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SUMMARY 

Phenotypic plasticity describes the reversible switch of cellular states. Cancer 

cells are characterized by high phenotypic plasticity, endowing them with the 

ability to metastasize and resist to therapies. In breast cancer, triple-negative is 

the subtype with high cellular plasticity resulting in higher aggressiveness and 

poor prognosis compared to other subtypes. Whether plasticity poses a 

vulnerability to cancer cells remains elusive. The underlying molecular 

mechanisms are also poorly understood. To identify such fundamental 

mechanisms of plasticity is paramount for detecting vulnerabilities of this currently 

incurable disease. 

 In the first project, I asked whether cancer cell plasticity can be exploited 

to differentiate triple-negative breast cancer. Using a high-throughput reporter 

drug screen with 9,501 compounds, we identify three polo-like kinase 1 (PLK1) 

inhibitors as major inducers of estrogen receptor a (ERa) protein expression and 

downstream activity, a major differentiation marker of the breast. PLK1 inhibition 

upregulates cell differentiation programs paralleled by increased DNA damage, 

mitotic arrest and ultimately cell death. Notably, cells surviving PLK1 inhibition 

have decreased tumorigenic potential, and targeting PLK1 in already established 

tumours reduces tumour growth, both in cell line and patient-derived xenograft 

models. In addition, genes upregulated upon PLK1 inhibition are correlated with 

those expressed in normal breast tissue and confer better overall survival in 

breast cancer patients. Our results indicate that differentiation therapy based on 

PLK1 inhibition might be an alternative strategy to treat triple-negative breast 

cancer. 
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 In the second project, I aimed to identify fundamental plasticity programs 

important for metastatic colonisation, the last and fatal step of tumour 

progression. In this regard, we compared expression profiles of breast cancer 

metastases to primary tumours and focused on metabolic genes conferring 

higher metastatic potential to cancer cells. We show that the metabolic protein 

nicotinamide N-methyltransferase (NNMT) is a factor in early metastatic 

colonisation of triple-negative breast cancer. NNMT stimulates an epigenetic 

program that drives stromal mimicry via cancer cell-intrinsic secretion of 

extracellular matrix (ECM) components. Such ECM deposition is critical in the 

engraftment of breast cancer cells in distant organs. Depletion of NNMT 

profoundly impairs metastases formation as well as the expression of collagens 

and the collagen processing machinery in cancer cells. Mechanistically, NNMT 

depletion results in a methyl overflow that increases H3K9me3 and DNA cytosine 

methylation at the promoter of PR/SET Domain 5 (PRDM5), a potent inducer of 

collagen gene transcription. Moreover, NNMT ablation increases DNA cytosine 

methylation at the promoters of collagen genes. Altogether, increased H3K9me3 

and DNA methylation result in a locked epigenetic state that represses the 

expression of ECM components. The second study reveals a major effect of 

NNMT and methyl shortage in promoting metastatic colonisation via cancer cell 

intrinsic stromal mimicry, and thereby uncovers a novel plasticity program during 

metastatic progression. 
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1 INTRODUCTION 

1.1 HALLMARKS OF CANCER 

Cancer comprises a group of related diseases defined by the uncontrolled 

growth and proliferation of cells. Cancer arises from normal cells in the human 

body that acquire biological capabilities resulting in this uncontrolled 

proliferation. Those capabilities have been described in the landmark publication 

"hallmarks of cancer" by Hanahan and Weinberg in 2000 and revised and 

updated by the same authors in 2011 (Hanahan & Weinberg, 2000, 2011). In the 

"hallmarks of cancer", the authors describe ten biological capabilities that 

normal cells need to acquire in order to become tumorigenic and ultimately 

malignant (Fig 1-1). Each trait is important for a cell to become malignant and 

the diversity of traits highlights the complexity of cancer as a disease. 

 
Evading growth 

suppressors

Avoiding immune
destruction

Enabling
replicative
immortality

Tumour-promoting
inflammation

Activating invasion
and metastasis

Inducing
angiogenesis

Genome instability
and mutation

Resisting cell
death

Deregulating cellular
energetics

Sustaining proliferative
signaling

Figure 1-1. The hallmarks of cancer (Hanahan & Weinberg, 2000, 2011). The hallmarks of 
cancer comprise a set of biological capabilities, important for cells to become malignant. 
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1.2 BREAST CANCER 

Cancer cells utilize biological processes found in normal organ development. 

Therefore, studying the biology of normal mammary gland and its development 

will ultimately help us to understand breast cancer. 

1.2.1 THE MAMMARY GLAND 

The mammary gland names and distinguishes an entire class of animals, the 

mammals. The mammary gland has evolved to produce and secrete milk that 

nourishes offspring, a process termed lactation (Peaker, 2002). Lactation is 

enabled through the highly specialized architecture of the mammary gland with 

two epithelial cell layers composing a complex ductal tree. The inner epithelial 

layer surrounds a lumen and is composed of luminal cells that produce milk 

during lactation, while the outer layer is composed of basal cells that by 

contracting move milk through the ducts. The ductal tree is embedded in the 

mammary fat pad that harbours a variety of cell types including adipocytes, 

duct

terminal duct 
lobular unit

duct

Mammary duct

luminal
cell

basal
cell

basement
membrane

Figure 1-2. The mammary gland. A two layered epithelium comprises the complex ductal 
tree of the mammary gland. The inner layer of cells surrounds a lumen and is called luminal 
cells, while the outer layer is composed of basal cells. 
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fibroblasts, immune cells and blood vessels (Fig 1-2) (Fu et al, 2020; Inman et al, 

2015; Hennighausen & Robinson, 2005; Williams & Daniel, 1983).  

 The mammary gland is a unique secretory organ, because it fully develops 

only after birth and undergoes dramatic changes during the lifetime of a female. 

Murine mammary glands remarkably resemble the human breast in their cellular 

composition and structure, offering a suitable model to study mammary gland 

development and breast cancer (Fu et al, 2020; Inman et al, 2015; Howard & 

Gusterson, 2000). 

 The full development of the mammary gland can be divided into three 

stages: embryonic, pubertal and reproductive. Progression through the 

developmental stages is controlled by hormones and growth factors. 

 

1.2.1.1 DEVELOPMENT  

1.2.1.1.1 Embryonic  

The murine mammary gland development is initiated at embryonic day (E) 10.5 

with formation of bilateral mammary lines from the ectoderm, the milk lines 

(Veltmaat et al, 2004). At day E11.5, the ectoderm thickens at 5 pairs of 

symmetrical positions into a lens-shaped precursor of the mammary bud, the 

placode (Chu et al, 2004). At days E12 and E13, the placodes invaginate the 

underlying dermis and form the mammary buds. Mesenchymal cells in close 

vicinity to the bud, arrange themselves around it and form a condensed layer of 

fibroblasts that represents the specialized mammary mesenchyme. From day 

E15.5 to day E18.5, the epithelial cells of the bud proliferate and push further into 

the dermis to form a rudimentary ductal tree embedded in precursors of 
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adipocytes which will later form the mammary fat pad (Watson & Khaled, 2020; 

Hens & Wysolmerski, 2005; Hens et al, 2007). The cells of the mesenchyme stay 

tightly associated to the mammary buds and contribute to formation of the nipple 

(Fig 1-3) (Foley et al, 2001). 

 

 

 In humans, this process of embryonic development is highly conserved 

(Howard & Gusterson, 2000). The rudimentary ductal tree is present at birth and 

stays largely quiescent until puberty when further outgrowth is initiated through 

hormonal and growth factor signals. 

  

1.2.1.1.2 Pubertal 

At the onset of puberty, extensive ductal branching and elongation occur at the 

tip of the ducts within specialized club-shaped structures named terminal-end 

buds (TEBs) (Sternlicht et al, 2006). TEBs comprise an outer layer of 

undifferentiated cap cells and several inner layers of body cells that each give 

rise to differentiated basal or luminal cells, respectively (Williams & Daniel, 1983; 

Hinck & Silberstein, 2005; Scheele et al, 2017). The body cells eventually 

E11.5 E12.5 E18.5

Placode

Mammary bud precursor
Mammary mesenchyme

Adipocyte
precursors

Rudimentary
ductal tree

Figure 1-3. Murine mammary gland embryonic development. Embryonic development is 
initiated at day E11.5 with formation of the placode. Subsequently the placode invaginates the 
underlying dermis and forms a rudimentary ductal tree. 
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undergo apoptosis which leads to formation of a lumen (Humphreys et al, 1996). 

Once the entire fat pad embodies a complex ductal tree, TEBs disappear (Faulkin 

& Deome, 1960; Hinck & Silberstein, 2005; Hannezo et al, 2017). 

 The human breast harbours a markedly more complex ductal network 

compared to the murine mammary gland, with segmental and subsegmental 

ducts that culminate in blind-ended ductules termed acini (Howard & Gusterson, 

2000). One terminal duct culminates in several acini and several acini together 

comprise the terminal duct lobular unit (TDLU) (Fig 1-2). The TDLU is the 

functional unit of the human breast and it is thought that breast cancer arises in 

the TDLUs (Wellings & Jensen, 1973). 

 

1.2.1.1.3 Reproductive 

The mammary gland undergoes massive changes throughout its lifetime. 

Epithelial cells proliferate and some apoptose during each estrous/menstrual 

cycle (Fata et al, 2001; Shehata et al, 2018; Navarrete et al, 2005). Moreover, 

during pregnancy, active tissue remodelling occurs, when ductal epithelial cells 

proliferate and differentiate into lobuloalveoli that are capable of producing and 

secreting milk (Oakes et al, 2006). In the two-layered epithelial structure, the 

luminal cells produce milk while upon release of oxytocin, that is initiated through 

the suckling infant, the basal cells contract and induce movement of the milk 

through the ducts to the nipple (Robinson, 1986; Anderson et al, 2007). Once the 

stimuli for milk production and secretion are lost, epithelial cells from the 

lobuloalveoli undergo apoptosis and are replaced by adipocytes through a 

process termed involution (Watson, 2006). 
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1.2.2 BREAST CANCER EPIDEMIOLOGY 

Worldwide, nearly 2.1 million patients were newly diagnosed with breast cancer 

and about 626'000 patients died of this disease in 2018 alone (Bray et al, 2018). 

Since 2008, this accounts for an increase of 52% in breast cancer incidence 

(Ahmedin Jemal & Forman, 2011). In women, breast cancer is still the leading 

cause of cancer-related deaths (Bray et al, 2018) and in the future, breast cancer 

incidence is expected to rise further. In 2017, around 16 Mio patients were 

suffering from breast cancer worldwide (Fig 1-4) (https://ourworldindata.org; 

accessed May, 2021) 

 High-income countries show higher breast cancer incidence and lower 

mortality rates compared to lower income countries which reflects the risk factors 

(see below), access to screening technologies and access to treatment (Ginsburg 

et al, 2017; Allemani et al, 2015). In Switzerland, 1 in 8 women will develop breast 

cancer throughout their lifetime and about 1300 women will die each year due to 

the disease (https://nicer.org; accessed May, 2021). 

0.0
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Non-melanoma skin cancer
Bladder cancer
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Number of people

Number of people with cancer by type, world, 2017

Figure 1-4. Number of people with cancer by type, world, 2017. Breast cancer is the most 
frequent cancer type worldwide, followed by prostate cancer, and colon and rectum cancer 
(Data retrieved from https://ourworldindata.org; accessed May, 2021).  
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 Although findings from the last decades have improved our understanding 

of breast cancer disease progression and refined therapeutic options, there is still 

an unmet medical need to approach aggressive and lethal subtypes. 

1.2.3 RISK FACTORS 

A number of unmodifiable risk factors are attributed to breast cancer risk. Those 

include the age of a woman at her first pregnancy and the total number of 

pregnancies. Whereas late pregnancy is associated with increased risk, early 

pregnancy and multiple pregnancies decrease breast cancer risk substantially 

(Fig 1-5) (MacMahon et al, 1970; Pike et al, 1983; Albrektsen et al, 2005; Meier-

Abt & Bentires-Alj, 2014). Three theories on the underlying cellular and molecular 

mechanisms have been proposed: (i) Tissue remodelling of the mammary gland 

during pregnancy differentiates epithelial cells that become less prone to 

transformation (Meier-Abt et al, 2013). (ii) Pregnancy impairs the function of 

mammary stem cells (Siwko et al, 2008). (iii) Pregnancy alters the hormone 

Figure 1-5. Effect of pregnancy and age at first birth on breast cancer risk (Meier-Abt & 
Bentires-Alj, 2014). Immediately after pregnancy, the risk of developing breast cancer is high, 
and decreases over time. Early pregnancy decreases breast cancer risk in the long term. 
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responsiveness of the mammary gland and the level of circulating hormones 

(Meier-Abt et al, 2014; Hilakivi-Clarke et al, 2013; Britt et al, 2007). 

 In addition, longer breast-feeding protects against developing breast 

cancer (Collaborative Group on Hormonal Factors in Breast Cancer, 2002). 

Furthermore, the number of hormonal cycles is correlated with breast cancer risk 

with early menarche and late menopause attributing to increased risk (Bernstein 

& Ross, 1993). 

 In contrast to the unmodifiable risk factors, about 20% of breast cancer 

cases are estimated to be a result of modifiable risk factors. Those include alcohol 

intake and obesity, which both increase breast cancer risk (Chen et al, 2011; 

Carmichael, 2006). In addition, some hormonal contraception and hormone-

replacement therapies are associated with a higher breast cancer risk 

(Shamseddin et al, 2021; Collaborative Group on Hormonal Factors in Breast 

Cancer, 1996).  

 

1.2.3.1 GENETIC PREDISPOSITION 

About 5-10% of breast cancers are a consequence of genetic predisposition 

(Nielsen et al, 2016). Most commonly, BRCA1 and BRCA2 mutations are found 

in hereditary breast cancer. BRCA1 and 2 are proteins controlling homologous 

recombination, an important DNA repair process. More than 2'000 genetic 

alterations in the BRCA1/2 genes are described, but not all have been shown to 

increase breast cancer risk (Roy et al, 2011; Tung & Garber, 2018; 

Kuchenbaecker et al, 2017).  
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 In addition to BRCA1/2 mutations, there is a number of other genetic 

predispositions and syndromes that increase breast cancer risk. Examples 

include: Mutations in the PALB2, CHECK2 and ATM genes, and the Li Fraumeni 

syndrome (loss of TP53) (Foulkes, 2021; Wang et al, 2018; Shiovitz & Korde, 

2015).  

1.2.4 STAGING AND RISK ASSESSMENT  

The TNM staging system (primary tumour [T], regional lymph node [N], distant 

metastases [M]) published by the eighth edition of the American Joint Committee 

for Cancer (AJCC) is used to asses disease stages of breast cancer (Giuliano et 

al, 2017). For the primary tumour (T), the size, invasion and inflammation are 

assessed. For the regional lymph node (N), it is determined if lymph node 

metastases are present, in which and how many lymph nodes they are present 

and how big the metastases are. For the metastases (M) criteria, the presence 

or absence of distant metastasis is determined. Together, the TNM system 

classifies breast cancer patients into stage 0 to stage IV, with stage IV being the 

most severe disease stage (Giuliano et al, 2017). 

 In early breast cancer, the most important prognostic factors are the 

expression of the estrogen receptor a (ERa), the progesterone receptor (PR), 

human epidermal growth factor receptor 2 (HER2) and the proliferation marker 

Ki67 (see breast cancer subtypes below). Additionally, the number of involved 

regional lymph nodes, tumour histology, tumour size, grade and presence of 

peritumoral vascular invasion is used for prognostic purposes (Cardoso et al, 

2019; Harbeck et al, 2019). 
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 Furthermore, tests assessing gene expression levels of predefined sets of 

genes, such as MammaPrint (Agendia, Amsterdam, The Netherlands) or 

Oncotype DX Recurrence Score (Genomic Health, Redwood City, CA, USA), are 

used to gain additional information and predict benefit of adjuvant chemotherapy 

(Duffy et al, 2017). 

1.2.5 BREAST CANCER SUBTYPES 

Breast cancer is a heterogenous disease. Substantial inter-tumour heterogeneity 

(among tumours from different patients) and intra-tumour heterogeneity (within a 

patient's tumour) complicate diagnosis and challenge therapy (Fig 1-6). Several 

classifications have been developed to guide treatment decisions and group 

breast tumours according to their clinical parameters and molecular alterations 

(Pasha & Turner, 2021; Harbeck et al, 2019; Turashvili & Brogi, 2017).  

 

Inter-patient
heterogeneity

Intra-patient
heterogeneity

Figure 1-6. Inter- and intra-patient heterogeneity. Breast cancer is a heterogenous 
disease. Inter-patient heterogeneity describes the differences between different patients, 
while intra-patient heterogeneity describes the differences between tumour cells within the 
same patient. 
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1.2.5.1 HISTOLOGICAL SUBTYPES 

The most frequent invasive histological subtypes are ductal carcinoma (now 

named as "no special type" [NST]) and lobular carcinoma. Both arise from pre-

invasive stages termed ductal carcinoma in situ and lobular carcinoma in situ, 

respectively. Carcinomas of no special type account for 70-75% of all breast 

tumours, while lobular carcinomas account for 10-14% (Harbeck et al, 2019). 

There are 17 other histological subtypes of breast cancer as defined by the World 

Health Organization (WHO) corroborating the vast heterogeneity of breast 

tumours (WHO Classification of Tumours Editorial Board, 2019). 

1.2.5.2 INTRINSIC SUBTYPES (PAM50) 

The intrinsic subtype classification described by Perou and Sorlie distinguishes 

six subtypes of breast cancer: luminal A, luminal B, human epidermal growth 

factor receptor 2 (HER2) enriched, basal-like, normal-like and claudin-low (Perou 

et al, 2000; Sorlie et al, 2001; Herschkowitz et al, 2007; Prat et al, 2010). Those 

intrinsic subtypes were found by unsupervised clustering of breast tumour gene 

expression profiles. Later, the same research group reported that a 50-gene 

signature, defined as the PAM50 gene signature, is sufficient to cluster breast 

tumours into intrinsic subtypes (Parker et al, 2009). Intrinsic subtype classification 

predicts treatment response and clinical outcome (Prat et al, 2015; Ohnstad et 

al, 2017). 

1.2.5.3 SURROGATE INTRINSIC SUBTYPES 

In the clinical setting, the surrogate intrinsic subtypes are used to classify patients 

and guide treatment decisions. Based on the 2013 St. Gallen Consensus 
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Conference, the surrogate subtypes largely reflect the intrinsic subtypes 

(Goldhirsch et al, 2013; Cardoso et al, 2019). 

 The surrogate subtypes are based on histological characteristics and the 

expression of three molecular biomarkers including ERa, PR, and HER2, as well 

as Ki67. The classification distinguishes four groups; Luminal A-like tumours are 

low grade, have high expression of ERa and PR, and low expression of Ki67. 

Luminal-B-like tumours express ERa, but typically PR expression is lower or 

absent, they are high grade and/or high in Ki67 expression. HER2-enriched 

tumours have a low or absent ERa and PR expression and medium to high Ki67 

expression. Tumours that do not express ERa, PR and HER2 are termed triple-

negative breast cancer (TNBC). The negative definition reflects our ignorance of 

the key drivers of this disease. TNBC are high grade, usually express high Ki67 

and relate to the basal-like breast cancer subtype with the worst clinical prognosis 

(Fig 1-7). For claudin-low breast cancer, no surrogate biomarker exists. However, 

Intrinsic subtypes
(gene expression)

Basal-like Claudin-low HER2-enriched

Normal-likea

Luminal B Luminal A

Surrogate
intrinsic subtypes

(histology and
biomarker levels)

Triple-negative
ERα, PR, HER2 neg,
high Ki67

HER2-enriched
(non-luminal)
ERα, PR neg, 
HER2 pos,
high Ki67

Luminal B-like
HER2 pos
ERα, PR pos,
but low,
HER2 pos,
high Ki67

Luminal B-like
HER2 neg
ERα, PR pos,
but low,
HER2 neg,
high Ki67

Luminal A-like
ERα, PR pos,
high expression, 
HER2 neg,
low Ki67

High grade

Poor prognosis

Figure 1-7. Breast cancer subtypes. The intrinsic subtypes are based on gene-expression 
profiles, while the surrogate intrinsic subtypes are based on histology, immunohistochemistry, 
and expression of key proteins. The surrogate intrinsic subtypes are typically used for 
classification in the clinics. ERa: estrogen receptor a. PR: progesterone receptor. HER2: 
human epidermal growth factor receptor 2. pos: positive. neg: negative. a. The normal-like 
subtype is thought to be an artefact, due to contamination of tumour samples with normal 
breast cells. 
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most claudin-low tumours belong to the TNBC surrogate subtype (Goldhirsch et 

al, 2013; Cardoso et al, 2019; Foulkes et al, 2010). 

 The surrogate intrinsic subtype classification is well established to guide 

treatment decisions (Cardoso et al, 2019). However, based on the 2013 and 2017 

St. Gallen Consensus Conferences, and the 2021 St. Gallen/Vienna Consensus 

Conference, treatment decisions especially in regards to chemotherapy choice 

should be helped by genetic profiling, as for example the PAM50 test (Goldhirsch 

et al, 2013; Curigliano et al, 2017; Thomssen et al, 2021) and OncotypeDx. 

1.2.6 TREATMENT 

According to the ESMO clinical practice guidelines for early breast cancer, 

treatment strategy is based on the tumour burden/location and biology 

(surrogate intrinsic subtypes and gene expression), as well as the age, 

menopausal status, general health status and preference of the patient (Cardoso 

et al, 2019). 

 If the tumour is smaller than 2 cm and the regional lymph nodes are not 

affected by the cancer, breast-conserving surgery is the primary surgical choice. 

Clinical studies have found that early-stage breast cancer patients who 

underwent breast-conserving surgery have a better survival compared with 

those who underwent mastectomy (van Maaren et al, 2016; Lagendijk et al, 

2018). Whole-breast radiotherapy is recommended after breast-conserving 

surgery (Early Breast Cancer Trialists’ Collaborative Group (EBCTCG) et al, 

2011). After mastectomy, radiotherapy is only recommended for high-risk 

patients (Cardoso et al, 2019). 
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 The surrogate intrinsic subtypes largely guide the (neo)adjuvant systemic 

treatment choice (Fig 1-8). Neoadjuvant therapy (therapy before surgery) is only 

recommended in large and locally advanced tumours, otherwise, adjuvant 

therapy (therapy after surgery) is preferred. Luminal-like cancers are treated with 

endocrine therapies that target ERa, such as tamoxifen, fulvestrant, and 

aromatase-inhibitors (Cardoso et al, 2019; el Sayed et al, 2019). Very often, 

luminal-like cancers are not treated with chemotherapy, except those with high 

disease burden, high grade, high proliferation markers, or with vascular invasion 

(Cardoso et al, 2019). More recently, a new standard of care was defined for 

advanced ERa positive/HER2-negative luminal-like cancers, which are 

characterized by being either inoperable locally advanced or metastatic: a 

combination of endocrine therapy and cyclin- dependent kinase (CDK)4/6 

inhibitors, either in first- or second-line treatment (Cardoso et al, 2020). The 

survival benefit of this treatment regimen was seen in several clinical trials (Im et 

al, 2019; Slamon et al, 2020; Sledge et al, 2020; Tripathy et al, 2018). More 

recently, the phosphoinositide 3-kinase a (PI3Ka) inhibitor alpelisib, in 

combination with fulvestrant, was approved for use in ERa, PI3Ka-mutated 

breast cancer (Cardoso et al, 2020). 

 HER2-positive tumours are treated with anti-HER2 therapy and 

chemotherapy, while TNBC are treated only with chemotherapy in first line 

treatments (Cardoso et al, 2019). Our lack of knowledge of the specific drivers 

of TNBC is a major clinical hurdle. As a consequence, TNBC patients have the 

worst clinical outcome (Howlader et al, 2018; Bianchini et al, 2016). The only 

example for targeted therapies in TNBC, are poly- adenosine diphosphate ribose 

polymerase (PARP) inhibitors. For advanced BRCA1/2 mutated TNBC, PARP 
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inhibitors are used in the clinics (Cardoso et al, 2020). More recently, 

immunotherapies together with programmed death-ligand 1 (PD-L1) 

immunostaining were approved for treatment of TNBC. Atezolizumab, a 

checkpoint inhibitor that selectively binds to PD-L1, in combination with a 

chemotherapy were approved for first-line therapy for PD-L1 positive TNBC. 

However, on 23rd June 2021, Roche withdrew its application for the use of 

atezolizumab in Europe to treat early or locally advanced TNBC (Withdrawal of 

application to change the marketing authorisation for atezolizumab. News 

release. ESMO. July 26, 2021. Accessed August 31st, 2021. 

https://bit.ly/3BMFhXM). It remains to be seen, if immunotherapies will be a 

valuable option for treatment of TNBC in the future. 

 

 

  

Figure 1-8. Systemic treatment options for breast cancer. Many treatment options exist 
for estrogen receptor a (ERa) and progesterone receptor (PR) positive breast cancer. Human 
epidermal growth factor receptor 2 (HER2) positive breast cancer can be treated with HER2-
targeting therapies. However, TNBC are still mostly treated with chemotherapies in the clinics. 
CDK4/6: cyclin- dependent kinase 4/6. PI3Ka: phosphoinositide 3-kinase a. PARP: poly- 
adenosine diphosphate ribose polymerase. 
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1.3 PHENOTYPIC PLASTICITY 

Phenotypic plasticity describes the reversible switch of cellular states. This 

process is observed during embryonic development, in adult tissue homeostasis, 

upon injury and in disease. Various cell types in the body have the ability to exert 

phenotypic plasticity, for instance stem and progenitor cells (Varga & Greten, 

2017; Clevers & Watt, 2018b; Dekoninck & Blanpain, 2019). 

 

1.3.1 STEM CELLS AND DIFFERENTIATION 

Stem cells are defined by their ability to self-renew and differentiate (Kimbrel & 

Lanza, 2020). The term 'stem cell' encompasses various cells in the body that 

are pluripotent or multipotent, indicating that they can give rise to all or many 

cell types in the body, respectively (Łos et al, 2019). Examples for pluripotent 

stem cells are human embryonic stem cells (hESCs) and induced pluripotent 

stem cells (iPSCs) (Rowe & Daley, 2019; Damdimopoulou et al, 2016). 

Multipotent stem cells include hematopoietic stem cells (HSCs), mesenchymal 

stem cells (MSCs) and foetal tissue-derived stem cells (Pinho & Frenette, 2019; 

Pittenger et al, 2019; O’Donoghue & Fisk, 2004). During the process of 

generating different cell types in the body, stem cells first give rise to immature 

progenitor cells that are restricted to a specific cell lineage. Progenitor cells 

proliferate and generate differentiated, specialized cells. Notably, progenitor 

cells are shorter-lived than stem cells (Naik et al, 2018; Merrell & Stanger, 2016). 
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 Differentiation describes the process in which a stem or a progenitor cell 

gives rise to a mature, non-proliferating specialized cell, while de-differentiation 

describes the reverse (Merrell & Stanger, 2016). Transdifferentiation in contrast, 

is the conversion of one differentiated cell into another. All those changes in 

cellular identity, differentiation, de-differentiation and transdifferentiation, are 

forms of cellular plasticity (Fig 1-9) (Merrell & Stanger, 2016; Varga & Greten, 

2017). Stem cells and phenotypic plasticity are central to embryonic 

development, but also to adult tissue homeostasis and repair. 

 

 

 

 

Figure 1-9. Differentiation, de-differentiation and trans-differentiation. Stem cells 
differentiate into progenitor cells, which differentiate into specialized cells. Upon damage or 
oncogenic transformation, specialized cells can revert to a progenitor-like state, a process 
termed de-differentiation. Trans-differentiation describes the conversion of one differentiated 
cell type into another.  
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1.3.2 EMBRYONIC DEVELOPMENT REQUIRES PHENOTYPIC 

PLASTICITY 

Mammalian embryonic development begins with one cell, the zygote, that gives 

rise to all other cell types in the body. This process entails differentiation, trans-

differentiation, tissue morphogenesis and proliferation. Early embryonic 

development is self-organized and encompasses high cellular plasticity where 

different cell lineages are able to compensate for the loss of others (Zhu & 

Zernicka-Goetz, 2020). This high plasticity is maintained up to the early 

blastocyst stage (Suwińska et al, 2008). But even at later stages, embryonic cells 

constantly change their cellular fate, a wide-studied topic in developmental 

biology (Moris et al, 2016). 

 One other example of cellular plasticity in embryonic development is 

epithelial-to-mesenchymal transition (EMT). EMT has been widely studied in 

cancer biology (see EMT in cancer below), wound healing and tissue 

regeneration, however the process of EMT was first described as a 

developmental program in the embryo (Hay, 1995). During EMT, epithelial cells 

transiently and reversibly lose their epithelial features and become mesenchymal 

Epithelial Mesenchymal

Figure 1-10. Epithelial-to-mesenchymal transition (EMT). A tightly controlled cellular 
program mediates the reversible switch from an epithelial to a mesenchymal state. EMT is 
observed during embryonic development, tissue regeneration and cancer progression (see 
below). 
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(Fig 1-10) (Lambert & Weinberg, 2021; Nieto et al, 2016; Kalluri & Weinberg, 

2009). 

 To this end, epithelial cells start expressing transcription factors such as 

ZEB, SNAIL and TWIST that inhibit the expression of genes associated with the 

epithelial state and at the same time activate the expression of genes associated 

with the mesenchymal state (Dongre & Weinberg, 2019; Lamouille et al, 2014; 

Lambert & Weinberg, 2021). In addition to the changing transcriptional program, 

EMT is modulated by epigenetic modifications, alternative splicing, protein 

stability and subcellular localization (Liu et al, 2021; Brown et al, 2011; Hong et 

al, 2011; Zhang et al, 2012; Nieto et al, 2016). 

 EMT is central to many processes in embryonic development. During 

gastrulation, EMT endows epithelial cells to move to distant sites (Nieto et al, 

2016; Thiery et al, 2009). Notably, Snail1 deficient mouse embryos do not survive 

gastrulation (Carver et al, 2001). Furthermore, at the neurula stage when the 

central nervous system is formed, neural crest cells, a group of stem/progenitor 

cells that can differentiate into a variety of cell types, populate distant territories 

in the embryo by engaging in EMT (Simões-Costa & Bronner, 2015). And finally, 

EMT drives heart development (von Gise & Pu, 2012).  

 Evidently, phenotypic plasticity is required for embryonic development. In 

adult tissues, the differentiated state is generally protected. However, even in 

adult tissue homeostasis and repair, remarkable cellular plasticity emerges.  
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1.3.3 PHENOTYPIC PLASTICITY IN ADULT TISSUE HOMEOSTASIS AND 

REPAIR 

The cells in our body are constantly replaced throughout our life-time. The 

replacement is ensured by self-renewing stem cells that give rise to progenitor 

cells which in turn balance proliferation and differentiation. This replacement and 

regeneration of tissue is termed tissue homeostasis. Depending on the tissue and 

context, tissue homeostasis occurs continuously (blood, epidermis, and 

intestine), episodic (hair follicle and mammary gland) or only in a limited way 

(brain and muscle) (Fuchs & Blau, 2020). Adult stem cells are defined by their 

ability to give rise to all cell types present in the tissue or organ that they reside 

in (Fu et al, 2020).  

 Epithelial tissues are barriers between the outside world and our inner 

organs, and include skin, lung, intestine, kidney, liver, prostate, and the mammary 

gland (Blanpain & Fuchs, 2014; Clevers & Watt, 2018b). As such, epithelia are 

constantly in a need to replenish and regenerate, processes ensured by their 

remarkable cellular plasticity. Adult epithelial stem cells ensure replenishment 

and regeneration, and reside in specialized niches tailored to accommodate the 

stem cells of a specific tissue. Epithelial stem cells exist in two distinct states, 

quiescent and regenerative (Fuchs & Blau, 2020; Blanpain & Fuchs, 2014; 

Spradling et al, 2008). 

 Different epithelial tissues replenish with various turnover speeds. In the 

skin epidermis, proliferative progenitors reside in the most inner layer of 

interfollicular epidermis and generate the layers of the skin barrier. These 

progenitor cells are entirely renewed every few weeks through proliferation of the 
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bulge stem cells (Lechler & Fuchs, 2005; Mascré et al, 2012; Clayton et al, 2007). 

Similarly, the hair follicle is hierarchically organized, where the hair-producing 

cells within the follicle are derived from three progenitor populations, the upper 

bulge stem cells, the lower bulge stem cells and the associated hair germ cells 

(Morris et al, 2004; Zhang et al, 2009; Hsu et al, 2011). The small intestine is 

organized as a crypto-villus unit where the stem cells reside in the crypts, while 

the differentiated absorptive and secretory cells reside in the villus. The 

continuous turnover of the whole unit happens every three to five days making it 

the most rapidly replenishing tissue in adult mammals (Barker et al, 2007; Takeda 

et al, 2011; Ritsma et al, 2014). In contrast, epithelial tissues without much 

turnover exist as well, for instance the sweat gland that harbours mostly quiescent 

stem cells (Blanpain & Fuchs, 2014). 

 

1.3.3.1 MAMMARY DIFFERENTIATION HIERARCHY 

Using serial transplantation of normal mammary glands into the cleared fat pad 

of recipient mice, pioneering studies of DeOme et al. demonstrated the presence 

of stem cells in the mammary gland (Deome et al, 1959; Smith & Medina, 2008). 

 Since then, two opposing models for the mammary gland differentiation 

hierarchy have been proposed (Fig 1-11) (Fu et al, 2020). In model A, an 

activated multipotent stem cell gives rise to luminal and basal progenitor cells 

during embryonic development and converts into a quiescent stem cell in the 

adult mammary gland. In the adult mammary gland, the quiescent stem cell self-

renews and differentiates into committed progenitor cells giving rise to both 

epithelial cell lineages. In contrast, the model B describes an adult mammary 
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gland without a multipotent stem cell. Rather, committed unipotent progenitor 

cells give rise to both epithelial cell lineages (Fig 1-11). 

 

 

 

 

 

Figure 1-11. Adult mammary differentiation hierarchy. Two models describing the adult 
mammary differentiation hierarchy exist. In model A, all cells of the mammary gland are 
derived from a multipotent mammary stem cell. In model B, unipotent progenitor cells give rise 
to the different cell types in the mammary gland. 
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 Substantial experimental evidence exists supporting both models. Model 

A builds upon data derived from transplantation and lineage-tracing experiments. 

Basal cells isolated by flow cytometry form the adult mouse mammary gland and 

transplanted into the cleared fat pad of recipient mice were shown to repopulate 

the fat pad with generation of functional milk-producing alveolar units and 

extensive long-term self-renewal properties (Shackleton et al, 2006; Sleeman et 

al, 2007; Stingl et al, 2006; Prater et al, 2014). In addition, lineage-tracing 

experiments using basal markers (Procr, K5, and Dll1) identified multipotent adult 

mammary stem cells (Rios et al, 2014; Wang et al, 2015; Chakrabarti et al, 2018).  

 Model B builds upon many studies employing lineage tracing experiments. 

using different basal markers (K5, SMA, K14, Lgr5, and Axin2). These studies 

have uncovered unipotent basal progenitor cells that replenish the basal layer in 

the adult mammary gland (Koren et al, 2015; Prater et al, 2014; van Keymeulen 

et al, 2011; van Amerongen et al, 2012; Wuidart et al, 2016, 2018), as well as 

unipotent luminal progenitor cells that generate the different cell types of the 

luminal layer (van Keymeulen et al, 2017; Wang et al, 2017). 

 Isolating cellular populations by flow cytometry and transplanting them into 

a cleared fat pad has been extensively used to define adult mammary stem cells. 

However, this approach is confounded by the phenotypic plasticity of the cells. 

The environment influences cellular phenotypes. By transplanting a given cell into 

a cleared fat pad, we measure the potential of that cell to de-differentiate upon 

change of microenvironments. Hence, the ability of that cell to repopulate a 

mammary gland does not indicate, if it is also a stem cell under physiologic 

conditions (Watson, 2021; Merrell & Stanger, 2016). Notably, when basal cells 

were transplanted together with luminal cells, the basal cells did not exhibit 
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multipotency. Only the luminal cells gave rise to the luminal lineage in this context 

indicating that the microenvironment can prevent basal cells to de-differentiate 

into multipotent stem cells (van Keymeulen et al, 2011). 

 The question if murine multipotent adult mammary stem cells truly exist, is 

still a matter of debate. Possibly, the mammary stem cell is a very rare cell type, 

resulting in the opposing experimental evidence (Fu et al, 2020; Watson, 2021). 

However, the discrepancy between the different lineage tracing studies requires 

further investigation. 

 

1.3.3.2 TISSUE REPAIR 

Epithelia are exposed to toxins or harmful stimuli from the outside environment, 

thus mechanisms of repair have evolved (Blanpain & Fuchs, 2014; Clevers & 

Watt, 2018b). Tissue repair upon injury or disease is achieved by remarkable 

cellular plasticity of epithelial cells, including differentiation, de-differentiation and 

trans-differentiation in vivo. In the intestine for instance, de-differentiation takes 

place upon injury. Secretory or enterocytic progenitor cells can de-differentiate 

into leu-rich repeat-containing G protein-coupled receptor 5 (LGR5) positive stem 

cells upon injury. The LGR5 positive stem cells in turn, can generate all cell types 

in the intestinal epithelium (van Es et al, 2012; Tetteh et al, 2016; Buczacki et al, 

2013; Barker et al, 2007). Similar results were found in the stomach, in the lung 

and in the nervous system (Stange et al, 2013; Tata et al, 2013; Mirsky et al, 

2008). Altogether, these studies indicate that upon injury in adult tissue, 

progenitor cells de-differentiate into functional stem cells. However, once this 
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remarkable phenotypic plasticity in adult tissue is aberrantly activated, it can 

result in tumour initiation and progression. 

 

1.3.4 PHENOTYPIC PLASTICITY DURING TUMOR PROGRESSION AND 

METASTASIS 

Cancer cells are characterized by high phenotypic plasticity which results in 

disease aggressiveness and resistance to targeted therapies (Boumahdi & de 

Sauvage, 2020; Yuan et al, 2019; Gupta et al, 2019; Wahl & Spike, 2017). In the 

field of cancer research, the terms phenotypic plasticity and EMT are often used 

synonymously. The important role of EMT in cancer progression and metastasis 

has been widely studied and reviewed (Lambert & Weinberg, 2021; Yang et al, 

2020; Dongre & Weinberg, 2019; Bill & Christofori, 2015; Aiello & Kang, 2019; 

Williams et al, 2019; Ye & Weinberg, 2015; Brabletz et al, 2018; Nieto et al, 2016; 

Kalluri & Weinberg, 2009). More recently, it was acknowledged that probably the 

most aggressive cancer cell phenotype, is a state in-between the purely epithelial 

or mesenchymal state. The cells that underwent partial EMT are sometimes 

called "hybrid EMT cells" or "quasi-mesenchymal cells" (Kohler et al, 2015; Krebs 

et al, 2017; Pastushenko et al, 2018; Dongre & Weinberg, 2019; Pastushenko et 

al, 2021). 

 Phenotypic plasticity enables cancer cells to shuttle between epithelial and 

mesenchymal states, but there are many more important examples to phenotypic 

plasticity in cancer than EMT (Fig 1-12). Any switch of cell states or phenotypes 

falls under the definition of phenotypic plasticity. For instance, (1) cell phenotype 

changes may occur towards a more de-differentiated, stem-like state, for 
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example upon oncogenic transformation of differentiated normal cells (Koren et 

al, 2015; van Keymeulen et al, 2015). In this context, the link between stemness 

and EMT is debated, and whether the mesenchymal or the epithelial state confers 

stemness is unknown. Studies supporting both scenarios exist (Chang et al, 

2013; Celià-Terrassa et al, 2012). (2) Cancer cells switch from a dormant, non- 

proliferative to a proliferative phenotype, sometimes years after arriving at a 

metastatic site (Correia et al, 2021; Risson et al, 2020). (3) The phenotype-switch 

model in melanoma describes transitions from a proliferative to an invasive 

phenotype and vice-versa that cannot be merely explained by EMT (Arozarena 

& Wellbrock, 2019). (4) And finally, cancer cells adapt their metabolism to the 

changing nutrient availability of different microenvironments, for example during 

metastasis (Massagué & Ganesh, 2021; Ferraro et al, 2021; Muir & vander 

Heiden, 2018). 

 

Figure 1-12. Phenotypic plasticity in cancer. Epithelial-to-mesenchymal transition, de-
differentiation and differentiation, dormant to proliferative, invasive to proliferative and 
metabolic adaptation are all example for phenotypic plasticity in cancer. 
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 The different steps of cancer progression are captured in what is called 

the metastatic cascade. It comprises a series of events that begin within the 

primary tumour site and culminates in distant organ colonisation (Massagué & 

Obenauf, 2016). The above-mentioned examples clarify that almost during every 

step of the metastatic cascade, phenotypic plasticity of cancer cells is observed. 

Phenotypic plasticity endows cancer cells to switch from a proliferative to a non-

proliferative or dormant phenotype, to invade and disseminate, to survive in 

foreign ecosystems, to evade the immune system and therapy, and to adapt their 

metabolic programs (Fig 1-13) (Massagué & Ganesh, 2021; Ganesh & 

Massagué, 2021). Notably, metastatic breast cancer cells are characterized by a 

high basal/stem-like phenotype further indicating that phenotypic plasticity is 

required for metastatic progression (Lawson et al, 2015). 

 

 

 

Primary Tumor

Proliferation

Invasion and 
dissemination

Dormancy Proliferation

Metastasis

Therapy evasion

Cell-of-origin

Figure 1-13. Phenotypic plasticity during cancer progression. Phenotypic plasticity is 
observed during almost every step of the metastatic cascade. When cells convert from a non-
proliferative to a proliferative phenotype, during invasion and dissemination, for survival in 
foreign ecosystems, and also upon immune or therapy evasion. 
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1.3.5 THE SIMILARITIES BETWEEN WOUND REPAIR AND 

TUMORIGENESIS 

The similarities between wound repair and tumorigenesis led to the description 

of cancer as a "wound that does not heal" (Virchow, 1858; Dvorak, 1986). Indeed, 

the cellular and molecular mechanism underlying wound healing and tumour 

growth are remarkably similar and were recently reviewed (Deyell et al, 2021). 

Many connections emerge from the fact that during both processes, intrinsic 

plasticity programs of the cells are deployed. 

 Inflammation, regeneration and remodelling are the three stages of the 

wound healing process (Rodrigues et al, 2019). Upon damage, inflammatory 

signals are released by epithelial cells, which attract immune cells to the wound 

microenvironment (Strbo et al, 2014). Likewise, during cancer progression, 

inflammation is central, driving all steps of tumorigenesis (Greten & Grivennikov, 

2019). 

 During the regeneration phase of wound repair, the release of pro-

inflammatory cytokines and chemokines is replaced by the production of growth 

factors that activate proliferation, differentiation and de-differentiation programs 

of the damaged tissue (Yamada et al, 2016; Deyell et al, 2021). Tissue repair is 

enabled by stem and progenitor cells within the damaged tissue, as well as de-

differentiation of specialized cells (see above). The remodelling phase is 

characterized by downregulation of the reparative pathways (Alber et al, 2012). 

Tumorigenesis is characterized by a chronic activation of various aspects of the 

wound healing process, as well as loss of negative feedback loops that stop the 

regeneration phase and resolve wound healing (Deyell et al, 2021). 
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Consequently, insights into regeneration may ultimately shed light on oncogenic 

processes. 

 

1.3.6 THE TUMOUR MICROENVIRONMENT CONTROLS PHENOTYPIC 

PLASTICITY 

A tumour develops in a complex multicellular environment comprising immune 

cells and the stroma (e.g., fibroblasts, endothelial cells, extracellular matrix) 

defined as the tumour microenvironment (TME) (Bejarano et al, 2021). Paracrine 

signals derived from the TME are central to phenotypic plasticity of cancer cells 

and directly result in phenotype switches (Dongre & Weinberg, 2019). For 

instance, secreted factors from immune cells induce de-differentiation 

(Landsberg et al, 2012), while cancer associated fibroblasts secrete various 

cytokines and growth factors inducing EMT in cancer cells (Pistore et al, 2017; 

Yu et al, 2014). Furthermore, metabolic conditions such as nutrient or oxygen 

supply alter cancer cell phenotypes. Hypoxia for instance, induces EMT, de-

differentiation and invasion in various tumour types, including breast cancer 

(Yang et al, 2008; Cheli et al, 2012; Saxena et al, 2020). Finally, epigenomic 

reprogramming can be induced by the TME. In breast cancer, the bone 

microenvironment reduces ERa expression through EZH2- mediated 

reprogramming which in turn causes endocrine resistance and increased 

phenotypic plasticity (Zhang et al, 2021; Bado et al, 2021). 
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1.3.7 DIFFERENTIATION AND TRANS-DIFFERENTIATION THERAPIES 

In summary, developmental and regenerative pathways which result in high 

phenotypic plasticity are also found in cancer cells. This has led to the idea of 

implementing differentiation and trans-differentiation therapies to reduce cancer 

cell plasticity and thereby aggressiveness (de Thé, 2018; dela Cruz & 

Matushansky, 2012). 

 Differentiation therapy has been widely successful in the treatment of 

acute promyelocytic leukaemia (APL) by the introduction of all-trans retinoic acid 

(de Thé & Chen, 2010). However, the usefulness of differentiation therapy in the 

treatment of solid tumours is still debated (de Thé, 2018). Attempts to differentiate 

cancer cells into normal epithelial cells reduced proliferation and increased 

sensitivity to chemotherapy (Girnun et al, 2007; Mueller et al, 1998; Wielenga et 

al, 2015). Furthermore, a drug screen aiming to identify agents that selectively 

kill de-differentiated cancer cells, revealed increased differentiation upon 

treatment with those compounds (Gupta et al, 2009). More recently, a study 

demonstrated that cellular plasticity could be exploited to trans-differentiate 

breast cancer cells into functional adipocytes (Ishay-Ronen et al, 2019). Taken 

together, recent studies raise hope that in the future, novel opportunities for 

differentiation therapy in the treatment of solid cancer will emerge. 
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2 RATIONALE OF THE WORK: 

Cancer cells are characterized by high cellular plasticity, which results in 

aggressiveness and fatal disease (Boumahdi & de Sauvage, 2020; Yuan et al, 

2019; Gupta et al, 2019). TNBC is a breast cancer subtype characterized by high 

cellular plasticity, high grade and poor differentiation causing severe mortality 

among patients (Risom et al, 2018; Howlader et al, 2018; Harbeck et al, 2019). 

However, whether plasticity poses a vulnerability to cancer cells and can be 

exploited for therapeutic purposes remains elusive. Moreover, the underlying 

molecular mechanisms of cancer cell plasticity are also incompletely understood. 

 Identifying such fundamental mechanisms of cancer cell plasticity is 

paramount for improving patient outcome. In this context, I addressed the 

question during my PhD, if high phenotypic plasticity of TNBC could be exploited 

to induce expression of a major differentiation marker of the breast, ERa. 

 For the second project, I aimed to identify fundamental plasticity programs 

during metastatic colonisation, the last and fatal step of cancer progression 

(Massagué & Obenauf, 2016; Massagué & Ganesh, 2021). In this regard, we 

compared expression profiles of breast cancer metastases to primary tumours 

and focused on metabolic genes conferring higher plasticity and metastatic 

potential to cancer cells. 

 Specifically, I addressed the questions: 

i. Can we induce endogenous ERa expression in TNBC? 

ii. What are the consequences of induced ERa in TNBC? 

iii. How do cancer cells adapt their metabolic phenotype during 

metastatic progression? 
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3.1 SUMMARY 

Plasticity delineates cancer subtypes with more or less favourable outcomes. In 

breast cancer, the subtype triple-negative lacks expression of major 

differentiation markers, e.g. estrogen receptor a (ERa), and its high cellular 

plasticity results in greater aggressiveness and poorer prognosis than other 

subtypes. Whether plasticity itself represents a potential vulnerability of cancer 

cells is not clear. However, we show here that cancer cell plasticity can be 

exploited to differentiate triple-negative breast cancer (TNBC). Using a high-

throughput imaging-based reporter drug screen with 9,501 compounds, we 

have identified three polo-like kinase 1 (PLK1) inhibitors as major inducers of 

ERa protein expression and downstream activity in TNBC cells. PLK1 inhibition 

upregulates a cell differentiation program characterized by increased DNA 

damage, mitotic arrest, and ultimately cell death. Furthermore, cells surviving 

PLK1 inhibition have decreased tumorigenic potential, and targeting PLK1 in 

already established tumours reduces tumour growth both in cell line- and 

patient-derived xenograft models. In addition, the upregulation of genes upon 

PLK1 inhibition correlates with their expression in normal breast tissue and with 

better overall survival in breast cancer patients. Our results indicate that 

differentiation therapy based on PLK1 inhibition is a potential alternative strategy 

to treat TNBC. 

 

Keywords: breast cancer/ differentiation/ estrogen receptor/ polo-like kinase 1/ 

rigosertib 
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3.2 INTRODUCTION 

Cellular plasticity - the ability of cells to reversibly alter their phenotype - is 

observed during embryonic development, in adult tissue homeostasis, upon 

injury, and in disease (Varga & Greten, 2017; Clevers & Watt, 2018; Dekoninck & 

Blanpain, 2019; Koren et al, 2015; van Keymeulen et al, 2015). Cancer cells are 

characterized by high cellular plasticity that results in aggressiveness and 

resistance to targeted therapies (Boumahdi & de Sauvage, 2020; Yuan et al, 

2019; Gupta et al, 2019; Wahl & Spike, 2017). However, it is not known whether 

the plasticity of cancer cells, as their underlying characteristic, may at the same 

time make them vulnerable and be exploitable for therapy. 

 Breast cancer is the leading cause of cancer-related deaths in women 

(Bray et al, 2018). Triple-negative breast cancer (TNBC) is a subtype of breast 

cancer characterized by high cellular plasticity, a high grade and low 

differentiation, causing high mortality (Risom et al, 2018; Howlader et al, 2018; 

Harbeck et al, 2019). 

 Estrogen receptor a (ERa) belongs to the nuclear receptor family and is a 

key transcriptional regulator of mammary gland development and differentiation 

as well as breast cancer biology (Tanos et al, 2012; Slepicka et al, 2021; 

Siersbæk et al, 2018). In the normal mammary gland, ERa is expressed in 40% 

of luminal cells that comprise the inner layer of the mammary epithelium and are 

surrounded by basal cells (Zeps et al, 1998). Luminal cells expressing ERa are 

terminally differentiated and non-proliferative (Clarke et al, 1997). However, ERa 

may also evoke an oncogenic, proliferative signalling pathway in ERa-positive 

breast tumorigenesis. This pathway can be targeted with highly effective 
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endocrine therapies (Farcas et al, 2021; Liang & Shang, 2013). The opposing 

effects of ERa, non-proliferative in the normal breast and proliferative in breast 

cancer, are marked by vastly different transcriptional outputs (Chi et al, 2019). 

 Here we asked whether the high cellular plasticity of TNBC can be 

exploited by induction of endogenous ERa expression in order to differentiate 

cancer cells. As enhanced expression of ERa mRNA and protein is normally 

associated with DNA demethylation, we investigated mechanisms inducing ERa 

that are independent of ERa gene promoter demethylation. To this end, we used 

a high-throughput imaging-based reporter drug screen in TNBC cells with an 

unmethylated ERa gene promoter and identified three polo-like kinase 1 (PLK1) 

inhibitors as major inducers of ERa protein expression and downstream activity. 

We found that PLK1 inhibition drives a cell differentiation program that leads to 

DNA damage, mitotic arrest, and ultimately cell death. These data suggest PLK1 

as a druggable target for differentiation therapy in TNBC. 

 

3.3 RESULTS 

3.3.1 HIGH-THROUGHPUT DRUG SCREEN IDENTIFIES INDUCERS OF 

ERa SIGNALLING IN TRIPLE-NEGATIVE BREAST CANCER 

To identify agents that induce ERa signalling in TNBC independently of ERa 

gene promoter demethylation, we designed a high-throughput reporter drug 

screen using the TNBC cell line SUM149PT. We first confirmed that SUM149PT 

cells are unmethylated at the ERa gene promoter as previously described (Fig 

EV1A) (Bayliss et al, 2007). We then engineered SUM149PT cells to express an 
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estrogen-response-element- (ERE-) green-fluorescent protein (GFP) reporter 

that identifies active ERa signalling. Once ERa is expressed and activated by 

estradiol, it binds to ERE-DNA elements and activates the transcription of GFP 

(Fig 1A and Fig EV1B). Using the ERE-GFP reporter in SUM149PT cells, we 

conducted a high-throughput drug screen with 9,501 compounds 

(Supplementary Table 1).  

 For the primary drug screen, SUM149PT ERE-GFP cells were treated with 

9,501 compounds for 48 h at a concentration of 10 µM. Subsequently, living 

cells were imaged by fluorescence microscopy and images were processed with 

an automated image-processing pipeline to quantify the GFP signal normalized 

to the nuclei number per compound. We identified 312 compounds that induced 

GFP expression above a set threshold (Fig 1B). After individual image analysis, 

we recognised 131 toxic compounds, 32 artefacts and 149 hits. Toxic 

compounds were not selected for validation, because dead cells display high 

GFP autofluorescence. The 149 identified hits (1.6% of screened compounds) 

with the ability to induce an ERE-GFP signal in TNBC cells were selected for a 

secondary validation screen in which SUM149PT ERE-GFP cells were treated 

across eight drug concentrations with the selected compounds. Induction of 

ERE-GFP was concentration-dependent (Fig EV2A and B) with high 

reproducibility between different replicates on different plates (EV2A). 

Compounds were classified as proliferative, cytostatic or toxic (Fig 1C). Among 

the cytostatic hits, we identified three inhibitors of the polo-like kinase (PLK1), 

namely rigosertib, volasertib and BI-2536 (Fig 1C and D). Because PLK1 was the 

only target identified with more than one compound among the total hits of the 
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drug screen, we selected these three PLK1 inhibitors for further validation 

studies. 
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3.3.2 POLO-LIKE KINASE 1 (PLK1) INHIBITORS INDUCE ENDOGENOUS 

ERa SIGNALLING IN TRIPLE-NEGATIVE BREAST CANCER 

To validate the findings from the drug screens, we tested ERa abundance and 

downstream activity upon PLK1 inhibition. We found elevated ERa protein levels 

(Fig 1E, Fig EV3A and B) and elevated ESR1 mRNA (Fig 1F and Fig EV3C) upon 

rigosertib and volasertib treatments. Moreover, we confirmed an increased GFP 

signal stemming from the ERE-GFP reporter upon rigosertib and volasertib 

Figure 3-1. High-throughput drug screen reveals estrogen receptor a (ERa) induction 
in triple-negative breast cancer (TNBC) upon polo-like kinase 1 (PLK1) inhibition. A, 

Schematic of the high-throughput drug screen to identify inhibitors that induce ERa  signalling 

in TNBC. Cells without active ERa  signalling do not express GFP, whereas cells with active 

ERa  signalling trigger the ERE-GFP reporter and express GFP. Compounds were added for 
48 h to SUM149PT ERE-GFP cells. GFP signal and Hoechst signal were measured with 
fluorescence microscopy in living cells. B, Dot plot depicting GFP signal and nuclei number 
derived from Hoechst staining from the primary drug screen. C, Dot plot depicting GFP signal 
and nuclei number derived from Hoechst staining from the secondary validation screen. Each 
point represents the mean of three technical replicates. Hits were classified into proliferative, 
cytostatic and toxic hits. PLK1 inhibitors are depicted in red. D, Representative fluorescence 
microscopy live-cell images from the validation screen shown in Fig 1C. SUM149PT cells were 
treated with the indicated polo-like kinase 1 inhibitors for 48 h. In green is depicted the ERE-
GFP signal, in blue is depicted the Hoechst nuclei stain. Scale bars: 100 µM. E, Immunoblot 

showing levels of ERa and ERK2 (loading control) in SUM149PT cells treated for 72 h with 
rigosertib or DMSO at the indicated concentrations. F, Bar graph representing average mRNA 
expression of ESR1 in SUM149PT cells treated for 72 h with rigosertib or DMSO. n =  2- 3 
experimental replicates with 2 technical replicates each. Ordinary one-way ANOVA with 
multiple comparisons. Data are mean ± SD. G, Bar graph representing flow-cytometry analysis 
of ERE-GFP positive cells after rigosertib treatment or transfection with indicated siRNA for 
72 h. n =  6 experimental replicates. Kruskal-Wallis test. Data are mean ± SD. H, Heatmap 
depicting early and late estrogen response proteins (from Molecular Signatures Database 
[MSigDB] Hallmark collection) changing significantly upon rigosertib treatment (n= 2 
experimental replicates) compared to DMSO (n= 3 experimental replicates). Data is row-
normalized.  
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treatments by flow cytometry (Fig EV3D). To exclude compound off-target 

effects, we downregulated PLK1 and several other targets of rigosertib by siRNA 

and found increased ERE-GFP expression only upon knockdown of PLK1 (Fig 

1G). To assess whether increased ERa protein abundance resulted in ERa 

downstream activity, we measured mRNA expression of several canonical ERa 

transcriptional targets by Q-PCR. We found elevated mRNA levels of FOXA1, 

GATA3, AREG, RUNX1 and GRHL2 upon rigosertib treatment, indicating active 

ERa signalling (Fig EV3E). Induction of ERa target genes was independent of 

estradiol addition (Fig EV3E) and estradiol did not induce proliferation in 

rigosertib-treated cells (Fig EV3F). Consistently, treatment with the ERa 

targeting therapy 4-hydroxytamoxifen (4OHT) did not decrease proliferation of 

SUM149PT with induced ERa signalling (Fig EV3F). These data when combined 

indicate that inhibition of PLK1 evokes non-proliferative ERa signalling. 

 To further validate activation of ERa signalling in the cells, we analysed 

the global proteome after rigosertib treatment. We found proteins corresponding 

to the Hallmark gene sets (Molecular Signatures Database [MSigDB]) for 

estrogen response both early and late to be overexpressed upon rigosertib 

treatment. This corroborates downstream activity of the ERa signalling pathway 

(Fig 1H). Taken together, these data indicate that PLK1 inhibition induces 

estradiol-independent non-proliferative ERa signalling in TNBC cells. 
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3.3.3 PLK1 INHIBITION UPREGULATES CELL DIFFERENTIATION 

PROGRAMS 

To characterize induced endogenous ERa signalling in the context of TNBC, we 

performed global transcriptomic profiling in SUM149PT cells treated with 

rigosertib or a DMSO control (Fig 2A). We identified a set of 1,510 genes whose 

expression was significantly upregulated upon rigosertib treatment that we 

named the “RigoSig gene set” (Supplementary Table 2). We then compared 

expression of RigoSig genes in patient samples from different breast cancer 

subtypes in the TCGA cohort (Koboldt et al, 2012) with normal breast tissue from 

two different consortia, GTEx (The GTEx Consortium atlas, 2020) and TCGA 

(Koboldt et al, 2012). The RigoSig gene set correlated more with normal breast 

tissue than with luminal-like breast cancer, indicating active, non-oncogenic 

ERa signalling (Fig 2B). Furthermore, high expression of RigoSig genes in the 

METABRIC cohort of TNBC patients (Curtis et al, 2012; Pereira et al, 2016) 

predicted better overall survival (Fig 2C). 

 Pathway enrichment analysis of RigoSig genes revealed that epithelial cell 

differentiation, cell adhesion and integrin signalling were among the most 

significantly enriched molecular functions after rigosertib treatment (Fig 2D). 

RigoSig genes were associated with developmental pathways, namely 

anatomical structure development (GO:0048856), tissue development 

(GO:0009888), multicellular organism development (GO:0007275), system 

development (GO:0048731) and developmental process (GO:0032502) (Fig 2E). 

Gene set enrichment analysis (GSEA) revealed enrichment of apical junction 

(hallmarks), epithelial cell differentiation (GO:0030855), and estrogen response 

early and late (hallmarks) (Fig 2F and G, and Fig EV4A). We compared 
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enrichment of ERa transcriptional targets of normal breast and breast cancer 

(Chi et al, 2019) in the RigoSig gene set and found ERa targets from normal 

breast to be significantly enriched upon PLK1 inhibition, while ERa breast cancer 

targets were not (Fig EV4B). Altogether, the data indicate that PLK1 inhibitor-

evoked ERa signalling in the context of TNBC resembles normal rather than 

oncogenic ERa signalling and thus illustrate increased cellular differentiation.  

 

 
 



 49 

 

3.3.4 PLK1 INHIBITION INDUCES DNA DAMAGE WITH SUBSEQUENT 

MITOTIC ARREST 

To investigate the underlying determinants of the increased cell differentiation 

observed, we assessed phenotypic changes induced by PLK1 inhibition. Cell 

cycle analysis showed that cells treated with the PLK1 inhibitor rigosertib are 

arrested mostly in G2/M (Fig 3A and B). In addition, we found an increase in early 

and late apoptotic cells upon rigosertib treatment compared to the DMSO 

control (Fig 3C and D), providing further evidence that PLK1 inhibition induces 

mitotic arrest and subsequent cell death. 

 Given that cell cycle arrest at G2/M often indicates the presence of 

unrepaired double-stranded breaks in mitosis, we investigated whether 

Figure 3-2. PLK1 inhibition upregulates cell differentiation programs. A, Schematic 
outlining the generation of the RigoSig gene set (upregulated genes upon rigosertib treatment, 
1510 genes, cut off: adjusted P value < 0.01 and log fold change >1, n= 3 experimental 
replicates, Supplementary Table 2) and the comparison to breast cancer patient samples and 
normal breast samples. B, Expression heatmap of RigoSig genes. Data shown for breast 
cancer subtypes and normal breast samples measured by the TCGA consortium (Koboldt et 
al, 2012) and normal breast samples measured by the GTEx consortium (The GTEx 
Consortium atlas, 2020). Data is row-normalized. TNBC: triple-negative breast cancer. C, 
Kaplan-Meier curve of RigoSig genes in TNBC samples (from METABRIC [Curtis et al, 2012; 
Pereira et al, 2016]) showing increased overall survival upon high expression of RigoSig 
genes. Samples in the top and bottom quartile of signature expression are compared. D, 
Pathway enrichment analysis (Metascape) of RigoSig gene set. E, Pathway enrichment 
analysis (GO biological process) of RigoSig gene set. Developmental pathways are shown in 
red. F, Volcano plot for rigosertib versus DMSO treatment contrast. Genes from the Molecular 
Signatures Database (MSigDB) hallmark gene set "Apical Junction" are shown in red. FDR 
calculations are derived from enrichment analyses using MROAST. G, Volcano plot for 
rigosertib versus DMSO treatment contrast. Genes from the MSigDB GO terms gene set 
"Epithelial Cell Differentiation" are shown in red. FDR calculations are derived from enrichment 
analyses using MROAST. 
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rigosertib affects DNA damage in SUM149PT cells. Rigosertib-treated cells 

displayed increased g-H2AX staining intensity compared to DMSO control 

counterparts, suggesting that the mitotic arrest observed upon PLK1 inhibition 

stemmed from increased DNA damage (Fig 3E). These findings led us to 

investigate mechanistically how PLK1 inhibition in TNBC cells converges to 

induce ERa signalling, cell differentiation and DNA damage. We examined the 

motifs in the promoter region of RigoSig genes and found increased activity of 

five members of the AP-1 transcription factor family (BATF, JunB, AP-1, Fra2, 

Fra1) as the top transcription factors controlling upregulated genes upon 

rigosertib treatment (Fig. 3F). This finding along with the fact that AP-1 can act 

as a co-factor of ERa in an estradiol independent way (Lupien et al, 2010) could 

explain why PLK1 inhibition restores endogenous ERa signalling in TNBC 

independently of estradiol. In summary, these data indicate that PLK1 inhibition 

induces DNA damage with subsequent mitotic arrest and cell death, and that 

the induction of ERa is paralleled by increased activity of AP-1 transcription 

factors. 



 51  

Figure 3-3. PLK1 inhibition induces DNA damage with subsequent mitotic arrest. A, 
Representative flow-cytometry dot plots of EdU/hoechst cell cycle staining of SUM149PT cells 
treated for 3 days with 100 nM rigosertib or DMSO. B, Bar graph depicting the proportion of 
cells in different cell cycle states based on EdU/hoechst cell cycle staining shown in Fig 3A. 
n= 3 experimental replicates. Ordinary two-way ANOVA with multiple comparisons. Data are 
mean ± SD. C, Representative flow-cytometry dot plots of propidium iodide/annexin V staining 
of SUM149PT cells treated for 3 days with 100 nM rigosertib or DMSO. D, Bar graph depicting 
the proportion of cells in different apoptotic states based on the propidium iodide/annexin V 
staining shown in Fig 3C. n= 3 experimental replicates. Ordinary two-way ANOVA with 
multiple comparisons. Data are mean ± SD. E, Left panel: Representative fluorescence 
microscopy images of SUM149PT cells treated for 48 h with 100 nM rigosertib or DMSO and 

stained with g-H2AX. In magenta depicted the g-H2AX signal, in blue depicted the DAPI nuclei 

stain. Scale bar: 200 µm. Right panel: Bar graph showing the percentage of g-H2AX positive 
cells. n= 2 experimental replicates with 4 technical replicates each. Mann-Whitney U-test. 
Data are mean ± SD. F, Table depicting promoter motif enrichment of the RigoSig gene set. 
Top-5 enriched motifs are depicted. TF, transcription factor. 
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3.3.5 PLK1 INHIBITION INDUCES A SUSTAINED CHANGE IN CELL FATE 

To investigate whether PLK1 inhibition induces a durable change in cell fate, we 

treated SUM149PT cells with rigosertib and examined the cellular phenotype 

after drug wash-out (Fig 4A). Protein and mRNA analyses revealed upregulated 

ERa levels eight days post rigosertib treatment, as well as elevated ERa 

transcriptional targets of normal breast (Chi et al, 2019) (Fig 4B and C). In 

addition, the vast majority of cells treated with rigosertib were still arrested in 

G2/M phase at that time, as indicated by a 10-fold increase in the G2/M phase 

population and a decrease in the S and G0/G1 phase populations of 2- and 5-

fold, respectively, compared to the DMSO control counterparts (Fig 4D and E). 

 Having shown that PLK1 inhibition leads to sustained accumulation of 

ERa protein and increased cell differentiation in TNBC, we investigated its 

potential to decrease tumorigenesis in vivo. To this end, we treated SUM149PT 

cells in vitro with rigosertib and subsequently injected 1 x 106 viable cells into 

the mammary fat pads of immunocompromised NOD scid gamma (NSG) mice 

(Fig 4F). We found that cells injected after PLK1 inhibition were growth-impaired 

in vivo, indicating decreased tumorigenic potential (Fig 4G). Altogether, the data 

indicate that sustained differentiation upon PLK1 inhibition decreases 

tumorigenesis of TNBC cells.  
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Figure 3-4. PLK1 inhibition induces a sustained change in cell fate. A, Schematic of the 
drug wash-out experiment. SUM149PT cells were treated for three days with rigosertib or 
DMSO. Subsequently, the drug was washed out and cells were cultured for eight more days 
without drug and then harvested for downstream experiments. B, Immunoblot showing levels 

of ERa  and ERK2 (loading control) in SUM149PT cells treated with indicated concentrations 

of rigosertib as depicted in Fig 4A. C, Bar graph representing average mRNA expression of 
ESR1 and downstream targets in SUM149PT cells treated with 100 nM rigosertib or DMSO 
as depicted in Fig 4A. n =  2 experimental replicates with 2 technical replicates each. Unpaired 
Student’s T test. Data are mean ± SD. D, Representative flow-cytometry dot plots of 
EdU/hoechst cell cycle staining of SUM149PT cells treated with 100 nM rigosertib or DMSO 
as depicted in Fig 4A. E, Bar graph depicting the proportion of cells in different cell cycle states 
based on EdU/hoechst cell cycle staining shown in Fig 4D. n= 3 experimental replicates. 
Ordinary two-way ANOVA with multiple comparisons. Data are mean ± SD. 
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3.3.6 PLK1 INHIBITION DECREASES TUMOUR GROWTH IN VIVO  

To assess the effects of PLK1 inhibition on already-formed tumours, we injected 

SUM149PT cells or transplanted a patient-derived xenograft (PDX) model into 

the mammary fat pads of NSG mice. We then treated animals with rigosertib or 

vehicle once the tumours were established (>50 mm3) (Fig 5A). In both models, 

we found that rigosertib significantly delayed tumour growth (Fig 5B and C).  

 To investigate whether the observed decrease in tumour volume was due 

to cell cycle arrest or increased cell death, we stained the tumours for the 

proliferation marker Ki67 and the apoptosis marker cleaved caspase 3. Whereas 

cleaved caspase 3 was markedly increased in both models, proliferation was 

decreased or unchanged in SUM149PT cells and the PDX model, respectively 

(Fig 5D, E, F and G). We found no increase in ERa expression upon in vivo 

treatment with rigosertib, possibly because ERa positive cells halt proliferation 

leading to selection of ERa negative cells in the tumours (Fig EV5). These data 

indicate that the decrease in tumour growth is mostly mediated by increased cell 

death. 

 To evaluate the relevance of our findings in breast cancer patient samples, 

we mined the expression of PLK1 from the METABRIC dataset (Curtis et al, 2012; 

Pereira et al, 2016) and found that PLK1 is mostly expressed in patients with ERa 

negative and basal/claudin-low tumours (Fig 5H and I). Furthermore, we found 

F, Schematic of the experimental setup for in vitro treated SUM149PT cells grown as mouse 
xenografts in NSG mice. Cells were treated for three days with 1 µM rigosertib or DMSO prior 
to injection. G, Kinetics of primary tumour growth of SUM149PT cells treated in vitro with 1 
µM rigosertib (n= 5 mice) or DMSO (n= 5 mice) as depicted in Fig 4F. Mann-Whitney U-test. 
Data are mean ± SD. 
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higher expression of PLK1 in basal breast cancer cell lines than in luminal cell 

lines (Fig 5K). These data indicate that PLK1 and ERa expression are 

anticorrelated in breast cancer and further pinpoint PLK1 as an attractive target 

for differentiation therapy in TNBC.  
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Figure 3-5. PLK1 inhibition reduces tumour growth in vivo. A, Schematic depicting the 
experimental setup for in vivo treatment of SUM149PT or PDX1 mouse xenografts. Rigosertib 
or vehicle treatments were started once the tumours reached a volume ≥ 50 mm3. B, Kinetics 
of primary tumour growth of SUM149PT cells treated in vivo with rigosertib (n= 10 mice) or 
vehicle (n= 9 mice) as depicted in Fig 5A. Mann-Whitney U-test. Data are mean ± SEM. C, 
Kinetics of primary tumour growth of PDX1 cells treated in vivo with rigosertib (n= 5 mice) or 
vehicle (n= 6 mice) as depicted in Fig 5A. Mann-Whitney U-test. Data are mean ± SEM. D, 
Representative images of cleaved caspase 3 staining (left panel) and bar graph quantification 
of cleaved caspase 3 positive cells (right panel) in tissue sections of SUM149PT tumours 
treated with rigosertib or vehicle. Scale bar: 300 µm. n= 3 tumours per group. Unpaired 
Student’s T test. Data are means ± SD. E, Representative images of Ki67 (left panel) and bar 
graph quantification of Ki67 positive cells (right panel) in tissue sections of SUM149PT 
tumours treated with rigosertib or vehicle. Scale bar: 300 µm. n= 3 tumours per group. 
Unpaired Student’s T test. Data are means ± SD. F, Representative images of cleaved 
caspase 3 staining (left panel) and bar graph quantification of cleaved caspase 3 positive cells 
(right panel) in tissue sections of PDX1 tumours treated with rigosertib or vehicle. Scale bar: 
300 µm. n= 3 tumours per group. Unpaired Student’s T test. Data are means ± SD. G, 
Representative images of Ki67 (left panel) and bar graph quantification of Ki67 positive cells 
(right panel) in tissue sections of PDX1 tumours treated with rigosertib or vehicle. Scale bar: 
300 µm. n= 3 tumours per group. Unpaired Student’s T test. Data are means ± SD. H, Dot plot 

showing PLK1 expression in ERa positive versus ERa negative breast cancer cases in the 
METABRIC (Curtis et al, 2012; Pereira et al, 2016) cohort. Unpaired Student’s T test. I, Dot 
plot depicting PLK1 expression different breast cancer subtypes in the METABRIC (Curtis et 
al, 2012; Pereira et al, 2016) cohort. Ordinary one-way ANOVA with multiple comparisons. K, 
Dot plot depicting PLK1 expression different breast cancer cell lines from the Cancer Cell Line 
Encyclopedia (CCLE) atlas (Ghandi et al, 2019). Unpaired Student’s T test. 
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3.3.7 Extended Data Figures 
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Extended Data Figure 3-1. SUM149PT are mostly unmethylated at the ERa gene 

promoter. A, DNA methylation profile of two ESR1 CpG islands mostly associated with ERa 

protein expression of one ERa positive cell line (T47D) and two ERa negative cell lines 

(SUM159PT and SUM149PT). B, Representative flow-cytometry dot plot of ERE-GFP signal 

from one ERa positive cell line (T47D) and two TNBC cell lines (SUM159PT and SUM149PT), 

each transduced additionally with ESR1.  
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Extended Data Figure 3-2. Induction of ERa signalling is dose-dependent. A, Heatmap 
of GFP signal normalized to nuclei count from the secondary validation screen of the individual 
screening plates. B, Dose response curves of ERE-GFP signal normalized to nuclei count 
upon different drug concentrations extracted from the secondary validation screen of three 
PLK1 inhibitors (rigosertib, volasertib, BI-2536). Each point represents the mean of three 
experimental replicates. 
 



 59  

Extended Data Figure 3-3. PLK1 inhibition induces endogenous ERa protein and 
downstream signalling, independently of estradiol (E2). A, Immunoblot showing levels of 

ERa and ERK2 (loading control) in SUM149PT cells treated for 72 h with rigosertib or DMSO 

at indicated concentrations. B, Immunoblot showing levels of ERa and ERK2 (loading control) 

in SUM149PT cells treated for 72 h with volasertib or DMSO at indicated concentrations. C, 
Bar graph representing average mRNA expression of ESR1 in SUM149PT cells treated for 
72 h with volasertib or DMSO. n =  3 experimental replicates with 2 technical replicates each. 
Ordinary one-way ANOVA with multiple comparisons. Data are mean ± SD. D, Bar graph 
showing flow-cytometry analysis of ERE-GFP positive cells after rigosertib or volasertib 
treatments for 72 h. n =  3 experimental replicates. Kruskal-Wallis test. Data are mean ± SD. 
E, Bar graph representing average mRNA expression of ESR1 and downstream targets in 
SUM149PT cells treated for 72 h with rigosertib or DMSO. n =  3 experimental replicates with 
2 technical replicates each. Ordinary two-way ANOVA with multiple comparisons. Data are  
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Extended Data Figure 3-4. PLK1 inhibition upregulates non-oncogenic ERa signalling 
pathways. A, Volcano plots for rigosertib versus DMSO treatment contrast. Left panel: Genes 
from the MSigDB hallmarks gene set "Estrogen Response Early" are shown in red. Right 
panel: Genes from the MSigDB hallmarks gene set "Estrogen Response Late" are shown in 
red. FDR calculations are derived from enrichment analyses using MROAST. B, Volcano plot 

for rigosertib versus DMSO treatment contrast. Left panel: ERa target genes in the normal 

mammary gland (Chi et al, 2019) are shown in red. Right panel: ERa target genes in breast 

cancer (Chi et al, 2019) are shown in red. FDR calculations are derived from enrichment 

analyses using MROAST. C, Pathway enrichment analysis (KEGG pathways) of RigoSig gene 
set. Estrogen signalling pathway is shown in red. 
 

mean ± SD. F, Bar graph representing absorbance at 510 nm of SUM149PT stained cells, 
treated with indicated concentrations of rigosertib/DMSO or 4-hydroxytamoxifen 
(4OHT)/ethanol (EtOH) with or without estradiol (E2). n =  3 experimental replicates with 2 
technical replicates each. Ordinary two-way ANOVA with multiple comparisons. Data are 
mean ± SD. 
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Extended Data Figure 3-5. ERa protein is not detected upon PLK1 inhibition in vivo. 

Upper panel: Representative images of ERa staining in tissue sections of SUM149PT tumours 
(upper panel) or PDX1 tumours (middle panel) treated with rigosertib or vehicle. Scale bar: 

300 µm. Lower panel: Representative image of ERa staining in a human ERa positive tumour 

used as a positive control for the ERa staining. Scale bar: 300 µm. 
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3.4 DISCUSSION 

Cancer cell phenotypic plasticity is central to tumour initiation, metastasis and 

resistance to therapy and poses a major obstacle for the cure of cancer 

(Boumahdi & de Sauvage, 2020; Gupta et al, 2019; Yuan et al, 2019; Wahl & 

Spike, 2017). Among breast cancer subtypes, triple-negative breast cancer 

(TNBC) displays high cellular plasticity and dedifferentiation, making it a prime 

disease model to study plasticity in cancer (Risom et al, 2018; Howlader et al, 

2018). Whether cell plasticity is also a potential vulnerability that can be exploited 

to differentiate cancer cells is not clear. Here we show that targeting PLK1 in 

TNBC induces endogenous ERa signalling, which is widely accepted as a 

marker of differentiation in the breast. 

 ERa is a key transcription factor controlling differentiation of luminal cells 

in the mammary gland (Tanos et al, 2012; Slepicka et al, 2021). During ERa-

positive breast tumorigenesis, ERa signalling enhances proliferation, is 

oncogenic, and can be targeted with endocrine therapies (Farcas et al, 2021; 

Liang & Shang, 2013). Here, we report that PLK1 inhibitors induce endogenous 

ERa signalling in TNBC, resembling normal rather than oncogenic ERa 

signalling. In this context, it has been shown previously that TNBC cells with a 

methylated ERa gene promoter can be targeted with DNA-methylation inhibitors 

or histone deacetylase inhibitors to induce ERa expression (Hait et al, 2015; Du 

et al, 2012; Sappok & Mahlknecht, 2011; Zhou et al, 2007; Sharma et al, 2005; 

Yang et al, 2001, 2000; Ferguson et al, 1995; Keen et al, 2003). Furthermore, 

MAPK inhibition was shown to induce ERa signalling (Bayliss et al, 2007). In both 

cases, induced ERa expression sensitized TNBC cells marginally to endocrine 
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treatment (Restall et al, 2009; Fan et al, 2008; Sharma et al, 2006; Bayliss et al, 

2007). However, none of the previous studies found increased differentiation 

following induced ERa signalling in TNBC. These opposing findings could be 

explained by the fact that induction of endogenous ERa signalling upon PLK1 

inhibition is accompanied by DNA damage. DNA damage-induction was 

previously shown to induce differentiation in other tumour models (Santos et al, 

2014; Wang et al, 2012; Puri et al, 2002), as well as in normal keratinocytes 

(Molinuevo et al, 2020). This indicates a conserved homeostatic role of DNA 

damage in triggering differentiation. Further studies investigating the effects of 

DNA damage-inducing agents on ERa signalling in TNBC are warranted. 

 While differentiation therapy has been widely successful in the treatment 

of acute promyelocytic leukaemia (APL) (de Thé & Chen, 2010), its usefulness in 

the treatment of solid tumours is controversial (de Thé, 2018). A notable example 

comes from a recent study demonstrating that cellular plasticity could be 

exploited to trans-differentiate breast cancer cells into functional adipocytes 

(Ishay-Ronen et al, 2019). Although theoretically attractive, differentiation 

therapy is challenged by the heterogeneity of solid tumours that harbour multiple 

oncogenic cooperating pathways (de Thé, 2018). In this context, targeting PLK1 

is an appealing alternative as it is a key regulator of the cell cycle and its function 

is often altered in cancer (Zitouni et al, 2014). Furthermore, growing experimental 

evidence suggests that cancer cell plasticity and dedifferentiation drive immune 

evasion (Li & Stanger, 2020). Therefore, differentiation therapy could ultimately 

increase susceptibility of cancer cells to immunotherapies (Arozarena & 

Wellbrock, 2019) that are approved in the treatment of TNBC (di Cosimo, 2020). 
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 In summary, we show that PLK1 inhibition induces ERa signalling in 

TNBC. ERa signalling is a mark of increased differentiation, identifying non-

proliferative cells with low tumorigenic potential. We thus pinpoint PLK1 as a 

targetable factor for differentiation therapy in TNBC.  
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3.5 MATERIALS AND METHODS 

Cell lines 

The SUM149PT cell line was kindly provided by Dr. Julie Lang (Cleveland, Ohio, 

USA), while the SUM159PT cell line was kindly provided by Dr. Charlotte 

Kupperwasser (Boston, Massachusetts, USA). Both cell lines are commercially 

available (Asterand, Detroit, MI). The SUM149PT and the SUM159PT cell lines 

were cultured in Ham's F12 (Sigma, cat#N6658) with 5% fetal calf serum (FCS) 

(Sigma, cat# F7524), 5 μg/mL human recombinant insulin (Sigma, cat# 91077C), 

1 μg/mL hydrocortisone (Sigma, cat# H0888), and 1× penicillin/streptomycin 

(Sigma, cat# P4333). Cell line identities were confirmed by short tandem repeat 

(STR) sequencing and all cell lines were routinely tested for mycoplasma 

contamination. 

 

In vivo establishment of a primary human breast cancer xenograft 

Primary human breast cancer xenograft 1 (PDX1) was established as previously 

described (Derose et al, 2011). After obtaining written informed consent from the 

patient allowing the usage of their tissue for scientific research purposes, 

primary breast cancer tissue from a triple-negative breast cancer patient was 

surgically resected and directly transplanted into the mammary fat pads of 

female NSG (NOD-scid-Il2rgnull) mice. The tissue was obtained at the University 

Hospital Basel in the project ID: 2018-00729 that was approved by the Swiss 

authorities (EKNZ, Ethics Committee northwest/central Switzerland) in 

compliance with the Declaration of Helsinki. 
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Animal experiments 

All mouse experiments were performed in accordance with the Swiss animal 

welfare ordinance and approved by the cantonal veterinary office of Basel Stadt. 

Female NSG mouse colonies were maintained in the animal facility of the 

Department of Biomedicine of the University of Basel in accordance with Swiss 

guidelines on animal experimentation. Mice were kept in a pathogen-free 

environment with a controlled light cycle from 6:00 h to 18:00 h, a temperature 

of 20 to 23°C and humidity of 50 to 60%. Mice were allowed to acclimatize for 

a minimum of 7 days before each experiment. 

 For orthotopic engraftment of breast cancer cell lines, 1 x 106 SUM149PT 

cells were resuspended in 100 µL matrigel (Corning, cat# 356237) and PBS 

(Gibco, cat# 20012-019) mixed (1:1) and injected into the fourth mammary fat 

pads of 8 to 12-week-old female NSG mice. For experiments with PDX1, 

tumours were also transplanted into the fourth mammary fat pads of 8 to 12-

week-old female NSG mice. All mice were supplemented with estradiol for the 

whole duration of the experiments, either by implanting estradiol pellets (Belma 

Technologies, cat# E2M/90) or by supplementing the drinking water with 8 

µg/mL estradiol (Sigma, cat# E8875; stock diluted in ethanol) as previously 

described (Cottu et al, 2012; Levin-Allerhand et al, 2003). Tumour diameters 

were measured with manual callipers and tumour volumes calculated by the 

formula 0.5 × [(larger diameter) × (smaller diameter)2]. When tumours reached a 

volume >50 mm3, mice were randomized into two treatment groups, rigosertib 

or vehicle. For in vivo treatments, rigosertib (Lubio Science, cat# S1362) was first 

dissolved in polyethylene glycol (Fluka, cat# 25322-68-3) and further diluted with 

PBS to a concentration of 22 mg/mL. Mice received 200 µL intraperitoneal 
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injections of rigosertib or vehicle (1:1 PEG to PBS) twice a week, which 

corresponds to 200 mg/kg. Mice were euthanized before the maximal tumour 

volumes permitted by the cantonal veterinary office of Basel Stadt (1,500 mm3) 

were reached. 

 

DNA methylation analysis 

Genomic DNA was converted by bisulfite treatment using the EpiTect Bisulfite 

Kit (Qiagen, cat# 59104) and subsequently subjected to methylation-specific 

PCR using the Epitect MSP kit (Qiagen, cat# 59305). Two regions of the ESR1 

promoter mostly associated with ERa protein expression were amplified by 

methylation-specific PCR: ER 1 and ER 5 (Archey et al, 2002; Lapidus et al, 

1998). For each region, a primer pair for methylated and unmethylated DNA, 

respectively, were used, as described previously (Lapidus et al, 1998). PCR 

products were purified in a 2% agarose gel and subsequently submitted to 

Sanger sequencing.  

 

Drug screen 

We screened 9501 compounds belonging to two compound libraries, the 

Mechanism-of-Action Box (MoA Box) (Canham et al, 2020) and the Novartis core 

screening set for external collaboration. Cells were counted with a Cedex HiRes 

Cell Counter (Innovatis) and 2,000 cells per well in 50 µL standard cell culture 

medium were plated with a Multidrop 384 (Thermo Electron Corporation, Thermo 

Scientific) on poly-D lysine coated 384 well plates (Corning, cat# 7244). The 

plates were centrifuged for 10 s at 400 rpm and left for 20 min at RT before being 

placed into incubators at 37 °C and 95% humidity. On the following day, the 
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medium was changed to fresh medium containing 10 nM estradiol (Sigma, cat# 

E8875) and 100 ng/mL Hoechst 33342 (Thermo Molecular Probes, cat#H3570) 

with a CyBio SELMA (Analytik Jena AG). The compounds dissolved in 90% 

DMSO were transferred from plates containing compounds (Novartis) to the 

plates containing cells, with an Echo 555 (Labcyte) in 45 min intervals. After 48h 

of incubation, images were captured with a CV7000 (Yokogawa) confocal 

microscope (20X, NA = 0.45) equipped with a sCMOS camera X3 (pixel size 6.5 

µm). The images were analysed with the Yokogawa Analysis Software (YAS: 

Yokogawa). The Nuclei (Hoechst) and the GFP dots were identified and counted 

in each image. The output of the image analysis was a well mean of the number 

of GFP dots divided by the number of Nuclei. For the primary drug screen, cells 

were treated at a concentration of 10 µM. For the secondary drug screen, cells 

were treated across eight drug concentrations ranging from 10 µM to 3.16 nM. 

 

Cell proliferation assay 

For proliferation assays, cells were plated on day 0 in 96 well plates (5,000 cells 

per well) and allowed to adhere overnight. For in vitro experiments, rigosertib 

(Lubio Science, Cat# S1362) was dissolved in DMSO, while 4-hydroxytamoxifen 

(Sigma, cat# H7904) and estradiol (Sigma, cat# E8875) were dissolved in 

ethanol. On day 1, the culture medium was changed to estradiol-free cell culture 

medium. Estradiol-free cell culture medium is composed of phenol red-free 

Ham's F12 (Caisson Labs, cat# HFL05) supplemented with charcoal-stripped 

2% FCS (Gibco, cat# A3382101), 5 μg/mL human recombinant insulin (Sigma, 

cat# 91077C), 1 μg/mL hydrocortisone (Sigma, cat# H0888), and 1× 

penicillin/streptomycin (Sigma, cat# P4333). Rigosertib or DMSO were added on 
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day 1 at the indicated concentrations. On day 3, 10 nM estradiol, 4-

hydroxytamoxifen (at the indicated concentrations) or ethanol were added to the 

cells, and refreshed on day 6. On day 9, the medium was removed and cells 

were fixed and stained with sulforhodamine B (Sigma, cat# 230162) as 

previously described (Vichai & Kirtikara, 2006). In brief, cells were fixed with cold 

3.3% trichloroacetic acid (Sigma, cat# T6399) at 4°C for 1 h or overnight. Plates 

were washed with slow-running tap water and air-dried at RT. Subsequently, 

100 µL of 0.057% sulforhodamine B solution were added to each well and plates 

were left at RT for 30 min. The plates were then washed with 1% acetic acid and 

air-dried at RT. The protein-bound dye was solubilized with 200 µL 10 mM Tris 

base solution (pH 10.5) and the optical density (OD) measured at 510 nm using 

the Synergy H1 microplate reader (BioTek).  

 

Lentiviral infections 

Lentiviruses were produced either by PEI transfection of 293T cells as previously 

described (Britschgi et al, 2012) or by co-transfection of 293T cells with X-

tremeGENE 9 DNA transfection reagent (Roche, cat# 06365787001) and DNA 

(X-tremeGene9 : DNA ratio was 2.5:1). The titre of each lentiviral batch was 

determined in SUM149PT, SUM159PT and T47D cells. For lentiviral infections, 

cells were spin infected (1,200 x g for 45 min at 32°C) in the presence of 8 µg/mL 

hexadimethrine bromide (Sigma, cat# H9268) and incubated overnight. 

Infections were performed at a multiplicity of infection (MOI) of 0.5 viral particles 

per cell. The ERE-GFP vector was purchased from BioCat: pGreenFire-Estrogen 

Response Element with EF1-hygro (cat# CS920A-1-SBI). The ESR1 plasmid was 
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a gift from Richard D. Iggo (Bordeaux, France) and described previously (Duss 

et al, 2007). 

 

Transient gene silencing 

siRNAs were ordered as ON-TARGET plus SMART pools (Dharmacon). The 

siRNA IDs were as follows: siNT (D-001810-10-05), siPLK1 (L-003290-00-0005), 

siPLK2 (L-003325-00-0005), siROS1 (L-003173-00-0005 5), siPDGFRB (L-

003163-00-0005 5), siPIK3CA (L-003018-00-0005 5), siKRAS (L-005069-00-

0005 5), siNRAS (L-003919-00-0005 5), siHRAS (L-004142-00-0005 5), and 

siRAF1 (L-003601-00-0005 5). Transfection of siRNAs was performed according 

to the manufacturer’s protocol with DharmaFECT 1 (Dharmacon, cat# T-2001-

02) as transfection reagent. 

 

ERE-GFP detection by flow cytometry 

Cell lines were grown in standard cell culture medium with or without inhibitors 

and siRNAs as indicated, and supplemented with 10 nM estradiol for 3 days. 

Estradiol was refreshed after 2 days. Subsequently, cells were detached using 

trypsin-EDTA, resuspended in growth medium and counted. Cells were washed 

with PBS, strained over 40-µm filters and resuspended in PBS with 1% FCS. 

DAPI (0.2%, Invitrogen, cat# D1306) was added to exclude dead cells. Single 

cells were gated on the basis of their forward and side-scatter profiles and pulse-

width was used to exclude doublets. Cells were analysed on a BD LSR Fortessa 

Cell analyser (BD Biosciences) using the BD FACS Diva Software (BD 

Biosciences, v.7). Results were analysed with the FlowJo software (v.5). 

 



 71 

Cell cycle staining 

Cells were treated for the indicated times with 100 nM rigosertib or DMSO in 

estradiol-free cell culture medium. Cells were labelled for 2 h with 10 µM EdU. 

Detection of EdU was conducted using the Click-iT EdU Alexa Fluor™ 647 assay 

kit (Invitrogen, cat# C10419) according to the manufacturer’s guidelines. DNA 

content was stained with Hoechst 33342 (Invitrogen, cat# H3570) and cells 

analysed on a BD LSR Fortessa Cell analyser (BD Biosciences) using the BD 

FACS Diva Software (BD Biosciences, v.7). Results were analysed with the 

FlowJo software (v.5). 

 

Annexin V staining 

Cells were treated for 3 days with 100 nM rigosertib or DMSO in standard cell 

culture medium. Subsequently, cells were washed twice with cold cell staining-

buffer (BioLegend, cat# 420401) and resuspended in Annexin V binding buffer 

(BioLegend, cat# 422201) at a concentration of 1 x 106 cells/mL. Aliquots of 50 

µL of the cell suspension were transferred to test tubes and 2.5 µL of Annexin V 

Alexa Fluor 647 (BioLegend, cat# 640943) and 5 µL of propidium iodide solution 

(BioLegend, cat# 421301) were added. Cells were gently vortexed and incubated 

for 15 min at RT in the dark. Finally, 200 µL of Annexin V binding buffer 

(BioLegend, cat# 422201) was added to each sample and cells were analysed 

on a BD LSR Fortessa Cell analyser (BD Biosciences) using the BD FACS Diva 

Software (BD Biosciences, v.7). Results were analysed with the FlowJo software 

(v.5). 
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Protein lysate preparation and immunoblotting 

For ERa immunoblots, cells were grown in estradiol-free cell culture medium 

and treated for the indicated times. Cells lysates for immunoblotting were 

prepared in whole-cell lysis buffer (150 mM NaCl [Merck, cat# 1.06404.5000], 

10% glycerol [Sigma, cat# G6279], 1% NP 40 [Fluka, cat# 74385], 0.5% sodium 

deoxycholate [Sigma, cat# 30970], 2 mM EDTA [Gerbu, cat# 1034], 0.1% SDS 

[Sigma, cat# L3771], and 20 mM Tris-HCl, pH 8 [AppliChem, cat# A1086]) 

supplemented freshly with 1x protease inhibitor cocktail (Complete EDTA-free, 

Roche, cat# 11836153001), 1x phosphatase inhibitor cocktail (Sigma, cat# 

P0044), 0.2 mM sodium orthovanadate (Sigma, cat# 450243) and 20 mM sodium 

fluoride (Merck, cat# 1.06449.0250), followed by sonication (10 cycles of 30 s 

ON and 30 s OFF) using a Bioruptor Pico device (Diagenode). Protein lysates 

(30–60 µg) were subjected to SDS–PAGE, transferred to PVDF membranes 

(Immobilon-P, Sigma, cat# IPVH85R) and blocked for 1 h at RT with 5% milk in 

TBS/0.05% Tween 20. Membranes were incubated either overnight or for 40 h 

at 4°C with primary antibodies and exposed to secondary HRP-coupled anti-

mouse (Merck, cat# GENA931) or anti-rabbit (Merck, cat# GENA934) antibodies 

(1:5,000 - 10,000, GE Healthcare) either for 2 h at RT or overnight at 4°C. 

Membranes were developed using WesternSure Chemiluminescent Substrate 

(Li-cor Biosciences, cat# 926-95000) or WesternBright Sirius HRP substrate 

(Advansta, cat# K-12043-C20). The following antibodies were used: anti-ERK2 

(1:2,000, Santa Cruz, cat# sc-1647), anti-ERa (1:250, Thermo Fisher Scientific, 

cat# MA5-14501). Pixel densities of respective bands on blots were quantified 

using ImageJ (FIJI, v.2.3) (Schindelin et al, 2012) and normalized to ERK2. 

Results are representative of at least three different experiments. 
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Histology and immunohistochemistry 

All tissues were fixed in 4% paraformaldehyde (PFA):PBS solution for 24 h at 

RT. Samples were then dehydrated, embedded in paraffin and sectioned (3 - 4 

µm) with a Microm HM 340E (Thermo Fisher Scientific). All 

immunohistochemistry experiments were performed using a Ventana 

DiscoveryXT instrument (Roche Diagnostics) following the Research IHC DAB 

Map XT procedure. Counter staining was performed with hematoxylin II and 

bluing reagent (Ventana, Roche diagnostics). 

 For cleaved caspase 3 staining, slides were pre-treated with Cell 

Conditioning medium 1 (CC1, Roche Diagnostics) for 40 min at 95°C, followed 

by 40 min of incubation with blocking buffer (1X Casein, Surmodics, cat# PBSC-

0100-01). Cleaved caspase 3 primary antibody (Cell Signaling, cat# 9661, 1:100 

in blocking buffer) was incubated for 1 h at 37°C, followed by secondary 

antibody incubation (polymer-HRP anti-rabbit, cat# Nichirei, 414142F) for 1 h at 

37°C, and revealed by the Discovery ChromoMap DAB detection kit. 

 For Ki67 staining, slides were pre-treated with CC1 for 64 min at 95°C, 

followed by 40 min of incubation with blocking buffer (1X Casein). Ki67 primary 

antibody (Thermo Fischer Scientific, cat# MA5-14520, 1:50 in blocking buffer) 

was incubated for 1 h at 37°C, followed by secondary antibody incubation 

(polymer-HRP anti-rabbit) for 1 h at 37°C, and revealed by the Discovery 

ChromoMap DAB detection kit. 

 For ERa staining, slides were pre-treated with CC1 for 72 min at 95°C, 

followed by 8 min of incubation with blocking buffer (1X Casein). ERa primary 

antibody (Thermo Fisher Scientific, cat# MA5-14501, 1:50 in blocking buffer) was 

incubated for 1 h at 37°C, followed by secondary antibody incubation (polymer-
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HRP anti-rabbit) for 1 h at 37°C, and revealed by the Ventana Amplification kit 

(cat# 760-080). 

 Whole sections were scanned using a NanoZoomer S60 digital slide 

scanner (Hamamatsu) and quantified using HALO (v3.1). Classification of tissue 

area and exclusion of tumour necrosis and stroma were performed using 

implemented software tools. Ratio of positive cells was determined using the 

multiplex IHC module. Representative images of histological sections were 

captured using a Nikon Ti2-E inverted microscope (20X, NA = 0.75; 10X, NA = 

0.45 and 4X, NA = 0.2 objectives) equipped with a Nikon DS-Ri2 camera. 

 

g-H2AX staining 

For g-H2AX staining, cells were grown for 48 h with 100 nM rigosertib or DMSO 

in standard cell culture medium. Subsequently, cells were fixed with 4% 

paraformaldehyde (in PBS, Electron Microscopy Sciences, cat# 15714) for 15 

min and permeabilized for 45 min with 0.15% triton X (in PBS, Merck, cat# 

1086431000) at RT. Next, 2% bovine serum albumin (BSA, in PBS; Sigma, cat# 

10735094001) blocking solution was added to the cells for 30 min and the cells 

were subsequently incubated overnight with phospho-histone H2A.X (Ser139) 

(g-H2AX) antibody (Cell Signaling, cat# 2577S) diluted 1:300 in blocking solution. 

On the next day, cells were washed with PBS and incubated overnight with the 

secondary anti-mouse antibody conjugated to Alexa Fluor 647 (Invitrogen, cat# 

A-21241) and DAPI (1:200, Invitrogen, cat# D1306). Cells were then washed and 

images captured using a Nikon Ti2-E inverted microscope (20X, NA = 0.75, 10X, 

NA = 0.45 and 4X, NA = 0.2 objectives) equipped with a Photometrics Prime 95B 

camera. Images were acquired with the Nikon NIS software and quantified using 
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QuPath (v.0.3.0) (Bankhead et al, 2017). Cell count was determined using the 

cell detection module. Ratio of positive cells was identified using the single 

measurement classifier with simple thresholding. 

 

mRNA isolation and Q-PCR 

For ESR1 and ESR1 downstream targets Q-PCRs, cells were grown in estradiol-

free cell culture medium and treated with inhibitors for the indicated times. Cells 

were treated for 8 h with estradiol before mRNA extraction. 

 Total RNA was extracted using the RNeasy Plus Mini Kit (Qiagen, cat# 

74134) according to the manufacturer’s protocol. The iScript cDNA conversion 

kit (Biorad, cat# 1708891) was used to transcribe 500 ng - 1 µg of total RNA. For 

quantitative real time PCR (Q-PCR), fluorescence detection was performed 

using the ViiA™ 7 Real-Time PCR System (Applied Biosystems) according to the 

manufacturer’s protocol in a reaction volume of 10 µL containing 1x PrimeTime 

Gene Expression Master Mix (IDT, cat# 1055772) and 50 ng cDNA. The following 

probes were used: 1x IDT (Integrated DNA technologies) assays for 

quantification of HPRT1 (Hs.PT.58.v.45621572), ESR1 (Hs.PT.58.14846478), 

FOXA1 (Hs.PT.58.1788586), GATA3 (Hs.PT.584308511), AREG 

(Hs.PT.56a.38817860), RUNX1 (Hs.PT.58.24461868), GRHL2 

(Hs.PT.58.40379174), INPP4B (Hs.PT.58.19965063), and DLC1 

(Hs.PT.58.27928708). All measurements were performed in technical duplicates 

and the arithmetic mean of the Ct values was used for calculations: target gene 

mean Ct values were normalized to the respective house-keeping gene (HPRT1), 

mean Ct values (internal reference gene, Ct) to obtain the minus delta Ct (-ΔCt) 

values.  
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Tumorigenic potential 

To assess tumorigenic potential of cells after PLK1 inhibition, SUM149PT cells 

were treated in vitro for 3 days with rigosertib or DMSO in estradiol-free cell 

culture medium. Subsequently, 1 x 106 SUM149PT cells were resuspended in 

100 µL matrigel (Corning, cat# 356237) and PBS (Gibco, cat# 20012-019) mixed 

(1:1) and injected into the fourth mammary fat pads of 8 to 12-week-old female 

NSG mice. Mice were supplemented with estradiol for the whole duration of the 

experiments in the drinking water, with 8 µg/mL estradiol (Sigma, cat# E8875; 

stock diluted in ethanol) as previously described (Cottu et al, 2012; Levin-

Allerhand et al, 2003). Tumour volumes were monitored as described above.  

 

RNA-sequencing and analysis 

RNA was quality-checked on the TapeStation instrument (Agilent Technologies) 

using the RNA ScreenTape (Agilent, cat# 5067-5576). Library preparation was 

performed, starting from 200 ng total RNA, using the TruSeq Stranded mRNA 

Library Kit (Ilumina, cat# 20020595) and the TruSeq RNA UD Indexes (Ilumina, 

cat# 20022371). Fifteen cycles of PCR were performed. Quality-checking on the 

Fragment Analyzer (Advanced Analytical) using the Standard Sensitivity NGS 

Fragment Analysis Kit (Advanced Analytical, cat# DNF-473) revealed the 

excellent quality of the libraries (average concentration was 34±4 nmol/L and 

average library size was 330±6 base pairs). Samples were pooled to equal 

molarity. The pool was quantified by Fluorometry using the QuantiFluor ONE 

dsDNA System (Promega, cat# E4871). Libraries were sequenced Paired-End 

51 bases (in addition: 8 bases for index 1 and 8 bases for index 2) using the 

NovaSeq 6000 instrument (Illumina) and the SP Flow-Cell loaded at a final 
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concentration in Flow-Lane of 380 pM and including 1% PhiX. Primary data 

analysis was performed with the Illumina RTA version 3.4.4. A total of 1.03 billion 

reads passing Illumina quality control (PF reads) were collected in total for the 

24 samples, i.e. 42.9±4.7 million PF reads on average per sample. 

 Reads were aligned to the human genome (UCSC version 

hg38AnalysisSet) with STAR. 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 the 5'end of reads per window using the function 

bamCount from the bioconductor package bamsignals. These window counts 

were exported into bigWig format using the bioconductor package rtracklayer. 

The rsubread::featureCounts function was used to count the number of reads 

(5'ends) overlapping with the exons of each gene assuming an exon union model 

(gene annotation: ensembldb_Homo_sapiens_GRCh38_ensembl_96.sqlite). 

Differential gene expression analysis was performed using limma-voom 

framework. Pathway enrichment analysis was performed using gProfiler 

(Raudvere et al, 2019) and Metascape (Zhou et al, 2019). For gene set 

enrichment analysis (GSEA), human gene sets were obtained from 

(http://bioinf.wehi.edu.au/software/MSigDB) and enrichment analyses were 

performed using MROAST available in bioconductor package limma. 

Transcription factor motif analysis was performed using Homer (4.11) (Heinz et 

al, 2010).  

 

Proteomics analysis using tandem mass tags 

Sample aliquots comprising 25 µg of peptides were labelled with isobaric 

tandem mass tags (TMT 10-plex, Thermo Fisher Scientific). Peptides were 
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resuspended in 20 µL labelling buffer (2 M urea, 0.2 M HEPES, pH 8.3) by 

sonication and 5 µL of each TMT reagent (0.8 mg in 80 µL DMSO) were added 

to the individual peptide samples followed by a 1 h incubation at 25°C with 

shaking at 500 rpm. To control for ratio distortion during quantification, a peptide 

calibration mixture consisting of six digested standard proteins mixed in different 

amounts was added to each sample before TMT labelling (for details see Ahrné 

et al, 2016). To quench the labelling reaction, 1.5 µL aqueous 1.5 M 

hydroxylamine solution was added and samples were incubated for another 5 

min at 25°C with shaking at 500 rpm followed by pooling of all samples. The pH 

of the sample pool was increased to 11.9 by adding 1 M phosphate buffer (pH 

12) and incubated for 20 min at 25°C with shaking at 500 rpm to remove TMT 

labels linked to peptide hydroxyl groups. Subsequently, the reaction was 

stopped by adding 2 M hydrochloric acid until pH< 2. Finally, peptide samples 

were further acidified using 5 % TFA, desalted using Sep-Pak Vac 1cc (50 mg) 

C18 cartridges (Waters) according to the manufacturer’s instructions and dried 

under vacuum.  

 TMT-labelled peptides were fractionated by high-pH reversed phase 

separation using a XBridge Peptide BEH C18 column (3,5 µm, 130 Å, 1 mm x 

150 mm, Waters) on an Agilent 1260 Infinity HPLC system. Peptides were loaded 

onto the column in buffer A (20 mM ammonium formate in water, pH 10) and 

eluted using a two-step linear gradient from 2% to 10% in 5 min and then to 

50% buffer B (20 mM ammonium formate in 90% acetonitrile, pH 10) over 55 

min at a flow rate of 42 µL/min. Elution of peptides was monitored with a UV 

detector (215 nm, 254 nm) and a total of 36 fractions were collected, pooled into 

12 fractions using a post-concatenation strategy as previously described (Wang 
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et al, 2011) and dried under vacuum. Dried peptides were resuspended in 0.1% 

aqueous formic acid and subjected to LC–MS/MS analysis using a Q Exactive 

HF Mass Spectrometer fitted with an EASY-nLC 1000 (both Thermo Fisher 

Scientific) and a custom-made column heater set to 60°C. Peptides were 

resolved using a RP-HPLC column (75 μm × 30 cm) packed in-house with C18 

resin (ReproSil-Pur C18–AQ, 1.9 μm resin; Dr. Maisch GmbH) at a flow rate of 

0.2 μL/min. The following gradient was used for peptide separation: from 5% B 

to 15% B over 10 min to 30% B over 60 min to 45 % B over 20 min to 95% B 

over 2 min followed by 18 min at 95% B. Buffer A was 0.1% formic acid in water 

and buffer B was 80% acetonitrile, 0.1% formic acid in water. The mass 

spectrometer was operated in DDA mode with a total cycle time of 

approximately 1 s. Each MS1 scan was followed by high-collision-dissociation 

(HCD) of the 10 most abundant precursor ions with dynamic exclusion set to 30 

s. For MS1, 3e6 ions were accumulated in the Orbitrap over a maximum time of 

100 ms and scanned at a resolution of 120,000 FWHM (at 200 m/z). MS2 scans 

were acquired at a target setting of 1e5 ions, maximum accumulation time of 

100 ms and a resolution of 30,000 FWHM (at 200 m/z). Singly charged ions and 

ions with unassigned charge state were excluded from triggering MS2 events. 

The normalized collision energy was set to 35%, the mass isolation window was 

set to 1.1 m/z and one microscan was acquired for each spectrum. 

 The acquired raw files were analysed using the SpectroMine software 

(Biognosys AG, 1.0.20235.13.16424). Spectra were searched against a human 

database consisting of 20,404 protein sequences (downloaded from Uniprot on 

2019/03/07) and 392 commonly observed contaminants. Standard Pulsar 

search settings for TMT10 (“TMT_Quantification”) were used and resulting 
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identifications and corresponding quantitative values were exported on the PSM 

level using the “Export Report” function. Acquired reporter ion intensities in the 

experiments were employed for automated quantification and statistical analysis 

using our in-house developed SafeQuant R script (v2.3, Ahrné et al, 2016). This 

analysis included adjustment of reporter ion intensities, global data 

normalization by equalizing the total reporter ion intensity across all channels, 

summation of reporter ion intensities per protein and channel, calculation of 

protein abundance ratios and testing for differential abundance using empirical 

Bayes moderated t-statistics. Finally, the calculated P-values were corrected for 

multiple testing using the Benjamini-Hochberg method. 

 Differential abundance analysis of proteomics data was performed using 

limma-voom framework. Human gene sets were obtained from 

(http://bioinf.wehi.edu.au/software/MSigDB) and enrichment analyses were 

performed using MROAST available in bioconductor package limma. 

 

Statistical analysis 

Cell line groups and animals of the same age were randomized based on 

standard laboratory practice procedures. The investigators were not blinded to 

allocation during experiments and outcome assessment. Values represent the 

means ± SD or the means ± SEM for in vivo treatments, as indicated in the figure 

legends. Depending on the type of experiment, data were tested for normal 

distribution and analysed using ordinary one-way ANOVA, ordinary two-way 

ANOVA, the Kruskal-Wallis test, the Mann-Whitney U-test or the unpaired 

Student’s t-test as indicated in the figure legends. Experimental replicates are 
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independent experiments. Technical replicates are tests or assays run on the 

same sample multiple times. 

 

Data availability 

The mRNA-sequencing data were deposited in the GEO database with the 

accession number GSE184295 and the secure token "ydqtqyggzdydzwv". 

 The proteomics data were deposited in the PRIDE database with the 

accession code PXD028495. Access can be gained with the following account 

details: 

Username: reviewer_pxd028495@ebi.ac.uk 

Password: dqILxjFl 

 

3.6 Supplementary Information 

 

Supplementary Table 1. List of compounds screened during the primary drug 

screen and obtained screening results. 

 

Supplementary Table 2. List of genes upregulated upon rigosertib treatment. 

Cut offs are adjusted P-value < 0.01 and log fold change >1. 
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4.1 SUMMARY 

Metastasis accounts for over 90% of solid cancer-related deaths (Chaffer & 

Weinberg, 2011). Core genetic and epigenetic programs that operate in cancer 

cells generate a degree of plasticity that results in the formation of metastases 

(Yuan et al, 2019; Gupta et al, 2019; Chatterjee et al, 2018; Patel & Vanharanta, 

2017). Yet the molecular determinants of the colonisation of cancer cells in 

distant organs remain poorly understood. Here we show that nicotinamide N-

methyltransferase (NNMT) is a factor in early metastatic colonisation of 

aggressive forms of breast cancer. We report that NNMT stimulates an 

epigenetic program that drives stromal mimicry via cancer cell-intrinsic secretion 

of extracellular matrix (ECM) components. Such ECM deposition is critical in the 

engraftment of breast cancer cells in distant organs. We show that depletion of 

NNMT profoundly impairs metastases formation as well as the expression of 

collagens and the collagen processing machinery in cancer cells. 

Mechanistically, NNMT depletion results in a methyl overflow that increases 

H3K9me3 and DNA cytosine methylation at the promoter of PR/SET Domain 5 

(PRDM5), a potent inducer of collagen gene transcription. Moreover, NNMT 

ablation increases DNA cytosine methylation at the promoters of collagen genes. 

Altogether, increased H3K9me3 and DNA methylation result in a locked 

epigenetic state that represses the expression of ECM components. This study 

reveals a major effect of NNMT and methyl shortage in promoting metastatic 

colonisation via cancer cell intrinsic stromal mimicry. 
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4.2 INTRODUCTION 

Most solid cancer-related fatalities are the result of metastasis, a complex 

cascade of events that begins within the primary tumour site and culminates in 

distant organ colonisation (Massagué & Obenauf, 2016). Cancer cells survive the 

varying ecosystems of distant organs because of a high level of plasticity and 

association with extrinsic stromal cells (Massagué & Ganesh, 2021; Sahai et al, 

2020). It has been established that the stroma is critical for metastatic 

colonisation (Cox, 2021; Peinado et al, 2017) but it was not clear whether cancer 

cells express stromal components (i.e., stromal mimicry); the underlying 

molecular mechanisms were also unknown. The identification of such 

fundamental mechanisms of metastasis is paramount for detecting potential 

vulnerabilities of this currently incurable disease. In this study, we aimed at 

identifying mechanisms of metastatic colonisation using basal breast cancer as 

a model. 

 

4.3 RESULTS 

4.3.1 NNMT IS OVEREXPRESSED IN METASTASES 

To define differentially expressed transcripts relevant to metastasis, we 

identified a list of genes upregulated in metastases compared to matched 

primary tumours from a basal breast cancer cell line (MDA-MB-231) and a 

patient-derived xenograft (PDX) model (Obradović et al, 2019) (Supplementary 

Table 1). This list was overlain with a list of genes upregulated in basal compared 

to luminal breast cancer (Charafe-Jauffret et al, 2006) and only two common 
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genes were identified: nicotinamide N-methyltransferase (NNMT) and alpha B-

crystallin (CRYAB) (Fig. 4-1a). We focused on NNMT, a cytosolic enzyme that 

catalyses the irreversible transfer of the methyl group from S-adenosyl-L-

methionine (SAM) to nicotinamide (NA), producing S-

adenosylhomocysteine (SAH) and 1-methylnicotinamide (1- MNA) (Pissios, 

2017). We found high or overexpressed NNMT protein in matched metastases 

from three PDX breast tumour models and two basal breast cancer cell lines, 

SUM159PT and MDA-MB-231 (Extended Data Fig. 4-1a). Furthermore, analysis 

of publicly available datasets of primary tumour gene expression (Györffy et al, 

2010) showed that high NNMT mRNA is associated with reduced recurrence-

free survival of breast cancer patients, particularly in the basal and HER-2 

subtypes (Extended Data Fig. 4-1b), whereas CRYAB expression was not 

associated with reduced recurrence-free survival (Extended Data Fig. 1c). To 

further test these findings at the protein level in an independent cohort of patient 

samples, we immunostained a series of 625 primary breast cancer tissue 

samples for the presence of NNMT and found 48 cases (7.7%) with strong and 

110 (17.6%) with intermediate NNMT protein expression. The remaining 467 

cases (74.7%) were either weakly positive or negative (Fig. 4-1b, Extended Data 

Fig, 4-1d). High NNMT-expressing tumours were mostly ERα negative (<10% of 

positive nuclei) (Extended Data Fig. 4-1d), an observation confirmed in the 

METABRIC dataset (Curtis et al, 2012; Pereira et al, 2016) (Extended Data Fig. 

4-1e). In our patient series, primary tumour NNMT protein abundance was 

associated with worse overall survival (Fig. 4-1b). Altogether, these observations 

underscore the relevance of NNMT in breast cancer metastasis and patient 

survival. 
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4.3.2 NNMT ABLATION IMPAIRS METASTATIC COLONISATION 

To investigate whether NNMT impacts the development of metastases, we fully 

depleted NNMT using CRISPR-Cas9 in the two metastatic SUM159PT and 

MDA-MB-231 basal breast cancer models. NNMT was knocked out (KO) in 

SUM159PT using two different strategies based on distinct sets of sgRNAs 

through which we generated two independent oligoclonal pools of cells, KOd 

and KOs (see Methods, Extended Data Fig. 4-2a and 4-2b). We also generated 

rescue cell lines by infecting these cells with a lentiviral vector carrying the full 

NNMT ORF or an RFP control vector (Extended Data Fig. 4-2b) to exclude off-

target effects. Our primary observation was that NNMT KO delayed tumour 

formation in the SUM159PT model, a feature that was lost upon NNMT re-

expression (Extended Data Fig. 4-2c). However, once the tumours were 

established they grew with similar kinetics (Extended Data Fig. 4-2d), suggesting 

that NNMT is particularly important for initial growth at the primary site. We 

hypothesized that the observed delay in tumour onset would be more striking if 

cells were injected in lower numbers. Indeed, after injection of 10- to 200-fold 

fewer cells, NNMT KO tumour onset was delayed even more profoundly or was 

impaired (Extended Data Fig. 4-2e).  

 Next, we assessed the effect of NNMT ablation on metastases. When WT, 

KOd and KOs orthotopically injected cells formed tumours of approximately 500 

mm3 they were excised and the mice monitored for metastases formation by 

bioluminescence. NNMT KO significantly impaired the incidence of metastases 

(Fig. 4-1c). Only 2 of the 10 animals injected with NNMT KO cells developed 

lymph node metastases and none developed lung metastases; 7 of the 9 animals 
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in the WT group developed lymph node metastases and 2 of them lung 

metastases (Extended Data Fig. 4-2f). This indicates that NNMT is a critical 

factor in metastasis. In the MDA-MB-231 cells, which express higher levels of 

NNMT in metastases than in primary tumours (Extended Data Fig. 4-1a), we 

could only generate a single KO clone (KO1 and KO1-RFP; Extended Data Fig. 

4-2g), which was orthotopically injected along with its NNMT rescue counterpart 

(KO1-NNMT). Not surprisingly, given low NNMT levels at the primary tumour site 

(Extended Data Fig. 4-1a), NNMT knockout had no effect on tumour onset 

(Extended Data Fig. 4-2h). In contrast, metastases formation was impaired in 

KO1-RFP cells compared to KO1-NNMT, when the cells were injected either 

orthotopically or intravenously (Fig. 4-1d and 4-1e, Extended Data Fig. 4-2i). In 

contrast to basal breast cancer cell lines, the abundance of both NNMT and 1-

MNA (arising in an NNMT-catalysed reaction) is generally low in luminal breast 

cancer cell lines (Extended Data Fig. 4-3a, 4-3b and 4-3c) (Ghandi et al, 2019; Li 

et al, 2019). Overexpression of NNMT in luminal breast cancer cells enhanced 

tumorigenesis and metastasis (Extended Data Fig. 4-3d and 4-3e). Altogether, 

the data suggest that NNMT expression increases metastatic colonisation. 
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Figure 4-1. NNMT ablation impairs metastatic colonisation. a, Venn diagram depicting 
the simultaneous elevation in expression of the two enzymes NNMT and CRYAB in lung 
metastases compared to primary tumours (PT) in the MDA-MB-231 and PDX1 (Obradović et 
al, 2019) models as well as in basal versus luminal breast cancer (Charafe-Jauffret et al, 2006). 
b, Kaplan-Meier overall survival analysis of breast cancer patients stratified according to 
NNMT protein levels (negative or weak, n= 541; intermediate, n= 108; strong, n= 44) in primary 
(n=517) and metastatic (n=176) tumour tissue. Estimated 5-year overall survival rates for 

subjects with strong, intermediate and negative/weak NNMT levels were 43.0 ± 10.0%, 69.0 

± 6.0% and 73.0 ± 2.0%, respectively. **P< 0.01, Log-rank test. c, Kaplan-Meier plot 

depicting metastasis onset after tumour removal in mice injected orthotopically with 
SUM159PT WT (n= 10), KO (KOd: n= 5; KOs: n= 5) or KO-NNMT (KOd-NNMT: n= 5; KOs-

NNMT: n= 5) cells. *P< 0.05, Log-rank test. d, Bar graph quantification (left panel) and 
representative bioluminescence images (right panel) of metastases at day 75 after cancer cell 
injection of MDA-MB-231 KO1- RFP or KO1- NNMT cells and post-primary tumour removal. 
n= 7 to 10 animals per group. *P< 0.05, Mann-Whitney U-test. e, Bar graph quantification (left 

panel) and representative bioluminescence images (right panel) of metastases at day 34 after 
injection of MDA-MB-231 KO1- RFP or KO1- NNMT cells into the tail vein of mice. n= 10 
animals per group. ***P< 0.001, Mann-Whitney U-test. All data are means ± SD. 
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4.3.3 NNMT ENHANCES CELL INTRINSIC EXPRESSION OF 

EXTRACELLULAR MATRIX COMPONENTS 

We subsequently investigated the molecular determinants of decreased 

metastatic potential in NNMT-depleted models by performing global 

transcriptional profiling in SUM159PT WT, KOd and KOs cells. The expression 

of a set of 303 genes was lower in NNMT KO cells than in WT (Extended Data 

Fig 4-4a) and expression of a set of 244 genes was higher in NNMT KO cells 

than in WT. In pathway enrichment analysis, the top hits were downregulation of 

extracellular matrix (ECM) organization and of collagen biosynthesis (Fig. 4-2a, 

Extended Data Fig 4-4b). In addition, gene set enrichment analysis (GSEA) of the 

transcriptome revealed loss of epithelial to mesenchymal transition (EMT) (Sarrió 

et al, 2008; Gotzmann et al, 2006), TGF-β signalling, and invasiveness 

(Anastassiou et al, 2011; Schuetz et al, 2006) signatures, but gain in luminal 

versus basal (Charafe-Jauffret et al, 2006), oxidative phosphorylation, and 

reactive oxygen species signatures (Extended Data Fig. 4-4c) in NNMT KO cells 

compared to WT. Interestingly, we detected systematic downregulation of 

multiple collagen-encoding genes and regulators of collagen deposition 

(TGFB1), cross-linking (LOXL3) and assembly (SPARC and FN1) (Extended Fig. 

4-4d). These changes were confirmed by quantitative real time PCR (Q-PCR) in 

both SUM159PT KO and MDA-MB-231 cells (Extended Data Fig. 4-4e) and by 

immunofluorescence (Extended Data Fig. 4-4f) as well as global proteomic 

analysis (Extended Data Fig. 4-4g) in SUM159PT KO cells. Furthermore, 

expression of human COL1A1 protein specifically secreted by the cancer cells 

was lower in SUM159PT KO tumours than in WT (Fig. 4-2b). These data indicate 
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that NNMT depletion impairs the secretion of matrix components by cancer cells 

in vivo. 

 We next sought to assess collagen and NNMT expression in other 

cancers. Notably, a high correlation was found between NNMT and collagen 

expression in publicly available clinical datasets from human tumours, including 

not only breast (Fig. 4-2c and 4-2d) but also prostate, colorectal, stomach, 

pancreatic, uterine, ovarian and small cell lung cancers (Curtis et al, 2012; 

Pereira et al, 2016; Koboldt et al, 2012; Abeshouse et al, 2015; Hoadley et al, 

2018; Getz et al, 2013; Bell et al, 2011; George et al, 2015) (Fig. 4-2c and 

Supplementary Table 2). NNMT has been reported to be highly expressed in 

certain cancer-associated fibroblasts (Eckert et al, 2019; Song et al, 2020), a 

major source of collagens in tumours (Kalluri, 2016). To clarify whether the pan-

cancer association between collagen and NNMT expression actually derives 

from contaminating stromal cells, we investigated the Cancer Cell Line 

Encyclopaedia (CCLE) database, which includes 1739 cell lines across 29 

different cancer types (Ghandi et al, 2019). Unambiguously, we identified 22 

collagen encoding genes whose expression was positively correlated with 

NNMT expression (Fig. 4-2c), thus highlighting the broad relevance of NNMT in 

enhancing cancer cell intrinsic collagen expression across several cancer types. 
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Figure 4-2. NNMT enhances cell intrinsic expression of ECM components. a, Pathway 

enrichment analysis (Reactome) for the 303 concomitantly downregulated genes by mRNA 
expression in SUM159PT KOd and KOs versus WT cells. n= 3 experimental replicates per 

group. Cut-off: FDR<0.05, log2 fold change>0.85. b, Representative images of human 
COL1A1 immunostaining (left panel) and bar graph quantification of COL1A1 positive area 
(right panel) in tissue sections of SUM159PT WT, KOd and KOs tumours, scale bar: 200 µm. 
n= 10- 15 tumours per model with 2- 4 tissue sections per tumour. Data are means ± SEM. 
**P< 0.01. Kruskal-Wallis test. c, Heat map showing the Spearman's correlation coefficient 

between collagen genes and NNMT expression in different cancer types (Pereira et al, 2016; 
Curtis et al, 2012; Koboldt et al, 2012; Abeshouse et al, 2015; Hoadley et al, 2018; Getz et al, 

2013; Bell et al, 2011; George et al, 2015). d, Pathway enrichment analysis (Reactome) of the 
top 250 genes that correlate with NNMT expression in the METABRIC (Curtis et al, 2012; 
Pereira et al, 2016) cohort. 
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4.3.4 NNMT ABLATION-EVOKED METHYL OVERFLOW REPRESSES 

PRDM5 

Next, we sought the mechanism behind the decreased expression of ECM 

components in NNMT-depleted models. In line with previous reports 

(Ulanovskaya et al, 2013; Sperber et al, 2015), the ratios of SAM:SAH were 1.8- 

and twofold higher in SUM159PT NNMT KOd and KOs, respectively, than in WT 

cells (Extended Data Fig. 4-5a), indicating that NNMT depletion elevates the pool 

of the universal methyl donor SAM. Conceivably, NNMT-evoked methyl overflow 

can result in epigenetic gene repression via histone and/or DNA methylation (Dai 

et al, 2020). Therefore, we performed an unbiased shotgun mass-spectrometry-

based quantification of methylated histones 3 and 4 in SUM159PT WT, KOd and 

KOs cells. Our results revealed preferential accumulation of H3K9me2/3 in 

NNMT KOd and KOs cells compared to WT (Fig. 4-3a), which was confirmed by 

immunofluorescence (Extended Data Fig. 4-5b and 4-5c) and immunoblotting 

(Extended Data Fig. 4-5d) in both the SUM159T and MDA-MB-231 models. The 

observed histone hypermethylation was specific to the K9 residue as H3K4 

modifications were unchanged (Extended Data Fig. 4-5b and 4-5d). H3K9me3 

is a mark widely described to govern heterochromatic long-lasting gene 

repression (Du et al, 2015). Therefore, we investigated whether ECM-related 

gene silencing upon NNMT depletion was mediated by H3K9me3 by performing 

H3K9me3 chromatin immunoprecipitation (ChIP)-sequencing in SUM159PT WT, 

KOd and KOs cells. Surprisingly, analysis of the H3K9me3 signal at gene 

promoters [± 1 kb from the transcriptional start sites (TSS)] revealed a significant 

increase in H3K9me3 promoter methylation of less than 10% of the genes 
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downregulated upon NNMT depletion (Fig. 4-3b and Extended Data Fig. 4-5e). 

Of all transcriptionally downregulated collagen genes, H3K9me3 was only 

increased at the promoters of COL4A1 and COL4A2 (Fig. 4-3b), suggesting 

additional processes by which NNMT influences expression of ECM 

components. Interestingly, we identified the transcriptional regulator PR/SET 

Domain 5 (PRDM5) as one of the top H3K9me3 methylated genes in NNMT KOd 

and KOs cells compared to WT (Fig. 4-3b and Extended Data Fig. 4-5f). In both 

NNMT KO SUM159PT and MDA-MB-231 cells, PRDM5 expression was 

downregulated compared to WT cells (Fig. 4-3c and Extended Data Fig. 4-5g). 

A comparison of previously described PRDM5-bound genes (Galli et al, 2012) 

with our list of genes downregulated upon NNMT depletion revealed 18 common 

genes, mostly comprising collagens and proteins involved in ECM organization 

(Extended Data Fig. 4-6a). This raises the possibility that multiple collagen genes 

are regulated by NNMT in a PRDM5-dependent manner. Re-expression of 

PRDM5 in NNMT KOd and KOs cells either ectopically or from its endogenous 

promoter using a Cas9-Activator with the Synergistic Activation Mediators 

(CRISPR-A) system in parental SUM159PT cells (Konermann et al, 2015), 

increased expression of certain collagen genes (Fig. 4-3d and Extended Data 

Fig. 4-6b and 4-6c). The data show that NNMT loss downregulates PRDM5, 

which in turn partly decreases collagen expression. 
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4.3.5 LOSS OF NNMT INCREASES DNA METHYLATION-EVOKED 

REPRESSION OF COLLAGENS 

Since re-expression of PRDM5 in NNMT KO cells only partly increased 

expression of collagens, we sought additional cooperating mechanisms that 

might control collagen gene expression. We found that increased abundance of 

SAM additionally reverberates on DNA methylation by augmenting the global 

Figure 4-3. NNMT loss increases H3K9me3 marks at the promoter of PRDM5. a, Heat 
map showing relative levels of histones 3 and 4 methylation marks in SUM159PT KOd and 
KOs cells compared to WT cells, as quantified by targeted mass spectrometry in purified 
histone extracts. n= 3 experimental replicates per group. Mann-Whitney U-test. b, Dot plots 

depicting the overlap of H3K9me3 ChIP-sequencing and mRNA-sequencing data. In y axis: 
differential H3K9me3 enrichment at the gene promoter in NNMT KO compared to WT cells. 
In x axis: differential mRNA expression of NNMT KO compared to WT cells. (Cut-off: adjusted 
P< 0.05, n= 3 experimental replicates). Bold dots highlight collagen genes and PRDM5. c, 

Bar graph representing average PRDM5 mRNA expression in SUM159PT KOs, KOd and WT 
cells. n=  3 experimental replicates with 2 technical replicates each. Mann-Whitney U-test. d, 
Bar graphs representing average collagen gene mRNA expression upon overexpression (OE) 
of PRDM5 in SUM159PT KOd and KOs cells. n = 3- 5 experimental replicates with 2 technical 

replicates each. Kruskal-Wallis test (c, d) *P < 0.05; **P< 0.01; ****P< 0.0001; n.s., not 
significant. All data are means ± SD. 
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level of 5-methylcytosine (5- mC) (Extended Data Fig. 4-7a). Therefore, to 

investigate whether ECM-related gene silencing following NNMT depletion was 

additionally mediated via DNA methylation, we performed a genome-scale DNA 

methylation analysis using the Infinium MethylationEPIC BeadChip array that 

contains 850,000 probes covering more than 90% of the human genome 

(Pidsley et al, 2016). Analysis of DNA methylation at gene promoters revealed 

that 21% of the genes transcriptionally downregulated upon NNMT depletion 

had increased DNA promoter methylation (Fig. 4-4a). Among those genes were 

PRDM5, COL1A1, COL4A1, COL4A2 and LOX. We validated these findings 

using targeted immunoprecipitation of methylated DNA (MedIP) and found 

elevated levels of 5-mC in the promoters of COL1A1, COL4A1 and COL4A2 in 

NNMT KO cells compared to WT but not of COL12A1, COL13A1 or COL4A4 

(Extended Data Fig. 4-7b). Interestingly, we also identified a 20-fold increase in 

the level of 5-mC in the vicinity of the PRDM5 gene promoter, which together 

with H3K9me3 likely contributes to the complete shutdown of PRDM5 

expression in NNMT KO cells (Extended Data Fig. 4-7b). To functionally validate 

the importance of DNA methylation in the repression of collagen expression, we 

treated SUM159PT cells with 5-azacytidine (5-aza) to inhibit DNA-

methyltransferases. Strikingly, 5-aza treatment increased expression of PRDM5 

and collagens in NNMT KO but not in WT cells, indicating that DNA methylation-

evoked repression of collagens is mediated by loss of NNMT (Fig. 4-4b). Taken 

together, our data reveal that NNMT depletion triggers histone and DNA 

hypermethylation, installing a non-permissive epigenetic program that represses 

PRDM5 and collagen gene transcription (Fig. 4-4c). 
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Figure 4-4. NNMT loss increases DNA methylation at the promoter of PRDM5 and 

collagens. a, Heat map showing differentially methylated CpGs located at gene promoters 
(cut-off: differential average beta values> 0.03) averaged by gene. The overlapping is shown 
of genes that are commonly downregulated in the mRNA-sequencing dataset in NNMT KOd 
and KOs cells compared to WT with genes that are significantly methylated at the gene 

promoters. b, Bar graphs representing average PRDM5 and collagen gene mRNA expression 
upon 5- aza treatment in SUM159PT WT, KOs and KOd cells. n = 3 experimental replicates 
with 2 technical replicates each. Kruskal-Wallis test. Data are means ± SEM. *P < 0.05; n.s., 

not significant. c, Graphical abstract illustrating the epigenetic mechanisms by which NNMT 
evokes the stromal mimicry that influences metastatic colonisation. 
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4.3.6 Extended Data Figures 
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Extended Data Figure 4-1. Extended Data Figure 1. NNMT predicts poor recurrence-

free survival and is highly expressed in ERα negative breast cancer. a, Representative 
pictures (left panel) and quantifications (right panel) of NNMT immunostaining in tissue 
sections from primary tumour (T) and metastases (M) in different breast cancer models, scale 
bar: 100 µm. (n= 5 tissue sections per model). **P< 0.01; n.s., not significant, n.a., not 

available, Mann-Whitney U-test. b, Recurrence-free survival plots generated using the 

Kaplan-Meier Plotter (Györffy et al, 2010) based on signal intensity of the NNMT probe 
(202237_at) in Affymetrix microarray gene expression data from breast cancer patients of 
The Cancer Genome Atlas. The cut-off was automatically set to split patients into two groups, 
high and low. NNMT expression is a strong indicator of poor recurrence-free survival in the 
basal subset (median survival in months is 37 and 17 in low and high groups, respectively), 
in the HER2 subset (median survival in months is 25.76 and 17 in the low and high groups, 
respectively), in the luminal A subset (median survival in months is 91.36 and 57.3 in the low 
and high groups, respectively), and in the luminal B subset (median survival in months is 
50.07 and 37.0 in the low and high groups, respectively). The hazard ratio (95% confidence 

intervals) and log-rank P values for each graph are indicated. c, Recurrence-free survival 
plots generated using the Kaplan-Meier Plotter (Györffy et al, 2010) based on signal intensity 
of the CRYAB probe (209283_at) in Affymetrix microarray gene expression data from breast 
cancer patients of The Cancer Genome Atlas. Patients were split by median expression of 
CRYAB. CRYAB expression does not predict recurrence free survival in breast cancer 

(median survival in months is 49 and 49 in low and high groups, respectively). d, Graphic 
quantification (pie charts) and representative pictures of immunostaining from 625 primary 
breast cancer specimens classified according to NNMT protein abundance [negative 
(neg)/weak, intermediate or strong]. NNMT levels are significantly higher (P = 0, Student’s T 
test) in ERα negative (neg) than in ERα positive (pos) breast cancer (side table). Scale bar: 

100 µm. e, Dot plots showing NNMT expression in ERa-positive versus ERa-negative breast 
cancer cases in the METABRIC (Curtis et al, 2012; Pereira et al, 2016) cohort. ****P< 0.0001, 
Student’s T test. 
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Extended Data Figure 4-2. NNMT depletion reduces metastases formation in basal 

breast cancer. a, Immunoblots showing levels of NNMT and ERK2 (loading control) in single-
cell derived clones of SUM159PT after NNMT KO using two independent CRISPR-Cas9 
strategies (left: KOd, right: KOs). For each group, single cell clones were pooled in equal 
proportions to minimize undesired off-target and clonal effects (in red for WT and green for 

KOd and KOs). b, Immunoblots showing NNMT and ERK2 (loading control) levels in 

SUM159PT KOd, KOs and WT pooled clones and the respective rescue cell lines. c, Kaplan-
Meier plot depicting tumour onset in mice injected orthotopically with SUM159PT WT 
(median 56 days; n= 5), KO (KOd: median 80 days, n= 5; KOs: median 101 days, n= 5) and 
KO-NNMT cells (KOd-NNMT: median 58 days, n= 4; KOs-NNMT: median 56 days, n= 5). *P< 

0.05; **P< 0.01, Log-rank test. d, Graph representing the kinetics of SUM159PT WT (n= 5), 
KOd (n= 3) and KOs (n= 5) tumour growth upon orthotopic injection of 100,000 cells into NSG 
mice. The median onset (tumour volume approximately 5 mm3) is 45, 77 and 85 days for WT, 
KOd and KOs tumours, respectively. e, Quantification of tumour incidence (pie charts) in the 

SUM159PT model upon orthotopic injection into mice of WT, NNMT KO and NNMT rescue 
cells. f, Bar plot depicting the proportion of organ-specific metastases in mice injected with 

SUM159PT WT (n= 9) or NNMT KO (KOd, n= 5 and KOs, n= 5) cells. Representative 

bioluminescence pictures are shown. g, Immunoblot showing NNMT and ERK2 (loading 
control) levels in MDA-MB-231 parental cells and in a single KO clone (KO1) and the 
respective rescue cell lines. h, Kaplan-Meier plot depicting tumour onset in mice injected 

orthotopically with MDA-MB-231 KO1-RFP (median 20 days; n= 5) or KO1-NNMT (median 

20 days; n= 5). n.s., not significant. Log-rank test. i, Kaplan-Meier plot depicting metastasis 
onset after tumour removal in mice injected with MDA-MB-231 KO1-RFP (n= 10) and MDA-
MB-231 KO1-NNMT (n= 4). *P< 0.05, Log-rank test. All data are means ± SD. 
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Extended Data Figure 4-3. Expression of NNMT in luminal breast cancer promotes 

tumour growth and metastasis. a, b, Dot plots depicting (a) NNMT mRNA expression 

(Ghandi et al, 2019) and (b) 1- MNA abundance (Li et al, 2019) in breast cancer cell lines from 

the Cancer Cell Line Encyclopedia (CCLE) atlas. c, Immunoblot showing levels of NNMT and 
ERK2 (loading control) in MCF-7 cells infected with a lentiviral RFP control vector or the full 

NNMT ORF sequence. d, Upper panel: Kinetics of primary tumour growth of MCF-7-RFP (n= 
8 mice) and NNMT-overexpressing (OE) (n= 11 mice) sublines upon orthotopic injection of 
100,000 cells. Lower panel: representative pictures of NNMT immunostaining in the primary 

tumours and respective quantification. Scale bar: 100 µm. e, Upper panel: Bar graph 
quantification of incidence of lymph node metastases in MCF-7-RFP and NNMT-
overexpressing (OE) cells; Lower panel: representative bioluminescence images of 
metastases formed after removal of the primary tumour from MCF-7-RFP or NNMT-OE cells. 

Arrows indicate lymph node metastases. All data are means ± SD. (a, b, d) *P<0.05; **P<0.01; 
***P<0.0001; ****P<0.00001, Mann-Whitney U-test. 
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Extended Data Figure 4-4. Extended Data Figure 4. NNMT depletion represses 

expression of collagens and their processing machinery. a, Heat map depicting the 303 
concomitantly downregulated genes by mRNA expression in SUM159PT KOd and KOs 
versus WT cells (n= 3 experimental replicates per group). Cut-off: FDR<0.05, log2 fold 

change>0.85. b, Pathway enrichment (Metascape) analysis for genes depicted in a. c, Gene 
Set Enrichment Analysis (GSEA) with NNMT KO-specific genes (genes simultaneously 
changed in both KOd and KOs pools relative to WT cells) showing loss of epithelial to 
mesenchymal transition (EMT) and stem cell gene signatures (nominal P< 0.05, FDR q< 0.05). 

d, Heat map depicting the concomitantly downregulated collagens and their processing 

machinery by mRNA expression in SUM159PT KOd and KOs versus WT cells. e, Bar graph 

representing average mRNA expression of collagens and collagen processing genes in 
SUM159PT or MDA-MD-231 cell models upon NNMT KO. n =  2- 3 experimental replicates 
with 2- 3 technical replicates each. *P <  0.05; **P <  0.01; n.s., not significant. Two-way Anova. 

f, Left panel: Representative phase contrast and immunofluorescence pictures of SUM159PT 
WT, KOd and KOs cells demonstrating loss of mesenchymal morphology and acquisition of 
epithelial-like features in NNMT KO cells. Right panel: immunofluorescence quantification (n= 
3 experimental replicates) showing decreased protein expression of the mesenchymal 
markers fibronectin and vimentin in SUM159PT KOd and KOs cell pools compared to WT 

cells. ****P< 0.0001, Student’s T test. Scale bars: 50 µm. g, Pathway enrichment analysis 
(GO, KEGG and Reactome) for concomitantly downregulated proteins in SUM159PT KOd 
and KOs cells versus WT. Cut-off: FDR<0.05, log2 fold change>1. All data are means ± SD. 
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Extended Data Figure 4-5. NNMT depletion increases H3K9me3 marks at the promoter 

of PRDM5. a, Bar graph depicting increased ratio of S-adenosylmethionine (SAM): S-
adenosylhomocysteine (SAH) in SUM159PT KOd and KOs compared to WT cells. *P <  0.05; 

**P <  0.01; Mann-Whitney U-test. b, Bar graphs and images depicting H3K9me3 signal (left 
panel) or H3K4me3 signal (right panel) by immunofluorescence in SUM159PT WT, KOs, and 
KOd cells. n = 3- 4 experimental replicates with 4- 5 technical replicates each. ***P <  0.001; 

n.s., not significant. Kruskal-Wallis test. Scale bar, 50 µm. c, Bar graph and images depicting 
H3K9me3 signal by immunofluorescence in MDA-MB-231 shNT, sh1_NNMT and sh2_NNMT 
cells. n = 3 experimental replicates with 4 technical replicates each. ***P <  0.001; Kruskal-
Wallis test. Scale bar, 50 µm. d, Immunoblots showing upregulation of H3K9me3 in NNMT 

KO cells. ERK2 was used as a loading control for NNMT levels, H3 was used as loading 
control for H3K9me3 levels. e, H3K9me3 occupancy at TSS of genes significantly 

downregulated upon NNMT KO identified by mRNA-sequencing (cut- off: adjusted P< 0.05, 
n= 3 experimental replicates) assessed by ChIP-sequencing of SUM159PT WT, KOs, and 
KOd cells. Signal plot profile depicts average H3K9me3 signal of genes highlighted in the 

heatmap (deepTools suite) (fold change>1.5; FDR<0.05). f, H3K9me3 signal at the TSS of 

PRDM5 extracted from BAM files. g, Bar graph representing average PRDM5 mRNA 

expression in MDA-MB-231 WT and KO1 cells. n =  3 experimental replicates with 2 technical 
replicates each. ***P <  0.001; Mann-Whitney U-test. All data are means ± SD. 
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Extended Data Figure 4-6. PRDM5 enhances collagen gene expression. a, Upper panel: 
Venn diagram depicting the intersection of PRDM5 bound genes (Galli et al, 2012) with genes 
commonly downregulated in NNMT KOs and KOd cells (cut-off: FDR<0.05, log2 fold 
change>0.85, n= 3 experimental replicates). Lower panel: Pathway analysis (BioPlanet 2019) 
of the 18 genes identified in the upper panel. Dark blue bars highlight ECM and collagen-

associated terms. b, Immunoblot showing levels of PRDM5 and ERK2 (loading control) in 

SUM159PT KOs and KOd cells and the respective PRDM5 overexpressing (OE) lines. c, Bar 

graph representing average collagen gene mRNA expression upon overexpression of 
PRDM5 from its endogenous promoter using CRISPR-A technology in SUM159PT parental 
cells. n = 3 experimental replicates with 2 technical replicates each. *P < 0.05; n.s., not 
significant. Kruskal-Wallis test. Data are means ± SEM. 
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Extended Data Figure 4-7. DNA cytosine methylation represses PRDM5 and collagens 

in NNMT-depleted cells. a, Bar graph depicting 5-methylcytosine (5-mC) signal by 

immunofluorescence in SUM159PT WT, KOs, and KOd cells. n = 2 experimental replicates 
with 5- 6 technical replicates each. Data are means ± SD. Scale bar, 50 µm. b, Bar graphs 

depicting 5-mC abundance at promoters of indicated genes shown as fold enrichment of 
methylated DNA immunoprecipitate (MedIP) over IgG control. n = 3 experimental replicates 
with 2- 3 technical replicates each. Data are means ± SEM. (a, b) *P<0.05; **P<0.01; 
***P<0.001; n.s., not significant. Kruskal-Wallis test. 
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4.4 DISCUSSION 

The cancer cell extrinsic tumour microenvironment contributes to both primary 

tumour and metastatic growth as well as organotropism (Cox, 2021; Winkler et 

al, 2020; Peinado et al, 2017). It comprises a variety of cells that co-evolve with 

the cancer cells, including mesenchymal, immune and neuronal cells (Reinfeld 

et al, 2021; Correia et al, 2021; Venkataramani et al, 2019). The ECM is a 

noncellular component of the tumour microenvironment and is inherent to 

metastatic progression (Rafaeva & Erler, 2020). ECM insulates cancer cells in 

circulation, contributes to extravasation into distant organs and is part of the 

premetastatic niche (Micalizzi et al, 2017; Kai et al, 2019). Indeed, ECM 

deposition and remodelling are key to cancer cell proliferation in the varying 

environments of distant organs (Winkler et al, 2020). The conventional 

assumption has been that metastatic cancer cells co-opt the tumour 

microenvironment and stimulate local matrix secretion (Sahai et al, 2020; Pein et 

al, 2020). Especially cancer-associated fibroblasts (CAFs) have been shown to 

produce ECM within solid tumours and their metastatic niche (Kalluri, 2016). In 

this study, we identify NNMT as a crucial factor of early metastatic colonisation 

that promotes cancer cell-intrinsic stromal mimicry. Secretion by NNMT-

expressing cells of ECM components in the foreign niche promotes metastatic 

growth.  

 Mechanistically, NNMT-evoked methylation of nicotinamide creates a 

methyl sink that reduces the cellular methylation potential via reduction of the 

SAM:SAH ratio. The resulting hypomethylated state, both via direct de-

repression of collagen gene promoters and via de-repression of their 

transcriptional activator PRDM5, enhances expression of ECM components 
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such as collagens and the collagen processing machinery (Fig. 4-4c). Thus, the 

hypomethylated state unleashes cellular plasticity that reroutes cancer cells 

towards ECM secretion. Cancer cell plasticity has been shown to facilitate 

migration, invasion, and drug resistance in several tumour types (Williams et al, 

2019; Shibue & Weinberg, 2017). Here we show that NNMT-induced cellular 

plasticity promotes stromal mimicry. Thus, aggressive cancers that express 

NNMT secrete specific ECM components, which is particularly relevant for the 

early stages of metastatic colonisation in distant organs (Cox, 2021; Tian et al, 

2020).  

 NNMT was originally shown to clear vitamin B3 from the body (Pissios, 

2017). However, it is becoming increasingly apparent that the effect of NNMT in 

normal physiology and disease is multi-layered. NNMT expression and activity 

are augmented upon injury and inflammation in various organs. For instance, 

NNMT expression increases in lungs and skeletal muscle of patients with chronic 

obstructive pulmonary disease or in skeletal muscle of patients with diverse 

forms of dystrophy (Ho et al, 2010; Savarimuthu Francis et al, 2011; Chen et al, 

2000). Addressing the effect of NNMT and stromal mimicry in these inflammatory 

states is warranted. Moreover, NNMT is overexpressed in a variety of tumours 

(Sartini et al, 2015; Kim et al, 2009; Xu et al; Kim et al, 2010; Wu et al, 2008; 

Roeßler et al, 2005; Jung et al, 2017; Xu et al, 2003), including lung, pancreas, 

and glioblastoma as well as in tumour-associated fibroblasts (Eckert et al, 2019; 

Song et al, 2020) where it confers aggressive features. Our findings of cancer 

cell-intrinsic increased collagen expression in other cancer types that 

overexpress NNMT suggest that the identified epigenetic control of stromal 

mimicry is relevant for a variety of malignancies (Curtis et al, 2012; Pereira et al, 
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2016; Koboldt et al, 2012; Abeshouse et al, 2015; Hoadley et al, 2018; Getz et 

al, 2013; Bell et al, 2011; George et al, 2015). 

 

4.5 MATERIALS AND METHODS 
 

Cell lines 

All cell lines were from ATCC and cultured according to their protocols, except 

for the SUM159PT cell line, which was kindly provided by Dr Charlotte 

Kupperwasser (Boston, Massachusetts, USA) and is commercially available 

(Asterand, Detroit, MI). These cells were cultured in in Ham's F12 with 5% fetal 

calf serum (Gibco, Invitrogen), 5 µg/ml bovine insulin (Sigma), 1 µg/ml 

hydrocortisone (Sigma), 1× penicillin/streptomycin (Gibco, Invitrogen). 

SUM159PT cell line identity was confirmed by short tandem repeat (STR) 

sequencing and all cell lines were routinely tested for mycoplasma 

contamination.  

 

Human breast cancer patient material 

Tissue microarrays (TMAs) of primary breast cancer tissue samples from 1253 

patients were selected for this study. The construction of the TMAs and the 

clinicopathological characteristics of the patient cohort have been described 

previously (Britschgi et al, 2017; Pomp et al, 2015; Varga et al, 2014). The cohort 

comprises samples from the Institute of Surgical Pathology of the University 

Hospital Zürich that were collected between 1991 and 2011. Clinical data, 

tumour stage and at least 5 years of follow-up, with histopathological 

parameters such as histological grading, hormone receptor and HER2 status, 
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were available for all patients. Data regarding the presence of local or distant 

recurrence were available for most patients; 864 cores could be interpreted and 

were available for analysis. Three TMAs were used for this study. The first TMA 

(ZTMA 21) contained 608 single cores collected from 1991 to 2004. The second 

TMA (ZTMA 27) contained 336 single cores collected from 1995 to 2004. The 

third TMA (ZTMA 29) contained 308 single cores collected from 1995 to 2005. 

This retrospective study on human tissue samples was approved by the 

Cantonal Ethics Committee of Zurich (KEK-2012-553). Informed consent was 

not necessary, as the ethical approval completely covered all issues of this 

retrospective study and the samples were completely anonymized and de-

identified before the study.  

 

Animal experiments 

Female non-obese diabetic severe combined immunodeficient IL2rγnull (NSG) 

mouse colonies were maintained in the animal facility of the Friedrich Miescher 

Institute for Biomedical Research and at the Department of Biomedicine of the 

University of Basel, in accordance with Swiss guidelines on animal 

experimentation. Experiments were performed in accordance with the Swiss 

animal welfare ordinance and approved by the cantonal veterinary office of Basel 

Stadt. 

For orthotopic engraftment of breast cancer cell lines, 500 – 100,000 

SUM159PT cells, 50-100,000 MDA-MB-231 cells, and 1,000,000 MCF-7 cells 

were suspended in a 30- or 100-µl mixture of basement membrane matrix (BD 

Biosciences) and PBS (1:2) and injected into the fourth mouse mammary gland 

of 6- to 8-week-old NSG mice. For the MCF-7 tumours, 17β-estradiol pellets 
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(Belma Technologies) were implanted during the whole duration of the 

experiment. Tumours were measured with Vernier calipers and tumour volumes 

calculated by the formula 0.5 × [(larger diameter) × (smaller diameter)2]. For 

primary tumour endpoint experiments, mice were euthanized before the maximal 

tumour volumes permitted by the cantonal veterinary office of Basel Stadt were 

reached (1,500 mm3). For the metastasis studies, 300-500 mm3 tumours were 

surgically removed and the mice monitored by visual inspection and by 

bioluminescence. For the experimental metastasis, 100,000 MDA-MB-231 cells 

were resuspended in 100 µL of PBS and injected into the tail vein of 6- to 8-

week-old NSG mice. Successful injection was confirmed immediately by 

bioluminescence. For bioluminescent imaging, mice were injected i.p. with 100 

µL of D-luciferin (15 mg/mL, Biosynth). Mice were anesthetized with isoflurane 

(2% in 1 L/min oxygen) and bioluminescence images acquired 5 min after D-

luciferin injection for 5 min using the IVIS Spectrum system (Caliper Life 

Sciences).  

 

Lentiviral infections 

For human NNMT knockdown, the following inducible pTRIPZ vector clones 

(Dharmacon) were used: V3THS_361507 (sh1), V3THS_361505 (sh2). As a 

control, the TRIPZ Inducible Lentiviral Non-silencing (NT) shRNA Control 

(Dharmacon) was used. For the rescue experiments, the Precision LentiORF 

vectors containing NNMT ORF sequence (Dharmacon, clone 

PLOHS_100005471), PRDM5 ORF sequence (Dharmacon, clone OHS5898-

224630673) or the RFP sequence (Dharmacon) were used. 
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A dual green fluorescent protein-luciferase 2 reporter (eGFP-Luc2) vector 

was used for in vivo bioluminescence imaging experiments. Lentiviruses were 

produced by PEI transfection of 293T cells as described (Duss et al, 2014). The 

titre of each lentiviral batch was determined in SUM159PT and MDA-MB-231 

cells. Cell lines were infected overnight in the presence of hexamethrine bromide 

(8 µg/mL). For NNMT knockdown, infections were performed at a MOI of 10 viral 

particles per cell. Selection with 1.0–1.5 µg/mL puromycin was applied 48 h after 

infection for 3 days. For eGFP-Luc2(Liu et al, 2010), infections were performed 

at a MOI of 1 viral particle per cell. For rescue experiments, infections were 

performed at a MOI of 0.7 viral particles per cell and selected using fluorescence 

activated cell sorting for RFP (control vector) or GFP (NNMT ORF and eGFP-

Luc2) positivity. 

 

Genome editing by CRISPR-Cas9 in breast cancer cell lines 

Two independent strategies were used to KO NNMT: for the KOd, two pairs of 

sgRNAs that produce a deletion of exon 1 or, for the KOs, a single sgRNA that 

produces a frameshift mutation in the vicinity of the transcription start site. Single 

guide sequences specific for NNMT (exon 3) were designed using the Zhang’s 

lab online CRISPR design tool (http://crispr.mit.edu/) and cloned into a modified 

PX330 (Addgene plasmid 42230), where the puromycin cassette was replaced 

with an RFP (provided by M. Buhler, FMI, Basel). The guide RNA sequences 

selected (based on the lowest number of predicted off-targets and highest 

predicted efficiency) were the following: for the KOd, 5’- 

CACCGAAGGGAGCTTAGGCGAACGG– 3’ and 5’- 

CACCGAGGACAGCACTCCGGTCCTC – 3’; for the KOs approach, 5’- 



 114 

CACCGATTTTTCTAGGTAATCCCGA- 3’. The sgRNA vectors were transduced 

into SUM159PT and MDA-MB-231 cells, followed by sorting for RFP positivity 

into 96-well plates. Single cell clones were expanded and screened by PCR 

(KOd) and immunoblotting (KOs and KOd). The primer sequences for PCR 

confirmation of the KOd were: Primer pair 1: FWc: 5’-

CGTGACCCCTTTTCTTGGGA – 3’ and RVc 5’- AAATTCCTGGCAACATGCCTC-

3’ (produces a 745-bp band when WT and a 114-bp band when KO); Primer pair 

2: FWb 5’ -GATTTGCTAGGCGACTTGAGG- 3’ and RVc (produces a 486-bp 

band when WT and no band when KO). For each group, four WT single cell 

clones, five KOd clones and five KOs clones were pooled in equal proportions 

to minimize undesired off-target and clonal effects. Two additional lines (RFP 

and NNMT) were generated for rescue purposes by lentiviral infection of the KO 

pools with an RFP control vector or a plasmid containing the full ORF of human 

NNMT. In the MDA-MB-231 model, we were only able to propagate a single 

NNMT clone (KO1) using the single guide CRISPR-Cas9 strategy. Infection of 

this clone with the Precision LentiORF RFP or NNMT generated two cell pools 

for rescue purposes. 

To overexpress PRDM5 from its endogenous promoter in SUM159PT 

cells, we used a SAM- engineered Cas9 activation complex (Konermann_2015) 

that consists of three lentiviral vectors: (1) Lenti MS2- P65- HSF1_Hygro 

(Addgene plasmid 61426), (2) lenti- sgRNA- MS2_Zeo (Addgene; plasmid 

61427), and (3) lenti- dCAS- VP64_Blast (Addgene 61425). sgRNA sequences 

were designed using Zhang’s lab online CRISPR (http://sam.genome-

engineering.org) and cloned into lenti- sgRNA-MS2. Lenti- sgRNA- MS2 was 

digested with BsmbI and purified in a 0.8% agarose gel. The two annealed 
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primers were ligated via the golden gate reaction (New England Biolabs). The 

sequence for the selected sgRNA was sgPRDM5_95, 5’- 

CACCGTGACCCCAGGGCCTCAAACC- 3’ and for sgPRDM5_158, 5’- 

CACCGGGAACGCACGCCGCCGCGCC- 3’. 

 

Flow cytometry 

SUM159PT and MDA-MB-231 NNMT KO cells transduced with Precision 

LentiORF RFP or NNMT lentivirus were sorted for RFP or GFP positive cells, 

respectively. 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. For all sorting experiments, a 

BD FACSAria III (Becton Dickinson) equipped with a 70-µm nozzle was used. 

 

Protein lysate preparation and immunoblotting 

Protein lysates were prepared in whole-cell lysis buffer (150 mM NaCl, 10% 

glycerol, 1% IGEPAL, 0.5% sodium deoxycholate, 2 mM EDTA, 0.1% SDS, 20 

mM Tris-HCl pH 8) supplemented with 1× protease inhibitor cocktail (Complete 

EDTA-free, Roche), 1X Phosphatase Inhibitor cocktail (Roche), 0.2 mM sodium 

orthovanadate and 20 mM sodium fluoride, followed by sonication (5 x 30 s ON 

+ 30 sec OFF) using a Bioruptor device (Diagenode). Lysates (30–80 µg) were 

subjected to SDS–PAGE, transferred to PVDF membranes (Immobilon-P, 

Millipore) and blocked for 1 h at room temperature with 5% milk in TBS/0.05% 
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Tween 20. Membranes were incubated overnight at 4°C with primary antibodies 

and exposed to secondary HRP-coupled anti-mouse or anti-rabbit antibodies 

(1:5000, GE Healthcare) for 1 h at room temperature. Membranes were 

developed using Amersham ECL Prime Western Blotting Detection Reagent (GE 

Healthcare) or WesternBright Sirius HRP substrate (Advansta). 

The following antibodies were used: anti-NNMT OTI3D8 (1:1000, 

ab119758, Abcam), anti-ERK2 (1:2000, sc-1647, Santa Cruz), anti- histone 

H3K9me3 (1:1000, 39161, Active Motif), anti- histone H3K4-me3 (1:1000, 

ab8580, Abcam) and anti-histone 3 (1:1000, 39763, Active Motif), and anti 

PRDM5 (1:500, MABE972, Merck). Blot densities were quantified using ImageJ 

(FIJI) and normalized to ERK2 or total Histone 3. Results are representative of at 

least three different experiments. 

 

Immunofluorescence 

Paraformaldehyde-fixed cells were permeabilized with 0.2% Triton X-100 for 

10 min, washed with PBS for 10 min and blocked with 2.5% normal goat serum 

(Biozol) in 0.1% BSA PBS. The cells were then incubated at 4 °C overnight with 

the following primary antibodies: anti-vimentin (1:100, 5741, Cell Signaling 

Technologies) and anti-fibronectin (1:50, ab2413, Abcam), anti 5-methylcytosine 

(1:500, C15200081-100, Diagenode), anti H3K9me3 (1:500, ab8898, Abcam), 

and anti H3K4me3 (1:500, 9751, Cell Signaling Technology). Goat-anti-mouse 

or goat-anti-rabbit secondary antibodies coupled to Alexa Fluor 488, 568 or 647 

(1:200 to 1:500, Molecular Probes, Invitrogen) were used for detection. Cell 

nuclei were stained with 167 ng/mL DAPI (Sigma) for 15 min. For 

immunofluorescence, at least 200 cells were analysed per experiment. 
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Histology and immunohistochemistry 

All tissues were fixed in 4% paraformaldehyde for 24 h at 4°C. Samples were 

then dehydrated, embedded in paraffin and sectioned (3 – 4 µm). All 

immunohistochemistry experiments were performed using a Ventana 

DiscoveryXT instrument (Roche Diagnostics) following the Research IHC DAB 

Map XT procedure, except for NNMT staining of human breast TMAs, which was 

performed using an automated immunohistochemistry platform from Bond 

(Vision Biosystems). For these, slides were pre-treated with CC1 for 44 min 

following primary and secondary antibody incubation (Discovery UltraMap anti-

mouse HRP secondary antibody) and detection reagent (Discovery ChromoMap 

DAB kit), both from Ventana / Roche. Slides were analysed by a pathologist 

(K.M.). NNMT scores were obtained by multiplying NNMT quantity (0-100%) by 

NNMT intensity (0-3). These scores were grouped into the three classes of 

Negative/low: scores 0-100; Intermediate: scores 101-200; Strong: scores 201-

300. ERα-indices of the cores were calculated by multiplying ERα quantity (0–

100%) by ERα intensity (0–3). 

For NNMT staining of xenograft sections, the procedure RUO Discovery 

Universal was used without any pre-treatment of the slides. After incubation with 

blocking reagent 1:10 for 1 h at room temperature, mouse anti-NNMT (OTI3D8, 

1:200, ab119758, Abcam) was incubated in 20% donkey serum for 1 h at 37°C. 

Bound antibody was detected using the M.O.M kit (Vector Laboratories MP-

2400) followed by ImmPress anti-mouse polymer reagent (Vector Laboratories) 

for 32 min at 37°C. For CD-31, the procedure RUO Discovery Universal was 

used with CC1 pre-treatment (40 min) and incubation for 1 h at 37°C of a rat 

anti-CD31 antibody (1:50). Next, a rabbit monoclonal link antibody R18-2 anti-
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rat IgG Fc (Abcam 125900 5.4 µg/ml) was incubated for 20 min at 37°C, followed 

by an anti-rabbit-HQ conjugated antibody and an anti-HQ-HRP conjugated 

antibody (Roche Diagnostics, Manheim) incubated for 32 min at 37°C.  

For COL1A1 staining, slides were pre-treated with protease 3 (Roche 

Diagnostics) for 32 min, followed by 32 min of incubation with blocking buffer 

(Casein, surmodics, PBSC-0100-01). COL1A1 primary antibody (1:300, Abcam, 

ab138492) was incubated for 1 h, followed by secondary antibody incubation 

(polymer anti-rabbit, Nichirei, 414142F) for 1 h at 37°C and development with 

the Discovery ChromoMap DAB detection kit. Counter staining was performed 

with hematoxylin II and bluing reagent (Ventana, Roche diagnostics). Whole 

sections were scanned 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. Two to five representative images of 5-10 

tumours of each condition were quantified manually or with Image J (Fiji).  

 

Microscopy image acquisition 

For immunofluorescence and immunohistochemistry sections, images were 

captured using an inverted Olympus BX63 wide-field fluorescent microscope 

(20X, NA = 0.4 and 10X, NA = 0.75) equipped with a DP80 camera (pixel size 

6.45 µm). Images were acquired with the CellSens software. Alternatively, a 

Nikon E600 Eclipse brightfield microscope was used (20X, NA = 0.5 and 10X, 

NA = 0.3 objectives) equipped with a Nikon DXM1200 camera (pixel size 6.7 µm) 

using the IMS software. For phase contrast imaging, we used an inverted Zeiss 

Axioscope (10×, NA = 0.25 and 5X, NA = 0.15) equipped with an Axiocam 503 
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mono 60N-C camera (pixel size 4.54 µm) and images were acquired using the 

Zen lite software. All images were scaled appropriately. 

 

RNA isolation and qPCR 

Total RNA was extracted using the RNeasy Plus Mini Kit according to the 

manufacturer’s protocol (Qiagen). Total RNA (1 µg) was transcribed using the 

iScript cDNA conversion kit from Biorad. PCR and fluorescence detection were 

performed using the StepOnePlus Sequence Detection System, the 7500 ABI 

Fast Cycler (Applied Biosystems) or the ViiA 7 Real-Time PCR System (Applied 

Biosystems) according to the manufacturers’ protocols. The reaction volume 

was 10 or 20 µl containing 1× TaqMan Universal PCR Master Mix (Applied 

Biosystems) and 25-50 ng cDNA. 1× IDT (Integrated DNA technologies) assays 

were used for quantification of gene expression of NNMT 

(Hs.PT.56a.26066181.g), GAPDH (Hs.PT.39a.22214836), HPRT1 

(Hs.PT.58.v.45621572), FN1 (Hs.PT.58.21141138), COL1A1 

(Hs.PT.58.15517795), SPARC (Hs.PT.58.24878442), LOXL3 

(Hs.PT.58.39480927), TGFB1 (Hs.PT.58.39813975), PRDM5 

(Hs.PT.58.1322571), COL4A1 (Hs.PT.58.15679435), COL4A2 

(Hs.PT.58.427878), COL4A4 (Hs.PT.58.3212616), COL5A1 

(Hs.PT.58.39306346), COL6A2 (Hs.PT.58.39898355), COL12A1 

(Hs.PT.58.4712050), COL13A1 (Hs.PT.58.212348). All measurements were 

performed in duplicate and the arithmetic mean of the Ct values used for 

calculations. Target gene mean Ct values were normalized to the respective 

housekeeping genes (GAPDH or HPRT1), mean Ct values (internal reference 

gene, Ct), and then to the experimental control. The values obtained were 
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expressed as fold changes compared to the experimental control using the 

2- △△Ct method of relative quantification. 

 

RNA-sequencing and analysis 

mRNA-sequencing stranded libraries were generated using the TruSeq Illumina 

kit according to the manufacturer’s instructions. Libraries were sequenced on 

the Illumina HiSeq 2500 platform, with 51 cycles single-end reads. The 

accession number for the Gene Expression Omnibus datasets is GSE114877. 

Reads were aligned to the human genome downloaded from UCSC 

(genome.ucsc.edu, version hg38AnalysisSet) with STAR (Dobin et al, 2013) 

(version STAR/2.5.2a) with default parameters except for reporting for multi-

mappers only one hit in the final alignment files '--outFilterMultimapNmax 10 --

outSAMmultNmax 1'. Data were analysed using the Galaxy tool (Afgan et al, 

2016). Read and alignment quality control were performed using the QuasR 

(version 1.18.0) data package (Gaidatzis et al, 2015) and differentially expressed 

genes were determined with the edgeR (version 3.20.9) Bioconductor package 

(Robinson et al, 2009). Pathway enrichment analysis was performed using 

gProfiler (Raudvere et al, 2019), Metascape (Zhou et al, 2019) and Bioplanet 

2019 (Huang et al, 2019). 

 

Targeted LC-MS analysis of histone marks (lysine-methylations) 

Sample preparation. 

For each sample, histones from SUM159PT cells were enriched using the 

Histone Purification Mini kit (Active Motif) following the manufacturer’s 

instructions. After adding 20 µl of reaction buffer (6 M guanidine hydrochloride, 
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1 M HEPES, pH 8.3), each sample was reduced with 5 mM TCEP for 30 min at 

60°C and alkylated with 10 mM iodoacetamide for 30 min in the dark at 25°C. 

The alkylation was quenched for 15 min at room temperature with 12 mM N-

acetyl-cysteine and all free amino groups were acetylated by adding 15 µl of 

0.15 M N-acetoxy-d3-succinimide (in DMSO) and a 2-h incubation at 25°C. After 

stopping acetylation by adding 10 µl of a 1.5 M hydroxylamine solution and 

waiting 15 min at 25°C, 0.1 M ammonium bicarbonate buffer was added to 

reduce the guanidine hydrochloride concentration to 0.5 M. Subsequently, the 

labelled proteins were digested by incubation with sequencing-grade modified 

trypsin (1/50 w/w; Promega) overnight at 37°C. Finally, peptides were desalted 

on C18 reversed phase spin columns according to the manufacturer’s 

instructions (Microspin, Harvard Apparatus), dried under vacuum and stored at 

-80°C until further processing. 

 

Shotgun LC-MS analysis (identification of histone methylation sites). 

Peptides (0.1 µg of each sample) were subjected to LC–MS analysis using a dual 

pressure LTQ-Orbitrap Elite mass spectrometer connected to an electrospray 

ion source (both Thermo Fisher Scientific) as described (Ahrné et al, 2016) with 

a few modifications. In brief, peptide separation was carried out using an EASY 

nLC-1000 system (Thermo Fisher Scientific) equipped with a RP-HPLC column 

(75 µm × 30 cm) packed in-house with C18 resin (ReproSil-Pur C18–AQ, 1.9 µm 

resin; Dr. Maisch GmbH) using a linear gradient from 95% solvent A (0.15% 

formic acid, 2% acetonitrile) and 5% solvent B (98% acetonitrile, 0.15% formic 

acid) to 28% solvent B over 90 min at a flow rate of 0.2 µl/min. The data 

acquisition mode was set to obtain one high resolution MS scan in the FT part 
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of the mass spectrometer at a resolution of 120,000 full width at half-maximum 

(at m/z 400) followed by MS/MS scans in the linear ion trap of the 20 most 

intense ions. The charged state screening modus was enabled to exclude 

unassigned and singly charged ions and the dynamic exclusion duration was set 

to 20 s. The ion accumulation time was set to 300 ms (MS) and 50 ms (MS/MS). 

The collision energy was set to 35% and one microscan was acquired for each 

spectrum. For all LC-MS measurements, singly charged ions and ions with 

unassigned charge state were excluded from triggering MS2 events. 

The acquired raw-files were converted to the mascot generic file (mgf) 

format using the msconvert tool [part of ProteoWizard, version 3.0.4624 (2013-

6-3)]. Using the MASCOT algorithm (Matrix Science, Version 2.4.0), the mgf files 

were searched against a decoy database containing normal and reverse 

sequences of the predicted SwissProt entries of Homo sapiens 

(www.uniprot.org, release date 29/06/2015) and commonly observed 

contaminants (in total 41158 protein sequences) generated using the Sequence 

Reverser tool from the MaxQuant software (Version 1.0.13.13). The precursor 

ion tolerance was set to 10 ppm and fragment ion tolerance was set to 0.6 Da. 

The search criteria were set as follows: full Arg-C specificity was required 

(cleavage after arginine residues unless followed by proline), 1 missed cleavage 

was allowed, carbamidomethylation (C) was set as fixed modification and 

oxidation (M), mono- , di- and tri-methylation (K) were set as variable 

modifications. Next, the database search results were imported to the Scaffold 

Q+ software (version 4.3.3, Proteome Software Inc.) and the peptide false 

identification rate was set to 1% based on the number of decoy hits.  

Targeted MS (quantification of histone methylation sites). 
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All identified peptides carrying a methylation site and originating from histone 

proteins were exported and selected for quantification by targeted MS. 

Therefore, all peptide sequences including all methylated versions and the 

unmodified forms of selected histone peptides were imported into the Skyline 

software (version 1.4, 

https://brendanx- uw1.gs.washington.edu/labkey/project/home/software/Skyli

ne/begin.view) together with the charge state and annotated transitions found. 

Then, a mass isolation list comprising the precursor ion masses of all peptides 

was exported and used for parallel reaction monitoring (PRM) (Peterson et al, 

2012) quantification on a Q-Exactive HF platform. PRM mass spectrometric 

analysis was similar to the above with the following changes: an LC gradient of 

60 min was used, 3e6 ions were accumulated for MS1 and MS2 and scanned at 

a resolution of 60,000 FWHM (at 200 m/z). Fill time was set to 150 ms for both 

scan types. For MS2, a normalized collision energy of 28% was employed, the 

ion isolation window was set to 0.4 Th and the first mass was fixed to 100 Th. 

Each condition was analysed in biological triplicates. All raw-files were imported 

into Skyline for protein / peptide quantification. To control for variation in injected 

sample amounts, samples were normalized using the total ion current from the 

MS1 scans. In addition, all generated raw files were subjected to database 

searching using the same search parameters as above, reducing the fragment 

mass tolerance to 0.02 Da. Only identified peptides were used for PRM 

quantification.  
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Targeted LC-MS analysis of SAM and SAH 

Cellular concentrations of SAM and SAH were determined following a recently 

published protocol (Wang et al, 2014). First, SAH and SAM were extracted from 

cell lysates by ethanol protein precipitation as described (Buescher et al, 2010). 

In brief, cells were quenched in a 75 mM ammonium carbonate pH 7.4 solution 

and flash-frozen in liquid nitrogen. Next, a 70°C ethanol solution was added for 

solvent metabolite extraction and frozen at -80°C. The extracts were split into 

two aliquots and dried under vacuum. One aliquot was dissolved in 100 µl LC 

buffer (40% acetonitrile, 59.9% water, 0.1% formic acid) and used to determine 

SAM levels by direct infusion MS analysis. The other aliquot was dissolved in 

0.1% TFA and subjected to C18 clean-up as described above for peptides. After 

drying, the samples were again dissolved in 20 µl of 0.1% TFA and 2 µl were 

analysed by selected reaction monitoring LC-MS analysis. Here, samples were 

analysed on a TSQ-Vantage triple-quadrupole mass spectrometer coupled to an 

Easy nLC (both Thermo Fisher, Scientific) equipped with a RP-HPLC column (75 

µm × 30 cm) packed in-house with C18 resin (ReproSil-Pur C18–AQ, 1.9µm 

resin; Dr. Maisch GmbH, Ammerbuch-Entringen, Germany) with a linear gradient 

from 95% solvent A (0.1% formic acid) and 5% solvent B (80% acetonitrile, 

0.1% formic acid) to 28% solvent B over 40 min at a flow rate of 0.2 µl/min. A 

0.7 FWHM resolution window for both Q1 and Q3 was set for parent- and 

product-ion isolation and a cycle time of 1 s was used. For SRM analysis, 

SAH/SAM precursor ion masses were set to 385.24/399.24 Th and the following 

product ions monitored (SAH: 250.09, 136.12, 134.12/SAM: 250.09, 136.12, 

298.1). Collision energies were set to 16/20 eV for SAM/SAH and Q2 CID gas 

was set to 1.5 mTorr. Transition intensities were determined using the 
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QualBrowser software (Thermo Fisher Scientific) and used for quantification. MS 

intensities were calibrated by analysing a calibration mixture containing 500 

ng/ml of SAM and SAH. All samples were analysed as three biological replicates 

(n=3). Due to the low binding affinities of SAM for the LC-MS setup employed, 

SAM was analysed by direct infusion MS. Therefore, the second sample aliquot 

(not C18 cleaned) was injected into the MS at a flow rate of 10 µl/min using 

product ion monitoring. A 0.7 FWHM resolution window for both Q1 and Q3 was 

set for parent- and product-ion isolation. Fragmentation of parent-ions was 

performed in Q2 at 1.5 mTorr, collision energy was set to 16 eV and scan time 

was 0.5 s. Parent mass was set to 399.24 and the intensity of the product mass 

250.09 was monitored (QualBrowser) and used for quantification. MS intensities 

were calibrated using a calibration solution containing 200 ng/ml of SAM 

dissolved in the same LC buffer mentioned above.  

 

Global proteomics analysis using Tandem Mass Tags (TMT) 

SUM159PT cells were collected and lysed in 50 µl lysis buffer (1% sodium 

deoxycholate (SDC), 0.1 M TRIS, 10 mM TCEP, pH 8.5) using strong ultra-

sonication (10 cycles, Bioruptor, Diagnode). Protein concentration was 

determined by BCA assay (Thermo Fisher Scientific) using a small sample 

aliquot. Sample aliquots containing 50 µg of total proteins were reduced for 10 

min at 95 °C and alkylated in 15 mM chloroacetamide for 30 min at 37 °C. 

Proteins were digested by incubation with sequencing-grade modified trypsin 

(1/50, w/w; Promega, Madison, Wisconsin) overnight at 37°C. The peptides were 

then cleaned up using iST cartridges (PreOmics, Munich, Germany) according 

to the manufacturer’s instructions using an RESOLVEX® A200 positive pressure 
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workstation (Tecan Group Ltd., Männedorf, Switzerland). Samples were dried 

under vacuum and stored at -80 °C until further use. 

Sample aliquots comprising 5 μg of peptides were labelled with isobaric 

tandem mass tags (TMTpro 16-plex, Thermo Fisher Scientific). Peptides were 

resuspended in 10 μl labelling buffer (2 M urea, 0.2 M HEPES, pH 8.3) by 

sonication and 2.5 μL of each TMT reagent was added to the individual peptide 

samples, followed by a 1-h incubation at 25°C and shaking at 500 rpm. To 

control for ratio distortion during quantification, a peptide calibration mixture 

consisting of six digested standard proteins mixed in different amounts was 

added to each sample before TMT labelling as previously described (Ahrné et al, 

2016). To quench the labelling reaction, 0.75 μL aqueous 1.5 M hydroxylamine 

solution was added and samples incubated for another 5 min at 25°C and 

shaking at 500 rpm, followed by pooling of all samples. The pH of the sample 

pool was increased to 11.9 by adding 1 M phosphate buffer (pH 12) and 

incubated for 20 min at 25°C and shaking at 500 rpm to remove TMT labels 

linked to peptide hydroxyl groups. Subsequently, the reaction was stopped by 

adding 2 M hydrochloric acid until a pH <2 was reached. Finally, peptide 

samples were further acidified using 5 % TFA, desalted using Sep-Pak Vac 1cc 

(50 mg) C18 cartridges (Waters) according to the manufacturer’s instructions 

and dried under vacuum. 

TMT-labelled peptides were fractionated by high-pH reversed phase 

separation using a XBridge Peptide BEH C18 column (3,5 µm, 130 Å, 1 mm x 

150 mm, Waters) on an Agilent 1260 Infinity HPLC system. Peptides were loaded 

on the column in buffer A (20 mM ammonium formate in water, pH 10) and eluted 

using a two-step linear gradient from 2% to 10% in 5 min and then to 50% buffer 
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B (20 mM ammonium formate in 90% acetonitrile, pH 10) over 55 min at a flow 

rate of 42 µl/min. Elution of peptides was monitored with a UV detector (215 nm, 

254 nm) and a total of 36 fractions were collected, pooled into 12 fractions using 

a post-concatenation strategy as previously described (Wang et al, 2011) and 

dried under vacuum. 

 Dried peptides were resuspended in 0.1% aqueous formic acid and 

subjected to LC–MS/MS analysis using a Q Exactive HF Mass Spectrometer 

fitted with an EASY-nLC 1000 (both Thermo Fisher Scientific) and a custom-

made column heater set to 60°C. Peptides were resolved using an RP-HPLC 

column (75 μm × 30 cm) packed in-house with C18 resin (ReproSil-Pur C18–AQ, 

1.9 μm resin; Dr. Maisch GmbH) at a flow rate of 0.2 μL min-1. The following 

gradient was used for peptide separation: from 5% B to 15% B over 10 min to 

30% B over 60 min to 45 % B over 20 min to 95% B over 2 min followed by 18 

min at 95% B. Buffer A was 0.1% formic acid in water and buffer B was 80% 

acetonitrile, 0.1% formic acid in water. 

The mass spectrometer was operated in DDA mode with a total cycle time 

of approximately 1 s. Each MS1 scan was followed by high-collision-dissociation 

(HCD) of the 10 most abundant precursor ions with dynamic exclusion set to 30 

s. For MS1, 3e6 ions were accumulated in the Orbitrap over a maximum time of 

100 ms and scanned at a resolution of 120,000 FWHM (at 200 m/z). MS2 scans 

were acquired at a target setting of 1e5 ions, maximum accumulation time of 

100 ms and a resolution of 30,000 FWHM (at 200 m/z). Singly charged ions and 

ions with unassigned charge state were excluded from triggering MS2 events. 

The normalized collision energy was set to 30%, the mass isolation window was 

set to 1.1 m/z and one microscan was acquired for each spectrum. 
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The acquired raw-files were analysed using the SpectroMine software 

(Biognosis AG, Schlieren, Switzerland). Spectra were searched against a human 

database consisting of 20,350 protein sequences (SwissProt entries 

downloaded from Uniprot on 2020/4/17) and 392 commonly observed 

contaminants. Standard Pulsar search settings for TMT 16 pro 

(“TMTpro_Quantification”) were used and resulting identification and 

corresponding quantitative values were exported on the PSM level using the 

“Export Report” function. Acquired reporter ion intensities in the experiments 

were employed for automated quantification and statistical analysis using an in-

house developed SafeQuant R script (Ahrné et al, 2016) (v2.3). This analysis 

included adjustment of reporter ion intensities, global data normalization by 

equalizing the total reporter ion intensity across all channels, summation of 

reporter ion intensities per protein and channel, calculation of protein abundance 

ratios and testing for differential abundance using empirical Bayes moderated t-

statistics. Finally, the calculated P-values were corrected for multiple testing 

using the Benjamini−Hochberg method. 

 

Chromatin immunoprecipitation (ChIP)- sequencing and data analysis 

SUM159PT cells were subjected to Chromatin ImmunoPrecipitation (ChIP). All 

the reagents were purchased from Sigma-Aldrich. Sample preparation was 

performed following published protocols (Orlando et al, 1997; Mohn et al, 2008) 

with a few modifications. After cross-linking for 10 min in 1X fixing solution [from 

11X fixing solution: 11% formaldehyde, 50 mM Hepes pH 8.0 (set with NaOH), 

1 mM EDTA, 0.5 mM EGTA, 100 mM NaCl, Protease inhibitor cocktail (Complete, 

Roche)], cells were quenched with 0.125M glycine for 10 min at 4°C. Next, 
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samples were washed twice with cold PBS and protease inhibitors, collected by 

centrifugation, followed by resuspension in Buffer 1 (10 mM Tris pH 8.0, 10 mM 

EDTA pH 8.0, 0.5 mM EGTA, 0.25% Triton X-100, 1X Protease Inhibitor 

Cocktail). After centrifugation, nuclei were isolated with Buffer 2 (10 mM Tris pH 

8.0, 1 mM EDTA pH 8, 0.5 mM EGTA, 200 mM NaCl, 1X Protease Inhibitor 

Cocktail). After a brief wash in Buffer 2, nuclei were lysed with Lysis Buffer 1 

containing 50 mM Hepes/KOH pH 7.5, 500 mM NaCl, 1 mM EDTA, 1% Triton 

X100, 0.1% Sodium Deoxycholate, 0.1%SDS, 1X Protease Inhibitor Cocktail, 

followed by sonication using a Bioruptor Pico machine (Diagenode). Lysates 

were centrifuged and pre-cleared for 1 h at 4°C with tRNA (5 mg/mL, Sigma) and 

pre-blocked with a mix of 4:1 Protein A:Protein G Dynabeads (ThermoScientific). 

A fraction of the sample was frozen and represents the input sample. The lysates 

were further incubated with anti-H3K9me3 antibody (39161, ActiveMotif) 

overnight at 4°C with overhead shaking. The next day, pre-blocked Dynabeads 

were incubated with the samples for 3 h at 4°C with overhead shaking. The 

magnetic beads were collected in a magnetic rack and subjected to one washing 

in cold low salt lysis buffer (50 mM Hepes/KOH pH 7.5, 150 mM NaCl, 1 mM 

EDTA, 1% Triton X100, 0.1% sodium deoxycholate, 0.1%SDS, 1X Protease 

Inhibitor Cocktail), followed by two washings in Lysis Buffer 1, two washings in 

DOC buffer (10 mM Tris pH 8, 0.25 M LiCl, 0.5% NP-40, 0.5% sodium 

deoxycholate, 1 mM EDTA, 1X protease inhibitor cocktail) and a final wash in TE 

buffer pH 8.0. The chromatin was eluted with freshly prepared Elution Buffer (1% 

SDS, 0.1 M NaHCO3) and reverse crosslinked in a solution containing 10 mM 

EDTA, 40 mM Tris pH 6.5, 50 µg/mL Proteinase K for 2.5 h at 55°C, followed by 

overnight incubation at 65°C. The DNA was purified using a standard phenol-
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chloroform-isoamyl alcohol protocol. Briefly, 1 volume of phenol-chloroform-

isoamyl alcohol was added to the DNA, followed by a 0.1 volume of sodium 

acetate (3 M, pH 5.2), 2 volumes of 100% ethanol and 20 µg/ml glycogen. After 

centrifugation, the pellets were washed in ice cold 70% ethanol and eluted in EB 

buffer. 10 ng of DNA was used for the library preparation using the KAPA Hyper 

Prep Kit (Roche), according to the manufacturer's instructions. QC of libraries 

was done with Fragment Analyzer using the High Sensitivity NGS Fragment 

Analysis Kit (both from AATI). The DNA was sequenced following the 

manufacturer’s instructions using the Illumina NextSeq 500 High Output v2 kit 

(75 cycles in multiplexed run to obtain 81-bp single- end reads). The Illumina 

NextSeq 500 RTA software version was 2.4.11 and the base calling version was 

bcl2fastq v2.20.0.422. 

Reads were aligned with bowtie2 (version Bowtie2/2.3.2) to the human 

genome downloaded from UCSC (genome.ucsc.edu, version hg38AnalysisSet). 

The output was sorted and indexed with samtools (version SAMtools/1.7). 

Duplicated reads were marked with picard (version picard/2.9.2). All subsequent 

gene expression data analysis was done within the R software (R Foundation for 

Statistical Computing, Vienna, Austria). Coverage tracks per sample were 

generated by tiling the genome in 20-bp windows, counting overlapping reads 

per window using the function bamCount from the bioconductor package 

bamsignals (bioconductor version 3.6) and exporting these window counts in 

bigWig format using the export function of the bioconductor package 

rtracklayer. Read and alignment quality was evaluated using the qQCReport 

function of the bioconductor package QuasR (version 1.18.0, Gaidatzis et al., 

2015). For each sample, peaks were called with macs2 (version 
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MACS2/2.1.1.20160309) using the options '-q 0.01 --nomodel --shift -75 --

extsize 150 -g 2700000000 --keep-dup all'. Called peaks were merged across 

biological replicates. The maximal peak distance for merging was set to the 

average fragment size (150). The log fold-change over input was calculated for 

this merged peak set (based on the total library size in each sample) and filtered 

for a log2[fold-change]>1. The resulting merged and filtered peaks were 

converted to bigBed format using the UCSC command line tool bedToBigBed. 

Promoters were defined as +/- 1kB around gene transcription start site (TSS). 

Differentially bound regions (peaks or promoters) were identified using the 

edgeR package (version 3.20.9) (Robinson et al, 2009). For each pair-wise 

comparison, peaks were classified as ‘genotype specific’ i.e. WT, KOs or KOd if 

the FDR was less than 0.05 and log2 difference in binding was at least 1. 

Otherwise, the peaks were classified as ‘no-changing’. Enrichment of 

transcription factor binding sites was tested for each genotype specific set of 

peaks using the ‘no-changing’ peaks as a background. ‘findMotifs.pl’ from 

HOMER suite (version 4.9) (Heinz et al, 2010a). 

 

Genome-wide DNA methylation profiling by microarray 

Total genomic DNA from SUM159PT WT, KOs and KOd was isolated, including 

RNAse A treatment, according to the manufacturer protocol (Macherey Nagel, 

740952.50). Concentration was measured by nanodrop and 1 µg of input DNA 

was used for bisulphite conversion using the EZ-96DNA Methylation-Lightning™ 

MagPrep kit (D5046, Zymo Research). Bisulphite-treated samples were 

hybridized on Human Infinium Methylation EPIC BeadChip to measure global 

DNA methylation on CpG (Pidsley et al, 2016). Illumina’s Genome Studio 
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software V2.0 was used to extract the raw signal intensities of the 850 k probes. 

Probes were filtered out when the standard deviation among the biological 

replicates was > 0,05. Methylation levels per probe were computed as average 

Beta (β) values βv=M/(M+U+100), where M>0 and U>0 denote the methylated 

and unmethylated signal intensities, respectively, measured by the Illumina 850k 

array. Differentially methylated CpG in the comparisons SUM159PT WT versus 

KOs/KOd were identified when the difference in average Beta values was > 0,3. 

 

Methyl DNA immune-precipitation (MedIP) qPCR 

To perform 5-methylcytosine immunoprecipitation, SUM159PT WT, KOs and 

KOd, were grown at 80% confluence and collected in ice-cold PBS. DNA was 

isolated using a kit (Macherey Nagel, 740952.50), and 5 µg of DNA resuspended 

in 300 µl of TE Buffer (10 mM Tris-HCl pH 8, 1 mM EDTA). DNA was sonicated 

using a Bioruptor Pico device (Diagenode) (8 x 30 s ON + 30 s OFF). 20 µl of 

input DNA was collected and stored at -20°C and 120 µl of TE buffer was added 

to the remaining DNA for IP. Samples were incubated for 5 min at 95°C for 

denaturation, then cooled down on ice for 15 min. For immunoprecipitation, 100 

µl of 5X IP buffer (50 mM Na-phosphate pH 7, 0.7 NaCl, 0.25% Triton X-100) 

and 1.5 µg of 5-methylcytosine (5-mC) antibody (clone 33D3, C15200081-100, 

Diagenode) or 1.5 µg of IGG control (eBioscience, 16-5098-85) were added to 

the mix for overnight incubation at 4°C with 750 rpm agitation. The next day, 30 

µl of magnetic beads prewashed in TE Buffer were added to the mix and 

incubated for 2 h in a rotary shaker at 4°C. Precipitated 5-mC DNA was then 

washed 3 times with 1X IP buffer using a magnetic rack, resuspended in 250 µl 

of digestion buffer (50 mM Tris-HCl pH 8, 10 mM EDTA, 0,5% SDS) and 
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supplemented with 50 µg of proteinase K. Samples were incubated for 3 h at 

55°C in a thermomixer with 1000 rpm agitation. To isolate precipitated DNA, 500 

µl of a mixture of phenol / isoamylic alcohol-chloroform (Sigma P3803-400ML) 

was added to the mix and vortexed vigorously for 30 s. Samples were 

centrifuged at room temperature for 5 min at 14 000 x g and the aqueous phase 

transferred to a new Eppendorf tube for DNA precipitation. 0.1 vol of 3 M sodium 

acetate, 2.5 vol of ethanol and 20 µg of glycogen (Thermo Scientific, R0561) 

were added to the sample, followed by vortexing and incubation at –80°C for 1 

h 30 min. After 30 min of centrifugation at 4°C and 14,000 x g, DNA pellets were 

rinsed with 75% ethanol, dried at 50°C for 20 min and resuspended in 50 µl of 

water. For performing qPCR, 2 µl of each sample were used for qPCR with the 

following program: 95°C - 30 s, 58°C - 30 s, 72°C - 30 s (X40). Results are 

displayed as fold enrichment of IP against control IGG. 

 

Statistical analysis 

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 performing power analysis using data from small pilot 

experiments. Values represent the means ± SEM or ± SD. For animal tumour 

incidence studies, Kaplan–Meier plots were generated using the survival 

calculation tool from Graphpad Prism and significance was calculated using the 

log-rank test. The variance was similar between groups that we compared. For 

the human breast cancer patient data, survival curves were generated using the 

SPSS software and significance was calculated using the log-rank test. 



 134 

Depending on the type of experiment, data were tested for normal distribution 

and analysed using unpaired Student’s T test, non-parametric Mann-Whitney U-

test, log-rank test, Kruskal-Wallis test, or two-way ANOVA, as indicated in the 

figure legends. Experimental replicates are independent experiments. Technical 

replicates are tests or assays run on the same sample multiple times. 

 

 

4.6 Supplementary Information 
 

Supplementary Table 1. List of genes upregulated in metastases compared 

to matched primary tumours from MDA-MB-231 and from PDX1 (Obradović 

et al, 2019). Cut-offs are adjusted P value of 0.05 and 2.7-fold change. 

 

Supplementary Table 2. Correlation between NNMT and collagen 

expression in publicly available clinical datasets from human tumours 

(Curtis et al, 2012; Pereira et al, 2016; Koboldt et al, 2012; Abeshouse et al, 2015; 

Hoadley et al, 2018; Getz et al, 2013; Bell et al, 2011; George et al, 2015). Cut-

off is adjusted P value of 0.05. Collagens with a Spearman's correlation 

coefficient above 0.29 are highlighted in green. 
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5 CONCLUDING REMARKS AND PERSPECTIVE 

Increasing evidence suggests that phenotypic plasticity is a major driver of 

tumour progression and metastatic disease (Boumahdi & de Sauvage, 2020; 

Yuan et al, 2019; Gupta et al, 2019; Wahl & Spike, 2017). In the first project, we 

unravelled that phenotypic plasticity of cancer cells can be exploited to force 

expression of a differentiation marker. More specifically, we found that PLK1 

inhibition induced endogenous ERa signalling in TNBC. Notably, PLK1 inhibition 

upregulated expression of normal breast genes along with epithelial cell 

differentiation programs. Furthermore, PLK1 inhibition induced DNA damage, 

cell cycle arrest and apoptosis. 

 Our findings raise further questions. PLK1 is a key regulator of the cell 

cycle and its function is often altered in cancer (Zitouni et al, 2014). PLK1 

inhibition was shown to increase DNA damage in various tumour types (Driscoll 

et al, 2014). Furthermore, DNA damage induces differentiation in cancerous and 

normal cells (Santos et al, 2014; Wang et al, 2012; Puri et al, 2002; Molinuevo et 

al, 2020). It is tempting to speculate, that DNA damage induced differentiation is 

a conserved mechanism among different cell types. Cells may have evolved to 

halt proliferation and undergo differentiation, which prevents multiplying DNA 

damage. At the same time, PLK1 is a ubiquitously expressed kinase that cells 

require to go through mitosis. Therefore, would PLK1 inhibition induce 

differentiation in other cell and tumour types as well? Do other DNA-damage 

inducing compounds differentiate cells? Can the DNA-damage-differentiation 

axis be an alternative strategy to treat cancer? Further studies are warranted to 

address these questions. 
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 Interestingly, in hormone- independent ERa positive breast cancer, PLK1 

inhibition was shown to have the opposite effect on ERa, reducing ERa 

signalling and expression (Bhola et al, 2015). Mechanistically, Bhola et al. 

reported, that in hormone- independent ERa positive breast cancer cell lines, 

PLK1 inhibition decreases ERa expression and activity via downregulating JunB 

(Bhola et al, 2015). JunB is a member of the AP-1 transcription factor family and 

can act as a co-factor of ERa (Eferl & Wagner, 2003). Furthermore, AP-1 

dependent ERa signalling was shown to be estradiol independent (Lupien et al, 

2010). This led Bhola et al. to speculate, that hormone- independent growth in 

general might be controlled via PLK1 driven JunB. Notably, in hormone- 

dependent ERa positive cells, PLK1 inhibition increased JunB expression and 

activity, similarly to what we found in our study in TNBC (Bhola et al, 2015). 

Further studies are needed to address the mechanism underlying PLK1- JunB 

driven ERa signalling in different context.  

 Finally, the drug screen revealed 149 compounds that induce ERE- GFP 

in TNBC. Notably, some compounds induced proliferation in the cells. It would 

be interesting to investigate, whether these compounds also induce active ERa 

signalling, and whether the cells are reprogrammed towards a normal or 

cancerous ERa positive phenotype.  

 In the second project, we uncovered a novel plasticity program during 

metastatic progression. We revealed that high NNMT expression increases 

plasticity of cancer cells resulting in higher metastatic colonisation. 

Mechanistically, NNMT- evoked methylation of nicotinamide creates a methyl 

sink that reduces the cellular methylation potential. The resulting 

hypomethylated state unleashes cellular plasticity programs, both via de-
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methylation of DNA and demethylation of histones. We show that NNMT thereby 

controls the expression of collagen genes and the collagen processing 

machinery, directly via DNA methylation and indirectly via expression of PRDM5, 

a key transcriptional regulator of collagen genes. The resulting enhanced 

expression of ECM components in NNMT high cells is critical in the engraftment 

of cancer cells in distant organs. Depletion of NNMT profoundly impaired 

metastases formation as well as the expression of collagens and the collagen 

processing machinery in cancer cells. 

 The conventional assumption is that CAFs are the main producers of ECM 

in the metastatic niche and thereby support colonisation (Sahai et al, 2020; Pein 

et al, 2020; Kalluri, 2016). However, we report that early metastatic colonisation 

relies on cancer-cell derived ECM deposition, controlled by NNMT and PRDM5. 

The role of PRDM5 in metastatic colonisation is completely unknown and 

requires further investigation. 

 Remarkably, our findings show that a metabolic enzyme controls gene 

expression and plasticity. However, this raises further questions. How does the 

differential methylation affect specific sites in the genome? Possibly, some sites 

in the genome of cancer cells are more sensitive to changes in methyl- group 

availability than others. However, how an unspecific shift in methylation potential 

affects specific changes in gene expression should be further investigated. 

 Plasticity programs are central to cancer progression and 

aggressiveness. Future studies should focus on how cancer cell plasticity can 

be used to improve therapies for cancer patients. 
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8 APPENDIX 

8.1 ABBREVIATIONS 

4OHT 4-Hydroxytamoxifen 

CAFs cancer-associated fibroblasts 

CCLE Cancer Cell Line Encyclopedia 

CDK4/6 Cyclin- dependent kinase 4/6 

DNA Deoxyribonucleic acid 

E2 Estradiol 

ECM Extracellular matrix 

EMT Epithelial-to-mesenchymal transition 

ERa Estrogen receptor a 

ERE Estrogen response element 

ERK2 Extracellular signal-regulated kinase 2 

EtOH Ethanol 

FACS Fluorescence-activated cell sorting 

GFP Green fluorescent protein 

GSEA Gene Set Enrichment Analysis 

GTEx Genotype-Tissue Expression project 

HER2 Human epidermal growth factor receptor 2 

LGR5 Leu-rich repeat-containing G protein-coupled receptor 5 

METABRIC Molecular Taxonomy Of Breast Cancer International 

Consortium 

MHC Major histocompatibility complex 
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mRNA messenger- ribonucleic acid 

MSigDB Molecular Signatures Database 

NETs Neutrophil extracellular traps 

NNMT Nicotinamide N-methyltransferase 

NST No special type 

PARP Poly- adenosine diphosphate ribose polymerase 

PCR Polymerase chain reaction 

PDX Patient-derived xenograft 

PI3Ka Phosphoinositide 3-kinase a 

PLK1 Polo-like kinase 1 

PR Progesterone Receptor 

PRDM5 PR/SET Domain 5 

SD Standard deviation 

SEM Standard error of the mean 

TCGA The cancer genome atlas 

TDLU Terminal duct lobular unit 

TEB Terminal-end bud 

TNBC Triple-negative breast cancer 

WHO World Health Organization 
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8.2 LIST OF FIGURES 

INTRODUCTION 

Figure 1-1. The hallmarks of cancer (Hanahan & Weinberg, 2011). 

Figure 1-2. The mammary gland. 

Figure 1-3. Murine mammary gland embryonic development. 

Figure 1-4. Number of people with cancer by type, world, 2017. 

Figure 1-5. Effect of pregnancy and age at first birth on breast cancer risk 
(Meier-Abt & Bentires-Alj, 2014). . 

Figure 1-6. Inter- and intra-patient heterogeneity. 

Figure 1-7. Breast cancer subtypes. 

Figure 1-8. Systemic treatment options for breast cancer. 

Figure 1-9. Differentiation, de-differentiation and trans-differentiation. 

Figure 1-10. Epithelial-to-mesenchymal transition (EMT). 

Figure 1-11. Adult mammary differentiation hierarchy. 

Figure 1-12. Phenotypic plasticity in cancer. 

Figure 1-13. Phenotypic plasticity during cancer progression. 

 

 

RESULTS PART I 

Figure 3-1. High-throughput drug screen reveals estrogen receptor a  

(ERa) induction in triple-negative breast cancer (TNBC) upon 

polo-like kinase 1 (PLK1) inhibition. 

Figure 3-2. PLK1 inhibition upregulates cell differentiation programs. 

Figure 3-3. PLK1 inhibition induces DNA damage with subsequent mitotic 
arrest. 
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Figure 3-4. PLK1 inhibition induces a sustained change in cell fate. 

Figure 3-5. PLK1 inhibition reduces tumour growth in vivo. 

Extended Data Figure 3-1. SUM149PT are mostly unmethylated at the ERa 

gene promoter. 

Extended Data Figure 3-2. Induction of ERa signalling is dose-dependent. 

Extended Data Figure 3-3. PLK1 inhibition induces endogenous ERa  

protein and downstream signalling, 

independently of estradiol (E2). 

Extended Data Figure 3-4. PLK1 inhibition upregulates non-oncogenic ERa 

signalling pathways. 

Extended Data Figure 3-5. ERa protein is not detected upon PLK1 inhibition 

in vivo. 

 

 

RESULTS PART II 

Figure 4-1. NNMT ablation impairs metastatic colonisation. 

Figure 4-2. NNMT enhances cell intrinsic expression of ECM components. 

Figure 4-3. NNMT loss increases H3K9me3 marks at the promoter of 
PRDM5. 

Figure 4-4. NNMT loss increases DNA methylation at the promoter of 
PRDM5 and collagens. 

Extended Data Figure 4-1. NNMT predicts poor recurrence-free survival and 

is highly expressed in ERa negative breast 

cancer. 

Extended Data Figure 4-2. NNMT depletion reduces metastases formation 
in basal breast cancer. 

Extended Data Figure 4-3. Expression of NNMT in luminal breast cancer 

promotes tumour growth and metastasis. 
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Extended Data Figure 4-4. NNMT depletion represses expression of 

collagens and their processing machinery. 

Extended Data Figure 4-5. NNMT depletion increases H3K9me3 marks at 
the promoter of PRDM5. 

Extended Data Figure 4-6. PRDM5 enhances collagen gene expression. 

Extended Data Figure 4-7. DNA cytosine methylation represses PRDM5 
and collagens in NNMT-depleted cells. 
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