
 

 

 

 

UNBIASED PIGGYBAC MUTAGENESIS 
SCREENS IDENTIFY TUMORIGENIC AND 

METASTATIC PATHWAYS 
IN BREAST CANCER  

 

 

Inauguraldissertation 
 
 
 
 

zur 
Erlangung der Würde eines Doktors der Philosophie 

vorgelegt der 
Philosophisch-Naturwissenschaftlichen Fakultät 

der Universität Basel 
 

von 
 
 

FEDERICA ZILLI 

aus Vittorio Veneto, Italien 

 
 
 
 

 
Basel, 2020 

 
 

Originaldokument gespeichert auf dem Dokumentenserver der Universität Basel 
edoc.unibas.ch 



 

 

 

Genehmigt von der Philosophisch-Naturwissenschaftlichen Fakultät 

auf Antrag von 

 

Prof. Dr. Gerhard M. Christofori 

Prof. Dr. Mohamed Bentires-Alj 

Prof. Dr. Matthew J. Smalley 

 

 

 

 

Basel, den 13.10.2020 

 

Prof. Dr. Martin Spiess 

Dekan 

 

 

 

 



 

 

 

“Whatever decision you have made for your future, you are authorized, and I would say 
encouraged, to subject it to a continuous examination, ready to change it, if it no longer 
meets your wishes.” ― Rita Levi Montalcini 

 

“Qualunque decisione tu abbia preso per il tuo futuro, sei autorizzato, e direi 
incoraggiato, a sottoporla ad un continuo esame, pronto a cambiarla, se non risponde più 
ai tuoi desideri.” ― Rita Levi Montalcini 

 



Summary 

3 

 

 SUMMARY 

Breast cancer is the most frequently diagnosed cancer and leading cause of death in female 

cancer patients worldwide. Metastasis remains the primary cause of solid cancer-evoked 

mortality. Tumourigenesis and metastatic progression are complex processes, where cancer 

cells acquire specific mutations or genomic alterations, leave the primary tumour and 

eventually seed distant metastasis. Despite some progress in understanding breast tumour 

biology, most of the molecular mechanisms leading to tumour progression and ultimately to 

metastasis remain undefined.  

Activating mutations in PIK3CA, which encodes for a catalytic subunit (p110a) of the 

phosphoinositide 3-kinase (PI3K), are among the most frequent driver alterations in human 

breast cancer leading to an hyperactivated PI3K pathway signaling. Oncogenic transformation 

often requires simultaneous and numerous driver oncogenic events. The cancer genome 

evolves dynamically influenced by the generation of additional mutations and selective forces 

acting on cancer clones. Not surprisingly, several oncogenic mutations and other genomic 

alterations often co-occur in cancer cells. This results in tumour heterogeneity, which impacts 

the clinical outcome of the disease and make their discovery extremely necessary. 

In my PhD studies, we focused on the identification of genes involved in breast cancer 

tumourigenesis and metastasis using a transposon-induced mutagenesis screen. In particular, 

we performed an unbiased ex vivo piggyBac (PB) transposon insertional mutagenesis screen 

using cancer cells with an activating PIK3CAH1047R mutation to identify possible synergistic 

mechanisms of metastatic colonization. I identified and validated NFIB as an inducer of 

metastatic colonization in breast cancer. Mechanistically and functionally, I demonstrated that, 

NFIB increases the expression of the oxidoreductase ERO1A and the growth factor VEGFA, 
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promotes metastasis and shortens overall survival of the animals. Finally, NFIB-ERO1A- 

VEGFA co-expression in basal-like breast cancers correlated with reduced patient survival.  

Furthermore, I generated a conditional PB PIK3CAH1047R mutant mammary cancer mouse 

model and performed an in vivo PB genome-wide unbiased mutagenesis screen to identify 

potential synergistic tumorigenic pathways. Serial transplantation of the mutant tumours 

enriched for tumour initiating cells and targeted sequencing of transposon integration sites 

revealed almost 7700 common insertion sites (CISs). The most frequently altered genes in the 

secondary transplanted tumours compared with the primary transplanted tumours may increase 

tumor initiating ability. My results not only describe potential new targetable pathways of 

breast cancer tumorigenesis and metastatic colonization, but also highlight the power of genetic 

screenings for identifying functionally relevant breast cancer driver pathways. 
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 INTRODUCTION 

3.1 Breast cancer 

Breast cancer is a heterogeneous disease characterized by cancer cells that proliferate, 

disseminate, survive and form metastases. It progresses from a premalignant disease to invasive 

carcinoma and eventually metastasis (Polyak, 2007; Hanahan and Weinberg, 2011). It arises 

from epithelial cells of the mammary gland as hyperplasia, which is a benign condition. It can 

progress into atypical ductal hyperplasia, where proliferating cells are arranged in an abnormal 

way and evolve into ductal carcinoma in situ (DCIS), a non-invasive stage, where in the duct 

appear cancerous cells. During in situ carcinomas the myoepithelial cells are epigenetically and 

phenotypically altered and their number decreases potentially due to the degradation of the 

basement membrane (Doebar et al., 2019). At the same time, the number of stromal fibroblasts, 

myofibroblasts, lymphocytes and endothelial cells increases. Loss of myoepithelial cells and 

basement membrane results in invasive carcinomas, in which tumour cells can invade 

surrounding tissue and migrate to distant organs and seed, eventually leading to metastasis 

(Figure 3-1) (Massagué and Obenauf, 2016).  

 

Figure 3-1│ Breast cancer linear progression model 

Schematic outline of breast tumour progression. Tumorigenesis goes through defined 
histologic and clinical stages. It arises from mammary epithelial cells, which progressively 
accumulate genetic, epigenetic, and microenvironmental alterations.  

Normal In situ Invasive Metastatic

Genetic, epigenetic and microenvironmental changes
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3.1.1 Breast cancer incidence and classification 

Breast cancer is the most frequently diagnosed cancer and leading cause of death in female 

cancer patients worldwide. It represents the 25% of all cancers diagnosed worldwide (Wyld et 

al., 2017). The World Health Organization (WHO) measured that breast cancer is impacting 

2.1 million women per year, and with 627,000 annual deaths, it represents 15% of all cancer 

losses among women (Bray et al., 2018). Moreover, lethality is associated with the progression 

of the disease (metastatic dissemination and colonization) due to resistance to standard 

treatments (Steeg, 2016). 

Breast cancer encompasses a heterogeneous collection of neoplasms with diverse 

morphologies, molecular phenotypes, responses to therapy, probabilities of relapse and overall 

survival. Heterogeneity typically exists between the similar type of tumours resulting in 

subtypes (intertumour heterogeneity). Genome-wide gene expression profiles revealed at least 

6 different subclasses and these specific subtypes are characterized by their molecular profiles, 

morphology, and expression of specific biomarkers (Perou et al., 2000; Sørlie et al., 2001). 

Breast cancers are then classified as Luminal A (ER and/or PR positive, and HER2 negative); 

Luminal B (ER and/or PR positive, and HER2 positive); HER2-enriched (ER and PR negative, 

and HER2 positive) and Basal Like and claudin low, Triple negative breast cancer (TNBC) 

(ER, PR and HER2 negative) (Table 3-1) (Sørlie et al., 2001). TNBCs grow and spread faster 

than the other types of breast cancer. Proliferation status (Ki67-expression) (Munzone et al., 

2012) and clinical parameters such as age, tumour size, lymph node status, histological grade 

are also taken in consideration (Fragomeni et al., 2018). 

Altogether these profiles mostly reflect different clinical prognoses (Perou et al., 2000; 

Sørlie et al., 2001, 2006; Prat et al., 2010) and responses to therapy (Troester et al. 2004; Prat 

et al. 2015; Pernas et al. 2019). Patients with luminal A and B, and HER2-enriched subtypes 

are sensitive to targeted treatments, while patients with triple negative characteristic show poor 
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prognosis. The status of these markers helps to determine which patients are likely to respond 

to targeted therapies (i.e., hormonotherapy: tamoxifen or aromatase inhibitors for patients 

bearing ER+/PR+ and trastuzumab or lapatinib for patients bearing HER2/neu+ tumours) while 

triple negative patients only have chemotherapy as an alternative.  

Molecular 
subtype 

Molecular characteristics Occurrence Prognosis 

Luminal A ER positive and/or PR positive.  
HER-2 negative and low ki67 

30-70% Fairly high survival with 
low recurrence rate  

Luminal B ER positive and/or PR positive.  
High ki67 and/or HER-2 
positive 

10-20% Fairly high survival but not 
as Luminal A 

HER2-
enriched 

HER-2 positive. ER and PR 
negative. 

15-20% Poor prognosis 
(trastuzumab improved 

considerably the prognosis) 
Basal-like/ 
claudin-
low 
(TNBC) 

ER, PR, HER-2 negative. 10-20% Poor prognosis 

Table 3-1 │ Major molecular breast cancer subtypes 

Further improvements led to integrative clustering using gene expression and DNA 

CNAs. This strategy was implemented in the Molecular Taxonomy of Breast Cancer 

International Consortium (METABRIC) study, where the identification of integrative clusters 

revealed that there are 10 subtypes (Russnes et al. 2017; Curtis et al. 2012). 

3.1.2 Breast cancer driver genes 

Comprehensive DNA sequencing have given insights into breast cancer genetics (Yates et al., 

2015; Nik-Zainal et al., 2016, Pereira et al., 2016). Moreover these studies also confirmed the 

importance of driver genes and their mutations, showing association between breast cancer 

classification and genomic drivers (e.g. TP53, PIK3CA) (Curtis, C. 2012; Stephens et al. 2012; 

Pereira et al., 2016; Bailey et al. 2018). Next generation sequencing of DNA from clinical 

specimens provided insights into breast cancer genetics and contributed to identifying potential 
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drivers of tumour progression ( Yates et al., 2015; Nik-Zainal et al., 2016; Pereira et al., 2016, 

Robinson et al., 2017, Angus et al., 2019, Bertucci et al. 2019, De Mattos-Arruda et al., 2019). 

3.1.3 PIK3CA mutations in breast cancer 

The PI3K is a family of lipid kinases involved in cell growth, proliferation and is among the 

most frequently activated pathways in human cancer (Stemke-Hale et al., 2008). Genomic 

alterations of components of the PI3K pathway are found in over 70% of breast cancers (Saal 

et al., 2005; Miller et al., 2011). The gene PIK3CA encodes the catalytic subunit p110a and its 

amplification and/or mutation is associated with several kinds of human solid tumours 

(Bachman et al., 2004; Saal et al., 2005; Karakas et al., 2006;). Of note, activating mutations 

in the gene PIK3CA are found in 40% of ER-positive breast cancers (Banerji et al., 2012; Dey 

et al., 2017). Major mutations are found on two hot spots, located in the helical domain (exon 

9, E542K, E545K) with 33% occurrence, and in the kinase domain (exon 20, H1047R) with 

47% occurrence (Bachman et al., 2004; Barbareschi et al., 2007). These mutations lead to a 

constitutively active enzyme with oncogenic capacity in vitro and enhanced tumorigenicity in 

xenograft models (Zhao et al., 2005; Bader et al., 2006). Alterations in PIK3CA are found to 

occur early in carcinoma development (Miron et al., 2010). 

Several mouse model expressing PIK3CAH1047R in the mammary gland have been 

generated by diverse groups ( Bader et al., 2006; Adams et al., 2011; Borowsky, 2011; Meyer 

et al., 2011; Koren and Bentires-Alj, 2013). In our lab we developed a mouse model with whey 

acid protein (WAP) for conditional mammary specific expression of human PIK3CAH1047R to 

drive Cre recombinase expression. Cre driven by the WAPi-Cre (Wintermantel et al., 2002) 

results in expression of mutant PIK3CA H1047R in alveolar progenitor cells and differentiated 

secretory luminal cells (Meyer et al., 2011). Finally, we and others have shown that inducible 

expression of PIK3CAH1047R mutation evokes heterogeneous mammary tumours in mice 
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(Meyer et al., 2011; Koren and Bentires-Alj, 2013; Koren et al., 2015; Van Keymeulen et al., 

2015). 

3.1.4 Breast cancer heterogeneity  

Breast cancers frequently present substantial heterogeneity due to genetic and phenotypic 

diversity, such as cellular morphology, gene expression, metabolism, motility, and angiogenic, 

proliferative, immunogenic, and metastatic potential (Marusyk and Polyak, 2010; Hinohara 

and Polyak, 2019). Heterogeneity typically exists between the similar type of tumours resulting 

in subtypes (intertumour heterogeneity), or within the tumours of the same type (intratumour 

heterogeneity) (Visvader, 2011).  

Each tumours contains various tumour cell subpopulations and stromal entities, which 

depending upon their composition can influence survival, therapy responses and global growth 

of the tumour, posing a major challenge for the clinical management of cancer patients (Koren 

and Bentires-Alj, 2015). Generation of phenotypic and genetic heterogeneity results from the 

integration of both genetic and non-genetic factors combined with stochastic events and their 

delineation is important for diagnostic and therapeutic improvement. Indeed, molecular 

profiling studies have revealed that heterogeneity is limited not only to cancer cells but also to 

components of the tumour microenvironment (Hu and Polyak, 2008). Tumour 

microenvironment can shape tumour cell phenotypes interfering with extraneous elements such 

as dietary factors, environmental agents, therapy, or diagnosis-induced stress (e.g., biopsy 

collection) on the tumour cells (Marusyk et al., 2012). Genetic- and microenvironment-

mediated epigenetic events can trigger activation and/or prevent the return to quiescence of 

activated stem cells/progenitor cells, thus trapping the activated cells in a state of continuous 

renewal. Moreover, heterogeneity in tumour microenvironments has been associated with more 

invasive phenotypes (Anderson et al., 2006). In conclusion, this intratumour heterogeneity of 

the microenvironment affects the phenotypic heterogeneity of tumour cells, challenging cancer 
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therapy and influencing the evolution of cancers by providing different selective and 

advantageous pressures within the same tumour. 

3.1.5 Cancer stem cells and plasticity 

The cancer stem cell (CSC) model proposes that only a small subpopulation of tumour cells 

with stem cell properties drives tumour initiation, progression, recurrence and maintenance 

because of their indefinite self-renewal capability (Bapat, 2007; Marusyk et al., 2012; 

Meacham and Morrison, 2013). The term “cancer stem cells” (CSCs) was coined to describe 

tumorigenic cells that can self-renew (i.e., form tumours when serially passaged at limiting 

dilutions) and give rise to tumours that display the phenotypic heterogeneity of the parental 

tumour (Clarke et al., 2006; Nguyen et al., 2012). The CSC model posits that the heterogeneity 

observed between tumour cells is the result of differences in the “cell of origin” from which 

they arose. Stem cell variability is often caused by epigenetic changes (Toh et al., 2017), but 

can also result from clonal evolution of the CSC population where advantageous genetic 

mutations can accumulate in CSCs and their progeny (Shackleton et al., 2009). Finally, 

mechanisms occurring during epithelial to mesenchymal transition (EMT) can be associated 

with cell plasticity (Polyak and Weinberg, 2009; Pastushenko and Blanpain, 2019; Ishay-

Ronen and Christofori, 2019; Ishay-Ronen et al., 2019; Nihan Kilinc et al., 2020). 

3.1.6 Genetic evolution  

The tumorigenesis and progression of breast cancer is an evolutionary process driven by 

mutations and Darwinian selection (Nowell, 1976), where de novo mutations, conferring a 

fitness and heritable advantage, result in rapid expansion and positive selection of the new 

clone at the expense of others. Over time, cells can gain additional advantageous mutations in 

a multistep-manner. Heritable mutations that confer a selective advantage to a clone in its 

particular microenvironment are referred to as ‘drivers’, while those that do not immediately 
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confer a selective advantage are ‘passengers’ (Yates and Campbell, 2012). The particular 

combination of driver alterations, together with thousands of passenger mutations and 

structural rearrangements make each breast cancer unique (Nik-Zainal et al., 2016). In general, 

high levels of genomic heterogeneity tend to be associated with worse clinical outcomes. In 

the clonal evolution model, cells acquire mutations that not only give rise to derivatives with 

different functionalities and behaviour but also serve as a platform for further acquisition of 

genetic alterations, translating into substantial phenotypic diversity (Kreso and Dick, 2014).  

Extensive studies have given comprehensive insights into the diversity of breast cancer 

genetics (Curtis et al., 2012; Shah et al., 2012, Yates et al., 2015, Nik-Zainal et al., 2016, Pereira 

et al., 2016, De Mattos-Arruda et al., 2019), showing that the dynamics of cancer evolution is 

much higher than a natural evolution through multiple linear steps. One of the disadvantages 

of this model is that it ignores non-genetic variability and does not take into consideration the 

interactions among clones within the tumour ecosystem. 

It is important to remark that the concepts of genetic evolution and CSC are 

complementary rather than mutually exclusive (Figure 3-2), revealing a unified model in 

which CSCs may evolve and change in frequency under the influence of clonal genetic 

evolution during tumour progression (Kreso and Dick, 2014). 

 

Figure 3-2│ Scheme of the unified model of clonal evolution and cancer stem cells 

Continued 
mutations

Accumulation of genetic and epigenetic alterations

Phenotypic
plasticity
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In this representation, the originating CSC that sustained the first oncogenic mutation gives 
rise to subclones with self-renewal capabilities that accumulate epigenetic and genetic changes 
over time. Each different CSC subclone gives rise to intermediate transit-amplifying 
progenitors that lack self-renewal capabilities. A subset of these progenitors (shown in green) 
follows a model of tumour cell plasticity and bidirectional conversion between non-CSC to 
CSC states. This phenotypic change is modulated by microenvironmental stimuli which confer 
CSC self-renewal capacities to the differentiated cell.  

 

3.2 The metastatic cascade 

In most of the cases, breast cancers can progress to metastasis, which remains the primary cause 

of solid cancer-evoked mortality (Gupta and Massagué, 2006). Breast cancer metastases are 

found in bone, lung, liver and brain (Chen et al., 2018). The fact that cancer patients may 

develop metastases years or even decades after the diagnosis of the primary tumour shows that 

the metastatic process is more complex than our current understanding. Metastasis is 

responsible of 90% of cancer-associated mortality and it remains the most poorly understood 

component of cancer pathogenesis (Gupta and Massagué, 2006).  

The metastatic process consists of multiple and specific steps that includes local tumour 

cell invasion, entry into the vasculature followed by the exit of carcinoma cells from the 

circulation, survival and colonization at the distal sites (Pantel and Brakenhoff, 2004, Massagué 

and Obenauf, 2016). The process involves a complex interplay between intrinsic tumour cell 

properties as well as interactions between cancer cells and multiple microenvironments 

(Ungefroren et al., 2011). To successfully disseminate, metastatic cells acquire properties in 

addition to those necessary to become neoplastic. Circulating tumour cells (CTCs), both single 

cells or clusters, enter the blood or lymphatic vessels, survive anoikis while they are detached 

from the tumour mass and in circulation, exit the blood or lymphatic vessels at a distant organ. 

However, metastasis is a low-probability, process in which most of these invasive cancer cells 

perish and only a small proportion manages to infiltrate distant organs and survives as 

disseminated seeds (Valastyan and Weinberg, 2011). They may not form overt metastases 
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(Luzzi et al., 1998; Giancotti, 2013), and be blocked as micrometastases in a process termed 

metastatic dormancy (Sosa et al., 2014). Some cells adapt and reprogram the surrounding 

stroma, and divide to form macrometastases, a process called colonization (Figure 3-3) ( D. 

X. Nguyen, Bos, and Massagué 2009; Faltas 2012).  

 

Figure 3-3 │ The metastatic cascade  

Schematic view of the metastatic cascade. (A) Cancer cells within the primary tumour acquire 
an invasive phenotype. (B) They can then invade into the surrounding matrix and toward blood 
vessels, where they intravasate to enter the circulation. (C) In the circulation CTCs survive 
anoikis. (D) At the distant organ, CTCs exit the circulation and invade into the 
microenvironment of the foreign tissue. (E) Cancer cells must be able to evade the innate 
immune response and also survive as a single cell/cluster of cells. (F) To develop into overt 
macrometastases (colonization step) deposit, the cancer cell must adapt to the 
microenvironment and initiate proliferation. 

 

3.2.1 Dissemination to distant organs 

Cancer cells can migrate away from the primary tumour site and invade neighbouring tissue 

penetrating the basement membrane (Nguyen et al., 2009). As a primary tumour grows, it needs 

to develop a blood supply that can support its metabolic needs, a process called angiogenesis 

(Wyckoff et al., 2000). The onset of neovascularization in primary tumours can be relatively 

rapid, described as the “angiogenic switch” (Hanahan and Folkman, 1996). The extracellular 

matrix provides structural and biochemical support and invading tumour cells undergo 

cytoskeletal rearrangements (Hall, 2009), alter their adhesion properties and degrade the 
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protein matrix using secretion of extracellular matrix degrading metalloproteinases (MMPs) 

and cathepsins (Kessenbrock et al., 2010; Clark and Vignjevic, 2015).  

 Changes in cell phenotype between the epithelial and mesenchymal states defined as 

the epithelial to mesenchymal transition (EMT; pre-invasion) and mesenchymal to epithelial 

transition (MET; re-invasion) occur during metastasis (Polyak and Weinberg, 2009; Brabletz 

et al., 2018; Zhang and Weinberg, 2018). EMT is a physiological process characterized by loss 

of cell-cell adhesion and cytoskeletal alterations, leading to acquisition of invasive and 

migratory properties (Nieto et al., 2016). In cancer cells, EMT can promote cell entry into the 

vasculature, known as intravasation, metastasis formation and support the induction of a stem-

cell phenotype ( Tiwari et al., 2013; Chaffer et al., 2016; Diepenbruck et al., 2017). Recently, 

it has become broadly understood that the EMT program is a spectrum of transitional stages 

between the epithelial and mesenchymal phenotypes, in contrast to a progression that involves 

a binary choice between full-epithelial and full-mesenchymal phenotypes (Pastushenko et al., 

2018; Pastushenko and Blanpain, 2019). 

The transition from one state to another is governed by a number of growth factors and 

signalling pathways and brought evidence that this program is essential for tumour cells to 

circumvent apoptosis, anoikis, oncogene addiction, and cellular senescence and to escape 

immune surveillance (Tiwari et al. 2012; Lamouille, Xu, and Derynck 2014; Diepenbruck and 

Christofori, 2016). However, even if there is abundant evidence that the EMT is associated 

with motility of multiple cell types, some studies suggested that EMT is not essential to 

complete the metastatic cascade for in breast and prostate cancer (Fischer et al., 2015; Zheng 

et al., 2015). This does not diminish the important role for EMT in certain tumours and 

metastasis (Mani et al., 2008), but because of the complexity of the process, the contribution 

of EMT to metastasis formation is still under debate (Brabletz et al., 2018). 
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The new blood vessels can also provide an escape route by which cells can leave the 

tumour and enter into the body’s circulatory blood system. Then cancer cells enter the blood 

or lymphatic vessels; circulating tumour cells (CTCs) (mostly single cells, less frequently 

cluster of cells) survive anoikis while they are detached from the tumour mass and in circulation 

(Aceto et al., 2014; Aceto et al., 2015; Gkountela et al., 2019; Szczerba et al., 2019) 

The bloodstream is a very harsh environment and lots of cancer cells die on the way to 

the secondary site, indicated by the low number of intravasated cells that eventually form 

metastasis (~0.01%) (Chambers et al., 2002, Quail and Joyce, 2013). Some CTCs reach the 

distant organ with the possibility to form or not a tumourigenic macro-deposit.  

 

3.2.2 Colonization 

CTCs exit the blood or lymphatic vessels at a distant organ, form micrometastatic nodule and 

adapt and reprogram the surrounding stroma, forming macrometastases (Nguyen et al., 2009). 

The mesenchymal to epithelial transition (MET) is thought to facilitate colonization ( Ocaña et 

al., 2012; Stankic et al., 2013; Tam and Weinberg, 2013; Li et al., 2015). The growth of a 

metastatic colony represents the final and most deadly phase in the malignant progression of a 

tumour and it is triggered by individual properties (e.g., adaptive programs) (Welch and Hurst, 

2019) and most importantly by the composition of their microenvironment. The establishment 

of a supportive metastatic environment occurs prior to the arrival of any carcinoma cell, the so-

called premetastatic niche (Hanahan and Weinberg, 2011). Communication with the tumour 

microenvironment allows invading cancer cells to overcome stromal challenges, settle, and 

colonize (Oskarsson et al., 2014). Once the cancer cells formed micrometastases, the elevated 

oxygen and nutrient consumption for continued tumour growth is covered by the attraction of 

blood vessels leading to detectable metastatic lesions, also called macrometastases. 

Additionally, metastases can subsequently metastasize, a process described as the shower 
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metastasis (Weinberg, 2008; Valastyan and Weinberg, 2011). Once a tumour cell colonizes a 

secondary site, genetic instability inherent in neoplastic cells continues to operate at each cell 

division, suggesting a continuous and dynamic dissemination and seeding of metastasis 

(Gundem et al., 2015). Current therapies rarely cure metastatic disease because of the 

development of drug-resistant metastases, which remain the biggest challenge in oncology.  

3.3 Models of metastatic progression and identification of metastatic 

driver genes  

Identification of driver genes of metastatic progression is essential, because metastases are 

fatal. Several proteins have been reported to contribute to metastasis including its initiation, 

progression and colonization (Robinson et al., 2017, Krøigård et al. 2018; Angus et al., 2019, 

Bertucci et al. 2019, De Mattos-Arruda et al., 2019; Koedoot et al., 2019; Priestley et al., 2019). 

Yet the timing of the occurrence of the metastasis-enabling genomic alterations and the degree 

of genomic concordance between primary tumours and its metastases remain controversial 

(Kreike et al. 2007; Koscielny and Tubiana 2010; Stoecklein and Klein 2010).  

The linear progression model proposes that the genotype of the metastasis founder cells 

is highly similar to the primary tumour and the malignant cells pass through multiple successive 

rounds of genetic changes and selection within the primary tumour microenvironment, before 

tumour cell dissemination successfully results in a metastatic lesion. From this perspective, 

metastases are seeded by the most advanced and aggressive clone that should also dominate 

the primary tumour (Marusyk et al., 2012). In this case, metastasis may have dual effects 

providing both a local advantage for malignant progression in the primary site and a distal 

advantage for colonizing a secondary organ (Minn et al., 2005). In recent studies, DNA copy 

number and somatic mutation patterns, as wells as chromosomal rearrangements were found 

to be highly similar across primary tumours and matched metastases (Meric-Bernstam et al., 
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2014; Tang et al. 2015; Hoadley et al. 2016). These results suggest that most metastatic drivers 

are established in the primary tumour, despite the substantial heterogeneity seen in the 

metastases (Siegel et al. 2018). Once metastatic cells reached a secondary site, they might 

benefit from the niche characteristics that can be in some situation similar to their original 

niche. As an example, aside from primary tumour ecosystem maintenance, tumour 

angiogenesis enables tumour cell invasion and dissemination and favours the creation of new 

secondary tumour ecosystems at metastatic sites (Paran and Paran, 1996; Zuazo-Gaztelu and 

Casanovas, 2018).  

On the contrary, the parallel progression model proposes parallel, independent 

progression of metastases arising from early disseminated tumour cells and predicts greater 

disparity between the primary tumour and metastatic lesions. The model emphasizes 

independent accumulation of genetic and epigenetic alterations as the metastasis is subject to 

site-specific selection pressures. Indeed, in some cases oncogenic transformation is not 

sufficient for overt metastatic growth, as shown by the fact that many oncogene-driven mouse 

models of cancer do not automatically establish distant metastases (e.g. PIK3CAH1047R) (Koren 

and Bentires-Alj, 2013) or the observation that some patients have disseminated cancer cells 

but do not develop clinical metastasis (Kang and Pantel, 2013). Other studies showed that 

metastatic cell clones clearly do not represent the whole primary tumour population, but only 

parts of it ( Ding et al., 2010; Navin et al., 2011; Schrijver et al. 2018; Iwamoto et al. 2019) 

suggesting that transformed cells must consequently acquire additional advantageous 

mutations to gain metastatic ability.  

These two models are not mutually exclusive as it has been observed that the genome 

of late disseminated cells is similar to the genome of the primary tumour at the time of first 

diagnosis and that simultaneously, in some patients the most distant metastases have acquired 

additional driver mutations not seen in the primary (Krøigård et al., 2015; Yates et al., 2017; 
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Krøigård et al., 2017). It is important to stress that different selection processes act on the 

primary tumor and metastatic cells showing that biopsy and sequencing of metastases may be 

helpful in providing invaluable mechanistic insight into the biology underlying metastatic 

progression with the potential to identify novel, potentially druggable, drivers of progression 

and ultimately improve the treatment of patients with metastatic breast cancer (Hinohara and 

Polyak, 2019; Yang et al., 2018a). 

3.3.1 Nuclear factor I transcriptional factors  

The nuclear factor I (NFI) is a family of transcription factors that were found to be essential 

for adenovirus replication (Gronostajski 2000, Harris et al. 2015). The four members in 

vertebrates, NFIA, NFIB, NFIC, and NFIX, can bind as hetero and homodimers to the 

TTGGC(N5) GCCAA symmetric consensus sequence and have a homologous DNA binding 

domain, resulting in either activation or repression of transcription depending on the context 

(Gronostajski, 2000). They are expressed in various mammalian tissues in partially overlapping 

patterns and are important during normal development. NFI TFs promote proliferation and 

differentiation during the development of multiple organ systems (Becker-Santos et al., 2017), 

including the central nervous system (Piper et al., 2009, 2010, 2014; Steele-Perkins et al., 

2005), mammary gland (Murtagh et al., 2003), and lungs (Gründer et al., 2002). These TFs are 

also required haematopoiesis (Starnes et al., 2010), osteoblastosis (Pérez-Casellas et al., 2009) 

and melanocytosis ( Chang et al. 2013; Fane et al. 2017). During development NFI TFs 

promote differentiation at the expense of stem cell self‐renewal  (Harris et al., 2015), reversely 

in adult tissues NFI factors promotes the survival and maintenance of slow-cycling adult stem 

cell populations rather than their differentiation (Chang et al., 2013; Holmfeldt et al., 2013; 

Martynoga et al., 2013). In support of their role on adult stem cells, recent studies describe the 

effects of NFI TFs in enforcing tissue homeostasis, functioning as safeguard for the stem cell 

epigenome preventing irreversible tissue degeneration (Adam et al., 2020). 
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Emerging evidence has gradually shown NFI expression in various cancers (Chen et al., 

2017; Li et al., 2020), highlighting their involvement as potential therapeutic targets or 

prognostic biomarkers in some cancers.  

3.3.2 NFIB transcriptional factor and cancer 

Overexpression of NFIB has been implicated in a range of malignancies (Table 3-2) (Becker-

Santos et al., 2017). The chromosomal region encoding NFIB is amplified in patients with 

TNBC and overexpression or amplification of NFIB is associated with poor prognosis (Kreike 

et al. 2007; Moon et al. 2011; Liu et al., 2019a). Moreover, NFIB was shown to enhance TNBC 

cell survival and progression by suppressing CDKN2A (Liu et al., 2019a), and to confer 

estrogen independency in estrogen receptor-positive breast cancer models (Campbell et al., 

2018). Finally, NFIB increases Keratin 14 and 18 positive cell numbers, which possess 

increased tumorigenic ability (Granit et al., 2018). 

NFIB is amplified in ~15% of primary human SCLC (Dooley et al., 2011) and drives 

tumour initiation and progression in models of SCLC (Denny et al., 2016; Semenova et al., 

2016; Wu et al., 2016). Mechanistically, NFIB has been proposed to increase metastasis in 

SCLC, through the reconfiguration of chromatin accessibility. In particular, chromatin in 

metastatic lesions displays a widespread increase in accessibility at gene distal regions that 

were enriched for NFI motifs, and NFIB is specifically associated with the newly open 

chromatin sites (Denny et al., 2016). 

NFIB has also been shown to promote a highly invasive and migratory phenotype in 

melanoma, where it directly promotes EZH2 expression, leading to changes in the chromatin 

state that facilitates this aggressive behaviour (Fane et al., 2017). Furthermore, NFIB operates 

through the PI3K signalling pathway to induce aggressive gastric cancer (Wu et al., 2018). 

Additionally, it promotes colorectal cancer cell proliferation and epithelial-mesenchymal 
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transition (Liu et al., 2019b). NFIB amplifications within squamous cell carcinoma of the 

esophagus (Yang et al. 2001), large cell neuroendocrine carcinoma of the submandibular gland 

(Andreasen et al., 2016), and metastatic giant cell tumour of the bone (Quattrini et al., 2015) 

have also been reported. NFIB has been linked to other malignancies through gene fusions, 

which is frequently the case in adenoid cystic carcinomas (tumours that most commonly arise 

from salivary and lachrymal glands, although they can also occur in other tissues containing 

secretory glands such as breast, cervix and vulva) (Persson et al., 2009; Marchiò et al., 2010; 

Brayer et al., 2016; Xing et al., 2017; Magers et al., 2019). 

Type of 
aberration 

Organ/Site Tumour type References 

Amplification/ 
overexpression 

Lung Small cell lung 
cancer (SCLC) 

(Denny et al., 2016) 
(Semenova et al. 2016) 

(Wu et al., 2016) 
(Dooley et al., 2011) 

Overexpression Skin Melanoma (Fane et al., 2017) 

Amplification/ 
overexpression 

Breast TNBC, ER negative (Moon et al. 2011) 
(Liu et al., 2019a) 

(Campbell et al., 2018) 
Amplification Esophagus Squamous cell 

carcinoma 
(Yang et al. 2001) 

Amplification Submandibular 
gland 

Large cell 
neuroendocrine 

carcinoma 

(Andreasen et al., 2016) 

Amplification Bone Metastatic giant cell 
tumour 

(Quattrini et al., 2015) 

Overexpression Colon/Rectum Colorectal cancer 
(CRC) 

(Liu et al., 2019b) 

Overexpression Stomach Gastric cancer (Wu et al., 2018) 

Gene fusions Salivary, 
lacrimal and 
ceruminous 

glands; breast; 
vulva 

Adenoid cystic 
carcinomas 

(Brayer et al., 2016) 
(Magers et al., 2019) 
(Marchiò et al., 2010) 
(Persson et al., 2009) 

(Xing et al., 2017) 

Table 3-1 │Summary of NFIB alterations reported in cancer. 
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3.3.3 Therapeutic strategies for patients with metastatic breast cancer  

Presently, metastatic breast cancer is largely an incurable disease and treatment is focused on 

therapies designed to prolong a patient’s life and to palliate symptoms associated with the 

disease. Clearly, treatment design cannot be approached with a “one size fits all” protocol, 

instead, a personalized approach is required (Low et al., 2018; Sachs et al., 2018). This is 

particularly true when considering that the genomic profile of this malignancy varies from 

patient to patient, from stage to stage and sometimes from cell to cell (Koren and Bentires-Alj, 

2015). While there has been an increase in the understanding of what drives this disease process 

at the molecular level (Yu et al., 2016; Robinson et al., 2017), with a number of possible 

therapeutic targets/treatments emerging from that understanding, chemotherapy is still the 

main treatment option (O’Shaughnessy, 2005; Zeichner et al., 2016). 

Unfortunately, chemotherapy was initially designed with the outdated understanding 

that all cancer cells are created equal and hence equally susceptible to therapies targeting 

cellular proliferation. In light of research characterizing the heterogeneity of breast and other 

cancers, particularly the paradigm shift that has occurred with the cancer stem cell hypothesis, 

cytotoxic therapies need to be delivered in conjunction with additional therapies for a 

multimodal approach that targets multiple pathways that are critical to the development and 

progression of these malignancies (Nedeljković and Damjanović, 2019). Many candidate 

pathways can be exploited in breast cancer patients depending on their unique tumour 

microenvironment and genetic profile (Joyce, 2005; Place et al., 2011; Nwabo Kamdje et al., 

2014; Flister and Bergom, 2018). 

While these candidate drugs may all have promising benefits to extend survivorship, 

realistically, the efficacy of these additional inhibitors depends on the unique profile of the 

disease and whether the cells express the molecular targets upon which candidate inhibitors 

can act (McDonald et al., 2016). Furthermore, it has been well established that the tumour 
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microenvironment or the tumour itself has mechanisms to compensate for the inhibition of one 

pathway by upregulating others (Valkenburg et al., 2018). Dormancy has also been studied as 

a potential target of metastatic colonization and therapies that may help sustain the dormant 

state have been proposed (Marshall et al., 2012). 

Overall, metastasis is a complex challenge that requires more than one therapeutic agent 

for effective inhibition. Therefore, embracing the multimodal/combination therapy model and 

targeting multiple pathways simultaneously seems to be key to countering the significant 

genomic and phenotypic alterations presented by metastatic cancer cells (Fares et al., 2020). 

3.4 Transposon insertional mutagenesis systems 

Eukaryotic genomes contain an abundance of repeated DNA, and some repeated sequences are 

mobile (Biscotti et al., 2015). DNA transposons are mobile genetic elements that are able of 

self-directed excision and subsequent reintegration within the host genome. From bacteria to 

humans, transposable elements have accumulated over time and continue to shape genomes 

through their mobilization (Kidwell, 2002). In nature these elements (Class II) exist as single 

units containing the transposase gene flanked by terminal inverted repeats (TIRs) that carry 

transposase binding sites. Genomic transposition is mediated by an enzyme called transposase, 

which recognizes the inverted repeats at the ends of the transposon and also recognizes the 

target sequence, in which it makes a double-strand break and inserts the transposon in a new 

genomic location (Kaufman and Rio, 1992; Craig, 1997). This is a “cut-and-paste” mechanism 

that excises the transposon from its original genomic location and inserts it into a new locus 

(Figure 3-4), (Fischer et al., 2001).   
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Figure 3-4 │ Natural autonomous transposons 

In nature, DNA transposons encode and express their own transposase, which then recognizes 
the flanking terminal repeats (TR), excises the transposon and integrates it into a new locus 
(Adapted from Mathias J F et al., Nature Genetics 2017). 
 

Transposable elements are involved in a wide variety of biological transactions including 

genome alteration by element insertion and deletion and by homologous recombination 

between element copies, viral integration and replication, and the dispersal of a variety of 

determinants, most notably antibiotic resistance genes (Babakhani and Oloomi, 2018). Thus, 

transposable elements contributed to genomes evolution (Kidwell, 2002).  

3.4.1 Transposon systems as a genetic tool 

In invertebrates, transposable elements have long been used for transgenesis and insertional 

mutagenesis (Johnston, 2002; Thibault et al., 2004). In higher organisms, however, transposons 

were inactivated millions of years ago and were hence not available as genetic tools until their 

reconstruction. DNA transposon offers an efficient non-viral method of permanently 

modifying the genome of mammalian cells. For most applications, it is possible to use 

transposons as bi-component systems, in which virtually any DNA sequence of interest can be 

placed between the transposon TIRs and mobilized by trans-supplementing the transposase in 

the form of an expression plasmid (Figure 3-5) or mRNA synthesized in vitro. In the 

transposition process, the transposase mediates the excision of the element from its donor 
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plasmid, followed by reintegration of the transposon into a variety of chromosomal loci (Li et 

al., 2013).  

 

Figure 3-5 │ Transposon cut and paste mechanism 

The target cargo is inserted into the transposon vector (cargo) between two inverted terminal 
repeat sequences (ITRs), which are transposon-specific sequences located on both ends of the 
vector. During transposition, the PB transposase recognizes ITRs and cut the target sequences, 
thereby moving the contents to the target sites and integrating them into chromosomal sites 
randomly dispersed in the genome.  

 

Co-transfection of the two vectors permits an efficient “cut and paste” transfer of the 

transposon from the donor plasmid into the genome (Wilson et al., 2007). Such transposon 

systems can be effectively used for the generation of recombinant cell lines, transposon-

mediated insertional mutagenesis screens in mice and as a therapy for genetic disorders in 

humans (Ivics and Izsvák, 2010).  

3.4.2 piggyBac transposon system 

The piggyBac (PB) transposon was originally isolated from the cabbage looper moth 

Trichoplusiani, in the 1980s (Cary et al., 1989). In general, all members of the PB superfamily 

recognize a short TTAA motif in the host genome for insertion and excises the transposon 

without mutation (seamless excision). PB transposition does not require DNA synthesis during 

the event (Ding et al., 2005; Mitra et al., 2008). PB preferentially integrates in genic regions, 

especially regions that contain expressed genes. Comparisons of integration profiles of the 
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transposon systems in human cells showed that PB integrates in intragenic regions and near 

transcriptional start sites (Meir et al. 2013). PB transposition is unaffected by cargo sizes up to 

9.1 kb, showing some reduction in efficiency at 14.3 kb (Table 3-3) (Ding et al., 2005). 

Overproduction inhibition (OPI) is a phenomenon that affects most transposable elements 

where increasing cellular transposase concentration beyond a certain threshold decreases 

transposition efficiency, though different studies have described both the presence and lack of 

OPI for PB (Wilson et al., 2007; Wu et al., 2006).  

In mammalian cells, PB exhibits approximately either low (approximately 10%) or no 

reported local hopping (i.e., the propensity of reintegrating near the original excision site), and 

had a narrow local hopping distribution of approximately 100 kb from the donor site (Liang et 

al., 2009; Wang et al., 2008). The rest of the insertion events seem random and evenly 

distributed across the genome. PB has been shown to transpose efficiently in such different 

organisms as protozoa, planaria, insects and mammals (Momose et al., 2003; Balu et al., 2005; 

Wilson et al., 2007; Lukacsovich et al., 2008; Yusa et al., 2009). 

3.4.3 Sleeping beauty (SB) transposon system 

The SB transposon was reconstructed from inactive copies of Tc1/mariner like elements found 

in a fish genome (Plasterk and Izsva, 1997). SB systems preferentially target their integration 

into TA dinucleotides leaving a footprint mutation at the donor locus. Transposition occurred 

randomly across the genome, with low propensity for  transcriptionally active regions (Meir et 

al. 2013) and this makes SB the right choice for human gene therapy protocols which require 

vectors showing the least preference for target genes. SB undergoes local hopping so it tends 

to insert in the vicinity of the donor locus.  

Currently, the SB system seems to be the most limited with 50 % reduction in 

transposition efficiency with cargo size of 6 kB compared with 2 kb (Table 3-3) (Geurts et al., 
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2003). The phenomenon of OPI in SB elements is variable depending on the transposon from 

this family (Wilson et al., 2007). A hyperactive SB transposase, SB100X, with 100-fold 

enhancement in efficiency compared with first-generation transposase, was recently identified 

and shown as effective as piggyBac under nonrestrictive conditions (Ivics et al., 2009). 

The SB system has been extensively used as a tool for genetic modifications in somatic 

tissues of a wide range of vertebrate species including humans and the germline of fish, frogs, 

mice, and rats (Score et al., 2006; Mátés et al., 2007; Huang et al., 2010).  

Transposon Origin Target Integration 
site 

preference 

Capacity 
for cargo 

Local 
hopping 

Footprint 

piggyBac 
(Superfamily 

piggyBac) 

Trichopl

usiani 

TTAA Transcription 
units (introns) 

>9Kb Low No 

Sleeping 
Beauty 

(Superfamily 
Tc1/mariner) 

Salmon 
species 

(reconstr
ucted) 

TA Intergenic 
regions 

>10Kb 
efficiency 
decrease 
with size 

High Yes 

Table 3-3 │Characteristics of DNA transposon systems used in genomics 

3.5 Transposon insertional mutagenesis for cancer gene discovery  

Insertional mutagenesis studies can highlight cancer genes or common pathways that are 

disrupted at low frequency or by processes not immediately obvious from the genome sequence 

alone. Insertional mutagenesis is a powerful way to elucidate genes involved in a variety of 

pathways in cultured cells. Moreover, insertional mutagenesis screens provide a functional 

readout to complement sequencing studies, as genes identified by insertional mutagens are 

likely to represent both functionally important and evolutionarily conserved cancer genes.  

3.5.1 Transposon insertional mutagenesis in vitro 

PB offers a versatile plasmid-based system for stable cell line generation, especially for 

generation of stably expressing one or more recombinant gene sequences for biomedical 
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research, biotechnology or drug development (Table 3-4). PB transposase with a second 

plasmid containing the PB transposon is as an efficient way of transducing mouse embryonic 

stem (ES) cells, with approximately 28% of cells that survive electroporation transduced 

(Wang et al., 2008). This allowed the genetic manipulation of Bloom syndrome, RecQ genomic 

transposition in mESCs (Wang et al., 2009) and inducible genomic transposition in mESCs for 

gene trapping (Kong et al., 2010). PB system has been further functionally enhanced with a 

coding sequence (CDS) that provides a level of transposition significantly higher than the 

native PB system (Bradley, 2007). Multiplexed PB transposon delivery was developed for 

stable gene transfer in human cells (Kahlig et al., 2009). Furthermore, an inducible version was 

used for modulating gene expression in myogenic differentiation of human iPSCs (hiPSCs), 

including a human myopathy (Tanaka et al., 2013) and to reliably incorporate bacterial artificial 

chromosome (BAC) transgene in human ESCs (Rostovskaya et al., 2012). Precise excision of 

PB has been used to generate transgene-free iPSCs, whereby transgenes are delivered for 

reprogramming (Kaji et al., 2009; Yusa et al., 2009). In vitro, PB has been used for gene 

discovery in mouse neural stem cells (Albieri et al., 2010) and human pancreatic cells (You et 

al., 2011). Moreover, PB has enabled high gene transfer in human T cells and the ability to 

expand cells to clinical numbers (Wilson et al., 2010) and to identify resistance mechanisms 

(Zhao et al., 2017). Additionally, it has been used as an alternative vehicle to deliver a guide 

RNA (gRNA) library for in vivo screening, to generate transgenesis in mice and to produce 

iPSCs (Wang et al., 2016; Xu et al., 2017; Li et al., 2017;).  

SB-mediated integration supports highly efficient transgene integration in various cell 

types (Izsvák et al., 2000). The list includes somatic or germ cells, differentiated or stem cells 

essentially in all vertebrate species (Table 3-4).  

Transposon Species/Tissue/Cells Purpose References 

piggyBac Mouse embryonic 
stem (ES) cells 

RecQ genomic 
transposition/ genetic 

(Wang et al., 2008) 
(Wang et al., 2009) 
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manipulation of Bloom 
Syndrome  

(Kong et at., 2010)  

piggyBac Mouse embryonic 
stem (ES) cells 

Gene trapping (Kong et al., 2010) 

piggyBac human cells Multiplexed PB 
transposon delivery 

/gene transfer 

(Kahlig et al., 2009) 

piggyBac human iPSCs 
(hiPSCs) 

Gene modulation 
expression in myogenic 

differentiation 
(myopathy) 

(Tanaka et al., 
2013) 

piggyBac human ESCs Incorporation of 
bacterial artificial 

chromosome (BAC) 
transgenesis 

(Rostovskaya et al., 
2012) 

piggyBac iPSCs Generation of transgene-
free iPSCs 

(Kaji et al., 2009) 
(Yusa et al., 2009) 

piggyBac mouse neural stem 
cells/ 

human pancreatic 
cells 

Gene discovery (Albieri et al., 2010) 
(You et al., 2011) 

piggyBac human T cells Gene transfer/ 
identification of 

resistance mechanisms 

(Wilson et al., 
2010) 

(Zhao et al., 2017) 
piggyBac 

 

human iPSCs 
(hiPSCs) 

Vehicle for guide RNA/ 
library delivery for in 

vivo screen/generation of 
transgenic and iPSCs  

(Wang et al., 2016) 
(Li et al., 2017)  
(Xi et al., 2017)  

Sleeping Beauty Somatic/germ cells, 
differentiated/stem 
cells (all vertebrate 

species) 

Transgene integration (Izsvák et al., 2000) 

Sleeping Beauty human cells Gene delivery (Geurts et al., 2003) 

Sleeping Beauty human T cells Gene transfer (Huang et al. 2006) 

Sleeping Beauty 
 

Sheep fibroblast/ 
mouse iPS 

Genetic modifications (Hu et al., 2011) 
(Grabundzija et al., 

2013) 
Sleeping Beauty various organisms 

and models 
Production of iPSCs (Davis et al., 2013) 

Sleeping Beauty 
 

primary human 
CD34-positive 

hematopoietic stem 
cells/ human primary 

T cells 

Gene transfer via 
hyperactive SB100X 

(Huang et al., 2008) 
(Singh et al., 2008) 

Sleeping Beauty human cells Introduction of a 
chimeric and safety 

receptor (CAR) 

(Monjezi et al., 
2017) 
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Sleeping Beauty 
 

Mouse modes Generation of transgenic 
mice 

(Huang et al., 2019) 

Table 3-4 │Summary of studies using transposon systems as an insertional mutagen 

3.5.2 Transposon insertional mutagenesis screen in mice 

A typical transposon cargo used for in vivo insertional mutagenesis contains splice acceptors 

(SAs) followed by polyadenylation signals (pA) in both orientations, and a unidirectional 

promoter upstream of a splice donor (SD). A transposon can either disrupt gene function when 

it integrates into the body of a gene, thereby intercepting and curtailing transcription through 

the SA, pA elements, or it can activate expression when inserted upstream of a gene as the 

promoter, SD module drives expression of downstream sequences (Figure 3-6). The general 

scheme for in vivo screening of cancer genes is to combine either activating/inactivating/bi-

functional transposons with a source of transposase, the transposons will then translocate and 

stochastically activate or inactivate genes in somatic cells (Weber et al., 2020). Where these 

resultant mutational events are tumourigenic, the tumours that arise would have either 

oncogene activated or tumour suppressor genes inactivated by the transposon, conferring a 

selective advantage to the clone. Cancer genes can be identified by exploiting the transposon’s 

molecular fingerprint, which allows amplification and sequencing of transposon genome 

junction fragments (Copeland and Jenkins, 2010).  



Introduction 

 32 

 

Figure 3-6 │ Possible interferences of ATP transposon insertions with gene activity 

Possible interferences of transposon insertions with gene activity: (1) insertion upstream of 
the gene and in forward orientation enables the integrated (Prom) promoter to drive gene 
expression; to overcome the early termination of translation immediately downstream of the 
promoter within the transposon repeat, the construct contains a splice donor (SD); (2) 
insertion into an intron disrupts gene function due to trapping of gene-splicing into the 
transposon; and (3) direct insertion into a critical exon disrupts gene function. (Adapted from 
Mathias J F et al., Cancer Discover Genes, Methods in Molecular Biology, 2018) 

 
Mouse lines containing transposons are crossed to a transposase-containing mouse line 

(Figure 3-7). The progeny that contains both transposon and transposase undergo somatic 

insertional mutagenesis and cells with insertions in a gene or combination of genes that favour 

tumorigenesis are positively selected. Therefore, insertional mutagenesis studies in the mouse 

are a powerful complement to the analysis of human cancer genomes, and facilitate the 

identification of driver cancer genes (Rad et al., 2015; De La Rosa et al., 2017; Takeda et al., 

2017; Chapeau et al. 2017;  Weber et al., 2019). 

Transposon

Prom

mobilization and insertion

gene of interest

activation by promoter

inactivation by splice trap in intron

inactivation by disruption of exon



Introduction 

 33 

 
Figure 3-7 │Transgenic mice generation 

Scheme of a typical genetic crossing for obtaining F1 experimental cohort mice carrying both 
the PB transposons and the transposase.  

 

3.5.3 piggyBac insertional mutagenesis screen in mice 

PB has been successfully used for transgenesis and insertional mutagenesis in mice (S. Wu et 

al. 2007) . As a transgenic vector, PB has a cargo capacity much bigger than that of retroviruses 

and lentiviruses. It efficiently produces single-copy integrations that mimic the situation of 

endogenous genes. PB transposase mice can be used for whole-body or tissue-specific 

insertional mutagenesis screens (Rad et al., 2010). Rad et al. 2010 showed that depending on 

the promoter used for the transposon, mice can generate hematopoietic, solid or mixed tumours 

(Figure 3-8). As an insertional mutagen, PB effectively inserts into the transcription units and 

interferes with gene expression. PB integrations can be easily mapped, so that desired animals 

could be selected before further breeding. For cancer genes discovery, transposons are designed 

to induce either gain-of-function (GOF) or loss-of-function (LOF) mutations when inserted in 

or near a gene based on its genetic cargo. This allowed the discovery of new potential driver 

genes, for example in B-cell lymphoma (BCL) (Weber et al., 2019), in pancreatic cancer (Rad 

et al., 2015). Furthermore, PB in vivo screen is useful for the identification of resistance 

mechanism in cancer (Chapeau et al., 2017).  
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Figure 3-8 │ Components of piggyBac transposition systems in mice.  

Activating transposon constructs ATP1, ATP2, and ATP3: All constructs contain piggyBac 
(PB) and Sleeping Beauty (SB) inverted terminal repeats (ITR) and can be mobilized with 
both transposases. Bidirectional splice acceptors (SA) and poly-adenylation signals (pA) 
confer splice trap capabilities irrespective of the transposon’s orientation. The constructs 
contain either the cytomegalovirus enhancer and chicken beta-actin promoter (CAG), the 
murine stem cell virus long terminal repeat (MSCV), or the phosphoglycerate kinase 
promoter (PGK). Constitutively activated in a whole-body screen, these promoters 
preferentially induce solid, hematopoietic, or mixed spectrum tumours, respectively. 
(Adapted from Mathias J F et al., Cancer Discover Genes, Methods in Molecular Biology, 
2018) 

 

3.5.4 Common insertion sites identification 

The final step for an insertional mutagenesis screen is the recovery of transposon insertion 

coordinates in the genome and the identification of genomic locations that are hit by 

transposons more frequently than expected by chance (common insertion sites, CISs). A 

semi-quantitative method has been developed to identify PB insertion sites (Rad et al. 2015; 

Bronner et al. 2016; Friedrich et al. 2017), which is based on splinkerette PCR (Figure 3-9) 

(Devon et al., 1995). Splinkerette PCR involves DNA fragmentation by acoustic shearing, 

followed by ligation of a splinkerette adaptor (a double-stranded oligonucleotide) and PCR 

amplification of the transposon–genome junction fragments using transposon-specific and 

adaptor-specific primers. In the first round of PCR, the adapter-ligated DNA fragments that 

also contain transposon sequence are specifically amplified with primers for the Splinkerette 

adapter on one end and the transposon inverted terminal repeats (ITR) on the other end. In 

the second round of PCR, the Illumina NGS-specific adapter overhangs and multiplex 

barcodes are attached. The design of the splinkerette adaptor ensures that only transposon-

solid tumours

hematopoietic tumours

mixed spectrum 
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containing adaptor-ligated DNA is amplified. The resulting PCR products are then highly 

multiplexed next-generation sequenced and mapped to the genome.  

 

Figure 3-9 │ Library preparation steps  

First steps include acoustic fragmentation of tumour DNA and enzymatic repair (blunting) of 
the fragment ends after an A-tail is attached, the splinkerette adaptor is ligated. A first round 
of PCR with transposon and adaptor-specific primers allows selective amplification of 
transposon–genome junction fragments. A second nested PCR further amplifies these 
fragments and extends them with a multiplexing barcode tag and with the Illumina flow cell 
binding sites P5 and P7.  

 

To correctly identify transposon insertions, the sequencing strategy aims to verify 

transposon–genomic junctions: the sequencing primer is placed within the transposon ITR so 

that a part of the transposon sequence, then the insertion point (‘TTAA’ for PB and ‘TA’ for 

SB) and finally the genomic sequence of the insertion location is sequenced. Therefore, each 

sequencing read starts with a short stretch of identical sequence representing the transposon 

and the insertion point. Illumina sequencing instruments detect the exact position of each DNA 

cluster on the flow cell. However, due to the uniformity of the transposon sequence at the 

beginning of each fragment on the flow cell, the sequencing run may suffer from insufficient 

degree of randomness, reduced quality or fail completely. Illumina sequencing requires 
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modification to circumvent low-complexity template problems. One solution to this problem 

is to spike the library with PhiX (Mukherjee et al., 2015), a known bacteriophage genome that 

adds sequence diversity and can later be removed during bioinformatics analysis. The 

disadvantage of PhiX spiking is the loss of ~20% sequencing yield (Mukherjee et al., 2015).  

After reading 75 bp, the template is denatured, the same sequencing primer is re-annealed 

and the previously skipped 12 bp are sequenced, completing the transposon–genomic junction. 

Subsequently, the 8-bp indexing tag (‘sample barcode’) is read and finally, after template 

reversal, a 75-bp reverse read is acquired. QiSeq determines sequence read numbers for each 

insertion, thus defining the clonal distribution of transposon integrations within a cancer 

(Bronner et al., 2016). This allows predictions/conclusions about the “importance” and 

position of cancer genes at the trunks or branches of evolutionary trees (Friedel et al., 2013). 
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 RATIONALE OF THE WORK 

Breast cancer is the most frequent and lethal cancer among women worldwide (Fahad Ullah, 

2019). In most of the cases, breast cancers can progress to metastasis, which remains the 

primary cause of solid cancer-evoked mortality. Cancer progression is the result of sequential 

acquisition of genomic alterations that contributes to subsequent clonal expansion (Nowell, 

1976; Hanahan and Weinberg, 2011). Characterization of breast cancer genomic diversity 

contributed to the identification of numerous putative driver cancer genes (Nik-Zainal et al., 

2016, Pereira et al., 2016, Yates et al., 2015; Robinson et al., 2017, Angus et al., 2019, Bertucci 

et al. 2019, De Mattos-Arruda et al., 2019), yet their functional validation and the nature of the 

collaborating oncogenic pathways remain elusive. My PhD work aimed to identify and validate 

these synergistic genes or pathways involved in breast cancer tumorigenesis and metastasis. 

One of the most frequent gain of function mutations in breast cancer occurs in the PI3K 

pathway. Activating mutations of PIK3CA are present in ~30% of human breast cancers at all 

stages. It has been shown that inducible expression of PIK3CAH1047R mutation evokes 

mammary tumours in mice suggesting a causative effect for this mutation in breast 

tumorigenesis (Meyer et al., 2013; Koren and Bentires-Alj, 2013; Koren et al., 2015).  

Transposon-induced mutagenesis screens are an efficient method to identify cancer 

driver genes. When mobilized by PB transposase, the transposon integrates the genome 

randomly, and cells with insertions in a gene or combination of genes that favour tumorigenesis 

are positively selected. 

Here, we performed an unbiased ex vivo and in vivo PB transposon insertional 

mutagenesis screen to identify possible PIK3CA mutant co-occurring mechanisms of 

tumourigenesis and metastatic progression.  

Specifically, I wanted to elucidate: 
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i. PIK3CA synergistic mechanisms of metastatic colonization by PB transposon ex vivo 

insertional mutagenesis screen. 

ii. PIK3CA synergistic pathways important for breast tumourigenesis by in vivo 

mutagenesis. 

iii. Validate the identified candidate breast cancer genes/pathways involved in the 

progression of the disease. 
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 RESULTS PART I 
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5.1 Summary 

Metastasis is the main cause of deaths related to solid cancers. Active transcriptional programs 

are known to regulate the metastatic cascade but the molecular determinants of metastatic 

colonization remain elusive. Using an inducible piggyBac (PB) transposon mutagenesis screen, 

we have shown that overexpression of the transcriptional factor nuclear factor IB (NFIB) alone 

is sufficient to enhance primary mammary tumour growth and lung metastatic colonization. 

NFIB is thus clinically relevant: it is preferentially expressed in the poor-prognostic group of 

basal-like breast cancers, and high expression of the NFIB/ERO1A/VEGFA pathway correlates 

with reduced breast cancer patient survival. Mechanistically and functionally, NFIB increases 

expression of the oxidoreductase ERO1A, which enhances VEGFA-mediated angiogenesis and 

colonization - the last and fatal step of the metastatic cascade. 

5.2 Introduction  

Breast cancer is the most frequently diagnosed cancer and the leading cause of death in female 

cancer patients worldwide (Fahad Ullah, 2019). Metastasis remains the primary cause of solid-

cancer-evoked mortality (Gupta and Massagué, 2006). The multistep process of metastasis 

includes local tumour cell invasion, entry into the vasculature (intravasation), exit from the 

circulation into the parenchyma of distant organs (extravasation), and colonization. 

Colonization, which results in the development of clinically manifesting metastasis and fatal 

disease, is dependent upon resistance of the disseminated tumour cells (DTCs) to immune and 

host tissue defences, survival in a foreign environment, and tumour initiation capacity (Pantel 

and Brakenhoff, 2004, Massagué and Obenauf, 2016). However, the molecular determinants 

of colonization remain elusive. 

Numerous oncogenic mutations and other genomic alterations co-occur often in cancer 

cells and result in tumour heterogeneity, which impinges on the clinical outcome of the disease 
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(Koren and Bentires-Alj, 2015; Yates and Campbell, 2012; Kennecke et al., 2010). The 

dynamic evolution of the cancer genome is influenced by the generation of additional mutations 

and selective forces acting on cancer clones (Kreso and Dick, 2014). Next-generation 

sequencing of DNA from clinical specimens has provided insights into breast cancer genetics 

and contributed to identifying potential drivers of tumour progression (Nik-Zainal et al., 2016, 

Pereira et al., 2016, Yates et al., 2015; Robinson et al., 2017, Angus et al., 2019, Bertucci et al. 

2019, De Mattos-Arruda et al., 2019). Mechanistic elucidation of the effects of co-occurring 

genomic alterations and their functional validation is required to define the causality between 

these events and their contribution to specific steps of tumour progression to overt metastases. 

Activating mutations of PIK3CA, which encodes for the p110a catalytic subunit of 

phosphoinositide 3-kinase (PI3K), are among the most frequent alterations in human breast 

cancer and lead to an hyperactivated PI3K pathway signalling (Yuan and Cantley, 2008; Zhao 

and Vogt, 2008; Miller, 2012). We and others have shown that inducible expression of the 

PIK3CAH1047R mutation evokes heterogeneous mammary tumours in mice (Koren et al., 2015; 

Meyer et al., 2013; Koren and Bentires-Alj, 2013), which indicates a causative effect of 

PIK3CA mutations in mammary tumorigenesis. In contrast, metastases were not found in our 

PIK3CAH1047R-expressing mice (Koren et al., 2015; Koren and Bentires-Alj, 2013), which thus 

provides a model system to identify collaborating gain- or loss-of-function genomic alterations 

that contribute to metastasis. 

 Transposon insertional mutagenesis is a powerful tool in mice for discovering genes 

related to cancer (Rad et al., 2010; Ding et al., 2005; Dupuy, 2010; Dupuy et al., 2005). Indeed, 

the fact that transposons are mobile within the genome and alter gene activity in those cells that 

express the transposase make these systems ideal for whole-genome screens. The piggyBac 

(PB) transposon was engineered to be active in mammalian cells (Ding et al., 2005) and it 

allows functional identification not only of oncogenes but also of tumour suppressor genes, 
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depending on the site of insertion and the orientation of the transposon. (De La Rosa et al., 

2017; Rad et al., 2015; Takeda et al., 2017; Weber et al., 2019). 

We performed an unbiased PB transposon insertional mutagenesis screen in cancer cells 

with an activating PIK3CAH1047R mutation to identify possible synergistic mechanisms of 

metastatic colonization. Mechanistically and functionally, we demonstrate that NFIB enhances 

expression of the oxidoreductase ERO1A and of VEGFA, promotes metastatic colonization, 

and shortens overall survival of mice. 

 

The paper explained 

Problem 

Metastasis is the main cause of solid-cancer-related death and is a major clinical challenge in 

breast cancer. Although many studies have thoroughly characterized and classified breast 

tumours, the molecular determinants of metastatic colonization remain elusive. Their 

delineation and functional validation are urgently needed to improve our understanding of this 

currently incurable disease. 

Results 

We engineered a non-metastatic cell line with the doxycycline (dox)-inducible piggyBac (PB) 

transposon mutagenesis system and performed an unbiased in vivo PB-mutagenesis genetic 

screen to identify drivers of metastatic colonization. We have shown that the transcriptional 

factor nuclear factor IB (NFIB) is necessary and alone sufficient for breast cancer metastasis. 

NFIB is upregulated in mammary tumourspheres and metastases. Transcriptional profiling of 

tumours and tumourspheres derived from highly metastatic cell lines showed that this lethal 

effect of NFIB is mediated by increased expression of the oxidoreductase ERO1A. 

Mechanistically and functionally, ablation of ERO1A in NFIB-overexpressing models 

decreased VEGFA-mediated angiogenesis, reduced metastases, and prolonged overall survival 

of the animals. Furthermore, NFIB/ERO1A/VEGFA co-expression correlates with a poor 

prognosis in triple-negative breast cancer (TNBC) patients, emphasizing the clinical 

importance of this molecular axis in breast cancer metastasis. 
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Impact 

This study provides new molecular insights into the determinants of metastatic colonization. 

Our work not only highlights the power of genetic screening to identify functionally relevant 

metastatic networks, but also describes the mechanism by which the transcriptional factor 

NFIB mediates metastatic colonization. Thus, we have revealed a targetable network that 

influences colonization, the last and fatal step of the metastatic cascade. 

 

5.3 Results 

5.3.1 Transposon mutagenesis confers metastatic potential to 

PIK3CAH1047R mammary cells. 

To identify cancer genes relevant to metastatic progression, we engineered a murine non-

metastatic mammary cancer cell line derived from PIK3CAH1047R mutant tumours (LB-mHR1, 

here cited as HR1) with a doxycycline (dox)-inducible piggyBac (PB) transposon system 

(HR1.PB) (Ivics et al., 2009, Rad et al., 2010) (Fig 1A). HR1 cells lacking the transposon 

served as control (HR1.Ctrl). To perform an unbiased in vivo PB transposon mutagenesis 

screen (Fig 1B), we injected HR1.PB and HR1.Ctrl orthotopically into 19 and 14 NOD/SCID 

mice, respectively, and monitored the animals for tumour growth and metastasis. PB 

transposon mutagenesis in HR1.PB cells increased tumour incidence (Fig EV1A) and 

promoted metastasis (Fig EV1B). Metastases were observed in half of the mice injected with 

HR1.PB cells and nine lung-metastases (LM) -derived cell lines were isolated. To 

phenotypically characterize the LM cell lines in vivo, we injected them into mammary fat pads 

of NOD/SCID mice. The LM1, LM8, and LM9 lines exhibited a particularly aggressive 

behaviour characterized by accelerated tumour growth and metastasis (Fig EV1C-E). These 

results indicate that selected transposon integrations can confer aggressive metastatic 

behaviour on cells.  
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Figure 5-1 │ Transposon mutagenesis screen identifies Nfib as candidate metastatic 
inducer in breast cancer. 

A Screen design: generation of mammary cancer cell lines LB-HR1 (HR1) from 
PIK3CAH1047R mutant transgenic animals and transfection with the piggyBac (PB) system (HR1 
Ctrl and HR1.PB cells) (Ivics et al., 2009). PB transposon (ATP1-Puro) and transposase 
(pFS250.PBase) plasmid design. PB-3’/5’, piggyBac inverted terminal repeats; CβASA, Carp 
β-actin splice acceptor; En2SA, Engrailed-2 exon-2 splice acceptor; SD, Foxf2 exon-1 splice 
donor; pA, bidirectional SV40 polyadenylation signal; PGK, mouse phosphoglycerate kinase 
1 promoter; Puro, puromycin resistance; CAG, cytomegalovirus enhancer and chicken beta-
actin promoter; Tet-ON, tetracycline-responsive element-tight promoter; PBase, PB 
transposase; UbC, Ubiquitin C promoter; rTTA3, reverse tetracycline transactivator 3; IRES, 
internal ribosomal entry site; Neo, Neomycin/G418 selection marker. The cell pools were 
treated with doxycycline (1 µg/ml) for 96 h in vitro. 

B In vivo screen design: generation of lung metastatic mammary cancer cell lines (LM) 
from HR1.PB cell lines after orthotopic injections of HR1.PB or HR1.Ctrl. 

C Bar graph showing the percentage of unique insertions in the top 25 genes normalized 
to the total number of insertions in a given sample. Gene are annotated with gene symbol when 
available otherwise with UCSC ID transcript names. Data are from all the sequenced samples 
(tumour samples: 16 primary tumours; metastatic samples: 3 lung-metastases, 6 lung macro-

Figure 1. Transposon mutagenesis screen identifies Nfib as a candidate metastasis inducer in breast cancer.
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metastases and 9 LM cell lines). Means ± s.d., two-tailed Mann-Whitney U-test, n.s. = not 
significant. 

D Bar graphs showing the percentage of unique insertions in Nfib and Foxp1 in tumours, 
LM1, LM8, LM9 and other lung cell lines normalized to total number of insertions in a given 
sample. Dots represent individual samples, means ± s.d., two-tailed Mann-Whitney U-test, n.s. 
= not significant. 

E Immunoblot analysis of LM and LB-mHR1 cell lines showing NFIB and FOXP1 
protein levels. ERK2 served as a loading control. 

 

5.3.2 Insertional PB mutagenesis screening identifies Nfib as a metastatic 

gene in mammary cancer. 

To investigate induced alterations that enabled cancer cells to metastasize, we mapped 

transposon integration sites in 16 primary tumours and 18 metastatic samples, searching for 

insertions enriched at metastatic sites compared with tumours. We used splinkerette PCR 

followed by next-generation sequencing from both transposon arms (Friedrich et al., 2017) and 

identified 1,252 insertions in 1,080 genes (Table EV1). To evaluate the relative abundance of 

each integration site and minimize PCR-induced amplification effects, we devised a diversity 

count measure for each integration site within each sample (percentage of unique insertions) 

that quantifies the number of unique sheared ends rather than all sequencing counts. To select 

metastatic genes, we searched for genes with more unique insertion sites (based on their 

diversity counts) in metastatic samples than in tumour samples (Fig 1C). Depending on the 

transposon integration site, insertions may lead to gene activation or to inactivation. The most 

frequently altered genes in the primary tumours and/or metastatic samples were Lrp1b, Nfia, 

Foxp1, Nfib, Lrch3, and Sox6. Some of these unique insertions (e.g., Foxp1) were found in 

both metastatic and non-metastatic samples at high frequency, suggesting that they are unlikely 

to be specifically required for metastasis. Notably, unique insertions in Nfib were particularly 

enriched in a subset of highly metastatic samples (LM1/8/9) compared with the other hits (Fig 

1D). The same-strand insertions upstream of both Nfib and Foxp1 transcription starts suggest 
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them to be candidate oncogenes. Consistent with the pattern of transposon integration, analysis 

of FOXP1 and NFIB protein abundance in the LM cell lines revealed enhanced levels of 

FOXP1 in all LM cell lines but selective elevation of NFIB in LM lines with high metastatic 

potential (Fig 1E). These data suggest the importance of Nfib in mammary cancer metastasis. 

5.3.3 Depletion of Nfib delays mammary cancer growth and abrogates 

metastases. 

To assess the contribution of Nfib and Foxp1 to tumour growth and metastatic progression, we 

produced knockout (KO) cells for the two genes using CRISPR-Cas 9 technology in the highly 

metastatic LM1 and LM9 lines and generated oligoclonal pools of cells (Fig EV2A and B). 

Considering that NFIB has been implicated in skin stem cell maintenance (Chang et al., 2013) 

and tumour growth in other cancer types (Brayer et al., 2016; Fane et al., 2017; Semenova et 

al., 2016; Wu et al., 2018, 2016), we addressed its effects on mammary tumours. Nfib KO in 

LM1 and LM9 delayed tumour growth (Fig 2A) and markedly decreased the frequency of 

tumour-initiating cells (TICs) (Fig 2B and C). Consistently, Nfib KO also reduced 

tumoursphere formation (Fig 2D and E).  
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Figure 5-2 │ Nfib overexpression accelerates tumour growth.  

A The kinetics of LM1 (n = 10), LM9 (n = 4), LM1 Nfib KO (n = 4), and LM9 Nfib KO 
(n = 4) tumour growth upon orthotopic injection of 250 x 103 cells into NOD/SCID mice. 
Curves show means of tumour volume ± s.d., two-way ANOVA group analysis on the times 
to reach 250 mm3 (dashed line). 

B Limiting dilution assay: (upper panel) quantification of tumour incidence and 
respective statistics (Chi-square test and tables) upon orthotopic injection into mice of LM1, 
LM9, LM1 Nfib KO and LM9 Nfib KO cells. Lower panel: Tumour initiating cell (TIC) 
frequencies and 95% confidence intervals were calculated using ELDA (Hu and Smyth, 2009) 
as described in the experimental procedures. 

C Representative images of immunostaining for NFIB of tumours from mice injected with 
LM and LM Nfib KO cancer cells. Scale bar 100 µm. 

D Bar graph showing tumoursphere numbers over four passages of LM1, LM9, LM1 Nfib 
KO and LM9 Nfib KO, n = 3 biological replicates, means ± s.d., two-tailed Student’s t-test. 

E Representative images of tumourspheres of LM1 and LM1 Nfib KO cancer cell lines at 
the first passage. Scale bar 100 µm. 

 

Deletion of Foxp1 increased mammary tumour latency (Fig EV2C) and slightly 

decreased metastasis compared with the wild type (WT) (Fig EV2D). In contrast, when LM1 

and LM9 Nfib KO cells were injected orthotopically and the primary tumour removed, we 
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observed a dramatic abrogation of lung metastasis (orthotopic metastasis assay) compared with 

controls (Fig 3A and B). The data suggest that the Nfib overexpression observed in our PB 

screen and in metastatic lines may also enhance metastatic colonization. To test this possibility, 

we injected Nfib KO and control cells intravenously (i.v., experimental metastasis assay), and 

found that Nfib KO completely or dramatically impaired metastatic colonization in the LM9 

and LM1 lines, respectively (Fig 3C and D). Finally, ablation of Nfib using CRISPR-Cas 9 

technology also increased tumour latency, decreased the number of circulating tumour cells, 

and prolonged overall survival of Balb/C mice orthotopically injected with the highly 

metastatic 4T1 mammary cancer cells (Fig EV3A-D). The results of these functional assays 

demonstrate the importance of NFIB in mammary cancer metastatic colonization. 

 
Figure 5-3 │ Nfib ablation abrogates mammary tumour metastasis. 

A Kaplan-Meier plot depicting metastasis onset after tumour removal in mice injected 
orthotopically with LM1 (n = 5), LM9 (n = 4), LM1 Nfib KO (n = 3), or LM9 Nfib KO (n = 4) 
cells, two-tailed log-rank test. 

B Nfib knockout abrogates metastasis in the orthotopic LM1 model. Representative 
bioluminescence image (left panel) and bar plot quantification (right panel) of mice at 20 

A LM1 

LM1 Nfib KOLM1 (n=5)
LM1Nfib KO (n=3)
LM9 (n=4)
LM9 Nfib KO (n=4)

1.0

x 10 5

Radiance
(p per s per cm  per sr)

 Min: 9.38x10 
Max: 2.84x10 5

3

2

0.5

2.5

2.0

1.5

LM
1  

LM
1 N

fib 
KO

Av
er

ag
e 

ra
dia

nc
e 

(p
 p

er
 s 

pe
r c

m
  p

er
 sr

)

LM1 

LM1 (n=4)  

LM1 Nfib KO (n=3)

LM9 (n=4)

LM9 Nfib KO (n=5)

LM1 Nfib KO

4.0

3.0

2.0

1.0

x 10
6

Radiance
(p per s per cm  per sr)

 Min: 1.71x10 
Max: 4.55x10

6
5
2

No
rm

. a
ve

ra
ge

 ra
dia

nc
e 

(fo
ld 

ch
an

ce
 to

 D
ay

 0
)

B

C D

Figure 3. Nfib ablation abrogates mammary tumour metastasis. 

2 

0

1x10 4

2x10
4

3x10
4

4x10
4

0.0

0.1

0.2

0.3

0.4

LM
1  

LM
1 N

fib 
KO

P=0.0006

P=0.0013

P=0.0027

P=0.0134

P=0.0082

0 50 100 150 200 250
0

50

100

P=0.0.0511

0 50 100 150 200
0

50

100

Time (days after primary tumour removal)

M
et

as
ta

se
s-

fre
e 

m
ic

e 
(%

)
M

et
as

ta
se

s-
fre

e 
m

ic
e 

(%
)

 Orthotopic metastasis assay

 Experimental metastasis assay

Time (d)



Result Part I 

 49 

(LM1) and 40 (KO) days after primary tumour removal; n = 3 mice, means ± s.d., two-tailed 
Student’s t-test. 

C Nfib knockout impairs experimental metastases formation in the LM models. Kaplan-
Meier plot showing metastatic incidence of animals inoculated i.v. with LM1 (n = 4), LM9 (n 
= 4), LM1 Nfib KO (n = 3), or LM9 Nfib KO (n = 5) cells, two-tailed log-rank test. 

D Representative bioluminescence images (left panel) and bar plot quantification (right 
panel) of mice injected i.v. with LM1 or LM1 Nfib KO 16 days after cancer cell injection. n = 
4 mice, means ± s.d., two-tailed Student’s t-test. 

 

5.3.4 Nfib is sufficient to induce metastasis. 

We next asked whether NFIB activity is alone sufficient for inducing metastasis. Using Cas9-

Activators with Synergistic Activation Mediators (SAM) (Konermann et al., 2015), we 

overexpressed Nfib from its endogenous promoter in the parental HR1 cell lines (Fig EV4A). 

This accelerated tumour onset (Fig EV4B), metastasis formation after orthotopic injection (Fig 

4A and B), and metastatic colonization after tail-vein injection (Fig 4C and D). Overexpression 

of NFIB in SUM159PT, a human TNBC cell line with low metastatic potential (Fig EV4C), 

similarly decreased tumour latency (Fig EV4D), and increased metastasis, both in the 

orthotopic (Fig EV4E and F) and the experimental metastasis assays (Fig 4E and F). Thus, 

NFIB appears to be sufficient to induce metastasis when overexpressed in non- (HR1) and low- 

(SUM159PT) metastatic mammary cancer lines. 
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Figure 5-4 │ Nfib is sufficient to induce metastasis.  

A Kaplan-Meier plot depicting metastasis onset after tumour removal in mice injected 
orthotopically with HR1 gCtrl (n = 13) or HR1 gNfib (n = 14), two-tailed log-rank test. 

B Nfib overexpression via CRISPR Cas9 SAM in HR1 parental cells enhances metastasis 
in the orthotopic model. Representative bioluminescence images (left panel) and bar plot 
quantification (right panel) of metastases at day 20 (HR1 gCtrl) and day 2 (HR1 gNfib) after 
primary tumour removal. n = 5 mice, means ± s.d., two-tailed Student’s t-test. 

C Nfib overexpression via CRISPR Cas9 SAM in the HR1 parental cells enhances 
experimental metastases. Kaplan-Meier showing metastatic incidence of animals inoculated 
i.v. with HR1 gCtrl (n = 11) or HR1 gNfib (n = 11) cells, two-tailed log-rank test. 

D Representative bioluminescence images (left panel) and bar plot quantification (right 
panel) of mice i.v. injected with HR1 gCtrl or HR1 gNfib at day 16 after cancer cell injection. 
n = 5, means ± s.d., two tailed Student’s t-test. 

E NFIB overexpression enhances experimental metastases formation in the SUM159PT 
model. Kaplan-Meier survival analysis of animals inoculated i.v. with SUM159PT gCTRL (n 
= 5) or SUM159PT gNFIB (n = 6) cells, two-tailed log-rank test. 

F Representative bioluminescence images (left panel) and bar plot quantification (right 
panel) of mice i.v. injected with HR1 gCTRL or HR1 gNFIB at day 13 after cancer cell 
injection. n = 5 mice, means ± s.d., two-tailed Student’s t-test. 
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5.3.5 NFIB induces Ero1l/ERO1A expression. 

To determine the molecular mechanism underlying increased metastatic colonization driven by 

NFIB, we sequenced RNA of tumourspheres and primary tumours derived from Nfib high-

expression models (LM1 and LM9) and Nfib low-expression models (HR1, LM1 Nfib KO and 

LM9 Nfib KO). Comparing the 200 most differentially expressed genes with ChIP-seq data of 

putative transcriptional targets of Nfib in the mammary gland (Shin et al., 2016) and epithelial-

melanocyte stem cells (Chang et al., 2013) (Table EV2-4), we found endoplasmic reticulum 

disulphide oxidase 1 like (Ero1l) to be the single common gene (Fig EV5A and B). Indeed, 

abundance of the mouse and human ERO1L/A protein was increased in Nfib/NFIB-

overexpressing cells (Fig EV5C). Consistently, Nfib KO decreased Ero1l mRNA levels (Fig 

EV5D). ERO1L/ERO1A is an oxidoreductase located in the endoplasmic reticulum and 

involved in the production of hydrogen peroxidase (H2O2) (Zito, 2015); it is a poor prognostic 

factor in cancer (Kim et al., 2018; Yang et al., 2018, Takei et al., 2017; Zhou et al., 2017). 

We next examined whether Ero1l/ERO1A mediates NFIB effects on metastatic 

colonization. Notably, knockdown of ERO1A in SUM159PT gNFIB, using two doxycycline-

inducible shRNA constructs (Fig EV5E), reduced metastatic colonization after tail-vein 

injection and prolonged survival (Fig 5A-C). Altogether, these findings show that ERO1A 

expression is increased in NFIB-overexpressing models and suggest that the NFIB-ERO1A 

axis is critical for metastatic colonization in breast cancer.  

5.3.6 NFIB-ERO1A induces angiogenesis. 

As ERO1A has been shown to enhance VEGFA expression (Tanaka et al., 2016), we assessed 

VEGFA mRNA levels in NFIB models. VEGFA expression increased in cells overexpressing 

NFIB and decreased in cell lines and lung metastases upon ERO1A downregulation (Fig 5D), 

indicating that VEGFA expression is NFIB/ERO1A dependent. We also assessed angiogenesis 
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in sections of mice lungs injected intravenously with shCTRL or sh1- or sh2-ERO1A and 

observed a decrease in CD31-positive blood vessels in lung metastases (Fig 5E). Taken 

together, these data indicate that NFIB is a breast cancer metastasis transcriptional regulator 

which, through increased expression of ERO1A and VEGFA, promotes angiogenesis at the 

metastatic site. This creates a permissive microenvironment for metastatic colonization. 

 
Figure 5-5 │ NFIB-ERO1A axis promotes lung metastatic colonization via angiogenesis. 

A Kaplan-Meier survival analysis of NOD/SCID mice inoculated i.v. with SUM159PT 
gNFIB shCTRL (n = 9), SUM159PT gNFIB sh1 ERO1A (n = 7), or SUM159PT gNFIB sh2 
ERO1A (n = 7) cells. Two-tailed log-rank test. 

B Representative bioluminescence images (left panel) and bar plot quantification (right 
panel) of mice i.v. injected with SUM159PT shCTRL (n = 9), SUM159PT sh1 ERO1A (n = 7) 
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or SUM159PT sh2 ERO1A (n = 7) eight days after cancer cell injection, means ± s.d., two-
tailed Student’s t-test. 

C Kaplan-Meier survival analysis of overall survival of mice injected i.v. with 
SUM159PT shCTRL (n = 10), SUM159PT sh1 ERO1A (n = 12) or SUM159PT sh2 ERO1A (n 
= 13) cells, two-tailed log-rank test. 

D Left panel: Bar graph representing mean VEGFA mRNA expression in SUM159PT 
gCTRL and SUM159PT gNFIB breast cancer cell line upon downregulation of ERO1A with 
two independent shRNAs (sh1 and sh2). Right panel: Bar graph representing mean VEGFA 
mRNA expression in lung extracts from animals inoculated i.v. with SUM159PT gNFIB 
shCTRL, SUM159PT sh1 ERO1A or SUM159PT sh2 ERO1A cells. In both graphs n = 3 
biological replicates, means ± s.d., two-tailed Student’s t-test, FC= fold change. 

E Upper panel: Representative images of CD31-stained cells (brown) in lungs. Scale bar, 
1 mm. Lower panel: Bar graphs showing lung metastases quantified as percentage of metastatic 
area per lung area and quantification of CD31 staining in the metastatic area. Means ± s.d., n 
= 8 shCTRL, n = 5 per sh1 ERO1A and n = 6 sh2 ERO1A, two-tailed Student’s t-test. 

 

5.3.7 High NFIB-ERO1A-VEGFA expression is associated with poor 

prognosis in TNBC patients. 

NFIB is expressed preferentially in basal-like breast cancers and is a potential prognostic factor 

in TNBC human breast cancer, as observed in previous reports (Liu et al., 2019; Moon et al., 

2011). Analysis of METABRIC (Curtis et al., 2012) confirmed that NFIB expression was 

elevated in basal-like breast cancer, according to PAM50 classification, and in iC10 by 

integrated cluster classification (Dawson et al., 2013) (Fig 6A). Notably, we found that high 

expression levels of NFIB and the combined signature of ERO1A and NFIB in patients with 

breast cancer of the basal-like subtype were predictive of decreased distant metastasis-free 

survival and overall survival (Fig 6B-D). Furthermore, the combined signature of ERO1A, 

NFIB, VEGFA high expression correlated with reduced overall survival in breast cancer 

patients (Fig 6E). 
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Figure 5-6 │ NFIB-ERO1A-VEGFA overexpression is associated with reduced survival 
in TNBC patients. 

A Higher NFIB expression observed in iC10 and basal breast cancer subtype compare to 
the other subtypes using intClust (Dawson et al., 2013) and PAM50 classifications in the 
METABRIC cohort. 

B, C Distant-metastasis-free survival (B) and overall survival (C) plots generated using the 
Kaplan-Meier Plotter (Györffy et al., 2010) based on the signal intensity of the NFIB probe 
(213029_at). 

D, E Distant-metastasis-free survival (D) and overall survival (E) plots generated using the 
Kaplan-Meier Plotter based on the mean expression using the signal intensity of the NFIB 
(213029_at) combined with the ERO1A (218498_s_at) probes. 

F Overall survival plot generated using the Kaplan-Meier Plotter based on the mean 
expression using the signal intensity of the NFIB (213029_at) combined with the ERO1A 
(218498_s_at) and VEGFA (210512_ s_at) probes. 

In all the graphs the cut-off was automatically set to split patients in two groups (median), high 
and low. All the plots were generated using signal intensity of the different probes in 
Affymetrix microarray gene expression data from TNBC patients of The Cancer Genome 
Atlas.  Number of patients (n) and p values (two tailed log-rank test) are presented in the panels. 
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 Figure 5. High NFIB-ERO1A-VEGFA overexpression correlates with poor prognosis in TNBC patients. 

iC
1

iC
2

iC
3

iC
4

iC
5

iC
6

iC
7

iC
8

iC
9

iC
10

5.8

6.0

6.2

6.4

6.6

6.8

METABRIC: 
IntClust Classification

N
F

IB
 (

lo
g2

 E
xp

re
ss

io
n)

B
as

al

H
er

2

Lu
m

A

Lu
m

B

5.8

6.0

6.2

6.4

6.6

6.8

METABRIC:
PAM50 Classification

N
F

IB
 (

lo
g2

 E
xp

re
ss

io
n)

F

0 50 100 150 200

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

Time (months)Number at risk
120 74 30 7 1low     
121 66 20 10 1high

HR = 1.55 (0.94 − 2.55)
logrank P = 0.081

Expression
low
high

NFIB

Ov
er

all
 su

rvi
va

l (%
)

0 50 100 150 200

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

Time (months)Number at risk
120 75 31 10 1low     
121 65 19 7 1high

HR = 1.7 (1.03 − 2.81)
logrank P = 0.036

Expression
low
high

Ov
er

all
 su

rvi
va

l (%
)

NFIB + ERO1A(combined) NFIB + ERO1A + VEFGA(combined)

0 50 100 150 200

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

Time (months)Number at risk
120 72 28 9 2low     
121 68 22 8 0high

HR = 1.46 (0.89 − 2.4)
logrank P = 0.13

Expression
low
high

Ov
er

all
 su

rvi
va

l (%
)



Result Part I 

 55 

5.4 Expanded view figures  

 

Figure 5-EV1 │ In vivo unbiased transposon screen in the non-metastatic PIK3CAH1047R 
mammary tumour-derived cells allows the isolation of aggressive lung metastatic lines. 

A Kaplan-Meier plot depicting tumour incidence in NOD/SCID animals transplanted in 
the mammary fat pad wit 106 cells of HR1.Ctrl (n = 14) or HR1.PB cells (n = 19), two-tailed 
log-rank test. 

B Representative bioluminescence acquisition of lungs from mice injected with HR1.PB 
and HR1.Ctrl cells as in A. 

C Graph representing the kinetics of HR1.Ctrl (n = 5), HR1.PB (n = 4), HR1.LM1 (n = 
6), HR1.LM3 (n = 5), HR1.LM4 (n = 6), HR1.LM5 (n = 5), HR1.LM6 (n = 4), and HR.LM9 
(n = 8) tumour growth upon orthotopic injection of 250 x 103 cells in NOD/SCID mice. 

D Kaplan-Meier plot showing metastasis onset after tumour removal in mice injected with 
HR1.Ctrl (n = 6), HR1.PB (n = 8), HR1.LM1 (n = 5), HR1.LM3 (n = 3), HR1.LM4 (n = 5), 
HR1.LM5 (n = 3), HR1.LM6 (n = 7), or HR1.LM9 (n = 7). 

E Representative bioluminescence images (left panel) and bar plot quantification (right 
panel) of lung metastatic (LMs) and non-metastatic LM cell lines after primary tumour 
removal. n = 3 mice, means ± s.d., two-tailed Student’s t-test. 

  

Figure EV1. In vivo unbiased genetic screen allows the isolation of aggressive lung metastatic cell lines. 
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Figure 5-EV2 │ Foxp1 depletion decreases mammary tumour onset and metastasis. 

A Immunoblots showing protein levels of NFIB in single-cell derived clones of LM1 and 
LM9 after Nfib knockout (KO). Single cell clones were pooled for the KOs (LM1 KOs clones: 
4, 5, 6, 8, 10; LM9 KOs clones: 5,16; in bold). ERK2 served as a loading control. 

B Immunoblots showing protein levels of FOXP1 in single-cell derived clones of LM9 
after Foxp1 knockout. Single cell clones were pooled (LM9 WT clones: 1,2,3,6,7,10; KOs: 
4,5,8,9,11; in bold). ERK2 served as a loading control. 

C Graph representing the kinetics of LM9 Foxp1 WT (n = 3) or KO (n = 5) tumour 
growth. Curves show means of tumour volume ± s.d., two-tailed Student’s t-test on the times 
to reach 250 mm3 (dashed line). 

D Kaplan-Meier plot depicting metastasis onset after tumour removal in mice injected 
orthotopically with LM9 Foxp1 WT (n = 3) or KO (n = 3), two-tailed log-rank test.  
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Figure EV 2. Foxp1 depletion decreases mammary tumor onset and metastasis. 
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Figure 5-EV3 │ Nfib ablation in a highly metastatic mammary cancer line increases 
overall survival in mice. 

A Immunoblots showing protein levels of NFIB in single-cell derived clones of 4T1 after 
Nfib knockout. Single cell clones were pooled: WT clones: 5,7; KOs clones: 3, 4, 9, 10, 15; in 
bold. ERK2 served as a loading control. 

B Graph representing the kinetics of 4T1 Nfib WT (n = 5) and 4T1 Nfib KO (n = 5) tumour 
growth upon orthotopic injection of 250 x 103 cells into BalbC animals. Curves show means 
of tumour volume ± s.d., two-tailed Student’s t-test on the times to reach 250 mm3 (dashed 
line). 

C Kaplan-Meier plot depicting survival analysis after tumour removal from mice injected 
orthotopically with 4T1 Nfib WT (n = 5) or 4T1 Nfib KO (n = 5), two-tailed log-rank test. 

D Quantification of CTCs colonies from mice orthotopically injected with 4T1 Nfib WT 
(n = 5) and 4T1 Nfib KO (n = 5). Means ± s.d., two-tailed Mann-Whitney U-test. 
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Figure 5-EV4 │ Endogenous Nfib/NFIB overexpression in HR1 and SUM159PT cell lines 
decreases tumour latency and enhances metastasis. 

A Immunoblot showing proteins levels of NFIB in HR1 cells overexpressing Nfib via the 
CRISPR Cas 9 SAM system (in bold: cell lines after two months of culture in vitro). 
VINCULIN served as a loading control. 

B Graph representing the kinetics of HR1 gCtrl (n = 13) and HR1 gNfib (n = 16) tumour 
growth upon orthotopic injection of 250 x 103 cells in NOD/SCID mice. Curves show means 
of tumour volume ± s.d., two-tailed Student’s t-test on the times to reach 250 mm3 (dashed 
line).  

C Immunoblots showing protein levels of NFIB in SUM159PT cells overexpressing NFIB 
via the CRISPR Cas 9 SAM system. VINCULIN served as a loading control. 

D Graph representing the kinetics of SUM159PT gCTRL (n = 5) and gNFIB (n = 6) 
tumour growth upon orthotopic injection of 250 x 103 cells into NSG mice. Curves show means 
of tumour volume ± s.d., two-tailed Student’s t-test on the times to reach 250 mm3 (dashed 
line). 

E Kaplan-Meier plot depicting metastasis onset after tumour removal from mice injected 
orthotopically with SUM159PT gCTRL (n = 5) or gNFIB (n = 6), two-tailed log-rank test. 

F Representative bioluminescence images (left panel) and quantification (right panel) of 
mice at day 30 (SUM159PT gCTRL) and day 3 (SUM159PT gNFIB) after primary tumour 
removal. n = 5 mice, means ± s.d., two-tailed Student’s t-test. 
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Figure 5-EV5 │ Nfib increases Ero1l/ERO1A expression. 

A, B Intersection of the top 200 differentially expressed genes (sorted by statistical 
significance) in tumourspheres and tumours (Nfib high-expression vs. the respective controls) 
and putative transcriptional targets of Nfib determined by ChIP-seq in mammary gland (Shin 
et al., 2016) (A) and epithelial-melanocyte stem cells (Chang et al., 2013) (B) (association rule: 
Basal+extension: 5000 bp upstream, 1000 bp downstream, 10000 bp max extension, curated 
regulatory domains included). 

C Immunoblots showing proteins levels of NFIB and ERO1L/ERO1A in tumours derived 
from mammary fat pad injection of LM and LM Nfib KO, HR1gCtrl and HR1 gNfib, 
SUM159PT gCTRL and SUM159PT gNFIB, and 4T1 and 4T1 Nfib KO cell lines. VINCULIN 
served as a loading control. 

D Bar graph representing mean Nfib and Ero1l mRNA expression in tumourspheres 
derived from LM and LM KO cancer cells at the first passage. Ero1l is downregulated upon 
Nfib KO in this model. In both graphs n = 2 biological replicates, means ± s.d., two-tailed 
Student’s t-test, FC= fold change.  

E Bar graph representing mean ERO1A mRNA expression in the SUM159PT gNFIB cell 
line upon ERO1A knockdown. Means ± s.d., n = 3 biological replicates, two-tailed Student’s 
t-test, FC= fold change. 
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5.5 Discussion 

Metastasis, the final, lethal hallmark of cancer, remains a major burden for breast cancer 

patients but there are numerous mechanisms that may prevent circulating cancer cells from 

colonizing distant organs. Only when these are circumvented and metastases develop is the 

prognosis of patients dismal (Massagué and Obenauf, 2016). Several interacting oncogenic 

pathways contribute to metastasis, but the exact molecular mechanisms of colonization are not 

fully understood. A detailed understanding of these molecular mechanisms is urgently needed.  

Previous studies showed that NFIB governs epithelial melanocyte stem cell behaviour 

and facilitates melanoma cell migration and invasion (Chang et al., 2013; Fane et al., 2017). 

NFIB has also been implicated in models of small-cell lung carcinoma (SCLC) and breast 

cancer (Denny et al., 2016; Semenova et al., 2016; Campbell et al., 2018; Liu et al., 2019; 

Moon et al., 2011), and NFIB or ERO1A has been associated with different tumour types 

(Becker-Santos et al., 2017; Yang et al., 2018; Zhou et al., 2017). NFIB was shown to enhance 

TNBC cell survival and progression by suppressing CDKN2A (Liu et al., 2019), and to confer 

estrogen independency in estrogen receptor-positive breast cancer models (Campbell et al., 

2018).  

Here, we provide new insights into the effects of the NFIB-ERO1A axis on breast 

cancer progression to metastasis. Via an unbiased in vivo PB functional genetic screen, we have 

shown that NFIB induces mammary cancer metastatic progression and colonization. We have 

collected functional and mechanistic evidence that NFIB is a mammary cancer metastatic 

transcriptional regulator. First, depletion of NFIB delayed mammary tumour growth and 

abrogated metastases in three different cell lines when using both the orthotopic and 

experimental metastasis assays. Second, Nfib KO reduced tumoursphere formation and the 

frequency of tumour-initiating cells. Third, endogenous Nfib/NFIB overexpression was 
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sufficient to evoke metastasis in non-metastatic murine and human mammary cancer lines in 

both the orthotopic and experimental metastasis assays. It also decreased overall survival of 

the animals. 

Mechanistically we have discovered, and provide functional validation, that ERO1A is 

critical for NFIB-evoked metastatic colonization in mammary cancer. The NFIB-ERO1A axis 

promotes angiogenesis at secondary sites via increased VEGFA expression, resulting in a 

permissive microenvironment for colonization. Clinically, we have shown that high expression 

of the NFIB/ERO1A/VEGFA axis correlates with reduced breast cancer patient survival. These 

recorded effects of the NFIB-ERO1A axis on breast cancer progression to metastasis identify 

a targetable network for cancer therapy. 
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5.6 Materials and methods 

Cell lines  

LB-mHR1 is a mouse mammary cancer cell line derived from a transgenic mouse expressing 

PIK3CAH1047R under the CAG-promoter (Meyer et al. 2011). In brief, a mammary tumour was 

dissociated into single cells through mechanical and enzymatic digestion. The cells were sorted 

using GFP and established in DMEM supplemented with 10% FBS. To generate HR1.PB cells, 

LB-mHR1 cells were engineered with the PB system (Ivics et al., 2009, Rad et al., 2010) by 

transduction with the pFS250-PBase vector (HR1.Ctrl) followed by transfection with an ATP1 

construct. To induce transposon mobilization and generate pools of mutagenized cells, HR1.PB 

cells were treated with dox for up to 96 h in vitro. LM (1 to 9) cell lines are lung-derived tumour 

cell lines isolated from NOD/SCID mice bearing HR1.PB derived mammary tumours. In brief, 

lungs were dissociated into single cells and cultured until tumour cell colonies became 

apparent. For increased purity, tumour cells were sorted for GFP. HEK293T and 4T1 cell lines 

were purchased from the ATCC and cultured according to the ATCC protocol. LB-mHR1, 

4T1, LM1-9, and HEK293T cells lines were cultured in DMEM supplemented with 10% 

FCS. SUM159PT cells were kindly provided by Dr. Charlotte Kupperwasser (Boston, USA). 

SUM159PT cells were cultured in Ham’s F12 with 5% fetal calf serum (Gibco, Invitrogen), 5 

µg/ml bovine insulin (Sigma), 1 µg/ml hydrocortisone (Sigma), 1x penicillin/streptomycin 

(Gibco, Invitrogen). SUM159PT cell line identity was confirmed and routinely tested using 

short tandem repeat (STR) sequencing; all cell lines were tested routinely for mycoplasma 

contamination. 

Animal experiments  

All in vivo experiments were performed in accordance with the Swiss animal welfare ordinance 

and approved by the cantonal veterinary office Basel-Stadt. Female NOD/SCID, NSG, and 

BALB/c mice were maintained in the Friedrich Miescher Institute for Biomedical Research 



Result Part I 

 63 

and the Department of Biomedicine animal facilities in accordance with Swiss guidelines on 

animal experimentation. Mice were maintained in a sterile controlled environment (a gradual 

light–dark cycle with light from 7:00 to 17:00, 21-25°C, 45-65 % humidity). For orthotopic 

engraftment of cancer cell lines in the limiting dilution assay, 250 x 103,10 x 103, 2 x 103, 500 

and 200 LM cells were suspended in 50 μl Matrigel:PBS (1:1) and injected into the fourth 

mouse mammary gland of six- to eight-week-old female NOD/SCID mice. The frequencies of 

tumour-initiating cells in the different conditions were calculated and compared statistically 

using the Extreme Limiting Dilution Analysis (ELDA) online tool (Hu and Smyth, 2009). For 

the PB in vivo screen, HR1.Ctrl and HR1.PB cells (1 x 106) were resuspended in 50 μl 

Matrigel:PBS (1:1) and injected into the mammary fat pads of four- to eight-week-old female 

NOD/SCID mice. For orthotopic engraftment of cancer cell lines, LB-mHR1 or LM cells (250 

x 103 cells) were resuspended in 50 μl Matrigel:PBS (1:1) and injected into the mammary fat 

pads of four- to eight-week-old female NOD/SCID mice. SUM159PT or 4T1 (250 x 103 cells) 

cells were injected into the mammary fat pads of four- to eight-week-old female NSG or 

BALB/c mice, respectively. Tumours were measured with Vernier calipers and volume 

calculated as 0.5 x [(large diameter) x (smallest diameter)2]. Tumours were resected before 

they reached 1500 mm3 and mice were monitored regularly for signs of metastatic outgrowth 

and distress. For survival studies, animals were sacrificed when tumours reached 1500 mm3 or 

when they showed any signs of distress (e.g., breathing disorders, weight loss, or immobility). 

All orthotropic experimental procedures (tumour resection and tumour cell implantation) were 

undertaken on anaesthetized mice by a single investigator according to protocols approved by 

the cantonal veterinary office Basel-Stadt. Experimental metastasis assays were performed by 

injecting 100 x 103 cells suspended in 100 μl of PBS into tail veins (i.v.). After intravenous 

injection of LM, LB-mHR1, or SUM159PT cells, in vivo bioluminescence imaging was 

performed to confirm injection and to monitor metastatic outgrowth. For bioluminescent 
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imaging, mice were injected i.p. with 100 μl of D-luciferin (15 mg/mL, Biosynth L8220). Mice 

were anesthetized with isoflurane (2% in 1 L/min oxygen) and bioluminescence imaging 

performed using an IVIS Lumina XR instrument (Caliper LifeSciences) upon injection of 

luciferin. Acquisition times ranged from 3 to 10 min. 

Splinkerette PCR for the amplification of transposon integration sites 

For PB sequencing, we adapted the splinkerette PCR protocol described previously (Friedrich 

et al., 2017). Sequenced samples: tumour samples (16 primary tumours) and 18 metastatic 

samples (3 lung-metastases, 6 lung macro-metastases and 9 LM cell lines). Genomic DNA was 

isolated (using DNeasy Blood and Tissue Kit; Qiagen), sheared to a fragment length of 250 bp 

with a Covaris sonicator. After end repair and A-tailing, purified DNA fragments were ligated 

to a splinkerette adaptor (obtained after annealing of top 5′- 

gttcccatggtactactcatataatacgactcactataggtgacagcgagcgct-3′ and bottom 5′- 

gcgctcgctgtcacctatagtgagtcgtattataatttttttttcaaaaaaa-3′). Transposon-containing fragments were 

enriched by 18 cycles of transposon-specific PCR1 for the 5′ transposon ends in a unique 

library (5′-gacggattcgcgctatttagaaagagag-3′ for the 5′ arm of PB, and common splinkerette 

primer 5′-gttcccatggtactactcata-3′). Bar coding of individual samples and completion of 

Illumina adaptor sequences were achieved by an additional 12 cycles (primary tumours) and 

18 cycles (metastatic samples) of transposon-specific PCR and a custom array of 35 unique 

bar-coding primers. For the 5′ arm, we used 5′-

aatgatacggcgaccaccgagatctacacatgcgtcaattttacgcagactatc- 3′ and for the splinkerette side, we 

used 5′-caagcagaagacggcatacgagatcggtXXXXXXXXtaatacgactcactatagg-3′ primers. The Xs 

represent the bar code of 8 nucleotides. After magnetic bead purification (Beckman Ampure 

XP), libraries were assembled in two pools and sequenced on an HiSeq Desktop Sequencer 

(Illumina): HiSeq 2500 and MiSeq, Rapid Run, Paired-End, 2 x 100 bp, with 15% PhiX; 7 pM 

was loaded on to the instrument. 
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Mapping of insertion sequences to the mouse genome and identification of integration 

sites 

Pre-processing and alignment: Paired-End reads were first pre-processed by removing the 

expected transposon-derived sequence (5’-TAGGGTTAA-3’) from the beginning of the first 

read (read-pairs with non-matching first reads were discarded; typically around 1%) using the 

preprocessReads function from QuasR (version 1.12.0). Read pairs were then aligned to the 

mouse genome (BSgenome.Mmusculus.UCSC.mm10) using the QuasR qAlign function and 

parameters “-m 1 --best --strata --maxins 1000”; only uniquely mapping pairs with up to 1000 

bp between-pair distance were reported. Mapping rates were recorded and non-mapped read 

pairs were further aligned against the non-mobilized transposon sequence to estimate the 

probable fraction of read pairs that originate from non-mobilized copies of the transposon. For 

each aligned read pair, the piggyBac insertion coordinate was identified as the coordinate of 

the first (most 5’) base of the first read. 

Integration site identification and quantification: For each unique integration site, the number 

of distinct supporting alignments (distinct read pairs), and the genomic sequence from the four 

base pairs on the same strand as the first read directly upstream of the insertion site were 

recorded. Only integration sites with the expected upstream TTAA sequence were used for the 

downstream analysis. 

Association of integration sites with genes: Coordinates of known genes (exons/introns, 5’-

untranslated region [UTR], coding sequence [CDS], 3’UTR) were obtained from the 

TxDb.Mmusculus.UCSC.mm10.knownGene Bioconductor package (version 3.2.2). Promoter 

regions were defined as regions 2,000 bp upstream of known transcript start sites. Integration 

sites were matched against these genomic regions to identify overlaps on any strand and 

orientation, selecting the first overlap in the case of multiple overlaps. Integration sites were 

classified hierarchically as follows: sites without overlaps to any transcript were labeled as 
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promoter sites (in the case of an overlap with a promoter region) or intergenic sites. All other 

sites were labeled with the first region type that they overlapped, in the following order: 5’UTR, 

CDS, 3’UTR, intron, or ncRNA (defined as an overlap with a transcript without annotated 

CDS). Sites were further labeled according to their orientation with respect to the associated 

gene (same or opposite). Finally, sites were grouped according to the gene they overlapped 

(including promoter sites) or, for intergenic sites, according to the pair of flanking genes. 

Selection of the enriched unique integration sites: For each insertion the diversity has been 

calculated (the number of distinct alignment-pairs starting at the insertion coordinate) (Chapeau 

et al., 2017). For each gene the diversity was summed up resulting in the number of unique 

insertions in a gene. Finally, this value was divided by the total number of unique insertions 

for a given sample. In order to find putative metastatic genes, we looked at the genes with a 

higher number of unique insertions in the metastatic than in the tumour samples. 

Genome editing by CRISPR-Cas9  

A single sgRNA that produced a frameshift mutation in first and second exons was designed 

using the Zhang’s lab online CRISPR (http://crispr.mit.edu) and cloned into a modified PX330 

(Addgene plasmid 42230) in which the puromycin cassette was replaced by red fluorescent 

protein (RFP; provided by the group of M. Bühler at the FMI). The sgRNA sequences selected 

for Nfib (based on the lowest number of predicted off-targets and highest predicted efficiency) 

were, guide 1:  5’-CACCGCTCCGGGAAAGTGCGTTTTA-3’ and 5’-

AAACTAAAACGCACTTTCCCGGAGC-3’; guide 2: 5’-

CACCGTAGGCAATTGCACGGACGTG-3’ and 5’-

AAACCACGTCCGTGCAATTGCCTAC -3. The sgRNA sequences selected for Foxp1 were, 

guide1: 5’-CACCGCTTCGTGACACTCGGTCCAA-3’ and 5’- 

AAACTTGGACCGAGTGTCACGAAGC-3’; guide 2: 5’- 

CACCGTAGTAAGTGGTTGCCACCGC-3’ and 5’- 
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AAACGCGGTGGCAACCACTTACTAC-3’. The sgRNA vectors were transduced into LM 

and 4T1 cells and the cells sorted for RFP positivity into 96-well plates. Single cell clones were 

expanded and screened by immunoblotting. Different numbers of clones were pooled in equal 

proportions to minimize undesired off-target and clonal effects (LM1 KO = 5, LM9 KO =2, 

4T1 WT = 2, 4T1 KO = 5). For human NFIB overexpression, we used SAM-engineered Cas9 

activation complexes (Konermann et al., 2015). LB-mHR1 and SUM159PT cells were 

lentiviral infected in order to express the full murine and human NFIB from an endogenous 

promoter and maintained in culture for two months. sgRNA sequences were designed using 

the Zhang’s lab online CRISPR (http://sam.genome-engineering.org) and cloned into the 

lentiviral vector Addgene; plasmid 61427. Lenti-sgRNA-MS2 was digested with BsmbI and 

purified in a gel. The two annealed primers were ligated using the golden gate reaction. The 

sgRNA sequences selected for mouse Nfib were, guide 2: 5’- 

CACCGCAGGAGGAGGAGGAGTAAAG-3’ and 5’- 

AAACCTTTACTCCTCCTCCTCCTGC-3’; guide 3: 5’- 

CACCGTGGGGGAGGCGCGCGGGAGG-3’ and 5’- 

AAACCCTCCCGCGCGCCTCCCCCAC -3’; guide 4: 5’- 

CACCGTGTGGAGAGGCTGGTGCAAA-3’ and 5’- 

AAACTTTGCACCAGCCTCTCCACAC-3’. The sgRNA sequences selected for human NFIB 

were, guide 1: 5’-CACCGAGCTGAGCCATCCATTCCTC-3’ and 5’-

AAACGAGGAATGGATGGCTCAGCTC; guide 2: 5’- 

CACCGACTAGGCTTGCAGTAAACGC-3’ and 5’-

AAACGCGTTTACTGCAAGCCTAGTC; guide 3: 5’- 

CACCGGAAGAGACTTGTCAGTATA-3’ and 5’-AAACTATACTGACAAGTCTCTCCC-

5’. 
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Lentiviral infections 

The ATP1 vector was described previously (Rad et al., 2010). The transposon has PB inverted 

terminal repeats and can therefore be mobilized with the transposon system. ITRs were cloned 

into pBlueScript and the following genetic elements introduced between the ITRs of the 

transposon: Carp β-actin splice acceptor (CβASA), En2SA splice acceptor from exon 2 of the 

mouse Engrailed-2 gene, Lun-SD from exon 1 of the mouse Foxf2 gene, and two bidirectional 

SV40 polyAs. Promoter elements carried by the transposons were unique to individual 

transposons: CAG (CMV immediate early enhancer and chicken beta-actin gene promoter) for 

ATP1. The piggyBac transposase was cloned out of the Super PiggyBac Transposase 

expression (System Biosciences) by PCR (primers 5’ 

AGCTAGCACCGGTCGGAATTGTACCCAATTCGTTAAG 3’ and 5’ 

AGAATTCTTAATTAATTCTGGCGGCCGTTACG 3’) and cloned into a doxycycline-

inducible vector pFS250 (a kind gift from Novartis). For human ERO1A downregulation, we 

used two shRNA constructs (V2THS_85712 and V2THS_85710: Dharmacon pTRIPZ). Non-

targeting shRNAs (pTRIPZ) were used as controls. A dual green fluorescent protein-luciferase 

2 reporter (eGFP-Luc2 (Liu et al., 2010)) vector was used for in vivo bioluminescence imaging 

experiments. Lentiviral batches were produced using PEI transfection on 293T cells as 

previously described (Britschgi et al., 2017). The titer of each lentiviral batch was determined 

in 4T1, LM, FMI-LB-mHR1, and SUM159PT cells. Cells were infected overnight in the 

presence of polybrene (8 µg/ml). p250.PBase selection was performed with 500 µg/ml 

Neomicin G418 (InvivoGen) and applied 48 h after infection. ATP1 selection was performed 

with 2.5 µg/ml puromycin (Sigma) and applied 48 h after transfection. The SAM engineered 

Cas9 activation complex (Konermann et al., 2015) consists of three lentiviral vectors: Lenti 

MS2-P65-HSF1_Hygro (Addgene plasmid 61426), Lenti-sgRNA-MS2_Zeo (Addgene; 

plasmid 61427), and Lenti dCAS-VP64_Blast (Addgene 61425). Cells were infected first with 
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a 1:1 mass ratio of Lenti MS2-P65-HSF1 and Lenti dCAS-VP64 at a MOI of 10 viral particles 

per cell; selection was carried out in 1 µg/ml Blasticidin (Gibco) and 500 µg/ml Hygromicin 

(InvivoGen) after a 24-h transduction. Selection in 500 µg/ml Zeomicin (Invitrogene) was also 

applied after a 24-h infection with Lenti-sgRNA-MS2_Zeo. Cells were cultured for two months 

in vitro before performing experiments.  

Fluorescence-activated cell sorting  

For FACS, cell lines were detached using trypsin-EDTA, resuspended in growth medium and 

counted. Cells were passed through a 40-μm strainer (Falcon) and resuspended in PBS with 

1% FCS. DAPI (0.2%, Invitrogen) was added (1:250) 2 min before cell sorting. Single cells 

were gated on the basis of their forward and side-scatter profiles and pulse-width was used to 

exclude doublets. Dead cells (DAPI bright) were gated out and RFP and GFP bright cells were 

selected. FACS was carried out with a BD FACSAria III (Becton Dickinson) using a 70-μm 

nozzle for SUM159PT, 4T1, HR1 and LM cell lines. 

Immunoblotting 

Cells were lysed in RIPA buffer (50 mM Tris-HCl pH 8, 150 mM NaCl, 1% NP-40, 0.5% 

sodium deoxycholate, 0.1% SDS) supplemented with 1x protease inhibitor cocktail (Complete 

Mini, Roche), 0.2 mM sodium orthovanadate, 20 mM sodium fluoride, and 1 mM 

phenylmethylsulfonyl fluoride. Extracted proteins were measured using a DC protein assay kit 

(BioRad #5000112) and their concentrations adjusted. Whole-cell lysates, immunoprecipitates 

or nuclear cell lysates (30-50 μg) were subjected to 8% SDS– PAGE, transferred to PVDF 

membranes (Immobilon-P, Millipore), and blocked for 1 h at room temperature with 5% milk 

in PBS–0.1% Tween 20. Membranes were then incubated overnight with antibodies as 

indicated and exposed to secondary HRP-coupled anti-mouse or -rabbit antibody at 1:5,000–

10,000 for 1 h at room temperature. For each of the blots presented, the results represent at 

least three independent experiments. The following antibodies were used: anti-NFIB (Sigma, 
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HPA003956-100UL), anti-Vinculin (Abcam, ab18058), anti-ERK2 (sc-1647, Santa Cruz), 

anti-FOXP1 (Cell signaling, 4402), and anti-ERO1L (Abnova, H0003001-M01, Clone 4G3). 

RNA isolation and qPCR  

Total RNA was extracted using a Qiagene, RNeasy Plus Mini kit (cat. number 74136) 

according to the manufacture’s protocol. Total RNA (1 µg) was transcribed using the iScript 

cDNA synthesis kit (BioRad, cat. number 170-8891). PCR and fluorescence detection were 

performed using the StepOnePlus Sequence Detection System or the 7500 ABI Fast Cycler 

(Applied Biosystems) according to the manufactures’ protocols in a reaction of 20 μl 

containing 1x TaqMan Universal PCR Master Mix (Applied Biosystems) and 25-50 ng cDNA. 

Primetime qPCT IDT assays (Integrated DNA technologies) were used for quantification of 

Nfib (Mm.PT.58.16634012), Gapdh (Mm.PT.39a.1), Foxp1 (Mm.PT.58.2734907), Ero1l 

(Mm.PT.58.6905093), Vegfa (Mm.PT.58.1400306), NFIB (Hs.PT.58.40046929), ERO1A 

(Hs.PT.58.2554238), VEGFA (Hs.PT.58.1149801), and HPRT1 (Hs.PT.58.45621572). All 

measurements were performed in technical duplicate and the arithmetic mean of the Ct values 

used for calculations: target gene mean Ct values were normalized to the respective 

housekeeping genes (Hprt1 or Gapdh), mean Ct values (internal reference gene, Ct), and then 

to the experimental control. The values obtained were 2−ΔΔCt expressed as fold changes in 

regulation compared with the experimental control using the 2−ΔΔCt method of relative 

quantification. 

Tumoursphere cultures 

LM and HR1 cells were plated in ultra-low attachment plates (Corning) for six days at 10,000 

cells per mL in DMEM:F12 supplemented with 1x B27 (Gibco, Invitrogen), 20 ng/mL human 

or mouse EGF (PeproTech), 20 ng/mL basic FGF (PeproTech), and 1x penicillin/ streptomycin 

(Gibco, Invitrogen)(Hilsenbeck et al., 2008). Primary tumourspheres were dissociated with 

0.05% trypsin and replated at the same density for six further days for secondary tumoursphere 
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assessment; additional rounds of culture were performed.  All measurements were performed 

in technical triplicates. 

Circulating tumour cell quantification 

Circulating tumour cells (CTCs) were isolated from the peripheral blood of animals bearing 

tumours just before tumour resection. Peripheral blood was plated in DMEM medium 

supplemented with 10% FCS and colonies counted on day 10 of culture. The number 

of CTCs was expressed as the total number of colonies in the dish divided by the volume 

of blood taken.  

RNA sequencing and analysis 

Tumours RNA preparation and sequencing: Sorted GFP positive cells from tumours were 

collected and total RNA was extracted using a Qiagene, RNeasy Plus Mini kit (cat. number 

74136) according to the manufacture’s protocol. RNA integrity was measured on an Agilent 

2100 Bioanalyzer using RNA Pico reagents (Agilent Technologies). The library was prepared 

using Illumina TruSeq stranded mRNA-seq preparation kit (according to recommendations 

from the manufacturer). Library quality was measured on an Agilent 2100 Bioanalyzer for 

product size and concentration. Single-end libraries were sequenced by an Illumina HiSeq 2500 

(50-nt read length). 

Tumourspheres RNA preparation and sequencing: cells were dissociated with 0.05% trypsin, 

and total RNA was extracted using a Qiagene, RNeasy Plus Mini kit (cat. number 74136) 

according to the manufacture’s protocol. RNA integrity was measured on an Agilent 2100 

Bioanalyzer using RNA Pico reagents (Agilent Technologies). The library was prepared using 

Illumina TruSeq stranded mRNA-seq preparation kit (according to recommendations from the 

manufacturer). Library quality was measured on an Agilent 2100 Bioanalyzer for product size 

and concentration. Single-end libraries were sequenced by a NextSeq 500 (76-nt read length).  
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Analysis: reads were aligned to the mouse genome (UCSC version mm10) with STAR(Dobin 

et al., 2013). The output was sorted and indexed with samtools. Stand-specific coverage tracks 

per sample were generated by tiling the genome in 20-bp windows and counting 5' end of reads 

per window using the function bamCount from the bioconductor package bamsignals 

(https://bioconductor.org/packages/release/bioc/html/bamsignals.html). These window counts 

were exported in bigWig format using the bioconductor package rtracklayer 

(https://bioconductor.org/packages/release/bioc/html/rtracklayer.html). The qCount function 

of QuasR (https://bioconductor.org/packages/release/bioc/html/QuasR.html) was used to count 

the number of reads (5' ends) overlapping the exons of each gene, assuming an exon union 

model. Differential gene expression analysis was performed using the limma-voom framework 

(Carriço et al., 2011).  

Immunohistochemistry 

All xenograft tissues were fixed in 4% paraformaldehyde for 24 h at 4°C. Samples were then 

dehydrated, embedded in paraffin, sectioned (3-4 µm), and processed for haematoxylin/eosin 

staining and for immunohistochemistry. All immunohistochemistry experiments were 

performed using a Ventana DiscoveryXT instrument (Roche Diagnostics) following the 

Research IHC DAB Map XT procedure. For Nfib staining, slides were pretreated with CC1 for 

90 min. NFIB primary antibody (1:250) was incubated for 44 min, followed by secondary 

antibody incubation and detection. NFIB scores were expressed as positive=1 and negative=0. 

The RUO Discovery Universal procedure was used for CD31 staining, with a CC1 pre-

treatment (40 min) and incubation with a rat anti-CD31 antibody (SZ31 dianova, 1:50) for 1 h 

at 37°C. Next, a polymer Immpress goat anti-rat (Vector Lab, MP-7444) was applied for 28 

min at 37°C and the peroxidase reaction revealed with the Discovery ChromoMap DAB kit 

(Ventana, Roche diagnostics). Counter staining was performed with hematoxylin II and bluing 
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reagent (Ventana, Roche diagnostics). Two images of 2-8 lung metastases of each condition 

were captured and quantified manually or with Image j (Fiji). 

CD31 quantification  

The images were analysed using Fiji open source software(Gao et al., 2013). First, the lung 

area for each tissue section was measured by manual selection. Second, for each metastasis in 

each tissue section, a region of interest (ROI) was selected manually. Each ROI was then 

subjected to background subtraction (rolling ball with a 50-px radius) followed by color 

deconvolution using [H DAB] vectors. The resulting color channel (2) corresponding to the 

DAB stain was then thresholded (using the value for all images [222]) to measure the CD31-

positive areas. 

Microscopy image acquisition 

For immunohistochemistry sections, images were captured using a Nikon Ni-e upright 

microscope coupled to a PRIOR slide loader. Acquisition was performed with a 4x AIR 

objective with a DS-Fi3 camera using NIS software. Quantification of the images was 

performed using Fiji. Phase-contrast imaging used an inverted Zeiss Axioscope (10x, NA 

=0.25 and 5x, NA= 0.15) equipped with an Axiocam 503 mono 60N-C camera (pixel size 4.54 

µm) and images were acquired using the Zen lite software.  

Data analysis from publicly available datasets  

We used cBioPortal (Cerami et al., 2012, Gao et al., 2013) for the NFIB and ERO1A expression 

correlation study with publicly available data (Curtis et al., 2012, Pereira et al., 2016). The 

results here are based in part on data generated by the TCGA Research Network 

(https://www.cancer.gov/tcga). Relapse-free survival, distant-metastasis-free survival and 

overall survival of NFIB and ERO1A were generated using the 2017 version of KMplotter 

(Györffy et al. 2010) (http://kmplot.com/analysis/index.php?p=service&cancer=breast). Venn 
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diagrams were produced using Bioinformatics & Evolutionary Genomics 

http://bioinformatics.psb.ugent.be/webtools/Venn/. 

Statistical data analysis  

The standard laboratory practice randomization procedure was used for cell-line groups and 

animals of the same age and sex. The investigators were not blinded to allocation during 

experiments and outcome assessment. The number of mice was calculated by power analysis 

using data from small pilot experiments. Values represent the means ±s.d., unless stated 

otherwise. P values were determined using unpaired two-tailed t-tests and statistical 

significance set at P=0.05. The variance was similar between the groups compared. 

Biological replicates correspond to different cell lines and tumour material. Technical 

replicates are tests or assays run on the same sample multiple times. For statistical analysis and 

for reporting of the number of experimental entities, biological replicates were used. The means 

of technical replicates, if available, were used for analysis and visualization. Data were tested 

for normal distribution, Student’s t-tests and two-way ANOVA (if normally distributed) or 

nonparametric Mann-Whitney U-test or Wilcoxon tests were applied unless stated otherwise. 

Kaplan–Meier plots were generated using the survival calculation tool from Graphpad Prism 

and significance was calculated using the two-tailed log-rank test at P < 0.05. For the 

analysis of tumour growth, we extracted for each individual sample the time to reach a 

tumour volume of 250 mm3 as follows: a linear model was fit to the log of the tumour volume 

as a function of time using all volumes greater than zero and least squares fitting in R (lm 

function). The resulting fit typically had an R-squared of 0.7 or greater. The estimated times 

were then used to compare conditions, either in a two-way ANOVA or Student’s t-test, as 

indicated.  
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Data availability 

Tumours mRNA-seq data (GEO accession GSE144392): Go to 

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE144392  

Enter token gxifiyyytbunxgf into the box 

Tumourspheres mRNA-seq data (GEO accession GSE144393): 

Go to https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE144393 

Enter token efcfoeiynfmfzox into the box 

piggyBac screen genomic GEO accession (GSE144898):  

Go to https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE144898 

Enter token ivebimgmpncrtsz into the box 
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 RESULTS PART II 

6.1 Results 

6.1.1 Generation of a conditional PB/PIK3CAH1047R mammary cancer 

mouse model. 

To identify PIK3CAH1047R mutant collaborative mechanisms involved in breast cancer 

progression we used an unbiased piggyBac (PB) genome-wide mutagenesis system suitable for 

in vivo cancer screens (Rad et al., 2010). Particularly, we developed a conditional PB/PIK3CA 

mutant pregnancy induced mouse model by expressing the PB system and PIK3CAH1047R 

mutation in the mammary epithelial cells (Fig 6-1). First, PB-transposase animals were crossed 

to WAPiCre mice in which the expression of recombinase Cre is controlled by the whey acidic 

protein (WAP) promoter. Second, ATP1 transposon mice were crossed to PIK3CAH1047R 

animals (Fig 6-1A). We used a bi-functional transposon in which the cargo was modified with 

a promoter element, a splice donor, two splice acceptors facing in opposite orientation and 

bidirectional SV40 polyAs (Fig 6-1B ) (Rad et al., 2010). Chromosome 10 harbors the 

transposon donor locus in 20 copies (Rad et al. 2015; Friedrich et al. 2017). For activation of 

transposition and mutation expression we finally crossed PB-transposase/WAPiCre and 

PIK3CAH1047R/ATP1 transposon mutant mice generating W/P/A/H transgenic mice. In 

quadruple-transgenic mice, once the mouse is pregnant PIK3CAH1047R and PB transposase are 

expressed. Consequently, the transposase can mobilize the transposon specifically in the 

secretory mammary epithelial cells, where the WAP is manly active.  Mice lacking the ATP1 

transposon served as control (W/P/H). 
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Figure 6-1 │ Generation of a piggyBac/PIK3CAH1047R mammary cancer mouse model. A, 
Schematic overview of the breeding strategy and mouse lines: PB-transposase (Rad et al., 
2010) transgenic mice were crossed to WapiCre mice and ATP1(Rad et al., 2010) transposon 
transgenic mice to  PIK3CAH1047R transgenic mice (Meyer et al., 2011, 2013) generating PB-
transposase/WapiCre and ATP1 transposon/ PIK3CAH1047R mice. Experimental mice were 
obtained by crossing PB-transposase/WapiCre to ATP1 transposon/PIK3CAH1047R mice 
(W/P/A/H). Mice without ATP1 transposon were used as control (W/P/H). F0, F1, F2 and F3 
are the filial generations. B, Graphical representation of the constructs used in this study: 
WAPi-CreERT2 (Koren and Bentires-Alj, 2013); RosaPB lox-STOP-lox (LSL) mice 
expressing piggyBac transposase (Rad et al., 2010); ATP1 transposon (Rad et al., 2010) and 
RosaPB LSL PIK3CAH1047R (Koren and Bentires-Alj, 2013). 

6.1.2 Transposon mutagenesis enhanced tumourigenic ability in mice. 

Mice with an active PB system developed more mammary tumours (Fig 6-2A and B) and with 

a shorter latency (Fig 6-2C) compared with control animals (W/H/P). This suggests that the 

PB system generated advantageous mutations that enhance tumour progression. 
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Figure 6-2 │ Decreased tumour latency in PB mutagenized mice. A, Pie chart showing the 
percentage of mammary glands per mouse affected with primary tumour in W/P/A/H and 
W/P/H mice. B, Box plot showing the number of mammary glands per mouse affected with 
primary tumour. Means ± s.d., two tailed Mann-Whitney U-test. C, Kaplan-Meier plot 
depicting tumour onset in W/P/A/H (n = 53) and W/P/H (n = 19) transgenic mice, two-tailed 
log-rank test.  

 

6.1.3 Increased frequency and accelerated tumour formation after 

secondary transplantation. 

To evaluate the tumourigenic potential and select for cancer cells with a tumour initiation 

ability, we performed serial transplantation of tumour pieces into the cleared fat pad of recipient 

NOD/SCID mice (Fig 6-3A). Six control and eleven W/P/A/H donor tumours were used for 

primary transplantation (Fig 6-3B) and four control and nine W/P/A/H mutagenized donor 

tumours for secondary transplantation respectively (Fig 6-3C). Tumourigenic ability and 

growth on primary transplantations were not affected (Fig 6-3D, Extended Fig 6-1A and B). 

In contrast, W/P/A/H tumours had increased frequency in tumour formation and faster growth 

compared with control mice, after the secondary transplantation (Fig 6-3E, Extended Fig 6-

1C and D). Notably, almost the totality of the W/P/A/H donor pieces engrafted after the 
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secondary transplantation, showing positive selection of cancer cells with tumourigenic ability 

(Extended Fig 6-1E and F). Conversely, almost half of the control donor tumour pieces did 

not grow a tumour after the primary transplantation (Extended Fig 6-1E) and only 15% grew 

tumours after the secondary transplantation (Extended Fig 6-1F). 

 
Figure 6-3 │ Increased tumour frequency and accelerated tumour formation after 
W/P/A/H tumours secondary transplantation. A, In vivo serial transplantation experimental 
design: donor tumours are cut in pieces of similar size and transplanted into the cleared fat pad 
of recipient NOD/SCID mice. B, Box plot showing the percentage of tumour formation from 
each donor tumour W/P/H (n = 6) or W/P/A/H (n = 11) in primary transplantation. Means ± 
s.d., two tailed Mann-Whitney U-test, n.s. = not significant. C, Box plot showing the 
percentage of tumour formation from each donor tumour W/P/H (n = 4) or W/P/A/H (n = 9) in 
secondary transplantation. Means ± s.d., two tailed Mann-Whitney U-test. D, Kaplan-Meier 
plot depicting tumour incidence of W/P/A/H (n = 69) and W/P/H (n = 37) tumour donor pieces 
(n = 37) after primary transplantation in NOD/SCID mice; two tailed log-rank test, n.s. = not 
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significant. E, Kaplan-Meier plot depicting tumour incidence of W/P/A/H (n = 64) and W/P/H 
(n = 20) tumour donor pieces (n = 20) after secondary transplantation in NOD/SCID mice; two 
tailed log-rank test.  

6.1.4 Identification of candidate tumour driver genes. 

Next, we performed targeted sequencing of the transposon integration sites in the 22 primary 

and 31 secondary tumours, searching for insertions enriched in secondary compared with 

primary transplanted tumours (Fig 6-4). The sequencing data show that the transposon 

integration was efficient and unbiased in the genome (Extended Fig 6-2A and B). Similar to 

previous report (Liang et al., 2009), our data from the PB transposon showed slight local 

hopping (Extended Fig 6-2c). We observed a mild peak of integration at the donor 

chromosome 10, thus we excluded putative hits from this chromosome.  

Splinkerette PCR and sequencing from both transposon arms (Friedrich et al. 2017) 

allowed us to consider the diversity counts (div counts) within each sample; each uniquely 

sheared end was counted rather than all sequencing counts, thereby minimizing PCR-induced 

amplification effects. Targeted sequencing of the transposon integration sites in primary and 

secondary transplanted tumours revealed almost 12000 genes (Supplementary Table 1). To 

assess the most significant common insertion sites (CIS) we used a gene-centric common 

insertion site (gCIS) calling method (Brett et al., 2011), which identifies 7,764 CISs found in 

at least two tumours (Fig 6-4A and Supplementary Table 2). Two parameters were 

considered for each CIS to determine the confidence for selection: the number of tumour 

samples in which the CIS gene was targeted and the average of normalized div counts that 

estimate the frequency of insertion of the CIS within samples. CIS with high confidence were 

chose as potential driver cancer genes.  
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Figure 6-4 │ Transposon mutagenesis screen identifies candidate mammary tumour 
driver genes. A, Genetic landscape of PB insertions in the total 53 tumours sequenced. B, Bar 
graph showing the percentage of unique insertions in the top 25 genes normalized to the total 
number of insertions in a given sample. Gene are annotated with gene symbol when available 
otherwise with UCSC ID transcript names. Data are from all the sequenced samples (22 
primary tumours and 31 secondary tumours). 
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sites also suggest they are candidate oncogenes, on the contrary the opposite-strand insertions 

in Cdkn2a, Kmt2c, Pcdh9 and Lrrc28 genes suggest they are candidate tumour suppressor 

genes.  
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6.2 Extended Figures 

 
Extended Figure 6-1 │ W/PA/H tumours show enhanced tumourigenic ability after 
secondary tumour transplantation. W/P/A/H tumours had increased frequency and 
acceleration in tumour formation after secondary transplantation. A, B Box plot showing the 
time (days) of tumour growth of W/P/H, control, from different tumours donors during primary 
(A) and secondary transplantation (b). C, D Box plot showing the time (days) of tumour growth 
of W/P/A/H, control, from different tumours donors during primary (c) and secondary 
transplantation (D). Each dot corresponds to a single transplanted tumour piece. E, F Pie chart 
showing the percent of tumour formation after primary (E) and secondary transplantation (F) 
in W/P/A/H and W/P/H pieces donor tumour. 
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Extended Figure 6-2 │ Transposon mobilization in transplanted tumours. A Mapping 
statistic for individual samples, with fractions of read pairs that mapped uniquely to the mouse 
genome (“Mobilized”), that mapped to the transposon (“Non-mobilized”), or that could not be 
uniquely mapped (“Unmapped). Insertion per chromosome per TTAA present in the 
chromosome. B, Graphic representation of the genomic insertion distribution in each 
chromosome. C, Graph representing the insertion distribution per chromosome per TTAA per 
chromosome. 
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6.3 Discussion 

Here we used PB transposon system in an PIK3CA mutant background mouse model to identify 

genes that propagate and accelerate tumorigenesis. To enrich and select for tumour initiating 

cells, we serially transplanted PB/PIK3CAH1047R mutagenized and control tumours. We used 

DNA shearing followed by splinkerette PCR and deep sequencing to allow quantification of 

the amplicon diversity based on the sheared end and estimation of the clonality of each tumour 

sample. 7,764 CISs have been identified from the sequencing of the W/H/A/P transplanted 

tumours. Slightly local transposon hopping effect was observed and deep sequencing allowed 

us to define a method to predict GOF or LOF transposon insertions. The most frequently 

targeted tumour suppressor was the gene Trps1, which is already known to be involved in 

mammary tumourigenesis (Rangel et al., 2016). Other known tumour suppressor genes 

identified included Kmt2c Cdkn2a and Rasa1 (Suárez-Cabrera et al., 2017).  

The nature of CIS genes targeted by PB suggests that diverse genetic and epigenetic 

posttranslational alterations occur in these tumours. For instance, a number of alterations of 

known chromatin remodelling factors, including Arid1b, four different Hdac genes, Brd4, and 

Kmt2c. Genes enriched in secondary transplanted tumour, suggesting their involvement in 

tumor initiation. We used two cohort datasets, METABRIC (Curtis et al., 2012) and TCGA 

(Koboldt et al., 2012), to examine whether the expression of the most significant candidate 

genes could be prognostic for human breast cancer and if they co-occurred with PIK3CA 

mutation. KMT2C and PIK3CA co-occurred significantly (p < 0,001) and PCDH9 did not co-

occurred significantly with PIK3CA. KMT2C (also referred to as MLL3) encodes an histone 3 

Lysine 4 (H3K4) methyltransferase and is one of the most commonly mutated genes in breast 

cancer (Liu et al., 2015; Gala et al., 2018). Notably KMT2C is a key regulator of ERα activity 

(Sato and Akimoto, 2017), that sustain the co-occurrence with PIK3CA mutation, which mainly 

occurs in luminal (ER positive) breast cancers. KMT2C is a predicted tumour suppressor gene, 
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indeed higher expression levels of KMT2C in luminal breast cancers were predictive of 

increased relapse-free survival (Györffy et al. 2010).  

PCDH9 encodes a member of the protocadherin family, and cadherin superfamily, of 

transmembrane proteins containing cadherin domains and has been correlated with ovarian and 

hepatocellular carcinoma (Chen et al., 2015; Lv et al., 2017; Shi et al., 2019).  

Overall, our work highlights how in vivo transposon-mediated mutagenesis can be used 

to elucidate driver genetic mechanisms of cancer propagation. 
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6.4 Materials and methods 

Mice 

WAPiCre mouse line, the generation of PIK3CAH1047R mice (pure FVB) (Meyer et al., 2011, 

2013), PB-transposase and ATP1 transposon mice (Rad et al., 2010, 2015) were previously 

described. Mouse colonies and female NOD/SCID were maintained in the Friedrich Miescher 

Institute for Biomedical Research and the Department of Biomedicine animal facilities in 

accordance with Swiss guidelines on animal experimentation. Mice were maintained in a sterile 

controlled environment (a gradual light–dark cycle with light from 7:00 to 17:00, 21-25°C, 45-

65 % humidity). 

Genotyping: WAPiCre allele was carried out using WAP11 5’-

GAAAAGCACCAGGAGAAGTCAC-3’ and WAP12 5’-

GACACAGCATTGGAGTCAGAAG -3’ primers, which amplified a 900-bp product; 

PIK3CAH1047R allele was carried out using H1047FW 5’- TGGCCAGTACCTCATGGATT -

3’ and H1047RV 5’- GCAATACATCTGGGCTACTTCAT-3’, which amplified a 600-bp 

product; PB-transposase knock-in allele was carried out using using BpA5F 5’- 

GCTGGGGATGCGGTGGGCTC-3’ and Rosa3R 5’- 

GGCGGATCACAAGCAATAATAACCTGTAGTTT-5’ primers, which amplified a 250-bp 

product and PB-transposase wild-type Rosa26 allele was carried out using Rosa5F 5’- 

CCAAAGTCGCTCTGAGTTGTTATCAG-3’ and Rosa3R 5’- 

GGCGGATCACAAGCAATAATAACCTGTAGTTT-3’, which amplify a 450-bp product; 

ATP1- transposon allele was carried out using ATP FW 5’- 

CTCGTTAATCGCCGAGCTAC3’ and ATP RV 5’- 

GGCGGATCACAAGCAATAATAACCTGTAGTTT-3’, which amplified a 808-bp product. 
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Animal experiments 

All in vivo experiments were performed in accordance with the Swiss animal welfare ordinance 

and approved by the cantonal veterinary office Basel-Stadt. Mice were maintained in a sterile 

controlled environment (a gradual light–dark cycle with light from 7:00 to 17:00, 21-25°C, 45-

65 % humidity). For serial transplantation assay, donor tumours were orthotopically 

transplanted (primary and secondary transplantations) in the cleared fat pad of recipient 

NOD/SCID mice. More specifically donor tumour pieces were cut with similar size and 

engrafted in the cleared fat pad of the fourth mammary gland of NOD/SCID mice. One 

mammary gland per mouse was used for primary transplantation and two mammary glands 

were used for secondary transplantation. Tumours were measured with Vernier calipers and 

volume calculated as 0.5 x [(large diameter) x (smallest diameter)2]. Tumours were measured 

with Vernier calipers and volume calculated as 0.5 x [(large diameter) x (smallest diameter)2]. 

Tumours were resected before they reached 1500 mm3 and mice were monitored regularly for 

signs of metastatic outgrowth and distress. For survival studies, animals were sacrificed when 

tumours reached 1500 mm3 or when they showed any signs of distress (e.g., breathing 

disorders, weight loss, or immobility). All orthotropic experimental procedures (tumour 

resection and tumour cell implantation) were undertaken on anaesthetized mice by a single 

investigator according to protocols approved by the cantonal veterinary office Basel-Stadt.  

Splinkerette PCR for the amplification of transposon integration sites 

For PB sequencing, we adapted the splinkerette PCR protocol described previously (Friedrich 

et al., 2017). Sequenced samples: 22 primary transplanted tumours and 31 secondary 

transplanted tumours. Genomic DNA was isolated (using DNeasy Blood and Tissue Kit; 

Qiagen), sheared to a fragment length of 250 bp with a Covaris sonicator. After end repair and 

A-tailing, purified DNA fragments were ligated to a splinkerette adaptor (obtained after 

annealing of top 5′- gttcccatggtactactcatataatacgactcactataggtgacagcgagcgct-3′ and bottom 5′- 
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gcgctcgctgtcacctatagtgagtcgtattataatttttttttcaaaaaaa-3′). Transposon-containing fragments were 

enriched by 18 cycles of transposon-specific PCR1 for the 5′ transposon ends in a unique 

library (5′-gacggattcgcgctatttagaaagagag-3′ for the 5′ arm of PB, and common splinkerette 

primer 5′-gttcccatggtactactcata-3′). Bar coding of individual samples and completion of 

Illumina adaptor sequences were achieved by an additional 29 cycles of transposon-specific 

PCR and a custom array of 37 unique bar-coding primers. For the 5′ arm, we used 5′-

aatgatacggcgaccaccgagatctacacatgcgtcaattttacgcagactatc- 3′ and for the splinkerette side, we 

used 5′-caagcagaagacggcatacgagatcggtXXXXXXXXtaatacgactcactatagg-3′ primers. The Xs 

represent the bar code of 8 nucleotides. After magnetic bead purification (Beckman Ampure 

XP), libraries were assembled in two pools and sequenced on an HiSeq Desktop Sequencer 

(Illumina): HiSeq 2500 and MiSeq, Rapid Run, Paired-End, 2 x 100 bp, with 15% PhiX; 7 pM 

was loaded on to the instrument. 

Mapping of insertion sequences to the mouse genome and identification of integration 

sites 

Pre-processing and alignment: Paired-End reads were first pre-processed by removing the 

expected transposon-derived sequence (5’-TAGGGTTAA-3’) from the beginning of the first 

read (read-pairs with non-matching first reads were discarded; typically around 1%) using the 

preprocessReads function from QuasR (version 1.12.0,33). Read pairs were then aligned to the 

mouse genome (BSgenome.Mmusculus.UCSC.mm10) using the QuasR qAlign function and 

parameters “-m 1 --best --strata --maxins 1000”; only uniquely mapping pairs with up to 1000 

bp between-pair distance were reported. Mapping rates were recorded and non-mapped read 

pairs were further aligned against the non-mobilized transposon sequence to estimate the 

probable fraction of read pairs that originate from non-mobilized copies of the transposon. For 

each aligned read pair, the piggyBac insertion coordinate was identified as the coordinate of 

the first (most 5’) base of the first read. 
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Integration site identification and quantification: For each unique integration site, the total 

number of supporting alignments (any read pair), the number of supporting alignments from 

the most frequent fragment (most frequent read pair), the number of distinct supporting 

alignments (distinct read pairs) and the genomic sequence from the four base pairs on the same 

strand as the first read directly upstream of the insertion site were recorded. Normalized counts 

were calculated by dividing raw counts through the total number of alignments in a given 

sample and multiplied with 1e5 (counts per 100,000 insertions). For the downstream analysis, 

only integration sites with the expected upstream TTAA sequence were used. 

Association of integration sites with genes: Coordinates of known genes (exons/introns, 5’-

untranslated region [UTR], coding sequence [CDS], 3’UTR) were obtained from the 

TxDb.Mmusculus.UCSC.mm10.knownGene Bioconductor package (version 3.2.2). Promoter 

regions were defined as regions 2,000 bp upstream of known transcript start sites. Integration 

sites were matched against these genomic regions to identify overlaps on any strand and 

orientation, selecting the first overlap in the case of multiple overlaps. Integration sites were  

classified hierarchically as follows: sites without overlaps to any transcript were labeled as 

promoter sites (in the case of an overlap with a promoter region) or intergenic sites. All other 

sites were labeled with the first region type that they overlapped, in the following order: 5’UTR, 

CDS, 3’UTR, intron, or ncRNA (defined as an overlap with a transcript without annotated 

CDS). Sites were further labeled according to their orientation with respect to the associated 

gene (same or opposite). Finally, sites were grouped according to the gene they overlapped 

(including promoter sites) or, for intergenic sites, according to the pair of flanking genes. 

Gene-centric common integration site calling: In order to identify genes with over-represented 

integration sites, we adapted the gCIS method (Brett et al., 2011). Briefly, for each region of 

interest (e.g. gene or intergenic region), the observed number of integration sites is compared 

with the expected number. For this, the numbers of integration sites within the region 
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(sites.inside) and on the same chromosome outside of the region (sites.outside) are compared 

with the numbers of TTAA sites in the sequence of the region (ttaa.inside) and on the same 

chromosome outside of the region (ttaa.outside). A region with enriched integration sites has a 

ratio sites.inside/sites.outside greater than the expected ratio for that size of region and 

chromosome (ttaa.inside/ttaa.outside), and p-value for the region was calculated using Fisher’s 

exact test. 

Selection of the enriched unique integration sites: For each insertion the diversity has been 

calculated (the number of distinct alignment-pairs starting at the insertion coordinate) (Chapeau 

et al., 2017). For each gene the diversity has been summed up resulting in the number of unique 

insertions in a gene. Finally, this value was divided by the total number of unique insertions 

for a given sample. In order to find putative oncogenic genes, we looked at the genes with the 

higher number of unique insertions in the secondary transplanted tumours compared with the 

primary transplanted tumour samples. 

Data analysis from publicly available datasets. We used cBioPortal (Cerami et al. 2012, Gao 

et al. 2013) for the PIK3CA, NF1, CDKN2A, KMT2C, PCDH9, LRRC28 and TMEN178 

expression correlation study with publicly available data (Curtis, et al. 2012, Pereira, et al. 

2016). The results here are based in part on data generated by the TCGA Research Network 

(https://www.cancer.gov/tcga). Relapse-free survival and distant-metastasis-free survival of 

PIK3CA, NF1, CDKN2A, KMT2C, PCDH9, LRRC28 and TMEN178 were generated using the 

2017 version of KMplotter (Györffy et al. 2010) 

(http://kmplot.com/analysis/index.php?p=service&cancer=breast). 

Statistical data analysis 

Values represent the means ±s.d., unless stated otherwise. P values were determined using 

unpaired two-tailed t- tests and statistical significance set at P=0.05. The variance was 

similar between the groups compared. Biological replicates correspond to different tumour 
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material. Technical replicates are tests or assays run on the same sample multiple times. For 

statistical analysis and for reporting of the number of experimental entities, biological 

replicates were used. The means of technical replicates, if available, were used for analysis and 

visualization. Data were tested for normal distribution, Student’s t-tests and two-way ANOVA 

(if normally distributed) or nonparametric Mann-Whitney U-test or Wilcoxon tests were 

applied unless stated otherwise. Kaplan–Meier plots were generated using the survival 

calculation tool from Graphpad Prism and significance was calculated using the two-tailed 

log-rank test at P < 0.05. 
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 DISCUSSION AND OUTLOOK 

Current models of transposon-mediated forward genetic screen are valuable and functional 

tools to discover cancer genes and to better understand cancer pathogenesis (Rad et al., 2014; 

Chapeau et al., 2017; Friedrich et al., 2017; De La Rosa et al., 2017; Weber et al., 2019). These 

models are based on random mutagenesis and subsequent clonal expansion and neoplastic 

transformation of a cell carrying cancer-causing mutations. Because of its unbiased nature it is 

possible to discover cancer drivers that are difficult to find with other approaches. By using 

transposon unbiased genetic ex vivo and in vivo models we revealed new mechanism of breast 

tumorigenesis and metastasis, which could provide valuable information for developing 

targeted therapeutics for breast cancer. 

7.1 NFIB induces metastasis 

Metastasis is the primary cause of solid cancer-related mortality and delineation of its 

molecular mechanisms is a high priority for development of successful treatments. Although, 

several studies showed the causative effect for PIK3CA mutations in breast tumorigenesis 

(Meyer et al., 2013; Koren et al., 2015), metastases were not found in the PIK3CAH1047R 

expressing mice ( Koren and Bentires-Alj, 2013; Koren et al., 2015) suggesting that additional 

gain- or loss-of-function genomic alterations may be required for metastatic progression. 

Using a transposon insertional mutagenesis screen in a PIK3CA mutant background, we 

found that NFIB evokes breast cancer metastatic progression and colonization. NFIB has been 

reported to drive tumour initiation and progression in different cancer types (Denny et al., 2016; 

Semenova et al., 2016; Fane et al., 2017; Wu et al., 2018) and to be implicated in the regulation 

of breast cancer growth and progression (Campbell et al., 2018;  Liu et al., 2019a). However, 

our functional validation in vivo shows its implication in breast cancer formation and 

progression. Furthermore, we show that in vivo NFIB overexpression is sufficient to escalate 
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the metastatic colonization step and ultimately reduce animal survival. I conclude that NFIB 

has two effects, providing growth advantages both in the primary tumour and in the lung 

microenvironment. My studies provide new insights into the effects of the NFIB-ERO1A axis 

in breast cancer progression to metastasis. Mechanistically, I discovered that the NFIB-ERO1A 

axis promotes angiogenesis at the secondary site, resulting in a permissive microenvironment 

for metastatic colonization.  

7.2 The NFIB-ERO1A axis promotes angiogenesis at the secondary site 

These findings lead to further questions. How is the NFIB-ERO1A axis inducing angiogenesis 

at the metastatic site? Other studies showed that ERO1A increased angiogenesis via oxidative 

protein folding of VEGF and enhancement of VEGF mRNA expression (Tanaka et al., 2016). 

It is known that the formation of a disulphide bond by ERO1A is accompanied by the 

production of ROS such as hydrogen peroxide (Zito, 2015). Moreover, it has been shown that 

ROS induce stabilisation of HIF-1A protein through inhibition of the prolyl hydroxylase 

enzyme (Bell et al., 2007; Yan et al., 2010). Further investigation is needed to explore if ROS, 

which are products of ERO1A can upregulate the mRNA expression of VEGF eventually via 

stabilisation of HIF-1A protein.  

7.3 NFIB has a pleiotropic effect during development and cancer 

progression 

During oncogenesis, microenvironmental stress such as chronic inflammation, accumulation 

of ROS, or hypoxia may promote clonal expansion of cells with genetic or epigenetic 

abnormalities. These cells then acquire further mutations or epigenetic alterations and become 

founder tumour cells that initiate cancer. Thus epigenetic mechanisms contribute to the 

intratumoural heterogeneity (Easwaran et al., 2014). A recent study examining NFIB in SCLC 

suggest that in this context, NFIB modifies chromatin architecture in a manner that results in 
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increased tumour heterogeneity (Denny et al., 2016). Another report shows that NFIB promotes 

dynamic changes in the chromatin state of melanoma cells to facilitate migration, invasion and 

metastasis (Fane et al., 2017). Whether NFIB-induced breast cancer progression and metastasis 

is triggered by epigenetic events remains unknown, investigating this possibility is warranted.  

Our transcriptomic analysis show increased expression of stem-cell like and 

mesenchymal/epithelial related genes in tumourspheres and primary tumours derived from Nfib 

high-expression models. NFIB has been shown to induce EMT in colorectal and gastric cancer 

by activation of AKT and STAT3 (Wu et al. 2018; Z. Y. Liu et al. 2019). Additionally, a recent 

study demonstrated that cancer cells display multiple tumour subpopulations associated with 

different EMT stages: from epithelial to completely mesenchymal states. The intermediate 

hybrid states presented increased cellular plasticity, invasiveness and metastatic potential 

(Pastushenko et al., 2018). Interestingly, they found that one of the core family TFs to induce 

these transient states are the NFIs. Functional validation is needed to investigate whether NFIB 

is a core TFs in promoting intermediate states that allow colonization at the secondary site. 

NFIB is a pleiotropic TF that creates a permissive tumour microenvironment and alters 

the global chromatin architecture within a subset of cancers to drive metastasis. The correlation 

between NFIB effects in development and tumorigenesis highlight its importance as prognostic 

marker for tumour progression. Additional studies, similar to mine, that investigate a 

tumorigenic effect of NFIB within different types of cancer may highlight potential 

downstream therapeutic candidates that could be targeted more effectively. 

7.4 PIK3CA synergistic pathways in breast cancer progression 

Each breast cancer can carry several mutations (Alexandrov et al., 2013), and a normal human 

cell can acquire 7–15 somatic mutations before malignant transformation  (Beerenwinkel et al., 

2007). Thus, most mutations in breast cancer are likely to be passenger mutations that do not 
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contribute to tumorigenesis or tumour progression. Functional screens that can identify the 

driver mutations in breast cancer are very useful in this regard. 

Serial transplantation into the mammary fat pads of recipient mice allowed us to select 

for mutations responsible for enhanced tumour initiation ability. Synergistic mutational events 

not only induced tumour formation but also allowed their maintenance through serial 

transplantation rounds. I identified several candidate genes that could contribute to tumour 

progression with PIK3CA and one of the most promising is KMT2C, which is an epigenetic 

modulator that encodes an H3K4 histone methyltransferase, and is one of the most frequently 

mutated genes in ERα-positive breast cancer (Sato and Akimoto, 2017). Mechanistically, it has 

been demonstrated that FOXA1 interacts with the chromatin KMT2C to facilitate 

monomethylation of H3K4 at enhancer elements, resulting in the potential for transcription 

from these enhancer regions (Jozwik et al., 2016). Moreover it is a tumour suppressor gene and 

is an essential ERα coactivator, and its depletion correlates with significantly shorter 

progression-free survival on anti-estrogen therapy (Liu et al., 2015; Gala et al., 2018). Crosstalk 

between the PI3K and ERα contributes to resistance, and activation of the PI3K pathway has 

been associated with the failure of endocrine therapy (Mayer et al., 2017). PI3K pathway 

inhibitors have emerged as promising therapeutic agents for estrogen receptor ERα-positive 

breast cancers. However they display limited efficacy in clinical settings often due to resistance 

mechanisms and toxicity (Vasan et al., 2019). Hence, combinatorial strategies to circumvent 

resistance should be considered. Recent studies identified that knockdown of the KMT2C gene 

leads to the suppression of estrogen-dependent genes (Gala et al., 2018). Of note, KMT2D, 

another epigenetic member of the KMT2 family, was reported to enhance ERα activity in 

PIK3CA mutant breast cancer treated with a PI3K-selective inhibitor (Toska et al., 2017). 

Conclusively, from a therapeutic point of view, these results indicate that targeting of 
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epigenetic modulators such as KMT2C in combination with PI3K pathway inhibition should 

be investigated. 
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 APPENDICES 

10.1 Abbreviations 

CAG  Modified chicken β-actin promoter 

CDS  Coding sequence 

CIS  Common insertion sites  

CNAs  Copy number alterations 

CTC  Circulating tumour cell 

CRC   colorectal cancer  

Cre-ERT2 Tamoxifen inducible activation of Cre-recombinase 

CSC  Cancer stem cell 

Ctrl  Control  

CβASA  Carp β-actin splice acceptor  

d  Days 

DAPI  4′,6-Diamidin-2-phenylindol 

DCIS  Ductal carcinoma in situ 

DNA  Deoxyribonucleic acid 

Dox  Doxycycline 

EGFP  Enhanced Green fluorescent protein 

EMT  Epithelial-mesenchymal transition 

ER  Estrogen receptor 

ERO1A Endoplasmic Reticulum Oxidoreductase 1 Alpha 

Ero1l  ERO1-like protein alpha 

ERK  Extracellular-signal-regulated kinase 

ES cell  Embryonic stem cell 

EZH2  Enhancer of zeste homolog 2 
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FACS  Fluorescence-activated cell sorting 

GOF  Gain of function 

H3K4  Histone 3 Lysine 4 

HER-2  Receptor tyrosine-protein kinase erbB-2 

HIF  hypoxia-inducible factors 

iPSCs  Induced pluripotent stem cells 

IRES  Internal ribosome entry site 

IRS  Insulin receptor substrate 

ITRs  Inverted terminal repeat sequences  

KD  Knock down 

KMT2C Lysine methyltransferase 2C 

KO  Knock out  

LOF  Loss of function 

MET   Mesenchymal to epithelial transition 

METABRIC Molecular Taxonomy of Breast Cancer  

MMP  Metalloproteinases 

MMTV Mouse mammary tumour virus 

MSCV  Murine stem cell virus long terminal repeat 

NFIB  Nuclear factor IB (NFIB) 

NS  Not significant 

NGS  Next generation sequencing 

OPI  Overproduction inhibition 

pA  poly-adenylation 

PB  piggyBac 

PCDH9 Protocadherin 9 
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PCR  Polymerase chain reaction  

PGK  Phosphoglycerate kinase 

PI3K  Phosphoinositol 3-kinase 

PR  Progesterone receptor 

rtTA  Tetracycline transactivator protein 

SA  Splice acceptors  

SCLC  Small cell lung carcinoma 

SB  Sleeping beauty 

s.d.  Standard deviation 

TCGA  The cancer genome atlas 

TNBC  Triple negative breast cancer 

TSS  Transcription starting site 

VEGFA Vascular endothelial growth factor A 

WAP  Whey acidic protein 

WHO  World Health Organization 

WT  Wild type 
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Figure EV1│ In vivo unbiased transposon screen in the non-metastatic PIK3CAH1047R 
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