primary tumor volume (Fig. 5A). Notably, BI 853520 PRE-treated 4T1 tumors were 

significantly delayed in their initial growth, since they were palpable only at later time 

points as compared to the vehicle-PRE-treated control cohort (Suppl. Fig. 6A). 
Interestingly, even though BI 853520 POST-treatment led to a significant decline in 

4T1 tumor volumes, pulmonary metastasis numbers per section and the metastasis 

area fraction were only decreased in the BI 853520 PRE-cohort (Fig. 5A; Suppl. 
Figure 6B). This result suggests that, once 4T1 tumor cells have entered the lung 

parenchyma and proliferation has been initiated, BI 853520 treatment does not longer 

reduce the number of metastatic nodules. To test this hypothesis, 4T1 tumor cells were 
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injected intravenously (i.v.) into the tail vein of mice to bypass the processes of primary 

tumor colonization and intravasation. BI 853520 treatment was either initiated 3 days 

before i.v. tumor cell injection (BI 853520 PRE) or 3 days after i.v. injection of tumor 

cells (BI 853520 POST) - a time point when metastatic clones have already started 

proliferating in the lung (Suppl. Fig. 6C). Indeed, pre-treating the mice before i.v. tumor 

cell injection reduced the number of metastasis and the metastatic area fraction (Fig. 
5B). However, initiating BI 853520 treatment after metastasis had started to form did 

not significantly reduce the number of metastasis but decreased metastatic nodule 

size, as suggested by the reduced metastatic area fraction (Fig. 5B), consistent with 

BI 853520’s anti-proliferative activity.  

The latter result would argue that BI 853520 may not be able to suppress the 

metastatic seeding of breast cancer cells but rather inhibit outgrowth of already seeded 

metastatic modules. To test this possibility, we performed an experiment in which 

primary tumors were surgically resected 14 days after orthotopic implantation of 4T1 

cells, and BI 853520 treatment was initiated 2 days later. Surprisingly, the numbers of 

metastatic nodules were even increased, however, the metastatic area fraction was 

slightly reduced, yet without statistical significance (Fig. 5C; Suppl. Fig. 6D). When 

4T1-transplanted mice were treated with BI 853520 before surgical removal of the 

primary tumor and then therapy was stopped, primary tumor growth and also the 

number of metastasis were reduced, although without statistical significance (Fig. 5D). 
However, when reduced primary tumor growth was normalized to the number of 

metastasis (metastatic index), no significant change in the number of metastasis 

between BI 853520-treated and control-treated mice could be observed (Suppl. Fig. 
6E).  

A similar overall lack of significant suppression of metastasis by BI 853520 was 

also seen in the MMTV-PyMT mouse model of metastatic breast cancer. Although 

primary tumor growth and tumor progression was strongly reduced (Fig. 2D), the 

number of metastases was unchanged regardless of initiating BI 853520 treatment at 

an early or a late stage of multi-step carcinogenesis (Suppl. Fig. 6F). However, 

comparable to the 4T1 highly metastatic, syngeneic transplantation model of breast 

cancer, in the MMTV-PyMT transgenic mouse model of stepwise breast cancer 

progression and metastasis, the percentage of large metastases was significantly 

reduced by long-term BI 853520 treatment (Suppl. Fig. 6F), suggesting that 

BI 853520 repressed metastatic tumor cell proliferation. Together, these results 
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indicate that BI 853520 rather represses tumor cell proliferation than metastatic 

dissemination and that BI 853520 seems to exert heterogeneous effects on metastasis 

formation depending on the time and the stage of the metastatic cascade when 

BI 853520 is first administered.  
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Figure 5: BI 853520 represses outgrowth of pulmonary metastases. 
(A) Top panel: Schematic overview of the experimental setup. Mice were either pre-treated with BI 853520 three 
days prior to 4T1 orthotopic tumor cell inoculation (Vehicle-PRE or BI 853520-PRE groups) or treated seven days 
post 4T1 orthotopic tumor cell injection (Vehicle-POST or BI 853520-POST groups). Left bottom panel: Primary 
tumor growth in the indicated treatment cohorts was monitored over time. BI 853520 treatment (BI 853520-PRE 

https://www.nature.com/articles/s41389-018-0083-1


Results                Anti-tumour effects of BI 853520 

 78 

and BI 853520-POST) significantly reduced primary tumor growth. Middle bottom panel: Average numbers of 
individual pulmonary metastases per lung section. Only pre-treatment with BI 853520 decreased the numbers of 
pulmonary metastases. Right bottom panel: Average metastatic area fraction (%) in pulmonary cross sections. Only 
pre-treatment with BI 853520 decreased the outgrowth of pulmonary metastases. n = 9, Vehicle-PRE; n = 9, BI 
853520-PRE; n = 8, Vehicle-POST; n = 8, BI 853520-POST. Statistical analysis was performed by unpaired, two-
tailed Mann-Whitney U test (for tumor volumes) or unpaired, two-tailed Student’s test (for number 
metastases/section and metastasis area fraction). 
(B) Top panel: Schematic overview of the experimental setup. Mice were either pre-treated with BI 853520 three 
days prior intravenous injection of 4T1 cells (Vehicle-PRE or BI 853520-PRE groups) or treated three days post 
intravenous injection of 4T1 cells (Vehicle-POST or BI 853520-POST groups). Left bottom panel: Average numbers 
of pulmonary metastases per lung section. BI 853520 pre-treatment significantly decreased pulmonary metastases. 
Right bottom panel: Average metastatic area fraction (%) in pulmonary cross sections. Both BI 853520 treatments 
(BI 853520-PRE and BI 853520-POST) significantly reduced the metastatic area fraction. n = 5 for all treatment 
cohorts. Statistical analysis was performed using unpaired, two-tailed Student’s t test. 
(C) Schematic overview of the experimental setup. 4T1 cells were orthotopically transplanted into the mammary fat 
pad, followed by primary tumor removal 14 days post-injection and BI 853520 therapy in an adjuvant setting two 
days post-surgery. Mice were sacrificed 38 days post injection. Left bottom panel: Average numbers of pulmonary 
metastases per lung section in an adjuvant BI 853520 setting. BI 853520 significantly increased the number of 
pulmonary metastases. Right bottom panel: Average metastatic area fraction (%) in pulmonary cross sections, with 
a trend of decrease following adjuvant BI 853520 therapy. n = 7, Vehicle; n = 5, BI 853520. Statistical analysis was 
performed using unpaired, two-tailed Student’s test. 
(D) Schematic overview of the experimental setup. 4T1 cells were orthotopically transplanted into the mammary fat 
pad, followed by neoadjuvant BI 853520 therapy. Primary tumors were removed 14 days post-injection and 
BI 853520 therapy was discontinued. Mice were sacrificed 32 days post injection. Left bottom panel: Primary tumor 
volumes. Right bottom panel: number of metastatic lesions per mouse. n = 5, Vehicle; n = 5, BI 853520. Statistical 
analysis was performed by Mann-Whitney test for tumor volumes and Student’s t-test for lung metastases. 
 

3.2.3.6 E-cadherin status-dependent effects by BI 853520  

FAK is seen as a key mediator in the crosstalk of integrin-mediated cell-matrix 

and E-cadherin-mediated cell-cell contacts – central mechanisms involved in cancer 

cell invasion and metastasis 215. In order to study the influence of the E-cadherin status 

and, with it, of an epithelial-mesenchymal transition (EMT) on the cells’ susceptibility 

to BI 853520, we employed the E-cadherin-proficient and E-cadherin-deficient murine 

breast cancer cell lines MTflECad and MTΔECad, respectively. MTflECad cells exhibit 

a fully differentiated epithelial cell phenotype, while the genetic ablation of E-cadherin 

expression in MTΔECad resulted into a complete EMT, as manifested by changes in 

marker gene expression and a gain in the cells’ migratory, invasive and metastatic 

capabilities 212. MTflECad and MTΔECad cells were orthotopically injected into 

immunodeficient Rag2-/-;γc-/- mice, and BI 853520 treatment was initiated when tumors 

reached the size of 100mm3 and continued until tumors measured ~1500mm3. 

Strikingly, BI 853520 treatment significantly delayed primary tumor growth of the highly 

differentiated, E-cadherin-proficient and non-metastatic MTflECad tumors (Fig. 6A,B), 
as already described above (Fig. 2C). In contrast, the growth of E-cadherin-deficient, 

invasive and metastatic MTΔECad tumors was not apparently affected by treatment 

with BI 853520 (Fig. 6A, B). Notably, BI 853520 reduced the number of metastasis in 

the lungs of mice transplanted with MTΔECad cells (Fig. 6C), whereas MTflECad did 

not form metastasis even in the absence of BI 853520 (data not shown).  
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In summary, the data suggest that BI 853520 is more potent in repressing tumor 

cell proliferation and primary tumor growth of differentiated, E-cadherin-expressing 

tumor cells (MTflECad, Py2T, in parts 4T1 cells and early stages of MMTV-PyMT tumor 

progression), while it represses the metastatic outgrowth of invasive, E-cadherin-

deficient tumor cells (MTΔECad and late stages/metastasis of MMTV-PyMT tumor 

cells). The loss of E-cadherin expression is a hallmark of an epithelial-mesenchymal 

transition (EMT). While an EMT is mainly responsible for primary tumor cell invasion, 

its reversal, a mesenchymal-epithelial transition (MET), has been shown to contribute 

to the metastatic outgrowth of disseminated cancer cells in distant organs. Hence, the 

repressive effect of BI 853520 on metastatic outgrowth may be a result of the more 

potent anti-proliferative effect of BI 853520 on differentiated cancer cells.  
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Figure 6: E-cadherin-dependent repression of metastasis formation by BI 853520. 
(A) Mice were orthotopically transplanted with E-cadherin-expressing MTflECad or with E-cadherin-deficient 
MTΔECad murine breast cancer cells. BI 853520 treatment was started at a primary tumor size of 100 mm3, and 
animals were sacrificed before the primary tumor reached a size of ~1500 mm3. BI 853520 significantly increased 
survival of mice transplanted with MTflECad cells, but not in mice transplanted with MTΔECad cells. 
(B) BI 853520 significantly increases the mean time to reaching termination criteria in mice transplanted with E-
cadherin-proficient MTflECad cells, but not in mice transplanted with E-cadherin-deficient MTΔECad cells. 
Statistical analysis was performed using a log-rank (Mantel-Cox) test. MTflECad: vehicle cohort, n = 8; BI 853520 
cohort, n = 7. MTΔECad: vehicle cohort , n = 5; BI 853520 cohort, n = 6. 
(C) BI 853520 reduces the average numbers of pulmonary metastases per lung section in the cohort of mice bearing 
MTΔECad-tumors. Vehicle cohort, n = 5; BI 853520 cohort, n = 6. Statistical analysis was performed using unpaired, 
two-tailed Student’s test. All data are depicted as mean ± SEM. ****, p < 0.0001; ***, p < 0.001; **, p < 0.01; *, p < 
0.05. 
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3.2.4 Discussion 
A plethora of reports have highlighted that FAK’s expression levels and its 

activation correlate with the initiation, progression and the prognosis of a wide variety 

of malignancies and, thus, FAK has been repeatedly proposed as an attractive target 

for cancer therapy 187-189, 191, 192, 204. Subsequently, a number of laboratories and 

pharmaceutical companies have invested into the development of specific FAK 

inhibitors which are now evaluated in pre-clinical animal models and in first clinical 

trials 191, 204-206. However, the actual mode of action of FAK in tumor progression and 

metastasis and the biological consequences of its pharmacological inhibition are still 

poorly understood.  

Here, we have used the novel and highly specific small molecule FAK inhibitor 

(FAK-I) BI 853520 144 to repress FAK activity in cultured breast cancer cells in vitro and 

in various preclinical mouse models of breast cancer (Py2T, 4T1, MTflECad/MTDEcad, 

and MMTV-PyMT) in vivo. BI 853520 elicits a substantial repression of cancer cell 

proliferation and thus a repression of primary tumor growth and outgrowth of metastatic 

lesions. However, BI 853520 does not diminish the actual metastatic dissemination of 

murine breast cancer cells, in contrast we observe an increased number of pulmonary 

metastases upon treatment with BI 853520 in an adjuvant setting after surgical 

resection of 4T1 primary tumors.  

On the other hand, BI 853520 most effectively hampers the establishment of 

pulmonary metastasis in mice harboring E-cadherin-deficient (MTΔECad) tumors (Fig. 
6C), the metastatic outgrowth of 4T1 breast cancer cells with downregulated E-

cadherin expression (Fig. 2A), and the 3D Matrigel invasion of mesenchymal Py2T-LT 

cells (Fig. 1F; Suppl. Fig. 2). Shapiro and colleagues have linked FAK-I susceptibility 

of mesothelioma growth to merlin deficiency 216. However, the Py2T, MTflECad and 

MTΔECad cells employed here express similar levels of merlin, and the susceptibility 

of Py2T and MTflECad tumors and the insensitivity of MTΔECad tumors to 

BI 853520 appears to be independent of merlin expression status (data not shown). 

Rather, our results suggest that the lack or low expression of E-cadherin in 4T1 and 

MTΔECad cells and in later stages of MMTV-PyMT tumor progression, and thus the 

invasive nature of the cancer cells, may serve as a molecular biomarker for an anti-

metastatic activity of BI 853520. Intriguingly, this notion stands in stark contrast to 

previous studies, where FAK inhibition activates E-cadherin function and the reversal 

of an EMT, thereby restraining the initiation and establishment of proliferative programs 
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by micrometastatic cell clusters and not affecting macrometastatic expansion 217-222. 

However, our histopathological analysis and gene expression profiling of primary 

tumors treated or not with BI 853520 have not revealed marked changes in the EMT 

status of the breast cancer cells. Hence, further investigations are warranted to 

decipher whether E-cadherin expression can be used as a potential predictive marker 

for the subset of patients that will respond to anti-metastatic FAK-I therapy 188, 202, 204, 

205. Notably, Hirt et al. have recently reported that the expression of hsa-miR-200c-3p, 

an epithelial-specific miRNA efficiently repressing EMT transcription factors and thus 

promoting E-cadherin expression, strongly correlated with BI 853520 therapeutic 

efficacy in a number of transplantation mouse models of various cancer types 144. 

Confronted with these seemingly conflicting results, we hypothesize that intermediate 

stages of an EMT, such as a partial EMT with a combination of epithelial and 

mesenchymal marker expression, may represent a cell status of high cell plasticity and 

metastasis and thus may be preferentially targeted by FAK inhibition.  

We have subsequently explored the direct biological effects of FAK inhibition on 

tumor cells and characterized potential mechanisms responsible for the significant 

decrease in tumor burden following BI 853520 administration. RNA sequencing of 

primary murine breast tumors treated with BI 853520 reveals a potent repression of 

tumor cell proliferation and thus primary tumor growth. Gene set enrichment analysis 

confirms a significant reduction in the relative expression of genes important for a 

positive regulation of mitotic cell cycle (including cyclin-dependent kinase 1 and 4) and 

an increase in the expression of genes relevant for a repression of the cell cycle. 

Previous studies have indicated that ectopic expression of a constitutive-active form of 

FAK leads to a rapid induction of proliferation in murine mammary tumor cells, whereas 

a decrease in FAK expression impairs their cell proliferation in vitro and in vivo 191, 195, 

201, 223. In line with these findings, BI 853520 treatment elicits a significant reduction in 

murine breast cancer cell proliferation in vitro and in vivo. These findings are supported 

by flow cytometry-based cell cycle analysis where increasing concentrations of 

BI 853520 up to 1µM shift cells from the S-phase to the G1-phase. Together, the data 

suggest a linear mechanistic relationship between FAK activity and murine breast 

cancer cell proliferation.  

Previously, it has been reported that tumor cells, that have been genetically 

ablated for FAK expression or treated with various FAK-I, undergo cell death 191, 201, 

204, 224. However, using immunofluorescence analysis of primary tumor sections and 
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cellular assays we have not observed a significant induction of apoptosis following 

BI 853520 treatment. We conclude that the most prominent therapeutic effect 

observed by BI 853520 is based on its anti-proliferative activities. Along these lines, 

the results reported here also indicate that the kinase activity of FAK is required for 

4T1 murine breast cancer cell pulmonary metastasis: the pharmacological inhibition of 

FAK kinase activity by BI 853520 is consistent with the previously reported findings 

that the kinase domain of FAK is required for metastatic outgrowth of 4T1 cells 225.  

Although ongoing clinical trials with various FAK-I seem encouraging and 

methods for patient stratification are planned, it is questionable whether FAK inhibition 

will be used as a single-agent therapy as it is the case for most targeted therapies 197, 

199, 204. Previous studies have shown that repression of FAK signaling in combination 

with diverse chemotherapies enhanced chemo-cytotoxicity in vitro and in vivo 226-236. 

In line with FAK´s role in an anti-tumor evasion mechanism and an upregulated 

immune response following BI 853520 treatment in the 4T1 breast cancer model (Fig. 
3B), it has been shown in mouse models of squamous cell cancer and pancreatic 

ductal adenocarcinoma that FAK inhibition increases immune surveillance, enhances 

the sensitivity to T-cell immunotherapy and treatment with PD-1 antagonists, and 

ultimately delays tumor progression 237-239. Future efforts should be made to test 

BI 853520 and other FAK-I in combination with chemo- or immunotherapy reagents, 

thereby evaluating not only the anti-proliferative effects but also the anti-metastatic 

effects of a combination therapy that might be applicable for various cancer types 188, 

206, 224, 240. 

 

3.2.5 Materials and Methods 
Treatment of tumor transplantation and transgenic mouse models 

The murine metastatic cell line 4T1 is described elsewhere 211, 241. Py2T cells have 

been derived from a breast tumor of an MMTV-PyMT female mouse with an FVB/N 

background 208. E-cadherin-proficient MTflECad cells have been isolated from a lymph 

node metastasis of a MMTV-Neu;Cdh1fl/fl tumor-bearing mouse and have been 

infected with an adenovirus expressing Cre recombinase to obtain the E-cadherin-

deficient cell line MTΔECad 212. All cell lines were maintained in Dulbecco’s Modified 

Eagle Medium (DMEM), supplemented with fetal calf serum (FCS, 10%), glutamine 

(2mM), penicillin (100U; Sigma-Aldrich) and streptomycin (0.2mg/l; Sigma-Aldrich) in 

a humidified atmosphere of 37°C, 5% CO2 and 95% humidity.  
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0.5 x 106 Py2T, MTflECad or MTΔECad cells or 1 x 106 4T1 cells suspended in 

100µl sterile PBS were injected into mammary fat pad number nine of anaesthetized, 

six to ten week-old female FVB/N (Py2T cells), BALB/c (4T1 cells), Rag2-/- ;γc-/- or nude 

mice (BALB/cAnN-Foxn1nu/nu/Rj; Janvier) mice (MTflECad and MTΔECad cells). The 

length (D) and width (d) of the tumors was measured by a digital caliper every two to 

three days and the tumor volume was calculated according the formula (V = 0.543 x D 

x d2). Treatment protocols were initiated several days after tumor-cell inoculation, 

details are indicated in the respective figure legends. BI 853520 144 was dissolved in 

0.5% Hydroxyethylcellulose Natrosol and administered at 50mg/kg body weight daily 

by oral gavage. 

The MMTV-PyMT transgenic mouse model of metastatic breast cancer was 

used to determine the therapeutic and biological effect of BI 853520 210, 242, 243. 

BI 853520 was administered orally each day to mice of five weeks of age for eight 

consecutive weeks, referred to as “early BI 853520” treatment. In another cohort of 

mice, BI 853520 was administered orally each day to mice of ten weeks of age for 

three consecutive weeks, referred to as “late BI 853520” treatment. All mice of this 

experimental setup were sacrificed at 13 weeks of age and primary tumors and lungs 

were used for further processing.  

For RNA sequencing, BI 853520 was administered from day 15 post injection 

for five consecutive days. To determine whether BI 853520 pre-treatment is able to 

prime the tumor microenvironment, mice were either pre-treated three days prior tumor 

cell inoculation (Vehicle PRE or BI 853520 PRE group) or BI 853520 was administered 

seven (subcutaneous tumor cell injection) or three days (intravenous tumor cell 

injection) post tumor cell injection (Vehicle POST or BI 853520 POST group).  

For intravenous injection, 0.5 x 106 mouse 4T1 breast cancer cells were injected into 

the tail vein of BALB/c mice.  

To mimic the patient situation, BI 853520 was administered in an adjuvant 

setting to the preclinical 4T1 breast cancer mouse model. For this purpose, primary 

tumors were surgically removed 14 days after implantation of 4T1 cells in to the 

mammary fat pad, and BI 853520 therapy was started two days post-surgery for the 

consecutive 22 days.  

For neoadjuvant BI 853520 treatment, BI 853520 administration was initiated 

one day after orthotopic tumor cell implantation (1 x 106 4T1 cells mixed with Matrigel) 
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until primary tumor removal on days 14 or 15 post tumor cell inoculation. Lung 

metastases were analyzed 32 days post tumor cell inoculation. 

When not specified otherwise, animals were sacrificed when the maximum 

allowed primary tumor size of 1.5 cm3 was reached. For all experiments, primary 

tumors, lungs and peripheral blood were isolated and used for further processing as 

previously described 208, 244. Primary tumors in the abdominal mammary fat pad of 

MMTV-PyMT mice were graded by using a Zeiss Axio Imager.Z2 microscope and ZEN 

2 Zeiss Microscopy software (version 2.0). Pulmonary cross sections were imaged with 

a 10 x objective of a Zeiss Axio Imager.Z2 or a Zeiss Axio Observer (Zeiss) microscope 

and the average amount of unique pulmonary metastases as well as the average 

metastatic area fraction (%) was quantified by using ImageJ software (ImageJ, Wayne 

Rasband, National Institutes of Health, USA), ZEN 2 Zeiss Microscopy software or a 

customized application from Visiopharm. All animal experiments were approved by and 

performed according to the guidelines and legislation of the Swiss Federal Veterinary 

Office and the Cantonal Veterinary Office, Basel-Stadt, Switzerland (permit numbers 

1878, 1907 and 1908). 

 

BI 853520 treatment of breast cancer cells in vitro 

For immunoblotting analysis, immunofluorescence staining (for phospho-H3 and 

cleaved caspase 3) and EdU/PI cell cycle analysis, 1.3 x 105 4T1 cells were plated in 

a 6cm dish. For immunofluorescence staining (for phospho-Y397-FAK and total FAK), 

3.3 x 104 4T1 cells were plated in a 6cm dish. For cell viability determination following 

96 hours treatment with BI 853520, 0.5 x 103 4T1-, Py2T- and Py2T-LT cells were 

seeded in a 96-well format. 4T1, Py2T and Py2T-LT cells were treated for the indicated 

time points with varying concentrations of BI 853520.  

 

Immunoblotting analysis 

Tumor pieces were snap-frozen and lysates were used for immunoblotting analysis. 

Snap-frozen Py2T primary tumor pieces were homogenized by a Polytron PT1200 E 

(Kinematica AG) in lysis buffer (50mM Hepes pH7.5, 150mM NaCl, 1% Glycerol, 1% 

Triton X-100, 1.5mM MgCl2,5mM EGTA) supplemented with 0.1mM Sodium-

Orthovanadate (Sigma-Aldrich), 20mM sodium fluoride (Sigma-Aldrich) and a protease 

inhibitor cocktail (Sigma-Aldrich, 1:200). The lysates were cleared by centrifugation 

and the protein content of supernatants was determined by using Protein Assay Dye 
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Reagent Concentrate (Bio-Rad). Snap-frozen 4T1 primary tumor pieces were 

homogenized by metal bead lysing matrix (MP Biomedicals) in RIPA buffer (Sigma-

Aldrich, 150mM NaCl, 1.0% IGEPAL® CA-630, 0.5% sodium deoxycholate, 0.1% 

SDS, 50mM Tris, pH 8.0) supplemented with 20mM sodium fluoride (Sigma-Aldrich) 

and a protease inhibitor cocktail (Sigma-Aldrich, 1:100). 4T1, Py2T and Py2T-LT cells 

previously being treated with BI 853520 were lysed in sample solution (0.5M Tris-HCl 

pH 6.8, 10% SDS, glycerol) or NP40 buffer (20mM Tris pH 7.5, 100mM NaCl, 5mM 

MgCl2, 0.2% NP40, 10% glycerol, 1mM NaF, 20mM beta-glycerophosphate and 

freshly added 0.5mM DTT /1x PIC (Sigma) /1mM Vanadate). The protein content was 

determined by Pierce BCA Protein Assay Kit (Thermo Scientific), loaded on 10% SDS-

PAGE gels and subsequently used for immunoblotting analysis. Following blocking of 

the nitrocellulose blotting membranes (GE Healthcare) for one hour in 5% bovine 

serum albumin (BSA; Sigma-Aldrich) dissolved in 0.1% Tween (Sigma-Aldrich) in TBS 

(for Py2T tumors ) or PBS (for 4T1 tumors), membranes were incubated with primary 

antibodies mouse anti-FAK (Millipore, 05-537, clone 4.47), rabbit anti-pFAK (Y397, 

Invitrogen, 44-624G), rabbit anti-PYK2 (Abcam, ab32571, clone YE353), rabbit anti-

pPYK2 (Y402, Abcam, ab4800) overnight at 4°C. GAPDH (Abcam, ab9485 or Sigma-

Aldrich, G8795) or α-tubulin (Sigma-Aldrich, T-9026, clone DM1A) were used as a 

loading control. Membranes were then incubated for one hour with HRP-conjugated 

secondary antibodies (Jackson) and subsequently visualized using Fusion Fx 

chemoluminescence reader (Vilber Lourmat) and Curix 60 (AGFA). For Py2T tumors, 

following visualization of the pFAK signal, antibodies were removed by using a 

stripping buffer (0.2M glycin pH 2.5, 0.1% SDS, 1% Tween) two times 30 minutes 

before initiating the staining procedure against total FAK protein. 

 

Immunofluorescence staining of frozen sections  

To prepare cryostat sections, organs were fixed for two hours at 4°C in 4% 

paraformaldehyde, incubated overnight in 20% sucrose in PBS (Sigma-Aldrich) at 4°C 

and then embedded and snap frozen in OCT freezing matrix (Tissue Tek). For 

immunofluorescence analysis of frozen sections, cryosections (7µm thick) of tumor 

samples were dried for 30 minutes and rehydrated three times for five minutes in PBS. 

After permeabilization for 20 minutes with 0.2% Triton X-100 (Sigma-Aldrich) in PBS, 

slides were washed three times for five minutes in PBS, blocked for one hour at room 

temperature in 5% goat serum diluted in PBS (blocking buffer) for the phospho-H3 
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staining and 20% goat serum diluted in PBS for the cleaved caspase-3 staining, and 

incubated overnight at 4°C with primary antibodies (rabbit anti-mouse phospho-H3, 

Millipore, 06-570; rabbit anti-mouse cleaved caspase-3, Cell Signaling, 9664, clone 

5A1E) diluted in blocking buffer.  

To detect perfused vessels, 150µg of fluorescein labeled lycopersicon 

esculentum lectin (Vector Laboratories, GL-1171) was injected i.v. and allowed to 

circulate for 20 minutes. Next, terminally anaesthesized animals were perfused with 

4% PFA in PBS followed by PBS via the left cardiac ventricle.  

For the detection of leaky blood vessels, 250 μg fluorescein-labeled Dextran 

(70kDa; Life Technologies, D-1822) was injected intravenously in a tail vein and 

allowed to circulate for five minutes. Then, terminally anaesthesized animals were 

perfused with PBS followed by a perfusion with 4% PFA in PBS via the left cardiac 

ventricle.  

Hypoxic areas were detected by injecting pimonidazole-HCl (Hypoxyprobe 

Omni Kits, Hypoxyprobe, Inc.) at 60mg/kg intraperitoneally two hours prior to sacrifize 

of the animals. 

Immunofluorescence stainings were revealed by incubating slides for one hour 

at room temperature with Alexa Fluor 488, Alexa Fluor 568, Alexa Fluor 633 or Alexa 

Fluor 647-labeled secondary antibodies (Invitrogen, 1:200) diluted in blocking buffer 

and washed three times for five minutes in PBS. Nuclei were counterstained for ten 

minutes with 4’,6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich, 1:5000) and slides 

were washed three times for five minutes in PBS. Finally, slides were mounted in 

DAKO fluorescence mounting medium and evaluated with a 20 x objective on a DMI 

4000 microscope (Leica). Images were processed and analyzed using ImageJ 

software (ImageJ, Wayne Rasband, National Institutes of Health, USA). 

 

Immunofluorescence staining of cultured cells 

4T1 cells grown on coverslips were fixed for 20 minutes with 4% PFA in PBS at room 

temperature. Subsequently, cells were permeabilized for ten minutes with 0.1% Triton 

X-100 (Sigma-Aldrich) in PBS and blocked with 1% BSA (Sigma-Aldrich) in PBS for 

two hours. To visualize FAK and pFAK expression, cells were incubated with the 

primary antibodies mouse anti-FAK (Millipore, 05-537, clone 4.47), rabbit anti-pFAK 

(Y397, Invitrogen, 44-624G), rabbit anti-mouse phospho H3 (Millipore, 06-570), rabbit 

anti-mouse cleaved caspase-3 (Cell Signaling, 9664, clone 5A1E) diluted in 1% BSA 
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in PBS overnight at 4°C, followed by a 30 minutes incubation with DAPI (Sigma-

Aldrich, 1:5000) and Alexa-Fluor 488 or 568-labeled secondary antibodies (Invitrogen, 

1:200). The cells were sealed by mounting them with Dako fluorescence mounting 

medium. Images were obtained using a Confocal SP5 microscope with a 63 x objective 

and a DFC 360 FX Monochromatic Camera (Leica) or with a 10 x (cleaved caspase 3) 

or 20 x objective (pH3) on a DMI 4000 microscope (Leica).  

 

In-gel immunofluorescence staining  

Growth factor-reduced Matrigel (Corning) was diluted with ice-cold, serum-free growth 

medium (F12-HAM, Sigma-Aldrich) to 4 mg/ml protein concentration by gentle 

pipetting. Pellets of 1.5 x 103 4T1 cells and 2.5 x 103 Py2T and Py2T-LT cells, 

respectively, were resuspended in 10µl 4mg/ml Matrigel and seeded into each inner 

well of a µ-slide angiogenesis microscopy slide (ibidi, Martinsried, Germany). Following 

20 minutes of gel solidification in a humidified atmosphere at 37°C and 5% CO2, 30µl 

of normal growth medium (supplemented or not with 2ng/ml TGFb) was added to each 

well. Growth medium was refreshed every third day. After five days of culture, medium 

containing increasing concentrations of BI 853520 (0.01µM, 0.1µM, 1µM) was added. 

On the next day, structures were fixed in the matrix for 10 minutes with 4% PFA in 

PBS, washed for 5 minutes with 20mM glycine/PBS and permeabilized and blocked 

for two hours at room temperature in IF buffer (0.2% TritonX-100/0.1% BSA/0.05% 

Tween20/PBS) supplemented with 10% goat serum. Samples were stained with 

primary antibodies in IF buffer (rabbit anti-pFAK (Y397, Invitrogen, 44-624G); rabbit 

anti-ZO-1 (Zymed, 617300); mouse anti-vimentin (Sigma-Aldrich, V2258)) for two 

hours at room temperature, washed twice with IF buffer and incubated with Alexa-Fluor 

488 or 568-labeled secondary antibodies diluted in IF buffer (Invitrogen, 1:200) for 45 

minutes. Nuclei were stained using DAPI (Sigma-Aldrich, 1:5000) for 20 minutes at 

room temperature. Following two washes with IF buffer, samples were mounted with 

DAKO fluorescent mounting medium and imaged using a confocal microscope (SP5 

confocal microscope with a 63 x objective, Leica). 

 

Cell proliferation assay 

The effects of varying BI 853520 concentrations on cell proliferation were determined 

by an MTS-assay 209 (Promega) according to the manufacturer’s protocol. Cells were 

seeded, and one day later varying concentrations of BI 853520 were added and cell 
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viability was measured on day five. Cell viability was measured using a SpectraMax 

340 Microplate Reader (Molecular Devices) with a filter of 492 nm. For analysis, 

background absorbance from a “no-cell” control row was subtracted from all measured 

values and cell number of BI 853520-treated cells was normalized to the DMSO-

treated controls.  

 

Cell cycle analysis 

For Edu/PI-incorporation cell cycle analysis, 4T1 cells were treated for 24 hours with 

varying concentrations of BI 853520, cells were then incubated for five minutes with 

10µM EdU (EdU Flow Cytometry Kit, baseclick). Harvested cells were subsequently 

fixed for 15 minutes with 4% PFA in PBS at room temperature and permeabilized for 

20 minutes using 0.5% Triton X-100 (Sigma-Aldrich) in PBS at room temperature. 

Following a 30 minutes incubation with the click reaction containing the catalyst 

solution, the Dye Azide, buffer additive and PBS, cells were stained with propidium 

iodide (Sigma-Aldrich) for two hours at a humidified atmosphere of 37°C and 5% CO2. 

Cell cycle distribution was analyzed by using a BD FACSCANTO II analyzer and BD 

FACSDIVA software (BD Biosciences).  

 

Soft agar colony formation assay 

A bottom layer of 1.5ml 0.5% agarose/DMEM complete growth medium per 6-well plate 

with 2ng/ml TGFb and varying concentrations of BI 853520 was allowed to solidify for 

30 minutes at room temperature. 3 ml of 0.3% agarose/DMEM complete growth 

medium with 2x104 Py2T-LT cells, 2ng/ml TGFb and the target BI 853520 

concentration were added on top and incubated for 1.5 hours in a tissue culture 

incubator. Finally, 1 ml DMEM complete growth medium with 2ng/ml TGFb and the 

target BI 853520 concentration was added on top. Every 4-6 days, 0.5 ml DMEM 

complete growth medium supplemented with 2ng/ml TGFb and the target BI 853520 

concentration was refreshed. After 18-21 days, colonies were stained with MTT 

solution (Sigma-Aldrich) and quantified. 

 

Apoptosis assay 

2 x 105 Py2T and Py2T-LT cells (constantly cultured in the presence of 2ng/ml TGFb) 

were plated per 60 mm petri dish and allowed to adhere overnight. The next day, BI 

853520 at different concentrations was added. After 24 hours of incubation with BI 
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853520, cells were trypsinized, stained with Cy5 Annexin-V (BD Biosciences) and 

analyzed by flow cytometry on a BD FACSCANTO II analyzer and BD FACSDIVA 

software (BD Biosciences). Apoptotic cells were defined as Annexin-V positive. 

 

Matrigel invasion assay 

Growth factor-reduced Matrigel (Corning) was diluted with ice-cold serum-free DMEM 

(Sigma-Aldrich) by gentle pipetting using pre-chilled pipette tips to 4mg/ml protein 

(100%) concentration. 10μl Matrigel was plated into each inner well of a µ-slide 

angiogenesis microscopy slide (ibidi, Martinsried, Germany). The gel was allowed to 

solidify for 45 minutes in a humidified atmosphere at 37 °C and 5% CO2. 0.3 x 103 4T1 

cells and 1.25 x 103 Py2T epithelial murine breast cancer cells and Py2T-LT 

mesenchymal cells, respectively, were seeded on the gel, and then a top layer of 

growth medium with 10% Matrigel, in the case for Py2T and Py2T-LT supplemented 

with twice the final concentration of BI 853520 and 4ng/ml TGFb (for Py2T-LT), was 

added. Following one day of incubation in a humidified atmosphere at 37 °C and 5% 

CO2, twice the final concentration of BI 853520 was also added to the 4T1 cells. 

Medium containing 5% Matrigel and BI 853520, and in the case of Py2T-LT cells 

TGFb, was replaced after 3 days and after 6 days pictures were taken using a Leica 

DMIL microscope. 

 

RNA isolation, RNA-sequencing (RNA-seq) library preparation, sequencing and data 

analysis 

Snap-frozen mouse tumor pieces were homogenized in Trizol (Sigma-Aldrich) and 

total RNA was isolated with the RNeasy Lipid Tissue Mini Kit (Qiagen). Approximately 

80ng of total RNA was subsequently used for TruSeq Stranded mRNA Library 

preparation on the NeoPrep System (Illumina, San Diego, CA, USA) and sequenced 

on the HiSeq1500 with the paired-end 50 cycle protocol and the fast-output mode 

(Illumina, San Diego, CA, USA). The RNA sequencing data is available under GEO 

accession number GSE116117. 

Paired-end RNA-seq reads were mapped to the mouse genome assembly, 

version mm9, with RNA-STAR 177, with default parameters except that only unique hits 

were aligned to the genome (outFilterMultimapNmax=1) and that reads without 

evidence in spliced junction table were filtered (outFilterType="BySJout"). Using 

RefSeq mRNA coordinates from UCSC (genome.ucsc.edu, downloaded in July 2013) 
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and the qCount function from QuasR package (version 3.12.1) 178, gene expression 

was quantified as the number of reads that started within any annotated exon of a 

gene. The differentially expressed genes were identified using the edgeR package 179. 

Genes with a p-value smaller than 0.05 and a minimum log2 fold change of +/- 0.584 

were considered statistically significant and these genes were subjected to 

downstream functional analysis. 

 

Functional enrichment analysis 

Functional enrichment analysis of differentially expressed genes for biological 

processes 245 or pathways was performed in R using several publically available 

Bioconductor resources including GO.db (version 3.4.1), GOstats (version 2.42.0) 246, 

KEGG.db (version 3.2.3) and ReactomePA (version 1.20.2) 180. The significance of 

each biological processes or pathways identified was calculated using the 

hypergeometric test (equivalent to Fisher’s exact test). p values ≤0.05 were considered 

statistically significant. Clustering and heatmaps of the enriched biological processes 

were generated using hierarchical clustering and distances between the clusters were 

computed using the average linkage method. 

 

Statistical analysis 

Graphics and statistical analysis were performed using the GraphPad Prism Software 

Version 7.0. When not specified otherwise, the unpaired, two-tailed Student’s t-test or 

Mann-Whitney U test were applied (****, p < 0.0001; ***, p < 0.001; **, p < 0.01; *, p < 

0.05) to determine statistical significance. Quantitative data were depicted as means 

± standard error of the mean (SEM). 
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3.2.6 Supplemental information 

 
Supplementary Figure 1. Anti-proliferative effects of BI 853520 on 4T1 murine breast cancer cells in vitro. 
(A) Left panel: 4T1 breast cancer cells were exposed to increasing concentrations of BI 853520 one day after cell 
seeding and cell viability was measured at day five (n = 3). Middle panel: Py2T breast cancer cells were exposed 
to increasing concentrations of BI 853520 one day after cell seeding and cell viability was measured at day five (n 
= 3). Right panel: Py2T-LT breast cancer cells were exposed to increasing concentrations of BI 853520 one day 
after cell seeding and cell viability was measured at day five (n = 3). 
(B) 4T1 cells were treated for 24 hours with varying concentrations of BI 853520, incubated for five minutes with 
10µM EdU and then subjected to EdU/PI cell cycle flow cytometry analysis as described in Materials and Methods 
(n = 4). Cell numbers in S, G1 and G2/M-phases were quantified, the results are depicted in the three panels.  
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(C) 4T1 breast cancer cells were treated for 24 hours with varying concentrations of BI 853520 and then 
immunostained for phospho-histone 3 (pH3) and DAPI (nuclei).  Quantification of the percentage of pH3-positive 
nuclei is shown, indicating a decrease in 4T1 cell proliferation (n = 4).  
(D) 4T1 breast cancer cells were treated for 24 hours with varying concentrations of BI 853520 and then 
immunostained for cleaved caspase-3-positive nuclei. Quantification of the cleaved caspase-3-positive cells is 
shown, indicating no change in the rate of cell apoptosis except at the non-specific concentration of 10µM (n = 4).  
Statistical analyses were performed using an unpaired, two-tailed Student’s t test. 
All data are depicted as mean ± SEM. ****, p < 0.0001; ***, p < 0.001; **, p < 0.01; *, p < 0.05. 
(E) BI 853520 represses 4T1 breast cancer cell invasion cultured in Matrigel. 4T1 breast cancer cells were seeded 
in Matrigel and treated with increasing concentrations of BI 853520 as indicated. Phase contrast microscopy 
pictures were taken and the numbers of invasive colonies per picture were quantified (n = 1). Statistical analysis 
was performed using an unpaired, two-tailed Student’s t test. ****, p < 0.0001; ***, p < 0.001; **, p < 0.01; *, p < 
0.05. Scale bar, 250µm. 
 

 

 
Supplementary Figure 2. BI 853520 decreases Y397-FAK phosphorylation in 3D Matrigel cultures in a dose-
dependent manner. 
(A) 4T1, Py2T and Py2T-LT cells grown in a 3D Matrigel culture (4mg/ml) were treated with increasing 
concentrations of BI 853520 (0.01µM, 0.1µM, 1µM) for 24 hours, followed by immunofluorescence staining for pFAK 
(Y397, green) and DNA (blue) (left panel). The 3D cultured cells were also stained for ZO-1 (green), vimentin (red) 
and DNA (blue) (right panel). Images were obtained using a SP5 laser-scanning confocal microscope (Leica) (n = 
2). Scale bars, 30µm.  
(B) 4T1, Py2T and Py2T-LT cells grown in a 5% 3D Matrigel culture were exposed to increasing concentrations of 
BI 853520 (0.01µM, 0.1µM, 1µM) for 24 hours (n = 2). Left panel: Cell lysates were examined by immunoblotting 
analysis for phospho-FAK-Y397 (pFAK) and total FAK (FAK), fibronectin, ZO-1, Zeb1, E-cadherin and vimentin. 
Actin was used as a loading control. Right panel: Quantification of the pFAK signal intensities normalized to actin 
and total FAK/actin ratios from the immunoblotting analysis shown in the left panel. Statistical analysis was 
performed using an unpaired, two-tailed Student’s t test. ****, p < 0.0001; ***, p < 0.001; **, p < 0.01; *, p < 0.05. 
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Supplementary Figure 3. BI 853520 reduces primary tumor in different preclinical breast cancer mouse 
models and delays malignant tumor progression. 
(A) Treatment of mice bearing orthotopically transplanted Py2T breast tumors with 50mg/kg BI 853520 daily for 
25 days significantly decreases tumor weight at the experimental end point. n = 10 mice per treatment cohort. 
Statistical analysis was performed by the unpaired, two-tailed Mann-Whitney U test.  
(B) Treatment of mice bearing orthotopically transplanted MTflECad breast tumors with 50 mg/kg BI 853520 daily 
significantly decreases tumor weight. n = 9 mice per treatment group. Statistical analysis was performed by the 
unpaired, two-tailed Mann-Whitney U test. 
(C) Three-day daily 50mg/kg BI 853520-treated Py2T primary tumor pieces were snap-frozen 20h post last 
treatment. Top panel: Lysates were analyzed by immunoblotting analysis for phospho-FAK (pFAK, Y397), total 
FAK, phospho-PYK2 (pPYK2, Y402), total PYK2 and GAPDH as loading control. Bottom panel: Quantification of 
pFAK signal intensity normalized to GAPDH and total FAK/GAPDH ratios from the immunoblotting analysis shown 
above. Statistical analysis was performed using an unpaired, two-tailed Student’s t test. ****, p < 0.0001; ***, 
p < 0.001; **, p < 0.01; *, p < 0.05. 
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(D) Single dose 50mg/kg BI 853520-treated 4T1 primary tumor pieces were snap-frozen 1, 4 and 8 hours post 
treatment. Top panel: Lysates were analyzed by immunoblotting analysis for phospho-FAK (pFAK, Y397), total 
FAK, phospho-PYK2 (pPYK2, Y402), total PYK2 and GAPDH as loading control. Bottom panel: Quantification of 
pFAK signal intensity normalized to GAPDH and total FAK/GAPDH ratios from the immunoblotting analysis shown 
above. Statistical analysis was performed using an unpaired, two-tailed Student’s t test. ****, p < 0.0001; ***, 
p < 0.001; **, p < 0.01; *, p < 0.05. 
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Supplementary Figure 4. Gene expression profiling reveals that BI 853520 represses murine breast cancer 
cell proliferation.  
(A) BALB/c mice were implanted with 4T1 murine breast cancer cells and once tumors had formed treated for 5 
days with vehicle control or with 50mg/kg BI 853520 daily. Tumor volumes are shown after treatment period. RNA 
was then extracted from primary tumors, and RNA samples with adequate quality were subjected to RNA 
sequencing and gene expression profiling analysis (indicated with black dots/rectangles). Statistical analysis was 
performed using an unpaired, two-tailed Mann-Whitney U test of all tumors (grey asterisks) and separately of only 
the tumors with sufficient RNA-quality (black asterisk; n = 7, tumors in the control group; n = 7, tumors in the 
BI 853520 -treated group). ****, p < 0.0001; ***, p < 0.001; **, p < 0.01; *, p < 0.05. 
(B) Correlation analysis of gene expression data obtained from RNA-sequencing followed by hierarchical clustering 
showed a distinct grouping of vehicle and BI 853520-treated primary tumors. The color codes represent correlation 
values.  
(C) Heatmaps of genes with changes in gene expression after BI 853520 treatment: the terms “general cell cycle”, 
“positive regulation of mitotic cell cycle” and “negative regulation of cell proliferation” were identified by gene set 
enrichment analysis.  
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Supplementary Figure 5. BI 853520 does not regulate angiogenesis in a relevant manner in vivo.  
(A) Immunofluorescence microscopy analysis of primary tumor sections of 4T1 breast tumor bearing mice treated 
with vehicle control or 50mg/kg daily BI 853520 and analyzed at the experimental end-point for DAPI (cell nuclei; 
blue) and CD31 (red). Quantification of the numbers of vessels per mm2 is shown on the left, representative 
immunofluorescence images are shown on the right. n = 7 tumors in the vehicle group, n = 8 tumors in the BI 
853520 treated group.  
(B) Immunofluorescence microscopy analysis of primary tumor sections of 4T1 breast tumor bearing mice treated 
with vehicle control or 50mg/kg daily BI 853520 and analyzed at the experimental end-point for DAPI (cell nuclei; 
blue) and CD31 (red). Perfused vessels were FITC-lectin positive (green). Quantification of the percentage of lectin-
positive vessels is shown in the left panel, representative immunofluorescence images are shown on the right. n = 
2 tumors per group.  
(C) Immunofluorescence staining of primary tumor sections of 4T1 breast tumor bearing mice treated with vehicle 
control or 50mg/kg daily BI 853520 and analyzed at the experimental end-point for DAPI (cell nuclei; blue) and 
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CD31 (red). Leaky vessels showed extravasated FITC-Dextran (green) in their vicinity. Quantification of the 
percentage of Dextran-positive vessels is shown in the left panel, representative immunofluorescence images are 
shown on the right. n = 2 tumors in the vehicle group, n = 3 tumors in the BI 853520 treated group.  
(D) Immunofluorescence staining of primary tumor sections of the 4T1 breast tumor bearing mice treated with 
vehicle control or 50mg/kg daily BI 853520 and analyzed at the experimental end-point for DAPI (cell nuclei; blue), 
CD31 (red) and pimonidazole (green). Quantification of the percentage hypoxic area is shown in the left panel, 
representative immunofluorescence images are shown on the right. n = 4 tumors in the control group, n = 5 tumors 
in the BI 853520 treated group (two sections per tumor were analyzed).  
Data indicate counts per field of view, shown as mean ± SEM. Statistical difference was determined by the unpaired, 
two-tailed Student’s t test. ****, p < 0.0001; ***, p < 0.001; **, p < 0.01; *, p < 0.05. Scale bars, 100μm. 
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Supplementary Figure 6. BI 853520 reduces pulmonary metastasis outgrowth. 
(A) Tumor onset is significantly delayed in s.c. tumors pre-treated daily with 50mg/kg BI 853520 (palpable median 
five days post tumor cell injection) compared to vehicle pre-treated cohort (palpable three days post tumor cell 
injection). n = 9, Vehicle-PRE; n = 9, BI 853520-PRE. The ratio between the number of metastasis per mouse to 
the primary tumor volume represents the normalized metastatic index. Statistical analysis was performed using an 
unpaired, two-tailed Mann-Whitney U test. 
(B) Mice were either pre-treated daily starting three days prior to 4T1 tumor cell inoculation (Vehicle-PRE or BI 
853520-PRE; 50mg/kg BI 853520) or treated seven days post tumor cell injection (Vehicle-POST or BI 853520-
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POST groups) as described in Figure 5. Representative H&E staining of pulmonary histological sections are shown. 
Dashed lines indicate metastatic lesions. Scale bars, 2mm; scale bars in zoom-in, 100µm. 
(C) Representative images of H&E-stained lungs following intravenous 4T1 injection. Cells appear to start 
proliferating three days post intravenous injection. Dashed lines indicate metastatic lesions. Scale bar, 100µm. 
(D) Representative images of H&E stained pulmonary cross-sections of adjuvant BI 853520 therapy. Dashed lines 
indicate metastatic lesions. Scale bar, 2mm, scale bars in zoom-in, 100µm. 
(E) Normalization of the number of metastasis to primary tumor growth (metastatic index) in mice transplanted with 
4T1 cells and treated daily with 50mg/kg BI 853520 in a neoadjuvant setting until primary tumors were removed 
and therapy was discontinued. Numbers of metastasis were determined 18 days after primary tumor removal (see 
also Fig. 5D). The ratio between the number of metastasis per mouse to the primary tumor volume represents the 
normalized metastatic index. Statistical analysis by unpaired, two-tailed Student's t-test.  
(F) BI 853520 therapy has no effect on the number of pulmonary metastases in the MMTV-PyMT transgenic mouse 
model treated with vehicle, late BI 853520 therapy or early BI 853520 therapy. n = 9, Vehicle; n = 9, BI 853520-
late; n = 8, BI 853520-early (see Fig. 2D-E). Left panel: Numbers of metastases per section were quantified. Right 
panel: Quantification of the percentage of small, medium and large size individual lung metastatic lesions. Statistical 
analysis was performed using a Fisher’s exact test. All data are depicted as mean ± SEM. ****, p < 0.0001; ***, 
p < 0.001; **, p < 0.01; *, p < 0.05. 
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4. Concluding remarks and future perspectives 
Despite recent advances in various sequencing techniques, we are unfortunately still 

far away from understanding and implementing the increasing extent of tumour 

heterogeneity to improve diagnosis and therapeutic options for breast cancer patients.  

By establishing a pipeline of multicolour lineage tracing, laser capture 

microdissection and RNA-sequencing technology, we have shed light on the evolution 

of clonal populations in primary tumours and pulmonary secondary lesions in a mouse 

model of metastatic breast cancer. By longitudinal imaging, we could identify an initial 

clonal heterogeneity, which was followed by a clonal dominance and polyclonal 

seeding. However, the following question still remains: is this clonal sweep and 

polyclonal spread due to advantageous mutations and/or due to a co-option of various 

clonal populations? Paralleled genome and transcriptome sequencing could shed light 

on this question.  

By comparative analysis of gene expression profiles, we have unravelled a 

substantial transcriptomic variation and clonal heterogeneity across the stages of 

breast cancer progression and particularly within each tumour stage. This intra-stage 

heterogeneity is marked by differences in proliferation, oxidative phosphorylation and 

cell death and could also be observed in human breast cancer biopsies. The imminent 

danger associated with intra-stage heterogeneity could be augmented robustness of 

the breast cancer lesions against chemotherapeutic reagents. Presumably, 

conventional chemotherapy will primarily eliminate the fast proliferating breast cancer 

clones. However, our new understanding of intra-stage heterogeneity points towards 

a survival benefit of the slow proliferating clones, which might foster therapeutic 

resistance and clinical progression. This is still hypothetical and might warrant further 

investigations in near future.  

Though, one thing is certain: this polyclonal nature of breast cancer in “time and 

space” should be taken into consideration throughout clinical decision-making, which 

includes a patient’s diagnosis and potential treatment options. To mitigate the risk of 

sampling bias and to stratify patients for the right therapeutic regimen, heterogeneity 

should be evaluated on a whole tumour-level, by CTC analysis and by biopsies of 

accessible, secondary lesions. 

Aside from deciphering tumour heterogeneity during breast cancer progression, 

we assessed the therapeutic potential and biological effects of the novel, small 
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molecule FAK-inhibitor BI 853520. Various in vitro studies and preclinical testing in 

several mouse models of breast cancer highlighted BI 853520 as a potent inhibitor with 

anti-tumour effects in breast cancer.  Even though BI 853520 has accomplished clinical 

phase I studies in patients with progressed or metastatic nonhematologic cancers, it is 

uncertain whether BI 853520 will be efficient enough as a single-agent therapy. A 

combination of BI 853520 together with DNA-damaging therapies, such as 

chemotherapy, might enhance the breast cancer cell’s chemosensitivity in vitro and 

in vivo and should be considered for future studies.  

Last, taking these insights into account, the following question is sparking and 

needs to be addressed: would a combination of the anti-proliferative FAK-inhibitor 

BI 853520 together with chemotherapeutic regimens eradicate the whole tumour mass 

in our multi-colour mouse model? In other words: would a combination of a 

chemotherapy and the FAK-inhibitor BI 853520 target the fast proliferating clones as 

well as enhance the chemosensitivity of slow proliferating clones, respectively?  

To adequately answer the above and other arising questions in the field of 

breast cancer heterogeneity, it is important to bundle all efforts in recent technologies 

(such as in vivo single cell barcoding, CRISPR/Cas9 screening and intravital imaging) 

to fully comprehend the functional contribution of tumour heterogeneity on progressing 

breast cancer. By going the extra mile, we might be able to improve diagnosis and to 

develop tailored, suitable treatment combinations to ultimately cure breast cancer.   
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5.Contribution to other projects 
During my Ph.D., I have had the opportunity to collaborate on the following internal 

research projects: 

 

• Diepenbruck, M., S. Tiede, M. Saxena, R. Ivanek, R. K. R. Kalathur, F. Luond, 

N. Meyer-Schaller and G. Christofori (2017). "miR-1199-5p and Zeb1 function 

in a double-negative feedback loop potentially coordinating EMT and tumour 

metastasis." Nat Commun 8(1): 1168. (https://doi.org/10.1038/s41467-017-

01197-w) 

• Meyer-Schaller, N., C. Heck, S. Tiede, M. Yilmaz and G. Christofori (2018). 

"Foxf2 plays a dual role during transforming growth factor beta-induced 

epithelial to mesenchymal transition by promoting apoptosis yet enabling cell 

junction dissolution and migration." Breast Cancer Res 20(1): 118. 

(https://doi.org/10.1186/s13058-018-1043-6) 

• Ishay-Ronen, D., M. Diepenbruck, R. K. R. Kalathur, N. Sugiyama, S. Tiede, R. 

Ivanek, G. Bantug, M. F. Morini, J. Wang, C. Hess and G. Christofori (2019). 

"Gain Fat-Lose Metastasis: Converting Invasive Breast Cancer Cells into 

Adipocytes Inhibits Cancer Metastasis." Cancer Cell 35(1): 17-32. 

(https://doi.org/10.1016/j.ccell.2018.12.002) 

• Meyer-Schaller, N., M. Cardner, M. Diepenbruck, M. Saxena, S. Tiede, F. 

Luond, R. Ivanek, N. Beerenwinkel and G. Christofori (2019). "A Hierarchical 

Regulatory Landscape during the Multiple Stages of EMT." Dev Cell 48(4): 539-

553. (https://doi.org/10.1016/j.devcel.2018.12.023) 

 

By contributing to these projects, I have had the chance to learn more about EMT-

regulatory mechanisms and how they can be exploited to suppress tumour growth and 

metastatic seeding in vivo.  
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miR-1199-5p and Zeb1 function in a double-
negative feedback loop potentially coordinating
EMT and tumour metastasis
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Fabiana Lüönd1, Nathalie Meyer-Schaller1 & Gerhard Christofori1

Epithelial tumour cells can gain invasive and metastatic capabilities by undergoing an

epithelial–mesenchymal transition. Transcriptional regulators and post-transcriptional effec-

tors like microRNAs orchestrate this process of high cellular plasticity and its malignant

consequences. Here, using microRNA sequencing in a time-resolved manner and functional

validation, we have identified microRNAs that are critical for the regulation of an

epithelial–mesenchymal transition and of mesenchymal tumour cell migration. We report

that miR-1199-5p is downregulated in its expression during an epithelial–mesenchymal

transition, while its forced expression prevents an epithelial–mesenchymal transition, tumour

cell migration and invasion in vitro, and lung metastasis in vivo. Mechanistically, miR-1199-5p

acts in a reciprocal double-negative feedback loop with the epithelial–mesenchymal transition

transcription factor Zeb1. This function resembles the activities of miR-200 family members,

guardians of an epithelial cell phenotype. However, miR-1199-5p and miR-200 family

members share only six target genes, indicating that, besides regulating Zeb1 expression,

they exert distinct functions during an epithelial–mesenchymal transition.
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An epithelial-to-mesenchymal transition (EMT) as well as
its reversal, a mesenchymal-to-epithelial transition
(MET), reflect two gradual, well-controlled processes

during embryogenesis and wound healing in adults to promote
tissue and organ formation and homeostasis. Both processes
induce a global reorganization of a cell’s constitution and allow
switching back and forth between two different cell phenotypes to
endow the necessity of tissue plasticity1. In the context of
malignant tumour progression, epithelial tumour cells can
undergo an EMT upon diverse extracellular stimuli and conse-
quently gain metastatic capabilities. Among many growth factors
and environmental cues, such as tissue hypoxia, transforming
growth factor β (TGFβ) strongly activates the dedifferentiation
process in epithelial tumour cells and, thus, induces global
changes in a cell’s transcriptional and post-transcriptional net-
works2–4. This allows tumour cells to disseminate from the pri-
mary tumour and to intravasate and survive in the blood
circulation. At the distant organ, cells extravasate into the organ
parenchyma and eventually grow out as lethal metastases, pos-
sibly promoted by a MET5–8. An EMT also provides cells with
increased chemoresistance, thus impeding efficient therapy of
malignant mesenchymal cancer cells9, 10.

MicroRNAs (miRNAs) represent a class of ~22 nucleotide-long
non-coding RNAs that can regulate gene expression at the post-
transcriptional level by either inducing target messenger RNA
(mRNA) degradation or preventing mRNA translation11–13. In
the context of an EMT, miRNA-200 family members (miR-200a/
b/c, miR-141 and miR-429) take a central stage: they are required
to maintain an epithelial cell morphology by degrading the
transcripts of the EMT-inducing transcription factors (TFs) Zeb1
and Zeb214–17. Members of the miR-200 family bind to specific
seed sequences in the 3′ untranslated region (3′ UTR) of Zeb1
and 2 mRNAs and destabilize them. During an EMT, members of
the miR-200 family are downregulated in their expression, which
results in the increased expression of Zeb1 and 2. Conversely,
Zeb1 and Zeb2 directly suppress the transcription of miR-200
family members14–17. Such a double-negative feedback loop is a
major example for a reciprocal TF-miRNA regulation during an
EMT. Similar other molecular switches also regulate EMT/MET
plasticity and malignant tumour progression18–22.

Here, we report the identification of miR-1199-5p, as a
repressor of EMT, tumour cell invasion and metastasis, which
comparable to miR-200 family members targets Zeb1 mRNA for
degradation. Conversely, Zeb1 represses the expression of miR-
1199-5p and of the miR-200 family. However, miR-200 family
members and miR-1199-5p seem to exert distinct functions; they
share only six of their many target mRNAs, among them Zeb1.

Results
Identification of EMT-associated miRNAs. To identify reg-
ulatory miRNAs involved in the gradual process of an EMT, we
performed miRNA sequencing on a detailed time course of a
TGFβ-induced EMT in normal murine mammary gland cells
(NMuMG subclone E9; NMuMG/E9). Analysis of the kinetics of
miRNA transcript regulation during an EMT in a time-resolved
manner identified 32 differentially expressed miRNAs. Unsu-
pervised hierarchical clustering illustrated that approximately half
of the differentially expressed miRNAs showed a continuous
increase in their expression during an EMT, whereas the other
half exhibited decreased expression (Fig. 1a). In order to identify
the miRNAs functionally impacting on a TGFβ-induced EMT, we
performed a microscopy-based screen in which NMuMG/E9 cells
were transfected with miRNA mimics and cultured in the absence
or presence of TGFβ for 4 days (Fig. 1b). Subsequently,
mesenchymal cell characteristics were monitored by high-content

fluorescence microscopy analysis and quantified, including the
deposition of the extracellular matrix protein fibronectin and the
formation of focal adhesions and of actin stress fibres23. Nine out
of 32 differentially expressed miRNAs were able to block or at
least delay the EMT process: miR-125b-5p, miR-181b-2-3p, miR-
1247-3p, miR-200a-3p, miR-200b-3p, miR-429-3p, miR-1199-5p,
miR-145a-3p and miR-504-5p. Conversely, the forced expression
of miR-145a-5p and miR-6944-3p promoted an EMT in epithelial
NMuMG/E9 cells. Changes in cell morphology, the localization of
the epithelial adhesion junction protein E-cadherin as well as the
mRNA levels of E-cadherin, N-cadherin, fibronectin and Zeb1
further confirmed the impact of the different miRNAs on the
EMT process (Supplementary Fig. 1a–c).

Increased cell migration is a functional output of EMT, which
allows tumour cell invasion and dissemination into the
surrounding tissue1. In a second screening step, we identified
those miRNAs that were able to affect mesenchymal tumour cell
migration (Fig. 1c). Mesenchymal, highly migratory and
tumorigenic Py2T cells that have been treated >20 days with
TGFβ24 were transiently transfected with mimics of EMT-
affecting miRNAs. Four out of the 11 miRNAs tested significantly
reduced cell migration in a trans-well Boyden chamber assay:
miR-200b-3p, miR-429-3p, miR-1199-5p, and to a lesser extent
miR-125b-5p (Supplementary Fig. 2a, b). As a result, our
experimental strategy identified miRNAs whose transcriptional
regulation and function affected both a TGFβ-induced EMT and
mesenchymal breast cancer cell migration (Fig. 1d). Four
miRNAs significantly fulfilled these criteria: the miRNA-200
family members miR-200b-3p and miR-429-3p, and miR-125b-
5p and miR-1199-5p. Since ectopic expression of miR-1199-5p,
an EMT-regulatory miRNA, seemed to affect EMT with similar
potency as the well-studied miR-200 family members15, 17, 18, we
further investigated the functional role and the mechanisms of
action of miR-1199-5p in the regulation of an EMT.

miRNA-1199-5p inhibits EMT and tumour cell invasion. The
continuous downregulation of miR-1199-5p expression during a
TGFβ-induced EMT was due to transcriptional repression as
determined by a miR1199-promoter/luciferase-reporter assay
during a TGFβ-induced EMT in NMuMG/E9 cells and Py2T
murine breast cancer cells, and in mesenchymal Py2T cells and
metastatic 4T1 murine breast cancer cells treated with TGFβ for
>20 days (Fig. 2a, Supplementary Fig. 3a, b). Analysis of miR-
1199 expression in different human breast cancer cell lines25

further confirmed a higher expression in epithelial than in
mesenchymal breast cancer cells (Supplementary Fig. 3c).

The forced expression of miR-1199-5p by the transfection of a
construct encoding a 1199-5p miRNA mimic caused sustained
epithelial cell morphology in NMuMG/E9 and in human
untransformed mammary gland MCF10A cells induced to
undergo an EMT by TGFβ treatment (Fig. 2b–e, Supplementary
Fig. 3d–f). The cells maintained their epithelial morphology and
the cell surface localization of the adherens junction protein E-
cadherin and of the tight junction protein ZO-1 at the plasma
membrane, while miR-Ctr-transfected cells lost these epithelial
characteristics and progressed with an EMT (Fig. 2b, Supple-
mentary Fig. 3d). The reorganization of cortical actin to stress
fibres as well as the formation of focal adhesions were also
prevented by miR-1199-5p mimics (Fig. 2c). Mesenchymal
markers, such as fibronectin, vimentin or N-cadherin were
repressed at the protein (Fig. 2d, Supplementary Fig. 3e) and
mRNA (Fig. 2e, Supplementary Fig. 3f) expression levels in miR-
1199-5p-transfected cells. Furthermore, miR-1199-5p induced a
significant decrease in Zeb1 mRNA, however, transcript levels of
other key EMT TFs, such as Zeb226 or Sox427 remained
unchanged (Fig. 2e).
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A gain in cell migration and invasion can be one of the
consequences of a TGFβ-induced EMT and allows tumour cells to
leave the primary tumour and intravasate into the blood
circulation and to extravasate at a distant organ1, 5. Ectopic
expression of miR-1199-5p displayed only minor effects on the
early stages of an EMT in Py2T cells (Supplementary Fig. 3g–i),
yet it induced a significant reduction in migration and invasion of
mesenchymal (>20 days TGFβ) Py2T cells, as analysed by trans-
well Boyden chamber assays (Fig. 2f). The inhibitory effects of
miR-1199-5p on in vitro cell migration and invasion were also

observed in 4T1 cells treated for >20 days with TGFβ (Fig. 2g). In
summary, miR-1199-5p is sufficient to sustain an epithelial cell
phenotype.

The direct target genes of miR-1199-5p during an EMT. To
elucidate the genome-wide function of miR-1199-5p during an
EMT, we performed RNA-sequencing analysis on NMuMG/E9
cells transiently transfected with either a miR-1199-5p mimic or a
miR-Ctr mimic and cultured for 4 days in the presence of TGFβ.
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As expected, forced expression of miR-1199-5p induced a block
in a TGFβ-induced EMT in these cells and led to an overall anti-
correlative (r= −0.324) transcriptomic profile compared to genes
regulated in their expression during an EMT (miR-Ctr 4d vs.
miR-Ctr 0d) (Fig. 3a). We found 787 genes differentially
expressed (log2 fold change of ±1 (log2FC(±1)); False Discovery
Rate (FDR) <0.05) by the ectopic expression of miR-1199-5p
during an EMT. Subsequent functional annotation analysis by
DAVID (Database for Annotation, Visualization and Integrated
Discovery)28, 29 for biological processes (GO (gene ontology)) and
cellular pathways (Kyoto Encyclopedia of Genes and Genomes;
KEGG) revealed their involvement predominantly in cell

adhesion processes, extracellular matrix (ECM)-receptor inter-
actions and focal adhesions (Fig. 3b).

In order to delineate the mechanism by which miR-1199-5p
maintains an epithelial cell morphology, we set out to determine
its direct mRNA targets during an EMT. Computational analysis
by miRWalk30 revealed 1789 potential target mRNAs of miR-
1199-5p, which display a seed sequence in their 3′ UTR, 5′ UTR
or coding sequence (CDS). Overlaying these mRNA targets with
genes regulated by miR-1199-5p during an EMT (Fig. 3a; 787
genes) uncovered 90 target genes of which 66 displayed a
significant reduction in their transcript levels upon the forced
expression of miR-1199-5p (Fig. 3c, Supplementary Table 1).
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Among these genes, we identified the key EMT TF Zeb131 with a
potential conserved 8-mer seed sequence for miR-1199-5p in its
3′ UTR (Fig. 4a).

miR-1199-5p directly targets Zeb1 mRNA. The zinc-finger E-
box-binding homeobox TF Zeb1 has a well-established role as
transcriptional repressor of epithelial genes and, hence, as an
activator of an EMT3, 31. Zeb1 function is associated with
increased stemness, cell survival and metastasis32, 33, and high
levels of Zeb1 have been linked to aggressive breast cancer sub-
types, therapy resistance, high risk for distant metastasis and poor
survival34, 35. As expected, Zeb1 transcript levels were increased
during a TGFβ-induced EMT of different murine and human
cellular systems (Supplementary Fig. 4a). Furthermore, small-
interfering RNA-mediated knockdown of Zeb1 maintained an
epithelial cell morphology in NMuMG/E9 and MCF10A cells
induced to undergo an EMT and significantly reduced the
migratory properties of mesenchymal (>20 days TGFβ) Py2T and
4T1 cells in trans-well Boyden chamber assays (Supplementary
Fig. 4b–e).

We next examined whether miR-1199-5p indeed regulated
Zeb1 levels during an EMT. Ectopic expression of miR-1199-5p
in NMuMG/E9 and Py2T cells induced to undergo an EMT
resulted in the stabilization of cell junction protein E-cadherin,
while nuclear levels of Zeb1 were reduced (Fig. 4b, Supplementary
Fig. 4f). Immunoblotting analyses for Zeb1 confirmed the
repression of Zeb1 expression by miR-1199-5p in these murine
cells (Fig. 4c, Supplementary Fig. 4g). Even though the seed
match of human miR-1199-5p is not perfectly complementary to
the seed sequence in the Zeb1 3′ UTR (mouse and human miR-
1199-5p seed matches differ in one base), forced expression of
hsa-miR-1199-5p still significantly reduced Zeb1 mRNA (Sup-
plementary Fig. 3f) and protein (Supplementary Fig. 4h) levels in
human MCF10A cells. These results further imply that even
imperfect binding of a miRNA to its target RNA can efficiently
downregulate its expression.

To validate the direct regulation of Zeb1 by miR-1199-5p on
the post-transcriptional level during an EMT we made use of two

Zeb1 3′ UTR luciferase reporter constructs, one containing the
species conserved, wild-type miR-1199-5p seed sequence and the
other one carrying a mutated version of the seed sequence with
five nucleotides exchanged (Fig. 4a, d). Transient transfection of a
miR-1199-5p mimic and the Zeb1 3′ UTR wild-type reporters in
NMuMG/E9 cells revealed a significant decrease in luminescence,
which was not observed with the mutant version of the reporter
(Fig. 4d). Together, these data identify the key EMT TF Zeb1 as a
direct target of miR-1199-5p, which thus represses Zeb1
expression at the post-transcriptional level and prevents an EMT.

Zeb1 directly controls the expression of miR-1199-5p. An
important mechanism that appears to be responsible for EMT cell
plasticity are double-negative feedback loops between miRNAs
and key EMT TFs, functioning as molecular switches for various
cell differentiation states18–20, 22, 36, 37. Because miR-1199-5p
regulates the expression of Zeb1, we assessed whether Zeb1 would
in turn regulate the expression of miR-1199-5p during an EMT.
siRNA-mediated ablation of Zeb1 expression in NMuMG/E9 cells
cultured in the presence of TGFβ for 4 days and transfected with
either a miR-1199-promoter luciferase-reporter (pGL4 miR-1199
promoter) or a control promoter luciferase-reporter (pGL4;
Supplementary Fig. 3b) revealed a significant increase in miR-
1199 promoter activity upon loss of Zeb1 (Fig. 5a, left). Con-
versely, transient overexpression of Myc-tagged Zeb1 in epithelial
NMuMG/E9 cells significantly decreased miR-1199 promoter
activity (Fig. 5a, right). Furthermore, the regulation of miR-1199
promoter activity by loss or gain of function experiments of Zeb1
also correlated with an increase or decrease in endogenous miR-
1199-5p transcript levels, respectively (Fig. 5b).

The gene encoding for miR-1199-5p is located within the first
CDS of an unknown, protein-coding gene (2210011C24Rik) on
chromosome 8 in the mouse genome. Its localization is conserved
in the human genome, where it is located in the first CDS of
LOC113230, an orthologue of 2210011C24Rik, on chromosome
19 (Supplementary Fig. 5a). Notably, the transcript levels of the
murine host gene are significantly downregulated during a TGFβ-
induced EMT in different cellular models, as it was observed for
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miR-1199-5p (Supplementary Fig. 5b; Fig. 2a). Furthermore, gain
and loss of function studies by siRNA-mediated ablation or
transient overexpression of Zeb1 in NMuMG/E9 cells led to an
increase or decrease in 2210011C24Rik expression, respectively
(Supplementary Fig. 5c, d), indicating a co-regulation of miR-
1199-5p and its host gene.

The murine miR-1199/2210011C24Rik promoter region
encompasses several E-box motifs (CANNTG; N=G or C) as
potential Zeb1-binding sites (Fig. 5c). We next performed
chromatin immunoprecipitation (ChIP) for endogenous Zeb1 in
epithelial Py2T cells and in 4 days TGFβ-treated Py2T cells, a
time point displaying a robust increase in Zeb1 expression
(Supplementary Fig. 4a), followed by quantitative RT-PCR
analysis with various primer pairs covering different regions of
the miR-1199/2210011C24Rik promoter. These experiments
confirmed a direct binding of Zeb1 to a region with the closest
proximity (+51/−52 bps) to the transcriptional start site (TSS)
(Fig. 5d). Notably, Zeb1 binding was only observed in cells
undergoing an EMT and not in their epithelial counterparts
(Fig. 5d). Using the miR-1199/2210011C24Rik promoter lucifer-
ase reporter (Supplementary Fig. 3b), we individually mutated

each of four Zeb1 E-box-binding sites (CAGGTG to CATTTG).
Only mutation of E-box 1 (−18 bp from TSS) significantly ablated
Zeb1-mediated repression of luciferase activity in NMuMG/E9
cells (Fig. 5e).

Together, the results show that Zeb1 is a direct transcriptional
repressor of the miR-1199 gene. Hence, Zeb1 and miR-1199-5p
act in a reciprocal fashion to repress each other.

Comparing miR-1199-5p and miR-200s function during an
EMT. MiR-1199-5p’s function during an EMT as well as its
regulation by the EMT TF Zeb1 resembles the activities of
members of the miR-200 family, two of which, miR-200b-3p and
miR-429-3p, have been identified by our functional EMT screen
(Fig. 1)14–17.

Comparable to miR-1199-5p, miR-200b-3p and miR-429-3p
transcript levels are also strongly reduced during a TGFβ-induced
EMT in NMuMG/E9 cells (Supplementary Fig. 6a, Fig. 2a). The
forced expression of miR-200b-3p or miR-429-3p in human
MCF10A (Supplementary Fig. 6b, top) and murine NMuMG/E9
cells (Supplementary Fig. 1a–c) also prevented an EMT and
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TGFβ (red) was subjected to chromatin immunoprecipitation with antibodies against Zeb1 followed by RT-PCR analysis using primers amplifying different
regions of the miR-1199 promoter illustrated in c. An intergenic region was used as negative control. Data were normalized to control IgG and are presented
as mean fold enrichment above background±s.e.m. (n= 3; significance determined by an unpaired, two-sided t test; *P< 0.05, **P< 0.01, ****P< 0.0001).
e Analysis of E-box-binding motifs in the miR-1199 promoter as potential Zeb1-binding sites. NMuMG/E9 cells were transfected and cultured as described
in a (right). Relative luminescence (Firefly/Renilla) was calculated as described in a (mean fold changes±s.e.m.; n= 3; significance determined by an
unpaired, two-sided t test; *P< 0.05, ***P< 0.001)
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maintained an epithelial morphology in the presence of TGFβ.
However, similar to miR-1199-5p, expression of miR-200b-3p
and miR-429-3p mimics in tumorigenic Py2T cells failed to
completely block mesenchymal cell morphology, even though the
mRNA levels of E-cadherin and Zeb1 were significantly increased
or decreased, respectively (Supplementary Fig. 6b, c). Also
comparable to miR-1199-5p, ectopic expression of miR-200b-3p
or miR-429-3p significantly reduced cell migration and invasion
of mesenchymal Py2T and 4T1 cells (Supplementary Fig. 2,
Supplementary Fig. 6d). Notably, all three miRNAs are mechan-
istically embedded in a double-negative feedback regulation with
Zeb118, 19 (Fig. 4, Fig. 5, Supplementary Fig. 6e).

Since miR-200b-3p, miR-429-3p and miR-1199-5p induced
comparable functional outputs with regard to an EMT process,
we assessed their effects on tumour progression in vivo. Stable
expression of miR-1199, miR-200b (which also induced the
expression of miR-429 and slightly miR-1199; Supplementary
Fig. 6f) and miR-429 in metastatic 4T1 cells tagged by ZsGreen
led to a reduction in Boyden chamber trans-well cell migration
compared to an empty vector control (Supplementary Fig. 6g)
and confirmed our results for their transient overexpression
(Fig. 2g, Supplementary Fig. 6d).

Upon orthotopic transplantation of 4T1 cells into the
mammary fat pads of immunodeficient NSG and NMRI mice,
the forced expression of miR-1199, miR-429 or miR-200b
induced a significant reduction in primary tumour growth over
time (Fig. 6a). Notably, the high potential of 4T1 cells to
metastasize to the lungs was reduced by the expression of miR-
1199 and miR-429, however not by the expression of miR-200b
(Fig. 6b–d). The failure of miR-200b to repress 4T1 metastasis
was surprising, yet has been observed by others as well (G.J.
Goodall, personal communication of unpublished data). Examin-
ing the metastatic outgrowth of 4T1 cells in the lung, expression
of each of the three miRNAs significantly increased the size of the
few metastatic nodules compared to the many nodules observed
with empty vector-transduced cells (Fig. 6e). Therefore, the
repressive growth effect observed for miR-1199, miR-200b and
miR-429 in the primary tumour was not maintained in the
outgrowth of tumour cells at the metastatic site. Of note, the
number of circulating tumour cells isolated from the blood of
tumour-bearing mice was decreased by the forced expression of
miR-1199 and miR-429, but not by the expression of miR-200b
(Fig. 6f, g).

In summary, miR-1199 and miR-429, but not miR-200b, are
sufficient to reduce tumour cell intravasation into the blood
circulation and the seeding of lung metastases. However, all three
miRNAs seem to promote metastatic outgrowth once tumour
cells have seeded in the lung parenchyma.

Common and distinct targets of miR-200s and miR-1199-5p.
The functional similarities between miR-1199-5p and miR-200
family members observed during an EMT in vitro as well as
during tumour progression in vivo begs the question about the
shared and the distinct functions of miR-200 family members and
miR-1199-5p in regulating an EMT. To reveal the transcriptomic
effects of the various miRNAs during a TGFβ-induced EMT, we
performed RNA sequencing of NMuMG/E9 cells transfected with
miRNA mimics for miR-200b-3p, miR-429-3p and miR-1199-5p.
As expected, miR-200b-3p or miR-429-3p mimics induced a
block in EMT of NMuMG/E9 cells and led to an overall anti-
correlative gene expression profile compared to mesenchymal,
miR-Ctr-transfected cells (r= −0.505 and r= −0.51, respectively;
Fig. 7a), similar to the profile observed with miR-1199-5p mimic
(r= −0.324; Fig. 3a). Differential gene expression analysis (log2FC
(±1); FDR <0.05) revealed 1097 and 1058 genes affected by miR-

200b-3p and miR-429-3p, respectively, during an EMT, of which
982 genes were shared by the two miRNAs (Fig. 7a, b). Since they
belong to the same miRNA family, such a high number of co-
regulated genes can be explained by an identical seed sequence on
their target mRNAs. However, the difference in the effects of the
two miRNAs on lung metastasis is surprising (Fig. 6b–d), and we
can only speculate whether the small pool of individual target
genes for each of the miRNAs is the reason for the different
outcomes in vivo.

Directly compared to each other, miR-200b-3p, miR-429-3p
and miR-1199-5p share 465 regulated genes during an EMT,
which is more than half of the 787 genes regulated by miR-1199-
5p alone (Fig. 7b, Fig. 3a). Functional annotation analysis
revealed that these genes control the same biological processes
and pathways as miR-1199-5p alone, that is, cell adhesion, ECM-
receptor interactions and focal adhesions (Fig. 7c, Fig. 3b). A total
of 267 genes are exclusively regulated by miR-1199-5p during an
EMT.

Target prediction analysis by miRWalk2.030 for miR-200b-3p
and miR-429-3p together with the differential expression analysis
presented in Fig. 7a revealed 54 direct target genes commonly
regulated by both miR-200 family members during an EMT
(Fig. 7d, Supplementary Table 2), among them the key EMT TFs
Snail1, Zeb1 and Zeb23. Six out of the 54 genes were also directly
controlled by miR-1199-5p (Fig. 7d). Besides the common target
Zeb1, mRNA levels for Ncs1, Cdon, Sox12, Zfp9, Col5a1 were
also decreased by all three miRNAs during an EMT (Fig. 7e). Of
note, 58 target genes were uniquely regulated by miR-1199-5p.

The results show that miR-1199-5p, miR-200b-3p and miR-
429-3p tightly control TGFβ-induced EMT plasticity with similar
potency, however, they only share the regulation of six gene
transcripts, one of which is the critical EMT TF Zeb1. Yet, each of
the miRNAs seems to have distinct functions by repressing a
larger number of unique target mRNAs.

Discussion
A cancer-associated EMT can drive early steps of the metastatic
cascade by converting epithelial tumour cells into invasive
metastatic cancer cells1, 5. MiRNAs are powerful, post-
transcriptional regulators of a cell’s transcriptome and, there-
fore, they are able to coordinate changes of a cell’s morphology
and functional capabilities necessary for an EMT11–13. In the
present study, we have set out to identify and characterize such
EMT-regulatory miRNAs in normal and tumorigenic breast
cancer cells. Using miRNA-sequencing analysis of the kinetics of
EMT, we identified 32 strongly regulated miRNAs by a global,
time-resolved miRNA profile of TGFβ-induced EMT. Subse-
quently, we have tested the miRNAs’ functional contribution to
an EMT and to mesenchymal tumour cell migration. Among a
number of miRNAs, we identify miR-1199-5p as a strong reg-
ulator of an EMT. Its transcript levels as well as its promoter
activity are continuously decreased during an EMT. Furthermore,
we demonstrate that miR-1199-5p downregulation is required for
cell dedifferentiation, for mesenchymal tumour cell migration
and invasion, and for lung metastasis formation in vivo. Finally,
we report that during an EMT, this exonic miRNA is mechan-
istically embedded in a reciprocal, direct negative feedback loop
with the TF Zeb1. The double-negative feedback loop with Zeb1
during an EMT is reminiscent of the miR-200 family members14–
16, 18, 19. Indeed, consistent with previous reports, the miR-200
family members miR-200b-3p and miR-429-3p have been iden-
tified by our EMT screen as critical mediators of an epithelial cell
phenotype14–17.

While the gain of function approaches of miR-1199-5p and
miRNA family members has clearly repressed an EMT, we have
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Fig. 6 miR-1199 and miR-200s repress 4T1 murine breast cancer primary tumour growth and metastasis. a ZsGreen-labelled 4T1 cells stably expressing
miR-1199, miR-200b or miR-429 were injected into the mammary fat pad of female NSG or NMRI mice as indicated, and primary tumour growth was
analysed over time. Statistical significance compared to empty vector control: 7 days: miR-1199*, miR-429*; 11 days: miR-1199**, miR-429**, miR-200b**;
14 days: miR-1199***, miR-429**, miR-200b**; 18 days: miR-1199***, miR-429***, miR-200b*; 21 days: miR-1199***, miR-200b*. b Representative bright-
field images of whole lungs (left), enlargement of indicated lung areas (middle) and H&E staining of lung sections (right) isolated from mice killed 21 days
post cell injection. Scale bar, 1 mm. c, d The number of lung metastases per mouse was quantified microscopically by H&E staining. e The tissue area of all
lung nodules was analysed and quantified microscopically by H&E staining. f, g CTCs isolated from the blood of tumour-bearing mice were isolated 21 days
post cell injection and cultured for 5 days ex vivo. Cell colonies were visualized by MTT staining, imaged (f) and quantified (g) as indicated. NSG: 8 mice
per group±s.e.m.; NMRI: 7–8 mice per group±s.e.m.; statistical analyses: Mann–Whitney U test; *P< 0.05, **P< 0.01, ***P< 0.001, ****P< 0.0001
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repeatedly failed to demonstrate an effect of loss function
approaches on EMT by interfering with miR-1199-5p and also
with miR-200 family member activities. Interestingly, transient
transfection of a miR-1199-5p sponge construct or a miR-1199-
5p inhibitor did not lead to a loss of miR-1199-5p function in
epithelial NMuMG/E9 cells, as determined by 3′ UTR reporter
assays, yet was not sufficient to increase Zeb1 expression or to
induce an EMT. Of note, sponge constructs or miRNA inhibitors
against miR-200b-3p and miR-200c-3p also did not alter Zeb1
expression or the induction of an EMT (Supplementary Fig. 7).
From these data, we conclude that the regulation of Zeb1
expression on the transcriptional and posttranscriptional level is
complex and we suppose that the loss of one Zeb1 regulator

(miR-1199-5p or miR-200b/c-3p) is not sufficient to increase
Zeb1 levels and to jumpstart an EMT. The overlapping double-
negative feedback loops between miRNAs and TFs may act as a
‘buffered system’ to compensate for the loss of one regulator and
thus ensure a system’s functionality.

Our genome-wide analyses of the three miRNAs revealed a
large number of regulated genes, which underscores their critical
functions during an EMT. However, only six genes were identi-
fied as common direct targets of the three miRNAs, including
Zeb1, Col5a1, Zfp9, Sox12, Cdon and Ncs1. The latter five are so
far ‘unknowns’ in the context of an EMT and malignant tumour
progression, most of which might be of interest considering their
potential function. For instance, Sox12, together with Sox11 and

58

0 2

48

6

10 13

–4 –3 –2 –1 0

Col5a1

Zeb1

Zfp9

Sox12

Cdon

Ncs1

mRNA expression (log2 fold
change) RNA sequencing

Common direct targets in EMT

miR-1199-5p
miR-200b-3p
miR-429-3p

miR-200b-3p miR-429-3p

a c

b d

miR-200b-3p
miR-429-3p

e

F
un

ct
io

na
l a

nn
ot

at
io

n

GO: biolog. processes  P value      Benjamini

1. Cell adhesion  2.5E–15  4.30E–12
2. Biological adhesion  2.7E–15  2.20E–12
3. Homophilic adhesion 1.1E–13  6.20E–11
4. Cell–cell adhesion  2.6E–12  1.10E–09
5. Embry. organ morphogen. 2.5E–04   8.20E–02

KEGG: pathway  P value      Benjamini

1. ECM-receptor interaction 3.7E–05  4.8E–03
2. Focal adhesion  1.2E–04  7.5E–03
3. Aldosterone-reg. sodium 2.0E–02  5.9–01
    reabsorption 
4. Retinol metabolism  2.7E–02  5.9E–01
5. Complement and coagulation 3.9E–02  6.5E–01
    cascade  

Common regulated genes during EMT

r = –0.505

–5 0 51–1

r = –0.510

4

0

–4

–8

1

–1

m
iR

-2
00

b-
3p

 4
 d

ay
s 

vs
. m

iR
-C

tr
 4

 d
ay

s

–5 0 51–1

5

0

–5

1

–1

m
iR

-4
29

-3
p 

4 
da

ys
 v

s.
 m

iR
-C

tr
 4

d
miR-Ctr 4 days vs. miR-Ctr 0 days

T
ra

ns
cr

ip
to

m
ic

 p
ro

fil
in

g

1097 diff. expr. genes by
miR-200b-3p in EMT

1058 diff. expr. genes by 
miR-429-3p in EMT

 Genes regulated during EMT by:
miR-1199-5p

Direct targets during EMT of:
miR-1199-5p 

f

miR-200 miR-1199-5p Zeb1

EMT genes

6 shared targets
71 specific targets 58 specific targets

267

85 51

30
25

517

465

Fig. 7 Shared and distinct target genes of miR-1199-5p, miR-200b-3p and miR-429-3p. a Overall gene expression regulation by miR-200b-3p and miR-429-
3p during a TGFβ-induced EMT. RNA-sequencing analyses were performed on NMuMG/E9 cells transiently transfected with a miR-200b-3p, miR-429-3p
or a negative control (miR-Ctr) mimic. Cells were then cultured in the presence or absence of TGFβ (0 day vs. 4 days). RNA sequencing and data analysis
was performed as described for miR-1199-5p in Fig. 3a. Scatterplots depict the overall gene expression (log2FC) (anti-)correlation between miR-200b-3p
4 days vs. miR-Ctr 4 days (left) or miR-429-3p 4 days vs. miR-Ctr 4 days (right) over miR-Ctr 4 days vs. miR-Ctr 0 day. Differential expression analysis
(red dashed line: log2FC(±1); FDR <0.05) identified 1097 genes and 1058 genes regulated during an EMT by miR-200b-3p and miR-429-3p, respectively.
b The Venn diagram summarizes the number of genes commonly and individually regulated by miR-1199-5p (blue), miR-200b-3p (red) and miR-429-3p
(green) during a TGFβ-induced EMT (data from Fig. 7a, Fig. 3a). c Functional annotation clustering analysis by DAVID of genes commonly regulated by
miR-1199-5p, miR-200b-3p and miR-429-3p during an EMT. Presented are the top five biological processes, pathways (KEGG) and their associated P and
Benjamini–Hochberg values. d The Venn diagram presents the number of commonly and individually regulated, predicted target genes of miR-1199-5p
(blue), miR-200b-3p (red) and miR-429-3p (green) during an EMT. MirWalk2.0 was used to predict miRNA target genes that show reduced transcript
levels upon forced expression of miR-1199-5p, miR-200b-3p and miR-429-3p during an EMT. e Shown are the mRNA levels of genes commonly repressed
by miR-1199-5p, miR-200b-3p and miR-429-3p during an EMT (RNA-sequencing data: log2FC compared to miR-Ctr-transfected cells). f Schematic
representation of the double-negative feedback loops between miR-200 family members and Zeb1 and between miR-1199-5p and Zeb1. Only six target
genes are shared between miR-200 and miR-1199-5p among which is Zeb1. Each of them has individual target genes as indicated and thus may affect
distinct biological functions

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/s41467-017-01197-w

10 NATURE COMMUNICATIONS |8:  1168 |DOI: 10.1038/s41467-017-01197-w |www.nature.com/naturecommunications

www.nature.com/naturecommunications
https://www.nature.com/articles/s41467-017-01197-w


Sox4, is a member of the SoxC TF family, of which Sox4 has an
established role in EMT and breast cancer progression27. The cell
surface receptor encoded by Cdon, similar to the EMT inducer
neuronal cell adhesion molecule, consists of immunoglobin/
fibronectin type III domains known to mediate cell signalling38.
Finally, collagen type V alpha 1 (Col5a1) is mainly found in organ
tissue together with collagen type I, a major ECM component of
breast cancer. Furthermore, Col5a1 facilitates breast cancer for-
mation, invasion and metastasis39, 40.

In summary, we report the identification and characterization
of miR-1199-5p as a miRNA acting in a negative reciprocal
regulation with Zeb1 during an EMT. Our findings add this
negative feedback loop to other known reciprocal regulations
between a miRNA and a key EMT TF18, 20–22. These regulatory
units may work as functional epithelial/mesenchymal switches
supporting the reversibility, robustness and effectiveness of EMT/
MET, endowing cells with a high degree of cell plasticity neces-
sary for embryonic development as well as for malignant tumour
progression.

Methods
Reagents and antibodies. E-cadherin (BD Transduction Labs, 610182), N-
cadherin (Takara, M142), ZO-1 (Zymed, 617300), paxillin (BD, 610052), fibro-
nectin (Sigma-Aldrich, F3648), vimentin (Sigma-Aldrich, V2258), GAPDH
(Sigma-Aldrich, G8795), Zeb1 (Cell Signaling, 3396 and Santa Cruz Biotechnology,
sc-25388), Alexa-Fluor 488 and 568 (Molecular Probes), secondary horse radish
peroxidase (HRP)-conjugated antibodies against mouse and rabbit (Jackson
ImmunoResearch), recombinant human TGFβ1 (R&D Systems, 240-B), 4′,6-dia-
midino-2-phenylindole (DAPI, Sigma-Aldrich) and phalloidin Alexa-Fluor 568
(Molecular Probes, A12380).

Cell lines and cell culture. A subclone of normal murine mammary gland cells
(NMuMG/E9)41, the MCF10A human epithelial mammary gland cell line42, the
Py2T murine breast cancer cell line24 and the murine metastatic cell line 4T143

have been described previously. NMuMG/E9, Py2T and 4T1 cells were grown in
Dulbecco’s modified eagle medium (DMEM; Sigma-Aldrich) supplemented with
foetal calf serum (FCS, 10%; Sigma-Aldrich), glutamine (2 mM; Sigma-Aldrich),
penicillin (100 U; Sigma-Aldrich) and streptomycin (0.2 mg/l; Sigma-Aldrich).
MCF10A cells were cultured in DMEM/F12 medium supplemented with horse
serum (5%; Bioconcept Amimed), insulin (10 μg/ml; Sigma-Aldrich), hydro-
cortisone (0.5 μg/ml; Sigma-Aldrich), human EGF (0.02 μg/ml; Invitrogen) and
cholera toxin (0.01 μg/ml; Sigma-Aldrich). All cell lines were grown at 37 °C, 5%
CO2, 95% humidity.

Plasmids. pCS3-6xMyc-tag-Zeb1 and pCS3-6xMyc-tag-Zeb2 were a kind gift from
T. Brabletz (Friedrich-Alexander-Universität Erlangen-Nürnberg, Germany). The
control plasmid pCS3-6xMyc-tag was generated by digesting a pCS3-6xMyc-tag-
Zeb2 vector with EcoRI/XbaI, thereby removing the Zeb2 gene but retaining the
6xMyc tag.

miR-1199 promoter reporter: The genomic promoter region of miR-1199/
2210011C24Rik (808 nucleotides upstream of 2210011C24Rik TSS) of NMuMG/E9
cells was PCR-amplified with the following primers: 5′-
tcgactcgaggaccggggaaacactctgta-3′ and 5′-tcgaaagcttgcgtctccatctgcaattccgc-3′,
which exhibit restriction enzyme sites for XhoI and HindIII, respectively
(underlined). The PCR amplicon was digested with XhoI and HindIII and
subcloned into the pGL4.10[luc2] Firefly luciferase reporter vector purchased from
Promega.

Using the QuikChange II site-directed mutagenesis Kit (Agilent), four different
miR-1199/2210011C24Rik promoter luciferase mutants exhibiting point mutations
in the Zeb1 E-box-binding motifs (wt: CAGGTG; mut: CATTTG) at positions −18,
−133, −507 and −584 bp from the TSS were generated from the original miR-1199/
2210011C24Rik promoter reporter. The following primers were used to introduce
the different point mutations:

E-box 1 (−18 bp):
5′-ctcggctcagaggcctccatttgtgttttctaccgaag-3′,
5′-cttcggtagaaaacacaaatggaggcctctgagccgag-3′;
E-box 2 (−133 bp):
5′- cagagagccaggtcccgcatttgccagttgagc-3′,
5′-gctcaactggcaaatgcgggacctggctctctg-3′;
E-box 3 (−507 bp):
5′-ccactcgaatccagctggcatttgacgggggcg-3′,
5′-cgcccccgtcaaatgccagctggattcgagtgg-3′;
E-box 4 (−584 bp):
5′-ccttcagtcaacccgtgtgttcatttggcgggaatccg-3′,
5′-cggattcccgccaaatgaacacacgggttgactgaagg-3′.

Zeb1 3′UTR reporter: A mouse Zeb1 3′ UTR luciferase reporter for miR-1199-
5p was generated by subcloning the murine Zeb1 3′ UTR sequence (166–302 bps)
containing a wild-type (wt: GACTCAGA) or mutated miR-1199-5p-binding site
(mut: GTGACTCA) into the pMIR-REPORT Firefly luciferase vector (Applied
Biosystems) via SpeI/HindIII sites. The wild-type and mutant Zeb1 3′ UTR
luciferase reporter for miR-200b-3p and miR-429-3p contain two common
miRNA-binding sites (wt: CAGTATTA, CAGTATT; mut: CTCAATAA,
GTCTAA) were generated by subcloning the murine Zeb1 3′ UTR sequence
(276–431 bps) into the pMIR-REPORT vector as described for Zeb1 3′ UTR/miR-
1199-5p. The different DNA fragments were synthesized by Integrated DNA
Technologies.

Plasmids expressing ZsGreen1 and mmu-miR-1199 or mmu-miR-200b or mmu-
miR-429: Stem loop sequences of murine miR-1199, miR-200b and miR-429 plus
additional 100 bps up and downstream of the miRNAs were synthesized by
Integrated DNA Technologies (miR-1199) or PCR-amplified from genomic DNA
of NMuMG/E9 cells with the primers:

miR-200b:
5′-tcgaacgcgtcctccttctgcaatgctctg-3′,
5′-tcgagctagcctaactctttgccccatagcc-3′;
miR-429:
5′-tcgaacgcgtgaagggtgaaccccaagaat-3′ and
5′-tcgagctagccagcggggcctgtatattt-3′.
The miRNA constructs were flanked with MluI and NheI sites (underlined) and

subsequently digested and subcloned into the 3′ UTR of ZsGreen of the pmRi-
ZsGreen1 vector (Clontech) via the restriction enzyme sites mentioned.

miRNA sponge constructs: constructs with 5× miR-1199-5p, miR-200b/c-3p or
scrambled bulged binding sites separated by a spacer sequence (GAATAT) were
synthesized and inserted in the 3′ UTR of an enhanced green fluorescent protein
reporter gene driven by the CMV promoter (pEGFP-C3, Clontech) by Invitrogen.

RNA interference. miRNA mimic transfection: NMuMG/E9, MCF10A, Py2T and
4T1 cells were transfected with 20 nM or 50 nM of mouse or human pre-miR
miRNA precursors (Ambion) by using Lipofectamine RNAiMax (Invitrogen)
according to the manufacturer’s instructions. A random sequence has been used as
negative control (Ambion, AM17110 control #1). To maintain a miRNA’s over-
expression, the transfection was repeated every third day. All pre-miR miRNA
precursors used in this study are listed in Supplementary Table 3.

miRNA inhibitor transfection: NMuMG/E9 cells were transfected with 50 nM of
miRNA inhibitors against miR-1199-5p from Ambion (miRVana; MH13577)

and Exiqon (miRCURY LNA; 4108998).
siRNA transfection: 20 nM of siRNA against Zeb1 (Ambion: mouse: s74841,

74843 10 nM each; human: s229971) or a negative control (Ambion: 4390846) was
used for transient gene knockdown experiments. Lipofectamine RNAiMax
(Invitrogen) was used for the transfection according to the manufacturer’s
instructions and was repeated every third day.

Stable miRNA overexpression. 4T1 cells were serially transfected with pTet-On
Advanced and plasmids expressing ZsGreen1 and mmu-miR-1199 or mmu-miR-
200b or mmu-miR- 429 or ZsGreen1 only using Lipofectamine 2000 (Invitrogen)
and selected with Neomycin and Hygromycin (Clontech). Additionally, cells stably
expressing ZsGreen1 were sorted by flow cytometry, and ectopic miRNA expres-
sion was validated by quantitative RT-PCR.

Luciferase reporter assays. A dual-luciferase reporter assay (Promega) was used
to measure miR-1199/2210011C24Rik promoter activity and posttranscriptional
repression of Zeb1 3′ UTRs by miR-1199-5p, miR-200b-3p and miR-429-3p
according to the manufacturer’s instructions. Firefly/Renilla luciferase activity was
measured with a luminometer (Berthold Technologies; Centro LB 960).

miR-1199/2210011C24Rik promoter reporter: Cells were plated in triplicates in a
24-well plate and treated with TGFβ. Three days before measuring luciferase
activity, cells were transfected with 0.5 μg of pGL4-miR-1199/2210011C24Rik or
pGL4 Firefly luciferase promoter reporter by using Lipofectamine 3000
(Invitrogen). Additionally, cells were transfected with 10 ng of pRL-CMV
(Promega), which encodes a Renilla luciferase and was used for subsequent cell
number normalization.

To test miR-1199/2210011C24Rik promoter activity upon Zeb1 gain and loss of
function studies, NMuMG/E9 cells were plated as described before and reverse
transfected with 20 nM of siRNAs against Zeb1 or a negative control (Ambion). On
the next day, cells were transfected with the different reporter constructs
mentioned above and treated with TGFβ for 3 days. For Zeb1 gain of function
studies, NMuMG/E9 cells were forward transfected with 50 ng of pCS3-6xMyc-tag
or pCS3-6xMyc-tag-Zeb1 along with the different luciferase reporters.

Zeb1 3′UTR reporter: NMuMG/E9 cells were plated and reverse transfected with
20 nM of miR-1199-5p, miR-200b-3p, miR-429-3p pre-miR miRNA precursors or
a negative control (Ambion) as described above. On the next day, cells were
transfected with 0.2 μg of pMIR-Report Zeb1-3′ UTR/miR-1199/miR-200b/
miR429 wild-type or mutant vector along with 10 ng of pRL-CMV by using
Lipofectamine 3000 (Invitrogen).
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RNA isolation and quantitative RT-PCR. In order to quantify gene transcripts,
total RNA was isolated using Tri Reagent (Sigma-Aldrich) following the manu-
facturer’s instructions. Complementary DNA (cDNA) was generated by reverse
transcription of RNA using M-MLV reverse transcriptase (Promega) and was
quantified by real-time PCR using Mesa Green qPCR MasterMix plus (Euro-
gentec). Riboprotein L19 was used as internal normalization control. FCs were
calculated using the comparative Ct method (ΔΔCt). Primers used for quantitative
RT-PCR are listed in Supplementary Table 4.

For quantitative miRNA analysis, total RNA was isolated using miRNeasy kit
(Qiagen). Mature miRNAs were reverse-transcripted by using the miRCURY LNA
Universal RT miRNA PCR kit (Exiqon). MiR-1199-5p (Exiqon; 206004) expression
was measured by RT-PCR and normalized to U6 small nuclear RNA (Exiqon;
203907) expression as internal control. FCs in miRNA expression were calculated
using the comparative Ct method (ΔΔCt).

Immunoblotting. Cells were lysed on ice in RIPA buffer (50 mM Tris-HCl (pH
8.0), 150 mM NaCl, 10% glycerol, 1% NP40, 0.5% NaDOC, 0.1% SDS, 2 mM
MgCl2, 2 mM CaCl2, 1 mM DTT, 1 mM NaF, 2 mM Na3VO4 and 1× protease
inhibitor cocktail (Sigma-Aldrich)) for 20 min, centrifuged and protein con-
centrations were determined via Bio-Rad Bradford solution according to the
manufacturer’s instructions. Proteins were mixed with SDS-PAGE loading buffer
(10% glycerol, 2% SDS, 65 mM Tris, 1 mg/100 ml bromophenol blue, 1% β-mer-
captoethanol) and equally loaded on a SDS polyacrylamide gel. After size frac-
tionation, proteins were transferred on an Immobilon-P PVDF membrane
(Millipore) using an electrophoretic transfer cell (Bio-Rad) and blocked with 5%
skim milk powder dissolved in TBS/0.05% Tween for 1 h. The membrane was
incubated with primary antibodies at 4 °C overnight or at room temperature for 1
h. HRP-conjugated secondary antibodies were used to visualize specific proteins on
a Fusion Fx7 chemoluminescence reader (Vilber Lourmat). Uncropped immuno
blot scans from main blots are displayed in Supplementary Fig. 8.

Immunofluorescence microscopy. Cells were grown on uncovered glass cover
slips (Menzel–Glaser), fixed with 4% paraformaldehyde/PBS for 20 min, permea-
bilized with 0.5% NP40 for 5 min and blocked with 3% BSA/0.01% Triton X-100/
PBS for 30 min. Afterwards, cells were incubated at room temperature with the
primary antibodies (listed above) diluted in 3% BSA/0.01% Triton X-100/PBS for
1.5 h, followed by an incubation with a fluorophore-coupled secondary antibody
(Alexa Fluor, Invitrogen) for 1 h. Cell nuclei were visualized with DAPI (Sigma-
Aldrich). After staining, the cells were mounted in fluorescence mounting medium
(Dako) on microscope slides and imaged using fluorescence microscopy (Leica
DMI 4000).

EMT phenotypic microscopy-based screen. The general setup of the screen has
been described recently23. In brief, NMuMG/E9 cells were plated as duplicates in a
96-well plate and reverse transfected with 20 nM pre-miR miRNA precursors
(Ambion; Supplementary Table 4) using Lipofectamine RNAiMax (Invitrogen)
2 days prior to the addition of TGFβ for 4 days. Epithelial control cells were
transfected for 3 days in the absence of TGFβ. For immunofluorescence analysis,
cells were processed as described above and mesenchymal characteristics, such as
formation of focal adhesions (paxillin), actin stress fibres (phalloidin) and fibro-
nectin deposition, were stained as described in ref. 23. Images of cells in a 96-well
plate were taken with an Operetta HCS microscope (Perkin Elmers). EMT features
were quantified (Columbus software, version 2.5.0) and the median of two repli-
cates was calculated and compared to the median value of miR-Ctr-transfected
cells. Standard deviations (s.d.) were estimated. MiRNAs showing at least 3× s.d.
for all three EMT read-outs or 4× s.d. in two EMT read-outs aside from the median
value of miR-Ctr-transfected cells were considered as hits to block or induce EMT.
Some miRNAs, which turned out to be no hits in the EMT phenotypic microscopy-
based screen, but maintained an epithelial cell morphology of NMuMG/E9 cells
cultured in the presence of TGFβ (judged by eye), were also considered hits.

Trans-well migration and invasion assays. Boyden chamber invasion assay (24-
well plate format): mesenchymal Py2T and 4T1 cells were reverse transfected with
50 nM of pre-miR miRNA precursors in a six-well plate. Two days later, the cells
were trypsinized, washed once with PBS and counted. A total of 25,000 cells were
plated as duplicates in a 24-trans-well migration or invasion insert (membrane
with 8 μm pores, covered with a layer of growth factor reduced Matrigel; BD
Biosciences). After 18 h, the cells were fixed with 4% paraformaldehyde/PBS, nuclei
were stained with DAPI (Sigma-Aldrich) and non-migrated/invaded cells on the
upper surface of the membrane were removed with a cotton swab. Migrated/
invaded cells on the bottom of the membrane were imaged with a fluorescence
microscope (Leica DMI 4000) and quantified. As chemo-attractant, a gradient of
0.2–20% FCS was used.

Boyden chamber migration screen (96-well plate format): mesenchymal
Py2T cells were reverse transfected with 50 nM of pre-miR miRNA precursors in a
96-well plate. After 2 days, cells were trypsinized and washed with PBS in a round-
bottom 96-well plate (Corning). MiR-Ctr-transfected cells were counted and 6000
cells were plated as duplicates in the inserts of a 96-well FluoroBlok fluorescent-
blocking high-density positron emission tomography insert (BD Biosciences) and,

in parallel, in a 96-well reference plate (Cell Carrier 96, Perkin Elmers). The same
cell suspension volume was used to plate cells transfected with other pre-miR
miRNA precursors. As chemo-attractant, a gradient of 0.2–20% FCS was used.
Migrated cells (bottom of membrane of migration insert) as well as cells in the
reference plate were stained with DAPI and imaged with an Operetta HCS
microscope (Perkin Elmers), quantified (Columbus software, version 2.5.0) and
normalized to each other.

Chromatin immunoprecipitation. ChIP experiments were performed as pre-
viously described44. Briefly, crosslinked protein-bound DNA of Py2T cells was
sonicated (Bioruptor, Diagenode) to achieve chromatin fragments of an average
size of 300 bps. For ChIP of endogenous Zeb1, 150 μg of chromatin was incubated
with 10 μg of Zeb1 antibody (sc-25388) and immunocomplexes were precipitated
with 40 μl of pre-blocked magnetic Protein G beads (Invitrogen). Immunocom-
plexes were eluted from the beads, de-crosslinked, and genomic DNA was purified
by phenol/chloroform extraction and precipitated with sodium acetate. One out of
forty of the ChIP sample and 1% of input DNA were used for quantitative RT-
PCR. Fold enrichments for specific miR-1199 promoter regions were calculated by
IP over input samples and normalized to isotype-specific IgG as negative control.
Primers targeting different genomic regions of the miR-1199 promoter are listed
below:

−52/ + 51 bp from TSS: fwd: 5′-AGTTGTGCCCCTGTCTCG-3′; rev: 5′-GAT
GGGCGTCTCCATCTG-3′.

−185/−87 bp from TSS: fwd: 5′-CCTCTGGAGAGGAGCACTTG-3′; rev:
5′-CCCCAGTACCTCCGTTATACT-3′.

−265/−376 bp from TSS: fwd: 5′-TATTTGGGCATCTCAATTCG-3′; rev:
5′-GACCCCAGGACTCCACTCTC-3′.

−604/ + 504 bp from TSS: fwd: 5′-CAGTCAACCCGTGTGTTCAG-3′; rev:
5′-GTCACCTGCCAGCTGGATT-3′.

Microarray data and analysis. In order to compare the expression of the miR-
1199-5p in human cells, we downloaded raw data (CEL files) of the experiment
GSE3247425 from the Gene Expression Omnibus database. Data was analysed in R
(https://www.r-project.org)/Rstudio (https://www.rstudio.com) using Bioconductor
add-on packages. The background signal correction, normalization and summar-
ization were performed by robust multiarray averaging45 from the affy package46.
To identify differences in gene expression between epithelial and mesenchymal
samples, the linear models for microarray data (limma)47 package was used.

miRNA sequencing and analysis. Total RNA was isolated from NMuMG/E9 cells
undergoing TGFβ-induced EMT by using the miRNeasy Mini Kit (Qiagen)
according to the manufacturer’s instructions. Quality and quantity of total RNA
was analysed by using the RNA 6000 Pico kit from Agilent. MiRNA-sequencing
libraries of two biological replicates were prepared with the Illumina TruSeq Small
RNA Sample Prep as described by the manufacturer. cDNA libraries were size
fractionated on a 6% Tris-Borate-EDTA (TBE) gel and fragments of 140–160 nt
were extracted. Libraries were loaded and sequenced on an Illumina HiSeq 2500
using protocols defined by the manufacturer.

For bioinformatics analysis, sequencing adapters were removed from obtained
single-end miRNA-seq reads (51-mers) using the preprocessReads function from
R/Bioconductor package QuasR, version 1.0.9 43: ‘preprocessReads(filename= tab
$FileName, outputFilename = tab$FileNameCleaned, Rpattern “TGGAATTCTC
GGGTGCCAAGGAACTCCAGTCAC”)’. Preprocessed reads were mapped to
mouse genome assembly, version mm10, with Bowtie allowing up 50 hits in the
genome (44, included in the QuasR package) using the command: ‘qAlign
(“samples_preprocessed.txt”, “BSgenome.Hsapiens.UCSC.mm10”, maxHits= 50)’.
The coordinates of mature miRNAs downloaded from miRBase (http://www.
mirbase.org/, v21) were extended by 3 bp on each side and passed as an argument
to the qCount function, by which we quantified expression as the number of reads
that started within any mature miRNA. The differentially expressed miRNAs were
identified using the edgeR package (version 3.2.4). MiRNAs with FDR <0.05 and
minimum log2 FC of ±2 were used for further analysis.

Whole-transcriptome RNA sequencing and analysis. NMuMG/E9 cells were
transfected with pre-miR miRNA precursors (Ambion) as described before prior to
4 days TGFβ treatment or not. Total RNA was isolated from cells of two inde-
pendent experiments using the RNeasy Mini Kit (Qiagen) according to the man-
ufacturer’s instruction. RNA quality control was performed with a fragment
analyser using the standard or high-sensitivity RNA analysis kit (DNF-471-0500 or
DNF-472-0500) from Labgene and RNA concentration was measured by using the
Quanti-iTTM RiboGreen RNA assay Kit (Life Technologies/Thermo Fisher Scien-
tific). A total of 200 ng of RNA was utilized for library preparation with the TruSeq
stranded total RNA LT sample prep Kit (Illumina). Poly-A + RNA was sequenced
with HiSeq SBS Kit v4 (Illumina) on an Illumina HiSeq 2500 using protocols
defined by the manufacturer.

Obtained single-end RNA-seq reads (51-mers) were mapped to the mouse
genome assembly, version mm10, with default RNA-STAR48, parameters except
for allowing only unique hits to genome (outFilterMultimapNmax = 1) and
filtering reads without evidence in spliced junction table (outFilterType= “BySJout”).
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Using RefSeq mRNA coordinates from UCSC (http://www.genome.ucsc.edu,
downloaded in December 2015) and the qCount function from QuasR package
(version 3.12.1), we quantified gene expression as the number of reads that started
within any annotated exon of a gene. The differentially expressed genes were
identified using the edgeR package (version 1.10.1). Genes with FDR <0.05 and
minimum log2 FC of ±1 were used for downstream analysis.

Tumour transplantation. A total of 0.5 × 106 4T1 cells stably expressing ZsGreen-
mmu-miR-1199/-200b/-429 or ZsGreen only were injected into the mammary fat
pad of 7–9-week-old female NMRI nude or NSG mice. Mice were killed after 18 or
21 days post injection, respectively, and lungs were isolated. Tissue processing and
haematoxylin and eosin staining were performed as previously described24. Lung
sections were imaged using an Axio Imager scanning microscope (Zeiss), and the
number of lung metastasis as well as the area per lung nodule were quantified.
Mann–Whitney U test was used for statistical analysis. All studies involving mice
were approved by the Swiss Federal Veterinary Office (SFVO) and the regulations
of the Cantonal Veterinary Office of Basel Stadt (licence 1907).

Isolation of circulating tumour cells. Eighty microlitres of blood was drawn by
heart puncture of tumour-bearing mice killed 21 days post orthotopic cell injection,
mixed with normal growth medium and cultured in a six-well plate for 5 days.
Adherent cells were washed with PBS daily. A MTT (3-(4,5-dimethylthiazol-2-yl)-
2-5-diphenyltetrazolium bromide) staining was used to visualize tumour cell
colonies. In brief, cells were incubated with 0.4 mg/ml MTT solution diluted in
normal growth medium for 3 h. Afterwards, cell colonies were imaged and
quantified.

Statistical analysis. Statistical analyses and graphs were generated using Graph-
Pad Prism software (version 6). Statistical analyses were performed using an
unpaired, two-sided t test or Mann–Whitney U test with *P< 0.05, **P< 0.01,
***P< 0.001, ****P< 0.0001.

Data availability. The miRNA expression data of a TGFβ time course experiment
in NMuMG/E9 cells as well as RNA expression data of NMuMG/E9 cells ectopi-
cally transfected with miR-Ctr, miR-1199-5p, miR-200b-3p or miR-429-3p are
deposited at Gene Expression Omnibus (GEO, accession number: GSE86026). All
other remaining data are available within the article and supplementary files, or
available from the authors upon request.

Received: 10 January 2017 Accepted: 25 August 2017

References
1. Nieto, M. A., Huang, R. Y., Jackson, R. A. & Thiery, J. P. Emt: 2016. Cell 166,

21–45 (2016).
2. Massague, J. & Obenauf, A. C. Metastatic colonization by circulating tumour

cells. Nature 529, 298–306 (2016).
3. Lamouille, S., Xu, J. & Derynck, R. Molecular mechanisms of epithelial-

mesenchymal transition. Nat. Rev. Mol. Cell Biol. 15, 178–196 (2014).
4. Diepenbruck, M. & Christofori, G. Epithelial-mesenchymal transition (EMT)

and metastasis: yes, no, maybe? Curr. Opin. Cell Biol. 43, 7–13 (2016).
5. Chaffer, C. L. & Weinberg, R. A. A perspective on cancer cell metastasis. Science

331, 1559–1564 (2011).
6. Brabletz, T. To differentiate or not--routes towards metastasis. Nat. Rev. Cancer

12, 425–436 (2012).
7. Ocana, O. H. et al. Metastatic colonization requires the repression of the

epithelial-mesenchymal transition inducer Prrx1. Cancer Cell 22, 709–724
(2012).

8. Tsai, J. H., Donaher, J. L., Murphy, D. A., Chau, S. & Yang, J. Spatiotemporal
regulation of epithelial-mesenchymal transition is essential for squamous cell
carcinoma metastasis. Cancer Cell 22, 725–736 (2012).

9. Fischer, K. R. et al. Epithelial-to-mesenchymal transition is not required for
lung metastasis but contributes to chemoresistance. Nature 527, 472–476
(2015).

10. Zheng, X. et al. Epithelial-to-mesenchymal transition is dispensable for
metastasis but induces chemoresistance in pancreatic cancer. Nature 527,
525–530 (2015).

11. Bartel, D. P. MicroRNAs: genomics, biogenesis, mechanism, and function. Cell
116, 281–297 (2004).

12. Zaravinos, A. The regulatory role of microRNAs in EMT and cancer. J. Oncol.
2015, 865816 (2015).

13. Pencheva, N. & Tavazoie, S. F. Control of metastatic progression by microRNA
regulatory networks. Nat. Cell Biol. 15, 546–554 (2013).

14. Burk, U. et al. A reciprocal repression between ZEB1 and members of the miR-
200 family promotes EMT and invasion in cancer cells. EMBO Rep. 9, 582–589
(2008).

15. Gregory, P. A. et al. The miR-200 family and miR-205 regulate epithelial to
mesenchymal transition by targeting ZEB1 and SIP1. Nat. Cell Biol. 10,
593–601 (2008).

16. Park, S. M., Gaur, A. B., Lengyel, E. & Peter, M. E. The miR-200 family
determines the epithelial phenotype of cancer cells by targeting the E-cadherin
repressors ZEB1 and ZEB2. Genes Dev. 22, 894–907 (2008).

17. Korpal, M., Lee, E. S., Hu, G. & Kang, Y. The miR-200 family inhibits epithelial-
mesenchymal transition and cancer cell migration by direct targeting of E-
cadherin transcriptional repressors ZEB1 and ZEB2. J. Biol. Chem. 283,
14910–14914 (2008).

18. Brabletz, S. & Brabletz, T. The ZEB/miR-200 feedback loop--a motor of cellular
plasticity in development and cancer? EMBO Rep. 11, 670–677 (2010).

19. Bracken, C. P. et al. A double-negative feedback loop between ZEB1-SIP1 and
the microRNA-200 family regulates epithelial-mesenchymal transition. Cancer
Res. 68, 7846–7854 (2008).

20. Siemens, H. et al. miR-34 and SNAIL form a double-negative feedback loop to
regulate epithelial-mesenchymal transitions. Cell Cycle 10, 4256–4271 (2011).

21. Shi, L. et al. p53-Induced miR-15a/16-1 and AP4 form a double-negative
feedback loop to regulate epithelial-mesenchymal transition and metastasis in
colorectal cancer. Cancer Res. 74, 532–542 (2014).

22. Kundu, S. T. et al. The miR-200 family and the miR-183 similar to 96 similar to
182 cluster target Foxf2 to inhibit invasion and metastasis in lung cancers.
Oncogene 35, 173–186 (2016).

23. Lotz-Jenne, C. et al. A high-content EMT screen identifies multiple receptor
tyrosine kinase inhibitors with activity on TGFbeta receptor. Oncotarget 7,
25983-26002 (2016).

24. Waldmeier, L., Meyer-Schaller, N., Diepenbruck, M. & Christofori, G. Py2T
murine breast cancer cells, a versatile model of TGFbeta-induced EMT in vitro
and in vivo. PLoS ONE 7, e48651 (2012).

25. Kohn, K. W., Zeeberg, B. M., Reinhold, W. C. & Pommier, Y. Gene expression
correlations in human cancer cell lines define molecular interaction networks
for epithelial phenotype. PLoS ONE 9, e99269 (2014).

26. Taube, J. H. et al. Core epithelial-to-mesenchymal transition interactome gene-
expression signature is associated with claudin-low and metaplastic breast
cancer subtypes. Proc. Natl Acad. Sci. USA 107, 15449–15454 (2010).

27. Tiwari, N. et al. Sox4 is a master regulator of epithelial-mesenchymal transition
by controlling Ezh2 expression and epigenetic reprogramming. Cancer Cell. 23,
768–783 (2013).

28. Huang, D. W., Sherman, B. T. & Lempicki, R. A. Systematic and integrative
analysis of large gene lists using DAVID bioinformatics resources. Nat. Protoc.
4, 44–57 (2009).

29. Huang, D. W., Sherman, B. T. & Lempicki, R. A. Bioinformatics enrichment
tools: paths toward the comprehensive functional analysis of large gene lists.
Nucleic Acids Res. 37, 1–13 (2009).

30. Dweep, H. & Gretz, N. miRWalk2.0: a comprehensive atlas of microRNA-target
interactions. Nat. Methods 12, 697 (2015).

31. Peinado, H., Olmeda, D. & Cano, A. Snail, ZEB and bHLH factors in tumour
progression: an alliance against the epithelial phenotype? Nat. Rev. Cancer 7,
415–428 (2007).

32. Wellner, U. et al. The EMT-activator ZEB1 promotes tumorigenicity by
repressing stemness-inhibiting microRNAs. Nat. Cell Biol. 11, 1487–U1236
(2009).

33. Krebs, A. M. et al. The EMT-activator Zeb1 is a key factor for cell plasticity and
promotes metastasis in pancreatic cancer. Nat. Cell Biol. 19, 518–529 (2017).

34. Karihtala, P. et al. Vimentin, zeb1 and Sip1 are up-regulated in triple-negative
and basal-like breast cancers: association with an aggressive tumour phenotype.
Breast Cancer Res. Treat. 138, 81–90 (2013).

35. Lehmann, W. et al. ZEB1 turns into a transcriptional activator by interacting
with YAP1 in aggressive cancer typpes. Nat. Commun. 7, 10498 (2016).

36. Li, X. L. et al. A p21-ZEB1 complex inhibits epithelial-mesenchymal transition
through the microRNA 183-96-182 cluster. Mol. Cell. Biol. 34, 533–550 (2014).

37. Liu, Y. N. et al. MiR-1 and miR-200 inhibit EMT via Slug-dependent and
tumorigenesis via Slug-independent mechanisms. Oncogene 32, 296–306 (2013).

38. Lehembre, F. et al. NCAM-induced focal adhesion assembly: a functional
switch upon loss of E-cadherin. EMBO J. 27, 2603–2615 (2008).

39. Provenzano, P. P. et al. Collagen reorganization at the tumor-stromal interface
facilitates local invasion. BMC Med. 4, 38 (2006).

40. Provenzano, P. P. et al. Collagen density promotes mammary tumor initiation
and progression. BMC Med. 6, 11 (2008).

41. Maeda, M., Johnson, K. R. & Wheelock, M. J. Cadherin switching: essential for
behavioral but not morphological changes during an epithelium-to-
mesenchyme transition. J. Cell. Sci. 118, 873–887 (2005).

42. Soule, H. D. et al. Isolation and characterization of a spontaneously
immortalized human breast epithelial cell line, MCF-10. Cancer Res. 50,
6075–6086 (1990).

43. Aslakson, C. J. & Miller, F. R. Selective events in the metastatic process defined
by analysis of the sequential dissemination of subpopulations of a mouse
mammary tumor. Cancer Res. 52, 1399–1405 (1992).

NATURE COMMUNICATIONS | DOI: 10.1038/s41467-017-01197-w ARTICLE

NATURE COMMUNICATIONS |8:  1168 |DOI: 10.1038/s41467-017-01197-w |www.nature.com/naturecommunications 13

http://www.genome.ucsc.edu
www.nature.com/naturecommunications
www.nature.com/naturecommunications
https://www.nature.com/articles/s41467-017-01197-w


44. Cortazar, D. et al. Embryonic lethal phenotype reveals a function of TDG in
maintaining epigenetic stability. Nature 470, 419–423 (2011).

45. Irizarry, R. A. et al. Summaries of Affymetrix GeneChip probe level data.
Nucleic Acids Res. 31, e15 (2003).

46. Gautier, L., Cope, L., Bolstad, B. M. & Irizarry, R. A. affy--analysis of Affymetrix
GeneChip data at the probe level. Bioinformatics 20, 307–315 (2004).

47. Ritchie, M. E. et al. limma powers differential expression analyses for RNA-
sequencing and microarray studies. Nucleic Acids Res. 43, e47 (2015).

48. Dobin, A. et al. STAR: ultrafast universal RNA-seq aligner. Bioinformatics 29,
15–21 (2013).

Acknowledgements
We thank T. Brabletz for sharing vector constructs with us. We are grateful to R. Goosen
for bioinformatics support. Furthermore, we thank A. Vettiger, P. Schmidt, H. Anto-
niadis and I. Galm for technical assistance. We are grateful to T. Roloff, S. Dessus-Babus,
C. Beisel and the Genomics Facility Basel for next-generation RNA sequencing. Calcu-
lations were performed at sciCORE (http://scicore.unibas.ch/) scientific computing core
facility at University of Basel. This work was supported by the SystemsX.ch RTD project
Cellplasticity, the SystemsX.ch MTD project MetastasiX, the Swiss National Science
Foundation and the Swiss Cancer League. N.M.-S. was supported by a Marie-Heim
Vögtlin grant from the Swiss National Foundation.

Author contributions
M.D. designed and performed the experiments, analysed the data and wrote the paper.
S.T., F.L., N.M.-S. and M.S. designed and performed experiments and analysed the data.
R.I. and R.K.R.K. performed bioinformatics analyses. G.C. oversaw the project, designed
experiments, analysed data and wrote the paper.

Additional information
Supplementary Information accompanies this paper at doi:10.1038/s41467-017-01197-w.

Competing interests: The authors declare no competing financial interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2017

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/s41467-017-01197-w

14 NATURE COMMUNICATIONS |8:  1168 |DOI: 10.1038/s41467-017-01197-w |www.nature.com/naturecommunications

http://scicore.unibas.ch/
http://dx.doi.org/10.1038/s41467-017-01197-w
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
https://www.nature.com/articles/s41467-017-01197-w


RESEARCH ARTICLE Open Access

Foxf2 plays a dual role during transforming
growth factor beta-induced epithelial to
mesenchymal transition by promoting
apoptosis yet enabling cell junction
dissolution and migration
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Abstract

Background: The most life-threatening step during malignant tumor progression is reached when cancer cells
leave the primary tumor mass and seed metastasis in distant organs. To infiltrate the surrounding tissue and
disseminate throughout the body, single motile tumor cells leave the tumor mass by breaking down cell-cell
contacts in a process called epithelial to mesenchymal transition (EMT). An EMT is a complex molecular and cellular
program enabling epithelial cells to abandon their differentiated phenotype, including cell-cell adhesion and cell
polarity, and to acquire mesenchymal features and invasive properties.

Methods: We employed gene expression profiling and functional experiments to study transcriptional control of
transforming growth factor (TGF)β-induced EMT in normal murine mammary gland epithelial (NMuMG) cells.

Results: We identified that expression of the transcription factor forkhead box protein F2 (Foxf2) is upregulated during
the EMT process. Although it is not required to gain mesenchymal markers, Foxf2 is essential for the disruption of cell
junctions and the downregulation of epithelial markers in NMuMG cells treated with TGFβ. Foxf2 is critical for the
downregulation of E-cadherin by promoting the expression of the transcriptional repressors of E-cadherin, Zeb1 and
Zeb2, while repressing expression of the epithelial maintenance factor Id2 and miRNA 200 family members. Moreover,
Foxf2 is required for TGFβ-mediated apoptosis during EMT by the transcriptional activation of the proapoptotic BH3-
only protein Noxa and by the negative regulation of epidermal growth factor receptor (EGFR)-mediated survival
signaling through direct repression of its ligands betacellulin and amphiregulin. The dual function of Foxf2 during EMT
is underscored by the finding that high Foxf2 expression correlates with good prognosis in patients with early
noninvasive stages of breast cancer, but with poor prognosis in advanced breast cancer.

Conclusions: Our data identify the transcription factor Foxf2 as one of the important regulators of EMT, displaying a
dual function in promoting tumor cell apoptosis as well as tumor cell migration.

Keywords: Apoptosis, Breast cancer, Cell migration, E-cadherin, EGFR, EMT, Foxf2, Noxa
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Background
The process of epithelial to mesenchymal transition
(EMT) describes a complex molecular and cellular pro-
gram by which epithelial cells abandon their differentiated
features and acquire mesenchymal characteristics, includ-
ing motility, invasiveness, and increased resistance to
apoptosis [1–5]. EMT has been implicated in several
physiological as well as pathological processes. While it is
a critical mechanism for embryonic development, EMT is
re-engaged in adults during wound healing, tissue regen-
eration, organ fibrosis, and cancer progression and metas-
tasis [2]. Recent studies implicate that primary tumors
displaying an EMT-like gene expression profile are more
likely to be associated with distant metastasis formation
and a worse prognosis for overall survival [6–8]. In
contradiction to these findings are the observations that
distant metastases frequently exhibit an epithelial pheno-
type highly similar to the primary tumor [9, 10]. Explain-
ing this observation, it has been shown that disseminated
mesenchymal cancer cells undergo the reverse process
(mesenchymal to epithelial transition (MET)) after meta-
static spread and colonization and revert to a differenti-
ated, epithelial cell state enabling them to establish in the
distant location [11–13]. However, the contribution of
EMT to the metastatic process is debated. Recent lineage
tracing experiments have suggested that EMT is required
for the development of drug resistance but not for
metastasis [14, 15]. However, these reports have been met
with great skepticism and data questioning these results
[16–18]. In summary, overwhelming evidence supports
the conclusion that EMT and its reverse process MET are
pivotal regulators of cell plasticity in malignant tumor
progression and play important roles in drug resistance,
relapse, and metastatic progression [19].
Recently, a number of transcription factors have been

identified that play critical roles in the initiation and exe-
cution of an EMT and in the metastatic process, includ-
ing Snai1 (Snail), Snai2 (Slug), Zeb1 (δEF1), Zeb2 (Sip1),
E47, Twist, goosecoid, Foxc2, Dlx2, RBPjκ, Yap/Taz,
Sox4 and 9, Klf4, and NFκB [3, 19–22]. We have previ-
ously established a list of genes that change in their ex-
pression during the consecutive morphological states of
transforming growth factor (TGF)β-induced EMT in
normal murine mammary gland (NMuMG) epithelial
cells [20, 23]. This analysis identified forkhead box pro-
tein F2 (Foxf2) as a transcription factor that is upregu-
lated in its expression during EMT in NMuMG cells
and in several other experimental EMT systems. The
family of Forkhead box (Fox) genes are defined by a con-
served DNA binding domain of a winged helix structure
acting as transcription factors, which have been found to
serve as key regulators in embryogenesis, signal trans-
duction, maintenance of differentiated cell states, and
tumorigenesis [24]. There are three families of Fox

genes, Foxc, Foxf, and Foxl1, that form paralogous clusters
in the genome and that are extensively expressed in meso-
dermal tissue [25, 26]. One of the best characterized mem-
bers of this family is Foxc2, which has been implicated in
the regulation of EMT by interacting with Smad proteins
and to be a key player in metastasis [27, 28]. Moreover,
Foxc1 and Foxc2 are highly expressed in the claudin-low
metaplastic breast cancer subtype, which is associated with
EMT and cancer stemness [29]. Furthermore, the overex-
pression of Foxm1 in pancreatic cancer cells leads to the
acquisition of an EMT phenotype via upregulation of Zeb1
and Zeb2 as well as stem cell-like characteristics [30].
Foxf2 (also known as Freac-2 or Fkhl6) is a widely

expressed protein in various mesenchymal tissues and
was first identified as a transcriptional activator contain-
ing a forkhead domain for nuclear localization and two
independent C-terminal activation domains [31]. Foxf2
interacts with TBP and TFIIB, two components of the
general transcriptional activator complex binding a spe-
cific DNA motif [32, 33]. Expression of several Fox fam-
ily genes, including Foxf1 and Foxf2, is specifically
regulated by sonic hedgehog (Shh) signaling in a cross-
talk with Notch, epidermal growth factor (EGF)/fibro-
blast growth factor (FGF), and TGFβ signaling [34, 35].
Indeed, TGFβ-induced EMT is one of the mechanisms
strongly involved in regulating fusion of the palatal cleft,
and Foxf2 levels are high in the mesenchyme of the sec-
ondary palate and in the mesenchyme of the lung and gut
[36, 37]. Accordingly, Foxf2-deficient mice die shortly
after birth due to cleft palate and abnormal tongue and
gut development, indicating an essential role of Foxf2 in
this EMT-associated developmental process [38, 39].
Epithelial cells of Foxf2-deficient mice show typical signs
of depolarization, and the subcellular localization of adhe-
rens junctions, normally confined to lateral membranes,
expands into the basal and apical membranes.
In many cancer types, the expression of Foxf2 is re-

pressed by promoter hypermethylation or by oncogenic
microRNAs (miRNAs), such as miR-301, which pro-
motes breast cancer cell proliferation, invasion, and
tumor growth [40, 41], indicating that Foxf2 may act as
a tumor suppressor. However, other studies have re-
ported a protumorigenic role of Foxf2 in other cancer
types (reviewed in [41]), for example by repressing in-
testinal stem cells and preventing adenoma formation
by inhibiting Wnt signaling [42]. Furthermore, low
Foxf2 expression has been reported to correlate with
early-onset metastasis and poor prognosis in breast
cancer patients [43], and loss of Foxf2 expression pro-
motes an EMT and metastasis of experimental cancer
[44, 45]. These conflicting results seem to mirror a
double-sided role for Foxf2 in maintaining tissue
homeostasis, in regulating an EMT, and in breast can-
cer progression [46].
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Here, we have employed a TGFβ-induced EMT in
NMuMG cells and in murine and human breast cancer
cells to demonstrate a critical role of Foxf2 during an
EMT by concomitantly regulating an EMT, cell survival,
and apoptosis. The mechanistic insights into Foxf2 func-
tions also support a dual role of Foxf2 in breast cancer
progression and metastasis, on one hand by affecting cell
junction homeostasis, and by regulating cell proliferation
and survival on the other hand.

Methods
Reagents and antibodies
See Additional file 1.

Cell culture and cell lines
All reagents used for cell culture were obtained from
Sigma/Fluka (Basel, Switzerland) if not otherwise men-
tioned. All cells were cultured at 37 °C with 5% CO2 in
Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with glutamine (2 mM), penicillin (100 U),
streptomycin (0.2 mg/l) and 10% fetal bovine serum
(FBS). The subclone NMuMG/E9 (hereafter called
NMuMG) is expressing E-cadherin and has previously
been described [47]. MTΔEcad and MCF7-shEcad have
been described previously [23]. NMuMG-shSmad4 and
NMuMG-shCtr were obtained from P. ten Dijke (Leiden
University Medical Center, The Netherlands) [48]. Py2T
breast cancer cells were established from a tumor of the
MMTV-PyMT mouse model of breast cancer as previ-
ously described [49]. NMuMG cells were treated with
TGFβ (2 ng/ml) without serum deprivation, and TGFβ
was replenished every 2 days. siRNA transfections with
lipofectamine RNAiMAX (Invitrogen) were performed
according to the manufacturer’s protocol 24 h before
treatment with TGFβ.

Generation of lentivirus
A cDNA encoding Foxf2 (kindly provided by Leif Lundh,
Goteborg University, Sweden) [50] was tagged
N-terminally with HA-tag and cloned into the lentiviral
expression vector pLenti-CMV-Puro (kindly provided by
Matthias Kaeser, Bern). Lentiviral particles were produced
by transfecting HEK293T cells with the lentiviral expres-
sion vectors in combination with the packaging vector
pR8.91 and the envelope encoding vector pVSV using
Fugene HD (Roche). After 2 days, the virus-containing
HEK293T supernatant was harvested, filtered (0.45 μm),
supplemented with polybrene (8 ng/ml), and used for tar-
get cell infection. Infections were performed twice a day
on 2 consecutive days.

Growth curves
One day before t0, 1.6 × 104 NMuMG cells were seeded
in triplicate into 24-well plates and transfected with the

indicated siRNA. After 24 h the cells were treated with
TGFβ and cell numbers were determined using a Neu-
bauer counting chamber.

Migration assay
NMuMG cells (2 × 104/well) pretreated for 18 days with
TGFβ were seeded in DMEM, 2% FBS, and TGFβ into
the upper chamber of a cell culture insert (pore size
8 μm; Falcon BD, Franklin Lakes, NJ). The lower cham-
ber was filled with DMEM, 20% FBS, and TGFβ. After
16 h incubation at 37 °C and 5% CO2, the cells that had
traversed the membrane were fixed in 4% paraformalde-
hyde/phosphate-buffered saline (PBS) (15 min at room
temperature), stained with DAPI (0.5 μg/ml), and
counted using a fluorescence microscope.

Quantitative real-time polymerase chain reaction (RT-PCR)
Total RNA was prepared using Tri Reagent
(Sigma-Aldrich), reverse transcribed with ImProm-II Re-
verse Transcriptase (Promega) and transcription levels
were quantified using SYBR-green PCR Mastermix
(Eurogentec) in a real-time PCR system (Step One Plus,
Applied Biosystems). Human or mouse riboprotein L19
primers were used for normalization. PCR assays were
performed in duplicate and the fold induction was calcu-
lated against control-treated cells using the comparative
Ct method (ΔΔCt). To quantify miRNA levels, RNA was
isolated with the miRNeasy kit (Qiagen) followed by poly-
adenylation and reverse transcription using QuantiMir RT
kit (BioCat). Primers are listed in Additional file 1.

Immunoblotting and immunofluorescence staining
See Additional file 1.

Apoptosis assay
Cells were washed twice in ice-cold PBS and suspended in
1× Annexin-V binding buffer (0.01 M HEPES, pH 7.4,
0.14 M NaCl, 2.5 mM CaCl2,) at a concentration of 1 × 106

cells/ml; 5 μl of Cy5 Annexin-V was added to 1 × 105 cells
and incubated for 15 min on ice in the dark. Stained cells
were filtered through a 40-μm mesh and analyzed on a
FACSCanto II using DIVA Software (Becton Dickinson).
Cell debris and duplets were excluded by a combination of
light scatter and forward scatter plus width.

Cell cycle analysis
Cells were incubated with 10 μM BrdU for 2 h at 37 °C
and 5% CO2. The cells were then fixed in 70% ice-cold
ethanol and lysed by incubating first with 2 N HCl and
0.5% Triton X-100 for 30 min and then in 0.1 M
Na2B4O7, pH 8.5, for 2 min at room temperature. Nuclei
were washed with 0.5% Tween-20, 1% bovine serum al-
bumin (BSA)/PBS and incubated with FITC-labeled
anti-BrdU antibody (#347583, Beckton Dickinson) for
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30 min at room temperature. Nuclei were stained for
DNA content by incubating with 5 μg/ml propidium
iodide (PI) for a minimum of 1 h at room temperature.
Stained cells were filtered through a 40-μm mesh and
analyzed on a FACSCanto II using DIVA Software
(Becton Dickinson).

Chromatin immunoprecipitation
Chromatin immunoprecipitation (ChIP) experiments
were performed as previously described with some mod-
ifications [51]. In brief, cells were crosslinked either with
1% formaldehyde or in combination with 2 mM EGS
(ethylene glycol bis(succinimidyl succinate); Thermo-
Fisher, 21,565). Crosslinked chromatin was sonicated to
receive an average fragment size of 500 bp. ChIP was
performed with 100 μg of chromatin and 2.5–5 μg
HA-tag antibody per IP, and 1% of ChIP material or in-
put material was used for quantitative RT-PCR using
specific primers covering Foxf2 binding sites in pro-
moter regions of Btc (−450 to −253 from TSS), of Ereg
(−851 to −654 from TSS), of Areg exon2 (+1086 to 1210
from TSS), and of Noxa (−696 to −499 from TSS). Primers
covering an intergenic region were used as control, and
the amplification efficiencies were normalized between
the primer pairs. Enrichment of IP/input over IgG back-
ground control was calculated and the specificity mea-
sured as fold change to an unspecific intergenic region.

Transcriptome, survival, and metastasis correlation analysis
See Additional file 1.

Statistical analysis
Statistical analysis and graphs were generated using the
GraphPad Prism software (GraphPad Software Inc., San
Diego CA). All statistical analyses were performed as in-
dicated by paired or unpaired two-sided t test.

Results
Foxf2 expression is induced during EMT
We screened for changes in gene expression by DNA
oligonucleotide microarray analysis during an EMT in
three independent in vitro model systems. First, MTflE-
cad cells have been derived from a breast tumor of
MMTV-Neu transgenic mice [52] in which both
E-cadherin alleles were flanked by LoxP recombination
sites [53]. Genetic ablation of E-cadherin was achieved
by the transient expression of Cre-recombinase (MTΔE-
cad) [23]. Second, EMT was induced in the human
breast cancer cell line MCF7 by downregulation of
E-cadherin using stable expression of shRNA [23] and,
thirdly, EMT was induced in normal murine mammary
epithelial (NMuMG) cells by treatment with TGFβ [54]
(Additional file 1: Figure S1A). The forkhead transcrip-
tion factor Foxf2 was identified as a commonly

upregulated gene during EMT in all three experimental
systems (Additional file 1: Figure S1B, C). To assess
whether Foxf2 is a target of canonical or noncanonical
TGFβ signaling, we monitored Foxf2 expression in
NMuMG cells stably depleted of Smad4 expression
(NMuMG-shSmad4) [48]. Foxf2 mRNA expression
levels were significantly reduced in TGFβ-treated
NMuMG-shSmad4 cells compared with control cells,
indicating that Foxf2 is regulated via canonical
Smad4-dependent TGFβ signaling (Additional file 1:
Figure S1D).

Foxf2 is partially required for EMT
We first assessed whether the expression of Foxf2 is
able to induce an EMT by infecting NMuMG cells with
lentiviral particles encoding HA-tagged human Foxf2.
Although the cells expressed Foxf2 in their nuclei, the
cells did not gain an EMT-like phenotype (data not
shown). Conversely, to investigate whether the upregu-
lation of Foxf2 expression is required for an EMT, we
stably infected NMuMG cells with lentiviral particles
expressing two different shRNAs against murine Foxf2
(shFoxf2 #703, shFoxf2 #704). NMuMG-shFoxf2 cells
treated with TGFβ apparently changed to a mesenchy-
mal cell morphology, comparable to TGFβ-treated
NMuMG-shCtrl cells. However, NMuMG-shFoxf2 cells
did not completely lose their tight cell-cell contacts, a
key step during an EMT (Fig. 1a). Indeed, quantitative
RT-PCR (Fig. 1b, c) and immunoblotting (Fig. 1d) ana-
lysis revealed that the shRNA-mediated ablation of
Foxf2 expression resulted in a sustained expression of
the epithelial adherens and tight junction molecules
E-cadherin and ZO-1, whereas the increased expression
of the mesenchymal markers fibronectin, Ncam1, and
N-cadherin remained unaffected.
To investigate whether the shRNA-mediated deple-

tion of Foxf2 expression affects EMT-associated
changes in cell adhesion, cell junctions, and/or cyto-
skeletal composition, we performed immunofluores-
cence microscopy analysis for the cell adhesion
proteins E-cadherin, N-cadherin, and Ncam1, the
tight junction protein ZO-1, the focal adhesion
protein paxillin, and actin stress fibers (phalloidin).
NMuMG-shFoxf2 cells did not show a classical
cadherin switch when treated with TGFβ. In
Foxf2-ablated cells, a normal upregulation of the
mesenchymal marker N-cadherin was observed, but the
expression of the epithelial markers E-cadherin and ZO-1
was partially maintained at the cell membrane, in contrast
to shCtrl-expressing cells which showed a bona-fide
EMT (Additional file 1: Figure S2A, B). Upregulated ex-
pression of Foxf2 during an EMT was also not required
for the EMT-associated cytoskeletal reorganization of
cortical actin into actin stress fibers, for the
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upregulation of the mesenchymal marker Ncam1, or
for the formation of focal adhesions shown by paxillin
staining (Additional file 1: Figure S2B, C). Together,
these results indicate that Foxf2 is required for the dis-
ruption of cell-cell junctions but not for the induction
of a mesenchymal cellular phenotype and mesenchymal
marker expression.

Foxf2 regulates EMT transcriptional regulators and cell
migration
The maintenance of an epithelial morphology and
E-cadherin expression in Foxf2-depleted NMuMG cells
became even more apparent when treated for 19 to
20 days with TGFβ, a time frame necessary for control
NMuMG cells to acquire an EMT stage associated with
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cellular migration (Fig. 2a–d). Since Foxf2 appeared es-
sential for the loss of E-cadherin expression and the dis-
ruption of cell-cell junctions, we assessed whether the
loss of Foxf2 expression affected the migratory

capabilities of cells. Transwell migration assays revealed
a decrease in motility for cells stably expressing shRNAs
against murine Foxf2 compared with NMuMG cells ex-
pressing control shRNA (Fig. 2e).
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The loss of E-cadherin is often attributed to transcrip-
tional dysregulation. Several transcription factors have
been identified that are able to repress E-cadherin gene
expression, among them the zinc-finger-homeodomain
transcription factors Zeb1 and Zeb2 [55–57]. Quantita-
tive RT-PCR analysis revealed that shRNA-mediated ab-
lation of Foxf2 expression during a TGFβ-induced EMT
in NMuMG cells attenuated the upregulation of Zeb1
and Zeb2 expression observed in shCtrl-transfected cells
(Fig. 2f, g). Inhibitors of differentiation (Ids) act as positive
regulators of proliferation and as negative regulators of
differentiation. The Id proteins lack a DNA-binding motif
and inhibit, for example, E2A-dependent suppression of
the E-cadherin promoter [58]. Consistent with the sus-
tained expression of E-cadherin, ablation of Foxf2 in
TGFβ-treated NMuMG cells interfered with the downreg-
ulation of Id2 expression during an EMT (Fig. 2h).
The loss of Foxf2 maintained E-cadherin expression

during a TGFβ-induced EMT in NMuMG cells in a
similar manner as the loss of the major transcriptional
repressor of E-cadherin expression, Zeb1 (Additional
file 1: Figure S3A, B). Also comparable to the
siRNA-mediated ablation of Zeb1 expression, loss of
Foxf2 expression resulted in the upregulated expression
of the miR-200 family members miR-200a-3p,
miR-200b-3p, and miR-429-3p (Additional file 1: Figure
S3C). On the other hand, both Foxf2 and Zeb1 are pre-
dicted targets of miR-200 family members, and ectopic
expression of the miR-200 family members
miR-200b-3p, miR-200c-3p, and miR-429-3p downregu-
lated both transcription factors (Additional file 1: Figure
S3D, E). Consistent with a regulatory role of Foxf2 on
the expression of Zeb family proteins, Foxf2 upregula-
tion after 1 day of TGFβ treatment of NMuMG cells
was followed by the induction of Zeb1 and Zeb2 expres-
sion, leading to a continuous downregulation of
E-cadherin (Additional file 1: Figure S3F). These results
indicate tight control of E-cadherin expression by a
double-negative feedback loop between Foxf2 and
miR-200 family members, as well as regulation of the ex-
pression of known targets of miR200 family members
and transcriptional repressors of E-cadherin expression,
such as Zeb1, Zeb2, and Id2. Similarly, Foxf2 is essential
for the proper downregulation of E-cadherin and the
regulation of Zeb2 and Id2 during a TGFβ-induced
EMT of Py2T murine breast cancer cells that have been
derived from a tumor of the MMTV-PyMT mouse
model of breast cancer (Additional file 1: Figure S3G).
In conclusion, the upregulation of Foxf2 in NMuMG

cells undergoing an EMT is essential for the transcrip-
tional repression of E-cadherin, for the disruption of
cell-cell adhesions, and for EMT-associated cell migra-
tion, yet has only minor effects on the induction of mes-
enchymal marker expression.

Foxf2 regulates cell death and survival pathways
To identify the actual genes and signaling pathways that
are regulated by Foxf2 during an EMT, we performed
gene expression profiling by RNA sequencing of
NMuMG cells that were transfected with control siRNA
(siCtrl; epithelial state) or with siCtrl or siRNA targeting
Foxf2 (siFoxf2) in the presence of TGFβ for 4 days (mes-
enchymal state). We found 1789 genes to be differentially
expressed at least twofold upon Foxf2 knockdown com-
pared with siRNA control at 4 days of TGFβ treatment,
and 2689 genes were significantly changed upon induction
of EMT comparing siCtrl in the absence or presence of
TGFβ (siCtrl 0 days vs 4 days TGFβ; ΕΜΤ). In total, 792
genes were commonly regulated by the loss of Foxf2 ex-
pression and by the induction of an EMT with TGFβ
(Fig. 3a; Additional file 1: Table S1). Unsupervised hier-
archical clustering revealed that Foxf2-deficient cells
treated with TGFβ more closely resembled the mesenchy-
mal state of TGFβ-treated control cells, however they
formed a separate clustering arm (Fig. 3b). To study in
more detail which transcripts were specifically altered
compared with the mesenchymal and epithelial control
states, gene expression signatures were generated using
weighted gene coexpression network analysis (WGCNA).
Six different gene expression signatures were extracted,
with the yellow and the brown signatures summarizing
genes from an intermediate mesenchymal state (Fig. 3b;
Additional file 1: Table S2). The EMT-induced expression
of the genes in the yellow signature was strongly reduced
by the ablation of Foxf2 knockdown. Conversely, the
EMT-repressed expression of the genes in the brown sig-
nature was blocked by the loss of Foxf2 (Fig. 3c).
Pathway enrichment analysis using ingenuity pathway

analysis (IPA) revealed major functions of the yellow
signature-associated genes in cellular movement and
cell-cell signaling and interaction, functions that can be
attributed to the loss of E-cadherin expression as de-
scribed above (Fig. 3d). On the other hand, the brown
signature was found to be associated with molecular
transport and metabolism (lipid, vitamin, and mineral
metabolism) pathways (Fig. 3d). Interestingly, both up-
and downregulated EMT signatures that are also
affected by Foxf2 knockdown (brown and yellow signa-
tures) were enriched in pathways describing cell death
and survival, indicating a regulatory role of Foxf2 in these
processes (Fig. 3d). Indeed, NMuMG cells stably express-
ing shRNA against Foxf2 showed significantly less
TGFβ-mediated growth inhibition compared with
shCtrl-transfected cells, and the cell number increased sig-
nificantly compared with shCtrl-expressing cells (Fig. 4a).

Foxf2 affects apoptosis by regulating the expression of Noxa
To assess whether the increase in cell numbers was due
to increased proliferation or decreased cell death, we
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compared the rates of apoptosis and proliferation by
Annexin-V staining and BrdU incorporation and PI
staining, respectively, in NMuMG cells treated with
TGFβ and depleted or not for Foxf2 expression. The loss
of Foxf2 significantly reduced the levels of apoptosis
when compared with control cells (Fig. 4b), while only a
moderate difference in the number of cycling cells was
observed (Additional file 1: Figure S4A). The lack of
Foxf2 reduced caspase-dependent programmed cell

death, as the levels of cleaved caspase-3 and its down-
stream cleavage target poly-(ADP-ribose) polymerase
(PARP) were diminished upon knockdown of Foxf2
(Fig. 4c). In summary, the results show that the in-
creased expression of Foxf2 during EMT is critical for
promoting TGFβ-induced cell death.
TGFβ has been shown to act as a tumor suppressor in

the early stages of tumorigenesis by inducing the expres-
sion of cell cycle inhibitors and proapoptotic factors
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[59]. Differential gene expression analysis between
TGFβ-treated control and Foxf2-deficient NMuMG cells
revealed a substantial regulation of the BH3-only factor
Noxa by Foxf2, which was confirmed by quantitative
RT-PCR analysis (Fig. 4d). ChIP experiments with
NMuMG cells expressing HA-tagged Foxf2 treated for
2 days with TGFβ demonstrated a weak direct binding of
Foxf2 to the noxa gene promoter, suggesting additional
indirect regulatory mechanisms (Fig. 4e). As the upregula-
tion of Foxf2 is necessary for TGFβ-induced Noxa expres-
sion, we next assessed whether loss of Noxa is sufficient to
prevent apoptosis in TGFβ-treated NMuMG cells. Noxa
expression in NMuMG cells was ablated by transient
transfection of two different siRNAs (siNoxa #1, siNoxa
#3) or control siRNA (siCtrl) in shFoxf2- and
shCtrl-expressing cells. Following the reduction of Noxa
mRNA levels in siNoxa #1- and #3-treated cells (Add-
itional file 1: Figure S4B), apoptosis was attenuated and
cell growth inhibition was compensated in TGFβ-treated
cells (Fig. 4f, g; Additional file 1: Figure S4C). These re-
sults demonstrate that depletion of Noxa is sufficient to
protect NMuMG cells from TGFβ-induced apoptosis. To-
gether, these data indicate that Foxf2 mediates
TGFβ-induced apoptosis by the transcriptional activation
of the proapoptotic protein Noxa.

Foxf2 promotes TGFβ-induced growth arrest by
repressing EGF receptor signaling
As well as activating transcription of the noxa gene and
inducing apoptosis, we investigated whether Foxf2 regu-
lates any prosurvival signaling pathway. EGF receptor
(EGFR) family members are known to provide protection
from TGFβ-induced cell cycle arrest and apoptosis by ac-
tivating the PI3K pathway [60, 61]. Indeed, immunoblot-
ting analyses revealed that the levels of activated (tyrosine
1173-phosphorylated) forms of EGFR were higher in

Foxf2-depleted NMuMG cells compared with control
NMuMG cells when treated with TGFβ (Fig. 5a).
Previously, we have reported that survival of NMuMG

cells undergoing a TGFβ-induced EMT depends on acti-
vated EGFR signaling [20]. We thus investigated whether
inhibition of EGFR signaling impaired the antiapoptotic
effect of Foxf2 depletion. Towards this aim, shFoxf2- and
shCtrl-transfected NMuMG cells were treated with the
EGFR inhibitor (EGFRi) AG1478 during TGFβ treatment,
and cell growth and rates of apoptosis were determined.
Combined treatment with EGFRi and TGFβ for 4 days led
to a significantly reduced growth in shFoxf2-expressing
NMuMG cells compared with the solvent (dimethyl sulf-
oxide (DMSO))-treated shFoxf2-expressing NMuMG cells
(Fig. 5b; Additional file 1: Figure S5A). In addition, treat-
ment of shFoxf2-expressing NMuMG cells with AG1478
increased apoptosis to a similar extent as observed in
shCtrl-expressing cells (Fig. 5c). The extent of apoptosis
thereby correlated with the levels of EGFR inhibition
(Fig. 5d). This result indicates that TGFβ-resistant growth
of Foxf2 knockdown cells relies on the activation of EGFR
survival signaling.
To investigate how Foxf2 influences EGFR activation,

we assessed whether the expression of EGFR ligands was
affected by the modulation of Foxf2 expression. Gene
expression profiling and validation by quantitative
RT-PCR revealed that the EGFR-ligands betacellulin
(Btc), amphiregulin (Areg), and (moderately) epiregulin
(Ereg) showed sustained expression upon knockdown of
Foxf2 during an EMT in both NMuMG and Py2T cells
(Additional file 1: Figure S5B, C). Promoter binding pre-
diction programs indicated a potential direct binding of
Foxf2 to the Btc promoter (data not shown). ChIP
followed by quantitative PCR of HA-tagged Foxf2 in
NMuMG cells during TGFβ-induced EMT revealed a
direct binding of Foxf2 to the Btc promoter region, to a

(See figure on previous page.)
Fig. 4 Depletion of Foxf2 attenuates TGFβ-induced apoptosis and the expression of the proapoptotic protein Noxa. a Downregulation of Foxf2
promotes cell proliferation. shFoxf2- and shCtrl-expressing NMuMG cells were treated with transforming growth factor (TGF)β for the times indicated
and counted using a Neubauer chamber. b Foxf2 depletion decreases apoptosis during TGFβ-induced EMT. shFoxf2- and shCtrl-expressing NMuMG
cells were treated with TGFβ for the times indicated, and apoptosis was detected by Annexin-V staining and flow cytometry analysis. c TGFβ induces
classical caspase-mediated apoptosis dependent on the upregulation of Foxf2. Immunoblotting analyses of the same experiment as shown in Fig. 1d
for cleaved caspase-3 and PARP in shFoxf2- and shCtrl-expressing NMuMG cells treated with TGFβ for the times indicated. Actin was used as a loading
control. d Knockdown of Foxf2 attenuates the upregulation of Noxa expression. Noxa mRNA levels in shFoxf2- and shCtrl-expressing NMuMG cells
treated with TGFβ for the times indicated were determined by quantitative RT-PCR. Values were normalized to RPL19 and presented as fold changes
compared with untreated shCtrl NMuMG cells. e Foxf2 regulates Noxa expression by direct transcriptional activation. Chromatin immunoprecipitation
of HA-tagged Foxf2 was performed either on Foxf2-expressing or control NMuMG cells treated for 2 days with TGFβ. Immunoprecipitated DNA
fragments were quantified by quantitative PCR using primers covering base pairs −696 to −499 of the noxa promoter region. Enrichment (IP/input) for
specific primers was calculated relative to primers covering an intergenic region. f Noxa depletion significantly decreases TGFβ-induced apoptosis.
shFoxf2- and shCtrl-expressing NMuMG cells were transfected with control siRNA (siCtrl) and two different siRNAs specific for murine Noxa (siNoxa #1,
siNoxa #3) and incubated with TGFβ for 4 days. The extent of apoptosis was measured by Annexin-V staining and flow cytometry. g The impairment
of Noxa expression leads to increased cell proliferation. shFoxf2- and shCtrl-expressing NMuMG cells were transfected with control siRNA (siCtrl) and
two different siRNAs specific for murine Noxa (siNoxa #1, siNoxa #3) and incubated with TGFβ for the times indicated. Cell numbers were determined
using a Neubauer chamber. Results show the mean ± SEM of three independent experiments. Statistical values were calculated using paired/unpaired
two-tailed t test. *p≤ 0.05; **p≤ 0.01; ***p≤ 0.001
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regulatory region in exon 2 of the Areg gene, and with
less efficiency to the Ereg promoter region (Fig. 5e).
To assess whether Btc, Areg, or Ereg were responsible

for the stimulation of EGFR and increased cell survival of
Foxf2-depleted cells, NMuMG cells stably expressing
shRNA against Foxf2 or a control shRNA were transiently
transfected with siRNAs against Btc or with a mix of siR-
NAs against Btc, Areg, and Ereg and treated with TGFβ.
The efficiency of Btc or combined Btc/Areg/Ereg ablation
was determined by quantitative RT-PCR (Additional file 1:
Figure S5D, E). Knockdown of Btc alone or in combin-
ation with the other two family members resulted in re-
duced cell growth in shFoxf2-expressing cells when
treated with TGFβ (Fig. 5f). These results indicate that at-
tenuation of EGFR activation by siRNA-mediated deple-
tion of its ligands abrogates the survival benefit of Foxf2
depletion. We conclude that TGFβ-induced Foxf2 expres-
sion represses the transcriptional activation of the Btc and
Areg genes, resulting into a reduced expression of these
EGFR ligands and a repression of EGFR survival signaling.

Foxf2 expression correlates with poor prognosis in patients
Cancer-associated gene expression profiling has emerged
as an appropriate tool to predict the relapse risk and to
identify genes that mediate disease progression. To inves-
tigate whether Foxf2 expression is predictive for tumor
progression or metastasis formation, we analyzed a breast
cancer database of the Memorial Sloan-Kettering Cancer
Center (MSKCC), published by Minn et al. [62]. This
“Minn” database consists of microarray gene expression
analysis of tumor samples from 82 patients with advanced
breast cancer (T2–T4). The tumors were divided into two
groups according to the log expression levels relative to
the median expression of the investigated gene. The low
and high Foxf2-expressing groups were further stratified
for lymph node (LN) metastasis status. Interestingly, low
Foxf2 expression significantly correlated with early distant
metastasis formation in lymph node-negative (LN–) tu-
mors, whereas the opposite tendency was found in tumors
of patients that were positive for lymph node metastasis
(LN+) (Fig. 6a, b).
To further substantiate a potential correlation between

Foxf2 expression and patient survival, we analyzed the
Netherlands Cancer Institute (NKI295) breast cancer
database for Foxf2 expression [63]. The NKI295 data-
base consists of microarray gene expression analysis of
tumor samples from 295 patients with early-stage breast
cancer (stage I or stage II primary breast carcinomas).
Although Foxf2 expression was not predictive for metas-
tasis formation or survival in the total patient pool
(Fig. 6c), high expression of Foxf2 correlated with poor
overall survival in patients with luminal subtype B breast
cancer (Fig. 6d). High expression of Foxf2 in tumors
with negative estrogen receptor (ER) status correlated

with high significance of early metastasis onset as well as
poor overall survival (Fig. 6e, f ). Similarly, in a large
tumor collection from the Metabric consortium [64, 65],
high Foxf2 expression predicted worse survival in the lu-
minal B breast cancer subtype (Fig. 6g). Interestingly,
Foxf2 expression was significantly higher in more ag-
gressive tumor subtypes, such as ER– compared with
ER+, triple-negative compared with all other subtypes,
and in claudin-low tumors (the breast cancer subtype as-
sociated with an EMT signature), compared with all
others (Fig. 6h).
Together, the expression of Foxf2 in human patient

samples and its prediction for clinical outcome reflect
the dual function of Foxf2 observed in our in-vitro stud-
ies. Foxf2 may function as a tumor suppressor in early
cancer development by promoting apoptosis, hence
showing a poor prognosis in LN– patients with low
Foxf2 expression. More advanced tumors with high
Foxf2 expression correlate with shorter metastasis-free
survival, supporting a role of Foxf2 in cancer cell inva-
sion and metastasis formation.

Discussion
Overcoming the growth inhibitory effect of TGFβ during
the early stages of tumorigenesis as well as the conversion
of TGFβ-mediated growth inhibition into TGFβ-induced
tumor progression are fundamental processes during pri-
mary tumor growth and metastasis formation [1, 66].
Thus, understanding the mechanisms underlying this dual
role of TGFβ in cancer progression and the strategies of
cancer cells to circumvent TGFβ-induced apoptosis may
offer new opportunities for novel cancer therapies.
Here, we have employed nontransformed NMuMG

cells and Py2T murine breast cancer cells to delineate
the molecular mechanisms underlying a TGFβ-induced
EMT, including overcoming TGFβ-induced resistance to
apoptosis and the acquisition of invasive properties. We
report a dual function of the transcription factor Foxf2,
acting as a tumor suppressor by promoting apoptosis
and by repressing survival, while exerting protumori-
genic activity at later stages of tumor progression, such
as a promigratory function by inducing the disruption of
cell-cell adhesion. Foxf2 is upregulated via the canonical
TGFβ pathway, and gain of function studies in NMuMG
cells reveal that its expression is not sufficient to induce
an EMT. However, loss of function studies demonstrate
that Foxf2 is essential for the disruption of cell junctions
and the repression of epithelial marker expression but
not for the gain of mesenchymal marker expression.
Notably, Foxf2 is crucial for TGFβ-mediated cell death
by the transcriptional activation of the Noxa gene, en-
coding for a BH3-only proapoptotic factor, and the subse-
quent induction of caspase-dependent apoptosis.
Moreover, Foxf2 directly represses transcription of the Btc
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and Areg genes, encoding for ligands of EGFR, and thus
attenuates EGFR-mediated survival signaling (Fig. 7).
The failure of Foxf2-depleted cells to disrupt tight and

adherens junctions exemplifies its indispensable role in
the acquisition of an invasive cell morphology. Loss of
E-cadherin is an early event during EMT resulting in the
disruption of the polarity complex, a prerequisite for the
dissociation and invasion of cancer cells [67–69]. Direct

transcriptional repression has emerged as one common
regulatory mechanism of E-cadherin expression in vari-
ous cancer types [70, 71]. Here we demonstrate that, by
mediating the TGFβ-induced upregulation of the tran-
scriptional repressors Zeb1 and Zeb2 as well as the re-
pression of Id2, Foxf2 mediates the transcriptional
downregulation of E-cadherin and consequently the dis-
ruption of cell-cell adhesion. In addition, we show that
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Fig. 6 High Foxf2 expression correlates with good prognosis in early-onset breast cancer patients but with poor prognosis in late-stage estrogen
receptor-negative and luminal B breast cancer patients. a,b Statistical analysis of the Memorial Sloan-Kettering Cancer Center (Minn) database.
Tumors were divided into high and low Foxf2-expressing groups based on the median expression of Foxf2 mRNA. Expression of Foxf2 was
correlated with distant metastasis free survival in lymph node-negative (LN–) tumors (n = 28) or LN+ tumors (n = 54). Foxf2 expression is predictive
for metastasis incidence in LN– tumors (a), where low Foxf2 expression correlates with early metastases onset (p value = 0.0351), but not for LN+

tumors (b). c–f Statistical analysis of the Netherlands Cancer Institute (NKI295) database. Tumors were divided into high and low Foxf2-expressing
groups based on the relative expression of Foxf2 compared with the tumor pool (log fold change = 0). Expression of Foxf2 was correlated with
time to metastasis (c, f) or overall survival (d, e) either in all tumors analyzed (c; n = 288) or stratified for estrogen receptor (ER) expression (e, f;
ER-negative: n = 68; ER-positive: n = 220). Foxf2 expression does not correlate with tumor metastasis in the total tumor pool (c), but high Foxf2
expression is predictive for overall patient survival in luminal subtype B (d; p = 0.00131) and ER-negative tumors (e; p = 0.0154), respectively. High
Foxf2 expression levels also correlate with an early onset of metastasis in ER-negative patients (f; p = 0.007). g ,h Statistical analysis of the Metabric
database (n = 1298 tumors). g Tumors were divided into high and low Foxf2-expressing groups based on the median expression of Foxf2 mRNA.
In the luminal subtype B tumors (n = 352), Foxf2 expression is predictive for overall survival (p value of the likelihood-ratio test). h Expression of
Foxf2 across multiple different tumor subtypes shows significantly increased levels in ER-negative (ERneg) vs ER-positive (ERpos) tumors, in triple
negative (TNeg), and in claudin-low (Cl_low) compared with all other tumors (p value of the Kruskal-Wallis test; *p≤ 0.05; ***p ≤ 0.001)
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Foxf2 also affects the expression of the miR-200 fam-
ily which are potent EMT-repressing noncoding RNAs
that target Zeb1 and Zeb2 transcripts [72–74]. Inter-
estingly, the expression of Foxf2 and miR-200 are
controlled in a double-negative feedback loop, similar
to the well-studied Zeb1-miR200 loop. The mechan-
ism by which Foxf2 regulates the expression of these
transcription (co)factors remains elusive, but the pres-
ence of putative Foxf2 binding sites in the promoter
region of Zeb1 and Zeb2 (data not shown) and data
from Kundu et al. [75] in nonsmall-cell lung cancer
(NSCLC) cells suggest a direct regulatory mechanism,
thus ensuring the downregulation of cell-cell junc-
tions at multiple levels (Fig. 7). Moreover, consistent
with our finding that Foxf2 predicts poor survival in
a subset of breast cancer patients, our results identify
Foxf2 as a promigratory and prometastatic factor
(Fig. 7).

Our results also show that Foxf2 is essential for
TGFβ-mediated apoptosis. The reduction of TGFβ-induced
apoptosis in Foxf2-deficient cells is a consequence of the
loss of the transcriptional activation of Noxa gene expres-
sion. Noxa has been shown to be critical in fine-tuning cell
death decisions via degradation of the prosurvival molecule
Mcl1 [76]. Noxa has been identified as a primary p53 target
gene; however, oncogenic stress, such as irradiation and
hypoxia, results in efficient induction of Noxa also in the
absence of p53 [77, 78]. Our findings identify Foxf2 as a
novel transcriptional activator of the tumor suppressor
Noxa (Fig. 7).
Besides triggering apoptosis via regulation of Noxa ex-

pression, Foxf2 is also involved in the negative regulation
of survival signals by the transcriptional repression of
the EGFR ligands betacellulin (Btc), amphiregulin (Areg),
and, to a lesser degree, epiregulin (Ereg). Although the
regulatory effect of Foxf2 on the transcription level of

Fig. 7 Schematic model of the dual role of Foxf2 during TGFβ-induced EMT. Receptor activation by transforming growth factor (TGF)β leads to
phosphorylation of receptor-bound Smads with subsequent Smad complex formation. The trimeric complex enters the nucleus to activate the
expression of TGFβ target genes, such as the forkhead transcription factor Foxf2. Subsequently, Foxf2 directly represses the transcription of the
epidermal growth factor (EGFR) ligands betacellulin (Btc) and amphiregulin (Areg), which leads to reduced EGFR-mediated survival signaling.
Furthermore, Foxf2 transcriptionally activates the proapoptotic gene Noxa, resulting in the induction of caspase-dependent apoptosis. On the
other hand, downregulation of E-cadherin (Ecad) is modulated by Foxf2-dependent upregulation of Zeb1/Zeb2, downregulation of Id2, and a
double-negative feedback loop between Foxf2 and the miR-200 family, leading to the disruption of adherens junctions and the subsequent
increase in cell migration
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the individual EGFR ligands is moderate (Additional
file 1: Figure S5B, C), a cumulative effect by the simul-
taneous modulation of Btc, Areg, and Ereg expression
enables a significant shift towards less EGFR signaling
(Fig. 5a). Reduced EGFR signaling leads to a reduction
in EGFR phosphorylation and, hence, reduced PKB acti-
vation. Blocking EGFR signaling has been shown to
amplify the apoptotic response to TGFβ [61]. Here, we
show that both pharmacological receptor inhibition as well
as the combined reduction of the expression of the EGFR
ligands Btc, Areg, and Ereg increased TGFβ-induced
apoptosis in Foxf2-depleted NMuMG cells. These results
indicate that, in addition to Noxa regulation, Foxf2 medi-
ates its apoptotic effect by blocking EGFR-mediated sur-
vival signaling (Fig. 7).
To support the importance of a Foxf2 function during

tumor development and progression, we have performed
correlation studies for Foxf2 on three different breast can-
cer databases [62–64]. Analysis of a lymph node-negative
stratified patient subset demonstrates that low Foxf2 ex-
pression significantly correlates with early metastasis for-
mation. Comparably, low Foxf2 expression has been
recently reported to correlate with early-onset metastasis
and poor prognosis in breast cancer patients [43]. Interest-
ingly, the opposite is found in more progressive breast
cancers, where high Foxf2 expression correlates with poor
prognosis. Stratification for luminal subtype B or for ER
status reveals a highly significant correlation of high Foxf2
expression and early metastasis onset, concomitant with
reduced overall survival. ER– tumors represent highly ag-
gressive breast cancer subtypes. In addition, Foxf2 tran-
script levels are increased in more aggressive ER–, in triple
negative, and in the EMT-like, claudin-low breast cancer
subtypes. Together, our findings identify high levels of
Foxf2 as a marker for good prognosis in early noninvasive
stages of tumor development, but with poor prognosis in
malignant stages [79]. These findings substantiate the dual
role of Foxf2 in cancer patients.

Conclusions
In our study, we demonstrate a dual role for the tran-
scription factor Foxf2. It induces proapoptotic and re-
presses antiapoptotic genes and, thus, acts as a tumor
suppressor, likely with the help of specific cofactors. On
the other hand, it induces the expression of
EMT-inducing genes and thus exerts prometastatic
functions to cells that have overcome the apoptotic crisis
and undergone EMT. The role of Foxf2 in pre- and
post-EMT cells reflects the well-studied dual role of
TGFβ in cancer progression. Our results also substanti-
ate findings in knockout mouse models where Foxf2 was
found to play an important role in EMT-associated de-
velopmental processes and maintenance of the
epithelial-mesenchymal structure in lung and gut tissues

[38, 39]. Hence, fine-tuning of the expression of Foxf2
and its cofactors could be pivotal during carcinogenesis,
and insights into its regulation and molecular function
are critical for the design of novel therapeutic strategies.

Additional file

Additional file 1: Figure S1. Foxf2 expression is upregulated during EMT
via the canonical Smad pathway. The increased expression of Foxf2 during
an EMT was assessed in normal murine mammary gland epithelial cells
(NMuMG) and in murine and human breast cancer cells. Figure S2. Foxf2 is
required for TGFβ-induced disruption of adherens junctions. RNAi-mediated
ablation prevents an EMT as visualized by immunofluorescence staining for
epithelial and mesenchymal markers. Figure S3. Foxf2 regulates the
expression of Zeb1, Zeb2, Id2, and members of the miR-200 family as
determined by quantitative RT-PCR of their expression during an EMT
in the absence of presence of Foxf2. Figure S4. Foxf2 regulates Noxa
expression and thus affects cell proliferation and apoptosis. Foxf2
regulated the expression of Noxa, and siRNA-mediated depletion of
Noxa prevented an increase in cell death induced by the loss of Foxf2
expression as assessed by quantitative RT-PCR. Figure S5. EGF ligand-
mediated EGF receptor signaling overcomes Foxf2-controlled cell
survival. Foxf represses the expression of EGF receptor ligands as
assessed by quantitative RT-PCR. Supplementary material and
methods. Detailed information is given on the antibodies and reagents, on
biochemical and cell biological methods, and on RNA sequencing and
bioinformatics analysis used in the study. Table S1. Excel file summarizing
the differential expression analysis (siFoxf2 to siCtrl after 4 days TGFβ
treatment or siCtrl with vs without TGFβ for 4 days) of all transcripts
detected with RNA-sequencing. Table S2. Excel file showing the list of
genes belonging to the different gene signatures (modules) and the
strength of their modular membership (kME values). (ZIP 14675 kb)
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