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MOI Multiplicity of Infection  
MPP Multipotent Progenitor 
MRI Magnetic Resonance Imaging  
mTmG membrane-targeted TdTomato / membrane-targeted GFP 
NGS Next-Generation Sequencing 
NLS Nuclear Localisation Signal  
NP-40 Nonidet P-40  
nt Nucleotide 
OFC Organoid Formation Capacity  
P Postnatal 
P1 Distal promoter 
P2 Proximal promoter 
PAGA Partition-based graph abstraction  
panCK pan-Cytokeratin 
PAP Prostatic Acid Phosphatase 
Pb Probasin 
PBS Phosphate Buffered Saline  
PBS-T Phosphate Buffered Saline 0.05% Tween-20 
PC Principal Components 
PCa Prostate Cancer 
PCR Polymerase Chain Reaction 
PDXs Patient-Derived Xenografts  
PEI Polyethylenimine  
PET positron emission tomography  
PFA Paraformaldehyde  
PIN Prostatic Intraepithelial Neoplasia 
PLCs Proximal Luminal Cells 
PreCFUe Pre-erythroid Colony Forming Unit 
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PreMegE Pre-Megakaryocyte/Erythroid progenitor 
PrU Peri-urethral 
PSA Prostate Specific Antigen 
PSCA Prostate Stem Cell Antigen 
PSE P1-Runx1:GFP reporter line  
PSN P2-Runx1:RFP reporter line  
pT Pathological Tumour stage 
PTEN Phosphatase and tensin homolog 
QIBC Quantitative Image-Based Cytometry 
QC Quality Control 
RFP Red Fluorescent Protein 
RGF BME 2 Reduced Growth Factor Basement Membrane Extract Type 2  
Rgn Regenerated 
RHD Runt Homology Domain 
RNA-seq RNA-sequencing 
RP Radical prostatectomy 
RT-qPCR Real-Time quantitative Polymerase Chain Reaction 
RUNX Runt-related transcription factor 
SCA-1 Stem Cell Antigen-1 
scRNA-seq single-cell RNA-sequencing 
SNP Single-Nucleotide Polymorphism 
SSC Side Scatter 
SV Seminal Vesicles 
Tam Tamoxifen 
TBS Tris-Buffered Saline  
TBS-T Tris-Buffered Saline 0.05% Tween-20 
TCGA The Cancer Genome Atlas 
TF Transcription Factor 
TGF-β Transforming Growth Factor β  
TMA Tissue Micro-Array 
TRAMP  Transgenic Adenocarcinoma of the Prostate 
TRUS Transrectal ultrasound  
TRUSBx Transrectal ultrasound guided needle core biopsies  
TSA Tyramide Signal Amplification 
TURP Trans-Urethral Resection of the Prostate 
UGE Urogenital Epithelium 
UGS Urogenital Sinus 
UMAP Uniform Manifold Approximation and Projection  
UMI Unique Molecular Index 
UTR Untranslated Region 
VP Ventral Prostate 
WNT Wingless/Integrated pathway 
WT Wild-Type 
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Abstract 
 

Prostate cancer (PCa) is the most commonly diagnosed cancer in men, and it 

remains challenging to accurately stratify patients diagnosed with indolent and 

aggressive forms of PCa, such as castration-resistant PCa. The lack of prognosis 

biomarkers represents therefore a central challenge to avoid a worsening problem 

of over diagnosis and treatment. In the recent years, there has been a growing body 

of literature involving the master regulator of haematopoiesis RUNX1 in non-

haematopoietic cancers, including hormone-regulated epithelial tissues, suggesting 

that this transcription factor could be broadly implicated in the biology and 

pathology of epithelial tissues. These intriguing new findings led us to propose that 

RUNX1 plays a role in normal prostate homeostasis and prostate tumorigenesis.  

To explore this hypothesis, RUNX1 expression was characterised in the mouse 

prostate. RUNX1 was expressed in a specific subpopulation of proximal luminal cells 

(PLCs), enriched in the peri-urethral region of the developing and adult prostate, 

distinct from the previously identified NKX3.1+ luminal castration resistant cells. 

Functionally, RUNX1+ PLCs are not committed to the secretory function and display 

facultative stem cell behaviour in organoid assays. Single-cell RNA-sequencing 

profiling and genetic lineage tracing revealed that RUNX1+ PLCs are unaffected by 

androgen deprivation, and do not contribute to the regeneration of the distal 

luminal compartments. Furthermore, a transcriptionally similar RUNX1+ population 

emerges at the onset of embryonic prostate specification to populate the proximal 

region of the ducts. Thus, RUNX1+ PLCs constitutes an intrinsic castration-resistant 

and self-sustained lineage that emerges early during prostate development. 

 Finally, the expression of RUNX1 was investigated in patient samples to 

evaluate whether RUNX1 could be exploited as a clinical marker of PCa. In benign 

prostate glands, RUNX1 was low in secretory luminal cells but higher in atrophic 

epithelia. RUNX1 was rarely expressed in tumours, but a limited number of high-

grade tumours exhibited very high RUNX1 levels. However, overall survival analyses 

revealed poor prognostic performance of RUNX1 used as a single marker or in 

combination with NKX3.1.  
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Chapter 1  Introduction 

1.1. The prostate gland 

1.1.1. Anatomy 

 The prostate is an exocrine accessory gland of the male mammalian 

urogenital system. In men, the prostate is often described as a cone-shaped walnut-

sized gland, weighing 10 to 20 grams on average (Leissner and Tisell, 1979). 

Anatomically, it is located at the neck of the urinary bladder and surrounding the 

urethra. The human prostate is enclosed by an outer layer of fibromuscular tissue in 

continuity with the prostatic stroma, also known as prostatic “capsule” (Ayala et al., 

1989).  

 John McNeal divided the prostate in four zones based on variations in 

incidence of prostate diseases, as well as subtle histological differences: the central 

zone, the transitional zone, the peripheral zone, and the anterior fibromuscular 

stroma (McNeal, 1981; Selman, 2011) (Figure 1.1). The peripheral zone occupies the 

majority of the prostate volume (~70%) and is the predominant site of prostate 

adenocarcinomas and inflammation (De Marzo et al., 2007). The transitional zone 

accounts for only 5-10% of the prostate volume in young adults, but it is frequently 

implicated in benign prostatic hyperplasia (BPH), a non-malignant enlargement of 

the prostate (McNeal et al., 1988). The central zone surrounds the ejaculatory ducts 

and makes up ~25% of the prostate. The fibromuscular stroma is situated in the 

anterior part of the gland and composed of a thick non-glandular tissue. 

 In addition to these anatomical differences, recent work has confirmed the 

existence of minor variation in cell type composition between the different zones 

(Henry et al., 2018). Along these lines, tumours arising in the different prostate 

zones express distinct gene signatures (Sinnott et al., 2015). Interestingly, tumour 

aggressiveness also appears to vary according to the zonal anatomy of the prostate. 

Tumours of the transitional zone are often more indolent than peripheral zone 

tumours (Lee et al., 2015; Shannon et al., 2003). In contrast, tumours of the central 
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zone are particularly rare but thought to be particularly aggressive (Cohen et al., 

2008).  

 
Figure 1.1. Zonal anatomy of the human prostate.  
Cz: Central zone; Tz: Transitional zone; Pz: Peripheral zone; ED: Ejaculatory duct; SV: 
Seminal vesicle; AFS: Anterior fibromuscular stroma. 

1.1.2. Functions 

 The main function of the prostate gland consists in the production of a slightly 

alkaline seminal fluid by a complex ductal network of secretory epithelial cells 

(Verze et al., 2016). Prostatic fluid accounts for about 30% of the semen’s volume 

and drains into the prostatic urethra. There, it merges with secretions produced by 

the seminal vesicles transported via the ejaculatory ducts. In addition to its 

secretory function, an important role of the prostate is carried out by the dense 

fibromuscular tissue, which contracts to expel semen during ejaculation. 

 Prostate secretions contain a variety of electrolytes such as high levels of zinc 

(Kavanagh, 1985), and strong proteolytic enzymes important for the liquefaction of 

seminal coagulum, including prostatic acid phosphatase (PAP), fibrinolysin and 

prostate specific antigen (PSA). PSA is an androgen-regulated glycoprotein, secreted 

by glandular prostate epithelial cells into the prostatic lumen. It cleaves 

semenogelins into lower molecular weights proteins to prevent the formation of a 

gel matrix (Balk et al., 2003; Lilja et al., 1987). Alkanisation of semen by prostatic 

secretions and subsequent liquefaction of seminal coagulum are both essential to 
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sustain and promote spermatozoa survival and motility in the female genital tract 

during fertilisation (Verze et al., 2016). 

1.1.3. Histology 

 The prostate is composed of epithelial and stromal compartments. The 

mature glandular prostate epithelium consists in three main epithelial cell types: 

luminal, basal and neuroendocrine cells (Shen and Abate-Shen, 2010) (Figure 1.2). 

Luminal cells form a continuous layer of polarised columnar cells around the gland 

lumen and produce prostatic secretions. These cells are characterised by the 

expression of cytoplasmic keratin (K) 8 and 18, as well as strong levels of nuclear 

androgen receptor (AR). The supportive layer of basal cells is located between 

luminal cells and the surrounding stroma, and marked by the expression of K5, K14, 

and p63. Neuroendocrine cells are far less abundant than basal and luminal cells, 

and they can be identified by the expression of synaptophysin and chromogranin-A, 

but their precise role in the prostate remain unknown (Abrahamsson, 1999). The 

stroma is composed of several cell types, including smooth muscle cells, fibroblasts, 

myofibroblasts, nervous fibres, vascular, perivascular and haematopoietic cells 

(Toivanen and Shen, 2017; Wegner et al., 2017). 

 
Figure 1.2. Structure of the prostate epithelial gland.  
(A) Representative H&E staining of human prostate glands. (B) The normal prostate gland is 
composed of basal cells characterised by the expression of K5/14, p63 and low levels of AR, 
while luminal cells express mainly K8/18 and high levels of AR. Rare neuroendocrine cells 
expressing Synaptophysin (SYP) or Chromogranin A (CHGA) can occasionally be observed. 
Glands are surrounded by a basement membrane constituted of laminins and collagen. 
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1.1.4. Development 

 The development of the prostate starts during embryogenesis and is 

completed during puberty with the formation of a mature gland. In humans, 

testosterone production by foetal testes has been detected around 6 weeks of 

gestation (Siiteri and Wilson, 1974). Prostate development initiates between 9 and 

10 weeks of gestation from the epithelium of the urogenital sinus (UGS), an 

endoderm derived tubular and transient structure located between the bladder at 

its rostral end and the penile urethra on the opposite side (Dauge et al., 1986; 

Timms, 2008). At this stage, the urogenital epithelium (UGE) invaginates into the 

surrounding mesenchyme to generate the first prostate buds. While the precise 

steps leading to prostate budding emergence remain unclear, androgens present in 

both epithelial and mesenchymal compartments are thought to play a central role 

(Toivanen and Shen, 2017). Interestingly, experiments performed in vitro indicate 

that developing mouse female UGS can differentiate into prostatic structures upon 

androgen stimulation, highlighting the central role played by male androgens (Keil 

et al., 2012). During early developmental stages, the epithelium is mainly composed 

of poorly differentiated epithelial cells often co-expressing the classical basal and 

luminal markers (Cunha et al., 2018). Occasional neuroendocrine cells have also 

been observed from 13 weeks of gestation, but these are believed to derive from 

the neural crest rather than the urogenital epithelium (Szczyrba et al., 2017). 

Nascent epithelial buds elongate and branch into the mesenchyme in response to 

paracrine signals from mesenchymal AR signalling (Cunha, 1975). Following 

branching morphogenesis, ductal canalisation of solid epithelial cords gradually 

gives rise to prostatic lumens, which is accompanied with differentiation in 

functional basal and luminal lineages (Marker et al., 2003). In humans, prostate 

development is mostly complete by birth, and undergoes a final growth episode in 

response to a surge in testosterone at the time of puberty (Prins and Lindgren, 

2015). 
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1.1.5. Comparison between the human and mouse prostate 

 The mouse is the most used animal model to study mammalian 

organogenesis and human malignancies, including prostate morphogenesis and 

diseases. It is therefore important to understand similarities and differences 

between these species. In mice, prostate development follows similar steps than in 

humans. Prostate budding starting around embryonic day (E) 16.5, however, most 

branching morphogenesis and growth occur postnatally to be completed by the end 

of the puberty (Bhatia-Gaur et al., 1999; Sugimura et al., 1986a; Tika et al., 2019). 

Anatomically, the gross appearance of the mouse prostate is more heterogeneous 

than the human prostate. While the human prostate has been subdivided in zones 

which are adjacent to one another (see section 1.1.1), the mouse prostate is 

organised in four distinct pairs of lobes surrounding the urethra: anterior (AP), 

dorsal (DP), lateral (LP) and ventral (VP) prostate. The anterior lobe is the largest 

lobe, nearly attached to the seminal vesicles. The lateral lobe is located between 

the ventral and the dorsal lobes and often found intermingled with these as a result 

of their proximity. The dorsal and lateral lobes are often combined and referred to 

as the dorsolateral prostate (DLP).  

 Histologically, the mouse and human prostates have a similar ductal 

architecture, but the mouse prostate contains proportionally less basal and 

neuroendocrine cells compared with luminal cells (Shappell et al., 2004). In mice, 

each lobe has distinct branching patterns and slight histological differences (Figure 

1.3). The AP shows typical papillary infolding, with a relatively flat layer of luminal 

cuboidal and columnar epithelial cells lining lumens filled with homogenous 

eosinophilic secretion. Secretory cells have large eosinophilic and granular 

cytoplasms, with nuclei centrally to basally located. The epithelium of the DP has a 

similar appearance to the AP, although it is organised in smaller acini, with less 

pronounced infolding, and occasional tufting patterns. The LP epithelium consists of 

a flat layer of cuboidal and columnar luminal cells rarely infolded. LP acini are of 

different sizes and contain eosinophilic secretions. Nuclei of secretory LP cells are 

generally basally located within lightly granular cytoplasms. The VP has less 
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infolding compared with other lobes, though frequent epithelial tufting can be 

observed. VP acini are lined by cuboidal and tall columnar luminal cells with basally 

located nuclei. In contrast to other lobes, VP glands are filled with paler secretions. 

The fibromuscular layer surrounding glands of the AP and DP is slightly more 

important than for the VP and LP. However, the overall thin stromal layer contrasts 

with the abundant contractile fibromuscular tissue surrounding human prostate 

glands. Finally, a distinct non-prostatic lobular structure termed ampullary gland 

surrounds mouse vas deferens while strongly resembling prostate tissue. In 

contrast to proper prostate lobes, lumens of the ampullary gland present 

eosinophilic secretions with a “swiss cheese” appearance (Shappell et al., 2004), 

and this structure is generally ignored in the context of prostate research. 

 
Figure 1.3. Lobular anatomy of the mouse prostate. 
(A) Schematic of the mouse prostate lobes. AP: Anterior Prostate, DP: Dorsal Prostate, LP: 
Lateral Prostate, VP: Ventral Prostate, Amp: Ampullary gland, Ur: Urethra. (B-C) H&E 
staining representative of the histology of (B) the ampullary gland, and (C) individual mouse 
prostate lobes as in A. Scale bar: 50 µm. 

1.1.6. Androgens 

 Androgens are sex steroid hormones that regulate the development of the 

prostate and other primary male sex organs, as well as male secondary sex 
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characteristics. In men, about 95% of androgens are synthesised in the testes, while 

the remainder is produced by adrenal glands. Synthesis of testosterone, the 

primary androgen, is tightly regulated by the hypothalamic–pituitary–gonadal axis. 

At low testosterone levels, pulses of luteinising hormone release hormone (LHRH) 

are released by the hypothalamus, which subsequently stimulates the pituitary 

gland to release luteinizing hormone (LH). The latter stimulates testosterone 

synthesis and release by the Leydig cells within the testes. Increasing levels of 

testosterone induce a negative feedback loop to suppress LHRH and LH release by 

the hypothalamus and pituitary respectively. 

 In the prostate, testosterone is reduced into 5-alpha-dihydrotestosterone 

(DHT) by the enzyme 5-alpha reductase (Marks, 2004). DHT is a considerably more 

potent AR agonist than testosterone and allows the maintenance of a high 

concentration of androgens in the prostate to sustain its function, including luminal 

cell activity. Mechanistically, testosterone binds AR in the cytoplasm either directly 

or after reduction into DHT, which in turns induces AR translocation to the nucleus. 

AR acts as a DNA-binding transcription factor to regulate gene expression in a 

ligand-dependent manner to initiate male sexual development and differentiation 

(Tan et al., 2015). Thus, AR plays major roles in the development and homeostasis 

of the prostate, and deregulation of AR are frequently observed in prostate 

malignancies (see section 1.2.6). 

1.2. Prostate cancer 

1.2.1. Incidence and outcomes 

 Prostate cancer (PCa) is the most commonly diagnosed cancer in the UK, with 

about 47,500 new cases and more than 11,500 deaths every year (Prostate Cancer 

UK, “Facts and figures”, 2018). Over the last decades, the incidence of PCa has been 

rising, in part due to the development and availability of PSA screening, the global 

increase in life expectancy as well as environmental and lifestyle factors such as 

obesity and low physical activity (Pernar et al., 2018). Despite a high incidence rate, 

survival outcomes are improving, and currently, about 80% of PCa patients will 
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survive their disease for at least 10 years (Cancer Research UK, 2020). But while 

early diagnosis and treatment is associated with good prognosis, late stage 

metastatic PCa remains a deadly disease with a mortality rate of ~30% after 5 years 

(SEER Cancer Statistics Review, 1975-2016). 

1.2.2. Risk factors 

 Ageing is one of the strongest risk factors associated with PCa. In fact, the 

association between increasing age and the risk of developing PCa is stronger than 

for any other cancer, with an odds ratio of 0.2 up to 49 years old, 1.8 between the 

age of 50 and 59, 4.7 between the age of 60 and 69 and 8.2 above 70 years old 

(Siegel et al., 2020). While PCa is mainly diagnosed in men above the age of 50, 

numerous studies have identified healthy young men with histologic foci of PCa 

leading to the assumption that cancer could initiate at an early age and remain 

latent (Sakr et al., 1996; Salinas et al., 2014). Ageing is also associated with the 

development of additional prostate diseases which may influence the development 

of PCa, such as prostate inflammation (De Marzo et al., 2007). 

 Hereditary PCa represents only a minor proportion of all PCa cases. Yet, 

family history has been associated with increased risk of PCa diagnosis (Bratt et al., 

2016; Kiciński et al., 2011). The most studied example of germline mutations in PCa 

affect BRCA1 and BRCA2 which have both been associated with increased risk of 

developing PCa (Carter et al., 2019; Pritchard et al., 2016; Taylor et al., 2019). 

BRCA1/2 carriers are associated with more aggressive diseases (Castro et al., 2013), 

and BRCA2 mutation carriers present a two to five times higher risk of PCa than the 

remainder male population (Nyberg et al., 2020). Other germline mutations have 

been implicated in PCa, such as Homeobox B13 (HOXB13) (Ewing et al., 2012), ATM 

(Na et al., 2017) Checkpoint kinase 2 (CHECK2) (Seppälä et al., 2003).  

 Ethnicity and geography are also associated with variations in PCa incidence 

and mortality. At the geographic level, PCa incidence is higher in Oceania, Northern 

America and Europe compared with Africa and Asia (Culp et al., 2020). In contrast, 

African American and Caribbean men have a higher incidence and mortality rate 

compared with Caucasians and Asians. Overall, it is difficult to evaluate whether 
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biological differences between these populations truly account for variations in PCa 

outcomes over factors such as diet, socioeconomic backgrounds and access to care 

(Khani et al., 2014). 

1.2.3. The development of prostate cancer 

 PCa is thought to develop in a stepwise manner, via the emergence of a pre-

cancerous but non-malignant lesion known as prostatic intra-epithelial neoplasia 

(PIN) (Shen and Abate-Shen, 2010). Histologically, PIN is characterised by a 

moderate reduction in basal cells number, luminal epithelial hyperplasia, nuclear 

enlargement and atypia, and cytoplasmic hyperchromasia (Bostwick, 1989; McNeal 

and Bostwick, 1986). These lesions may remain indolent for several years or 

decades, before progressing to high-grade PIN lesions marked by an increase in 

proliferation but without invasion of the basement membrane. High-grade PIN 

lesions are usually observed in the peripheral zone of the prostate and can further 

evolve in invasive PCa. 

 Localised low and intermediate risk PCa are usually treated using radical 

therapies such as radical prostatectomy and radiotherapy with favourable long-

term outcomes (Litwin and Tan, 2017). However, more advanced forms of PCa 

including metastatic PCa are managed with androgen-deprivation therapy (ADT) 

which relies on androgen-dependency of prostate cancer cells to reduce tumour 

burden. While initially effective, ADT is associated with elevated risks of progression 

to lethal hormone-refractory or castration resistant prostate cancer (CRPC). The 

main stages of progression from a normal epithelium towards metastatic castration 

resistant PCa are summarised in Figure 1.4. 

 The heterogeneity and multifocality of PCa renders challenging the initial 

diagnosis and classification into different histopathological subtypes and has direct 

consequences on subsequent clinical management of the disease (Boutros et al., 

2015; Cancer Genome Atlas Research Network, 2015; Carm et al., 2019; Tomlins et 

al., 2015). Most PCa exhibit a luminal phenotype, with the expression of high levels 

of AR, and are classified as adenocarcinomas. Prostate adenocarcinomas have a 

luminal phenotype and can be confirmed by the absence of basal cells and 
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associated markers (p63, K5/14) and an increase of alpha-methylacyl-CoA racemase 

(AMACR) expression (Humphrey, 2007; Luo et al., 2002). Other rare forms of PCa 

include ductal adenocarcinoma, mucinous carcinomas, signet ring carcinomas, and 

neuroendocrine carcinomas (Grignon, 2004). This classification relies mainly on 

histopathological evaluation, but recent and on-going genomic studies aim at 

identifying molecularly defined subtypes of PCa in order to better stratify patient 

outcomes and treatment responses (Arora and Barbieri, 2018; Boutros et al., 2015; 

Cancer Genome Atlas Research Network, 2015; Tomlins et al., 2015). 

 
Figure 1.4. Principal stages of PCa development.  
Prostatic Intraepithelial Neoplasia (PIN) state consists of abnormal prostatic glands and is 
considered a precursor for most adenocarcinoma of the prostate. During carcinogenesis, 
glands become gradually less differentiated, with a loss of the basal layer, an increase in 
mitotic cells, focal hyperplasia, and hyperchromatic pleomorphic nuclei. Prostate 
adenocarcinoma can invade through the basement membrane, allowing subsequent 
dissemination. Initially dependent on androgens, PCa can be treated with ADT, but 
ultimately progress towards a highly aggressive metastatic castration-resistant disease 
(mCRPC). 

1.2.4. Diagnostic 

 The diagnostic of patients with suspected PCa usually involves a combination 

of the following tests: digital rectal examination, PSA test, imaging and prostate 

biopsy.  
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1.2.4.1. Digital rectal examination 
 Digital rectal examination is commonly performed to analyse the posterior 

aspect of the peripheral zone by palpation. But this test remains subjective and 

meta-analyses showed that its routine use may be questionable due to poor 

performance (Jones et al., 2018; Naji et al., 2018), highlighting the need to 

complement the diagnosis with additional tests. 

1.2.4.2. PSA screening 
 PSA screening is currently the widest test used to diagnose PCa, despite 

controversial specificity and reliability. PSA production and secretion by luminal 

cells is often increased in PCa, and the rise in serum PSA levels can be directly 

measured in peripheral circulation due to the breakage of the basement membrane 

in disorganised cancerous glands (Balk et al., 2003). Its development has led to an 

increased number of patients diagnosed with PCa, with the vast majority being 

asymptomatic at diagnosis. However, PSA screening does not allow a clear 

distinction between latent and more aggressive forms of PCa, and the mortality 

benefit of early detection appears to be insignificant (Ilic et al., 2018; Martin et al., 

2018; Schröder et al., 2014). 

1.2.4.3. Imaging 
 In the recent years, multi-parametric (mp) magnetic resonance imaging (MRI) 

has been increasingly used both pre- and post-biopsy to improve the accuracy of 

diagnosis of clinically relevant PCa (Stabile et al., 2020). However, similar to the 

previously described tests, mpMRI has a number of limitations, including the cost-

effectiveness, and variable accuracy and reproducibility. In particular, this approach 

can miss a significant proportion of clinically relevant lesions (Johnson et al., 2019; 

Purysko et al., 2019). Beyond mpMRI, computed tomography and bone scintigraphy 

are classically used in patients with suspicion of metastases. But prostate-specific 

membrane antigen (PSMA) positron emission tomography (PET)-CT is emerging as a 

promising alternative for high-risk patients to identify nodal or distant metastatic 

disease (Hofman et al., 2020). 
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1.2.4.4. Biopsy 
 PCa diagnosis is usually confirmed following histopathological evaluation of 

prostate biopsy, obtained either via transrectal ultrasound (TRUS)-guided biopsy or 

via a transperineal route (Lomas and Ahmed, 2020). During the biopsy procedure, 

several pieces of tissues are sampled either randomly or in a targeted area defined 

following abnormal mpMRI. The complex glandular architecture of the prostate, 

and the multifocality of PCa renders particularly challenging the detection of PCa in 

an untargeted first-time biopsy. To illustrate this aspect, the chances of detecting 

PCa using 6, 12 and 21 biopsy cores for diagnostic were 32.5%, 40.4%, and 43.3% 

respectively (Ploussard et al., 2014). Another study showed that about a quarter of 

patients who received untargeted TRUS-guided biopsy had a cancer subsequently 

diagnosed via targeted biopsies (Ahmed et al., 2017). Of note, patients with 

suspected PCa but negative biopsies are actively monitored for PSA levels and 

repeat biopsies. 

1.2.5. Grading and risk stratification 

1.2.5.1. Gleason grading 
 More than 30 years ago, Donald F. Gleason established the most commonly 

used grading system in pathology to evaluate the prognosis of PCa (Gleason and 

Mellinger, 1974). The International Society of Urological Pathology (ISUP) updated 

criteria defining the “Gleason score” in 2005 (Epstein et al., 2005), 2014 (Epstein et 

al., 2016a), and introduced the concept of “Gleason grade groups” in 2016 (Epstein 

et al., 2016b) to better reflect disease prognosis. Biopsies are attributed two grades 

between 1 and 5, representative of the two predominant patterns. High grades 

correspond to cells with poorly differentiated morphology and more advanced 

cancers. The two Gleason grades are then added, resulting in the Gleason score. 

Depending on the Gleason score, Gleason grade groups are attributed according to 

ISUP’s criteria (Table 1.1). 
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Table 1.1. ISUP’s Gleason grade groups (GGG). 
ISUP’s GGG Gleason score Definition 

Grade 1 2-6 Only individual discrete well-formed glands 

Grade 2 3+4 = 7 
Predominantly well-formed glands with lesser component of 
poorly formed/fused/cribriform glands 

Grade 3 4+3 = 7 
Predominantly poorly formed/fused/cribriform glands with 
lesser component of well-formed glands 

Grade 4 

4+4 = 8 Only poorly formed/fused/cribriform glands 

3+5 = 8 
Predominantly well-formed glands and lesser component 
lacking glands 

5+3 = 8 
Predominantly lacking glands and lesser component of well- 
formed glands 

Grade 5 9-10 
Lack of gland formation (or with necrosis) with or without 
poorly formed/fused/cribriform glands 

(Epstein et al., 2016b) 

1.2.5.2. TNM classification 
 The TNM classification system for PCa follows the guidelines of the American 

Joint Committee on Cancer Prostate Staging and is used to characterise disease 

stage and plan clinical management (Table 1.2).  

Table 1.2. TNM classification system for PCa.  
Clinical T (cT): Primary tumour stage 
Tx 
T0 
T1 
T1a 
T1b 
T1c 
T2 
T2a 
T2b 
T2c 
T3 
T3a 
T3b 
T4 
 

Cannot be assessed 
No evidence of primary tumour 
Clinically inapparent tumour that is not palpable 
Tumour incidental histologic finding in 5% or less of tissue resected 
Tumour incidental histologic finding in more than 5% of tissue resected 
Tumour identified by needle biopsy found in one or both sides, but not palpable 
Tumour is palpable and confined within prostate 
Tumour involves one-half of one side or less 
Tumour involves more than one-half of one side but not both sides 
Tumour involves both sides 
Extraprostatic tumour that is not fixed or does not invade adjacent structures 
Extraprostatic extension (unilateral or bilateral) 
Tumour invades seminal vesicle(s) 
Tumour is fixed or invades adjacent structures (other than seminal vesicles, such as 
external sphincter, rectum, bladder, levator muscles, and/or pelvic wall) 

Pathological T (pT): Primary tumour stage (determined after radical prostatectomy) 
T2 
T3 
T3a 
T3b 
T4 

Organ confined 
Extraprostatic extension 
Extraprostatic extension (unilateral or bilateral) or microscopic invasion of bladder neck 
Tumour invades seminal vesicle(s) 
Tumour is fixed or invades adjacent structures (other than seminal vesicles, such as 
external sphincter, rectum, bladder, levator muscles, and/or pelvic wall) 
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N: Regional lymph nodal status 
Nx 
N0 
N1 

Cannot be assessed 
No regional lymph node metastasis 
Regional lymph node metastasis 

M: Distant metastasis 
Mx 
M0 
M1 

Cannot be assessed 
No distant metastasis 
Distant metastasis 
M1a: non regional lymph nodes 
M1b: bone(s) 
M1c: other site(s) 

(Buyyounouski et al., 2017) 
 

Briefly, T1 corresponds to clinically invisible or not palpable tumours, for example 

diagnosed after needle biopsy or upon transurethral resection of the prostate 

(TURP) for obstructive lower urinary tract symptoms. T2 are confined to the 

prostate, T3 extend into the capsule, and T4 invade adjacent structures. Other 

components of the classification system correspond to the presence of metastases, 

either in regional lymph nodes (N) or distant organs (M). 

1.2.5.3. Risk classification 
 Previously described features can be combined into PCa risk groups to stratify 

patients into low, intermediate, and high risk of progression or biochemical 

recurrence. Several methods have been proposed over the years, and the widely 

used guidelines of the European Association of Urology are summarised below 

(Table 1.3). 

Table 1.3. Risk classification of PCa. 
Localised PCa Locally advanced PCa 

Low risk Intermediate risk High risk  
PSA < 10 ng/mL PSA 10-20 ng/mL PSA > 20 ng/mL Any PSA 

ISUP’s GGG 1 ISUP’s GGG 2/3 ISUP’s GGG 4/5 Any ISUP’s GGG 
cT1-T2a cT2b cT2c cT3-4 or N1 

(Mottet et al., 2017) 

1.2.6. Clinical management of prostate cancer 

 The clinical management of PCa depends on a combination of factors which 

notably includes disease stage and risk, patient characteristics and patient 
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preferences (Litwin and Tan, 2017). Low risk patients generally follow a 

conservative management plan which includes watchful waiting or active 

surveillance. Patients diagnosed with localised or locally advanced disease are 

offered a radical form of treatment such as surgical excision of the prostate (radical 

prostatectomy) with or without pelvic lymph node dissection, or radiotherapy. In 

most advanced cases, including metastatic patients, these regimens can be either 

supplemented or replaced with hormonal therapy and chemotherapy. 

 Initial treatment of PCa is assessed by regular follow-ups, which aim at 

managing any possible treatment side-effects and monitor disease progression. 

After radical prostatectomy, serum PSA levels should remain below the detection 

limit for at least 6 weeks, and any measurable PSA is thought to be associated with 

increased risk of disease progression due to the presence of residual prostate tissue 

post-surgery (Preisser et al., 2019). Based on follow-up PSA measurements, 

biochemical recurrence (BCR) is classically defined as two consecutive PSA tests 

above 0.2 ng/mL for radical prostatectomy (Freedland et al., 2003). This definition 

varies in case of radiotherapy due to slower decline in PSA levels after treatment. In 

this case, BCR is defined as an increase of 2 ng/mL above the lowest PSA test post-

treatment according to the Phoenix criteria (Abramowitz et al., 2008). While first-

line treatments show relative efficacy, disease often recurs and progresses to more 

aggressive forms, including the incurable and lethal metastatic CRPC. Clinically, the 

emergence of CRPC is often associated with a rising PSA in an environment where 

testosterone levels are castrate, following maximal androgen blockade (Gillessen et 

al., 2015).  

Overall, one of the main issues resides in the difficulty, at the stage of 

diagnosis, to discriminate between aggressive diseases from more indolent forms of 

PCa that will never progress beyond the prostate gland. Indeed, misdiagnosis often 

leads to over treatment, which can cause unnecessary harm to patients due of 

treatment side effects such as incontinence and erectile dysfunction (Antonarakis 

and Armstrong, 2011; Daskivich et al., 2011; Loeb et al., 2014). The lack of accurate 

prognosis markers represents therefore a major challenge to improve patient 

stratification. 
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1.2.7. Androgen deprivation therapy and castration resistance 

 In the 1940’s, Charles Huggins demonstrated the effect of androgen 

deprivation via removal of the testes, causing regression of PCa (Huggins C, 1941), 

which built-up the basis for hormone therapy. Castration can be achieved either 

surgically via orchiectomy, or medically using ADT drugs. Surgical castration results 

in permanent androgen withdrawal and less adverse side effects compared with 

medical castration (Sun et al., 2016), but it is also associated with physiological and 

cosmetic issues. Thus, medical castration is the predominant mode of ADT used 

nowadays in western countries.  

 The first ADT compound developed was a LHRH agonist developed by Andrew 

Schally (Tolis et al., 1982). Since then, other molecules have been used to achieve 

chemical castration using alternative LHRH agonists (e.g., leuprorelin) or 

antagonists (e.g., degeralix), as well as nonsteroidal anti-androgens (e.g., 

bicatulamide) to target AR. Second-generation anti-androgens have then been 

developed, including abiraterone to inhibit androgenic steroid synthesis (Potter et 

al., 1995), and enzalutamide to selectively prevent AR nuclear translocation 

(Pritchard et al., 2016). In particular, enzalutamide has recently shown promising 

effect in advanced and metastatic PCa (Davis et al., 2019).  

 Patients on ADT often remain in long-term remission, but the development of 

CRPC is inevitable. Interestingly, AR alterations are mainly found in advanced 

diseases or after the use of targeted therapies, suggesting a role in resistance to 

ADT (Barbieri et al., 2012; Grasso et al., 2012). These include amplification and 

overexpression of AR, mutations or expression of constitutively active AR splice 

variants such as AR-V7 (Chen et al., 2004; Linja et al., 2001; Robinson et al., 2015; 

Sharp et al., 2019; Watson et al., 2015). Castration resistance has also been 

proposed to be present intrinsically in the normal untransformed prostate with the 

existence of specific intrinsically castration resistant cell populations (Barros-Silva et 

al., 2018; Kwon et al., 2016; Wang et al., 2009; Wang et al., 2020a; Yoo et al., 2016). 

Thus, there is currently a major clinical and biological focus to decipher how, why 
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and when does PCa becomes castration-resistant, with the hope that this ultimately 

help improve PCa therapy. 

1.2.8. Molecular alterations in prostate cancer 

 Major advances in sequencing technologies have recently facilitated the 

identification of molecular alterations present in PCa patient samples. In 2015, the 

Cancer Genome Atlas Research Network (TCGA) study described seven main 

molecular subtypes of PCa based upon the identification of ETS fusions or 

mutations in speckle-type POZ protein (SPOP), forkhead box A1 (FOXA1), and 

Isocitrate dehydrogenase 1 (IDH1) (Cancer Genome Atlas Research Network, 2015). 

While long-term outcome data were not available to conduct meaningful analyses, 

these alterations did not correlate with Gleason score, highlighting heterogeneity 

between histopathological phenotypes and the genomic landscape of PCa. A brief 

snapshot of frequently observed genomic alterations in PCa is given below. 

 The homeobox protein NKX3.1 is an androgen-regulated transcription factor 

frequently found altered in PCa, either through loss of heterozygosity or down 

regulation via promoter methylation (Abate-Shen et al., 2008). In normal 

development, its expression marks one of the earliest stages of prostate 

organogenesis, and its absence leads to defects in structure and functions, including 

reduced prostatic ductal branching and hormones secretions (Bhatia-Gaur et al., 

1999). Wang et al. have reported the existence of a specific luminal prostate 

population of NKX3.1 expressing cells with enhanced regenerative potential in 

surgically castrated mouse models (Wang et al., 2009b). Numerous studies have 

also reported alterations of phosphatase and tensin homolog (PTEN) in PCa with 

alterations in ~40% of primary PCa and almost all metastatic tumours (Mitchell and 

Neal, 2015; Taylor et al., 2010). PTEN loss is also associated with progression 

towards castration resistance (Mulholland et al., 2011) and found altered in half of 

CRPC patients (Jamaspishvili et al., 2018). Cooperative mechanisms between Pten 

and Nkx3-1 loss of function were also described in mouse models (Kim et al., 2002). 

 Chromosomal rearrangements activating members of the ETS family of 

transcription factors (ERG, ETV1, ETV4, FLI1) are extremely frequent and found in a 
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significant fraction of prostate carcinomas, in both primary tumours and metastasis 

(Cancer Genome Atlas Research Network, 2015; Clark and Cooper, 2009). In 

particular, the TMPRSS2-ERG translocation results in a fusion gene expressing the 

N-term truncated ERG protein under the control of the androgen-dependent 

promoter of TMPRSS2 (Tomlins et al., 2005). The functional consequences of such 

translocations are not fully understood but have been shown to impair prostate 

epithelial cell differentiation and support aggressive tumours (Baena et al., 2013; 

Shen and Abate-Shen, 2010; Sun et al., 2008; Zong et al., 2009). Moreover, 

cooperative mechanisms between TMPRSS2-ERG translocation and activation of 

the PI3K pathway give rise to high-grade PIN and carcinoma in mice (Squire, 2009).  

 Other common molecular alterations found in PCa include AR, CDKN1B, 

PIK3CA, RB1, TP53, MYC, HER2/neu and SCR (Abida et al., 2019; Mitchell and Neal, 

2015). Recurrent mutations were reported in the SPOP gene, leading to increasing 

genomic instability through deregulation of DNA repair mechanisms (Barbieri et al., 

2012; Wang et al., 2020b). Overexpression of the histone methyltransferase EZH2, a 

member of the polycomb complex, was associated with aggressive and metastatic 

disease (Varambally et al., 2002).  

 Overall, PCa has been shown to be highly heterogeneous disease, with the 

identification of multiple genomic and epigenomic alterations, and correlations 

with cancer progression and aggressiveness remain unclear. A plethora of 

additional genetic changes have been reported in PCa, but these are not described 

in this thesis. Current efforts aim at better characterising and stratifying the 

remarkable heterogeneity observed in prostate tumours. 

1.2.9. Models of prostate cancer 

1.2.9.1. Cell lines 
 There is a lack of cellular models to capture the heterogeneity of PCa. Among 

more than 1,000 established cancer cell lines, less than ten originate from PCa or 

PCa metastasis. The LNCaP cell line was established from a metastatic lesion of 

human prostatic adenocarcinoma (Horoszewicz et al., 1983). LNCaP cells are 

androgen responsive, express K8/18, carry the ETV1 translocation and have loss of 
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PTEN. VCaP cells (Korenchuk et al., 2001), androgen-responsive as well, were 

derived from a vertebral metastatic lesion, and exhibit amplification of AR, TP53 

gain of function mutation, and bear the ERG translocation. VCaP cells express high 

levels of PSA, K8/18 and prostatic acid phosphatase. The 22Rv1 cell line (Sramkoski 

et al., 1999) was derived from a xenograft serially propagated in mice after 

castration-induced regression and relapse of the parental androgen-dependent 

human prostatic carcinoma xenograft. The line expresses the luminal markers 

K8/18 and has been used as a model of CRPC in several studies, though AR remains 

highly expressed. Of note, this line has been shown to produce high titres of human 

retrovirus XMRV (Xenotropic Murine Leukaemia Virus-related) suggesting that any 

experimental results would need to be carefully considered (Knouf et al., 2009). The 

two most tumorigenic and metastatic PCa cell lines PC-3 (Kaighn et al., 1979) and 

DU145 (Stone et al., 1978) are castration-resistant, and express Vimentin and 

K5/8/18. PC-3 were isolated from bone metastasis of advanced PCa and does not 

express PSA and PTEN. DU145, less aggressive, was derived from a brain metastasis 

and do not express PSA but have TP53 gain of function mutation. Finally, the RWPE-

1 (Bello et al., 1997) is a human prostate epithelial cell line derived from a 

histologically normal adult and immortalized with the human papilloma virus 18. It 

expresses AR and is commonly used as a model of non-malignant prostate cells. 

1.2.9.2. Organoids 
 In addition to cell lines, organoids have emerged as an exciting alternative to 

study cancer behaviours, and create cellular models recapitulating organs 

heterogeneity and organisation (Clevers, 2016; Fatehullah et al., 2016). Despite the 

technical difficulty to establish and maintain such 3D structures in culture, methods 

have recently been published to generate organoids from mouse primary cells as 

well as human primary and metastatic PCa cells (Chua et al., 2014; Drost et al., 

2016; Gao et al., 2014; Karthaus et al., 2014). These prostate organoid culture 

protocols allow the expansion of both basal and luminal lineages, express various 

levels of key prostate regulators such as AR, NKX3.1 and p63 and harbour different 

genetic backgrounds. Organoids can be genetically manipulated to study the 
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functional relevance of specific genes (Pietrzak et al., 2020; Wang et al., 2020a), or 

used to assess the differentiation and plasticity potential of cell populations in both 

normal (Barros-Silva et al., 2018; Karthaus et al., 2020; Kwon et al., 2016) and 

cancerous (Agarwal et al., 2015; Park et al., 2016) contexts. For example, organoids 

derived from the Pten/Tp53 mouse model of PCa have allowed the identification of 

distinct tumour luminal subpopulations with specific stem/progenitors’ potentials 

(Agarwal et al., 2015). This technology can also be used to evaluate drug 

responsiveness on multiple models and provide a more comprehensive tool than 

the currently available cell lines (Corrò et al., 2020). However, the absence of a rich 

stroma and vasculature limits the extent of the conclusions that can be drawn from 

these models. To date, co-culture between prostate organoids and other 

components of the stroma such as fibroblasts remain anecdotical (Kwon et al., 

2019; Wei et al., 2019). To circumvent this issue, mature organoids can also be 

transplanted into recipient mice to provide a more complex microenvironment 

(Park et al., 2016). 

1.2.9.3. Mouse models of prostate cancer 
 Although the mouse and human prostates exhibit some differences (see 

section 1.1.5), the use of xenograft and genetically engineered mouse models 

(GEMM) have contributed to improving the current understanding of the complex 

biology of both the normal prostate and PCa. 

 Xenograft models of PCa have been established using human cancer cell lines 

such as LNCaP, VCaP, PC-3 or DU145 implanted subcutaneously or orthotopically 

into the mouse prostate (Wu et al., 2013). These models have been of particular 

interest for chemotherapeutic approaches and studying molecular mechanisms of 

PCa. However, they are limited by the genetic backgrounds of PCa cell lines, the 

heterologous microenvironment, and the absence of fully functional recipient’s 

immune system. Alternatively, xenografts can also be transplanted directly from 

patient tissue into immune-deficient mice after surgery, and without prior in vitro 

culture. Although these PCa patient-derived xenografts (PDXs) can serve as 

powerful models for pre-clinical studies of targeted therapies (Lin et al., 2014) and 
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give valuable insights into the biology of patient-specific tumours (Hidalgo et al., 

2014), PCa PDXs remain challenging to grow and expand with an overall poor 

success rate from primary tumours (Elbadawy et al., 2020; Joshi et al., 2020; 

Palanisamy et al., 2020).  

 The first GEM models of PCa were generated using transgenes overexpressing 

viral oncogenes. The TRAMP mouse (Transgenic Adenocarcinoma of the Prostate) 

carries a rat Probasin (Pb) promoter to drive the expression of the SV40 large T and 

small t antigens in prostate cells (Greenberg et al., 1995). Even though TRAMP 

tumours are highly aggressive, they are not associated with specific genetic changes 

implicated in PCa, which limits the utility of this model. In the second generation of 

GEM models, loss-of-function mutations in genes of interest were created to 

evaluate their implication in PCa initiation and progression. The most widely used 

models carry null mutations of Nkx3-1 and Pten either alone or in combination. 

Later, models were improved by restricting the presence of the desired mutations 

to the prostate epithelium, using tissue specific expression of the Cre recombinase 

such as the Probasin-Cre4 (Pb-Cre4) transgene (Wu et al., 2001) or Nkx3-1-Cre 

knock-in alleles (Stanfel et al., 2006). A notable limitation of these models is that 

Cre expression can be detected during organogenesis since it depends entirely on 

endogenous promoter activity. To address this limitation, inducible conditional 

mouse models have then been generated to control the spatiotemporal occurrence 

of any gene overexpression or deletion in specific tissues, for example using 

tamoxifen-inducible Cre recombinase (Luchman et al., 2008; Wang et al., 2009b). 

This approach is however limited by the number of prostate-specific promoters 

available to drive Cre expression, and possible leakiness of the system (Stifter and 

Greter, 2020). While modelling PCa in mice has been successfully achieved using 

mouse models, all of the current promoters to drive Cre expression are androgen-

responsive elements, and therefore may be limited for the study of castration-

resistant disease (Shen and Abate-Shen, 2010). 
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1.3. The RUNX family of transcription factors 

[This section has been adapted from (Mevel et al., 2019)] 

 The RUNX family of transcription factors orchestrate various developmental 

and cellular processes, such as cell proliferation, differentiation, and cell lineage 

specification. The RUNX genes were named after the discovery of the 

developmental regulatory gene ‘runt’, which was found essential for early 

embryonic segmentation after being identified in a mutagenesis screen for the 

development of Drosophila melanogaster (Gergen and Butler, 1988; Nüsslein-

Volhard and Wieschaus, 1980). RUNX genes have been described in the majority of 

sequenced metazoan genomes, with single copies of a RUNX gene present in most 

bilaterians, and at least three genes in insects and vertebrates (Grasso et al., 2012). 

The mammalian RUNX transcription factors consist of RUNX1, RUNX2 and RUNX3. 

1.3.1. Conservation and transcriptional regulation of the RUNX genes 

 The genomic architecture of the three mammalian RUNX genes is very similar 

(Figure 1.5), and highly conserved across metazoans. In vertebrates, all RUNX genes 

contain two alternative promoters: a distal P1 promoter and a proximal P2 

promoter, which is thought to represent the primordial promoter (Levanon and 

Groner, 2004; Rennert et al., 2003). The main protein isoforms encoded by these 

transcripts differ in their N-terminal amino acid sequences; distal isoforms are 

usually longer and always begin with the MAS(D/N)S amino acid sequence, whereas 

proximal isoforms begin with the MRIPV motif (Bangsow et al., 2001; Miyoshi et al., 

1995; Xiao et al., 1998). The 500 million years of conservation of this dual promoter 

structure for the three RUNX genes in vertebrates suggests specific — but currently 

unclear — functions for each promoter or for their respective transcripts (Levanon 

and Groner, 2004; Rennert et al., 2003). Indeed, differential activity of the two 

promoters has been reported across a wide range of developmental stages and 

tissues, suggesting divergent context-specific requirements (Bangsow et al., 2001; 

Bee et al., 2010; Chung et al., 2007; Draper et al., 2016; Harada et al., 1999; Liu et 

al., 2011; Rini and Calabi, 2001; Sroczynska et al., 2009). 
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Figure 1.5. Structure of the RUNX genes. 
Conserved genomic structure of human RUNX1 (Entrez Gene ID: 861), RUNX2 (Entrez Gene 
ID: 860), and RUNX3 (Entrez Gene ID: 864). The initiator ATG codons of P1 and P2 derived 
transcripts are indicated by orange arrows. Exons coding for runt and transactivation 
domains (TAD) are shown in dark and light blue respectively, and untranslated regions 
(UTRs) are in white. Dominant splicing is indicated by a continuous line, and some 
alternative splicing is shown by dotted line. 
 

 Alternative splicing events add further diversity to RUNX transcripts 

originating from the P1 and P2 promoters. Currently, the exact physiological role — 

if any — of the different isoforms is unknown. Interestingly, all RUNX genes express 

a panel of isoforms with increased or reduced transactivation activities (Bae et al., 

1994; Bangsow et al., 2001; Geoffroy et al., 1998; Jin et al., 2004; Puig-Kröger et al., 

2010; Telfer and Rothenberg, 2001; Terry et al., 2004). Also, sequence variations 

occurring in the 5ʹ and 3ʹ untranslated regions (UTR) of the multiple RUNX 

transcripts affect the stability and translation efficiency of the different RUNX 

mRNAs. P1-derived transcripts, generally bearing a shorter 5ʹ UTR, have been 

shown to direct cap-mediated translation more efficiently than the P2-derived 5ʹ 

UTR (Pozner et al., 2000). In addition, miRNAs can regulate RUNX transcripts by 

targeting isoform-specific 3’UTRs (Ben-Ami et al., 2009; Zhang et al., 2011).  

1.3.2. Structural homologies between the RUNX proteins 

 The defining component of the RUNX proteins is the presence of the highly 

conserved runt homology domain (RHD): a 128-amino-acid sequence located near 

the N-terminus (Figure 1.6) (Rennert et al., 2003). The RHD is essential first, for 

binding to the DNA at the consensus RUNX motif “PyGPyGGTPy” (Kamachi et al., 
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1990; Wang and Speck, 1992) second, for protein-protein interactions (Lilly et al., 

2016; Nagata et al., 1999), and third, for the nuclear localisation of the RUNX 

factors (Michaud et al., 2002; Telfer et al., 2004). The C-terminus is less conserved 

and contains an activation domain, an inhibitory domain and a five amino acid C-

terminal motif (VWRPY in most cases), known as the recruitment signal for 

Groucho/TLE (transducin-like enhancer of split) family of co-repressors (Levanon et 

al., 1998; Seo et al., 2012; Yarmus et al., 2006). Within the transactivation domain, 

RUNX proteins also bear a conserved nuclear matrix-targeting signal sequence, 

which plays a role in the regulation of RUNX activity and nuclear localisation (Zaidi 

et al., 2001; Zeng et al., 1998). 

 
Figure 1.6. Structure of RUNX proteins. 
Schematic representation of human RUNX1 (NP_001001890), RUNX2 (NP_001265407), and 
RUNX3 (NP_004341) protein structures and domains, including the conserved Runt 
Homology Domain (RHD), Nuclear Localisation Signal (NLS), trans-activation (AD) and 
inhibitory (ID) domains, C-terminal Groucho/TLE binding site (VWRPY), and the RUNX2-
specific glutamine/alanine-rich (QA) sequence. 

1.3.3. Mechanism of action 

 RUNX transcription factors are part of a heterodimeric complex formed from 

the dimerization between the α subunit RUNX and its main partner, the core 

binding factor subunit β (CBFβ) (Figure 1.7) (Kamachi et al., 1990; Ogawa et al., 

1993; Wang et al., 1993). CBFβ acts as a non-DNA binding regulatory element, 

which allosterically increases the DNA-binding affinity and stability of the complex 

by interacting with RUNX through the RHD (Bravo et al., 2001; Huang et al., 2001; 

Tang et al., 2000; Yan et al., 2004). Of note, CBFβ-independent functions of RUNX 

have also been suggested in the literature (Bresciani et al., 2014), including a non-

transcriptional role for RUNX1 and RUNX3 in the Fanconi Anemia DNA repair 
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pathway (Tay et al., 2018; Wang et al., 2014). Usually regarded as weak 

transcription factors by themselves, RUNX proteins might have the potential to act 

as “pioneer” transcription factors, which are able to engage condensed chromatin 

to facilitate its opening and promote the recruitment of other transcriptional 

regulators (Zaret and Carroll, 2011). Indeed, this seems to be the case for RUNX1 in 

haematopoiesis (Hoogenkamp et al., 2009; Lichtinger et al., 2012), and RUNX3 in 

cell-cycle progression (Lee et al., 2019), however it remains to be determined to 

which extent these observations could apply to other settings and RUNX proteins. 

Importantly, RUNX factors can function as both transcriptional activators and 

repressors. For instance, RUNX1 is able to drive PU.1/Spi1 expression in myeloid 

and B cells, while it represses the same gene in T cells and megakaryocytes (Huang 

et al., 2008). This gene- and context-specific ambivalence stems from the myriad of 

RUNX/CBFβ interactors. 

 
Figure 1.7. Mechanism of action of RUNX transcription factors. 
RUNX factors can act as transcriptional activators or repressors depending on binding 
partners and post-translational modifications. CBFβ dimerises with the runt binding domain 
to enhance DNA-binding to the RUNX consensus motif. The runt domain is indicated in 
blue. 

1.3.4. Post-translational modifications 

 RUNX factors are actively regulated at the post-translational level to enable 

fine tuning of their transcriptional potency, stability, and localization (Figure 1.8) 

through several signalling pathways. RUNX transcriptional activity is generally 

associated with its acetylation or interaction with chromatin modifiers such as 

p300/CBP or MOZ (Jin et al., 2004; Kitabayashi et al., 2001; Pelletier et al., 2002; 
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Wang et al., 2011a). Furthermore, serine and threonine phosphorylation by diverse 

signalling cascades can enhance RUNX activity in a variety of cellular contexts 

(Aikawa et al., 2006; Guo and Friedman, 2011; Imai et al., 2004; Kim et al., 2008; 

Zhang et al., 2008). Methylations of RUNX factors play ambivalent roles, as they can 

increase DNA binding (Zhao et al., 2008) or favour transcriptional repression 

depending on the cellular context (Herglotz et al., 2013; Vu et al., 2013). Repressive 

activity of the RUNX proteins is further controlled by tyrosine phosphorylation (Goh 

et al., 2010; Huang et al., 2012), association with histone deacetylases (HDACs) 

(Jeon et al., 2006; Lutterbach et al., 2000), and interaction with transcriptional 

regulators, such as SIN3A and Groucho/TLE family members (Imai et al., 1998; Imai 

et al., 2004; Levanon et al., 1998; Zhao et al., 2008). Since both acetylation of non-

histone proteins and ubiquitination occurs at lysine residues, HDACs can reduce the 

transcriptional activity of RUNX by promoting their ubiquitination (Jin et al., 2004). 

Indeed, the stability of the RUNX factors is tightly regulated by ubiquitin-mediated 

degradation and depends on a combination of other PTMs. Additionally, the CDC20 

subunit of the anaphase-promoting complex (APC) can regulate the level of RUNX 

proteins during cell cycle progression (Biggs et al., 2006). Finally, the stability of 

RUNX has also been reported to be decreased by SUMOylations (Kim et al., 2014a). 

While these PTMs have mostly been studied in isolation, it is evident that RUNX 

proteins are regulated by complex crosstalk between these modifications, which 

represent a major level of regulation of RUNX transcriptional activity. Importantly, 

deregulations of these subtle regulatory mechanisms have been shown to play 

important roles in the context of disease (Ito et al., 2015).  
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Figure 1.8. Post-translational modifications affecting RUNX proteins activity. 
S, Serine; T, Threonine; Y, Tyrosine. 

1.3.5. Auto-regulation and functional redundancy 

 Analyses of the promoters of each of the RUNX members has revealed the 

presence of consensus RUNX binding sites, raising the possibility of auto-regulatory 

loops (Ghozi et al., 1996), which was originally confirmed for Runx2 in the context 

of bone formation (Drissi et al., 2000; Ducy et al., 1999). Similarly, Runx1 has since 

been reported to regulate its own expression both in vitro (Pimanda et al., 2007) 

and in vivo (Martinez et al., 2016). Cases of cross-talk between RUNX factors have 

also been described, whereby RUNX3 regulates RUNX1 expression level by 

repressing its transcription in human B lymphoid cell lines (Brady et al., 2009; 

Spender et al., 2005). 

 The extent to which RUNX factors play redundant roles remains largely 

unknown. A few studies have demonstrated that the RUNX proteins can substitute 

each other in specific instances. For example, it has been shown using an in vitro co-

culture system of the murine embryonic para-aortic splanchnopleural region that 

ectopic expression of Runx2 or Runx3 is able to rescue the haematopoietic defects 

caused by Runx1 deficiency (Goyama et al., 2004).  
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Similarly, replacement of RUNX1 C-terminus by the equivalent portions of RUNX2 or 

RUNX3 rescues Runx1-null embryonic lethal phenotype (Fukushima-Nakase, 2005). 

Likewise, premature senescence was induced in murine embryonic fibroblasts by 

individually overexpressing either of the three RUNX genes (Kilbey et al., 2007). 

Studies in Runx1/Runx3 double knockout (DKO) mice have exposed functional 

redundancy between these genes in the Fanconi Anemia DNA repair pathway, 

independent of their transcriptional role (Tay et al., 2018; Wang et al., 2014). 

Compensation between the RUNX genes mean that assessment of redundancy 

during tumorigenesis is important (Kamikubo, 2018). Although transcription factors 

are difficult to target with pharmaceuticals, pan-inhibitors of RUNX factors have 

shown promising anti-tumour effects in pre-clinical settings by small-molecule 

inhibition of RUNX/CBFβ complexes (Illendula et al., 2016), or via Pyrrole-imidazole 

polyamides, which selectively target the consensus RUNX motif in chromatin to 

prevent transcription (Morita et al., 2017a). 

 The studies described above, as well as the strong structural homologies and 

potential auto- and cross-regulations, suggest that RUNX proteins could 

compensate for each other. While new technologies such as single cell RNA 

transcriptomics are likely to reveal further co-expression in defined cellular 

compartments, the specific spatiotemporal expression patterns of the RUNX genes 

is thought to explain, at least partially, their non-redundant functions and 

requirements in several developmental processes (Levanon and Groner, 2004; 

Levanon et al., 2001). However, even in the context of co-expression such as in 

teeth development, the comparison of the phenotypes observed in Runx2/Runx3 

DKO mice with those of single Runx2 knockouts showed no obvious compensations 

between the two factors (Wang et al., 2005a). In other contexts, partial, but not 

complete, redundancy has been reported. Only a certain degree of redundancy has 

been observed between Runx2 and Runx3 during chondrocyte development using 

single and double knockout mouse models (Yoshida, 2004), and partial redundancy 

has also been reported during lacrimal gland development (Voronov et al., 2013).  

 Taken together, while these studies reveal possible compensation between 

the RUNX genes in defined contexts, they also highlight their crucial and non-
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redundant functions that are partly, but not exclusively, associated with their 

intricate spatiotemporal regulation. 

1.4. Developmental functions of RUNX1 

[This section has been adapted from (Mevel et al., 2019)] 

 The functions of the RUNX family members have initially been uncovered 

using knockout mice. Deletion of each of the three RUNX proteins has severe 

consequences on survival; Runx1 knockout is embryonically lethal, Runx2 display 

neonatal lethality, and Runx3 knockouts have mixed survival rates depending on 

the model and strain used. These models have initially revealed that RUNX1 is 

essential for definitive haematopoiesis (Okuda et al., 1996; Wang et al., 1996), 

RUNX2 is critical for skeletal development (Ducy et al., 1997; Komori et al., 1997; 

Otto et al., 1997), and RUNX3 plays an important role in neurogenesis (Inoue et al., 

2002; Levanon et al., 2002). Later, stage- and tissue-specific conditional knockouts 

have started to uncover a myriad of additional roles for RUNX proteins in other 

tissues, which were previously concealed by the severity of the developmental 

defects in the complete knockout models (Mevel et al., 2019). The following section 

presents an overview of the most thoroughly examined roles and requirements of 

RUNX1 in the haematopoietic system, hair follicles, mammary glands, as well as 

repair and regeneration processes of other tissues. 

1.4.1. Haematopoietic system 

 Of the three RUNX proteins, RUNX1 is generally considered as a master 

regulator of haematopoiesis due to its critical role in the ontogeny of the whole 

haematopoietic system while RUNX3 has important functions in the lymphocyte 

and myeloid lineages. 

1.4.1.1. Embryonic haematopoiesis 
 The vertebrate haematopoietic system is established through three main 

successive waves of blood cell generation. The first two waves take place in the 

extra-embryonic yolk sac and produce sequentially primitive erythrocytes, then 
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erythro-myeloid and lymphoid progenitors (Costa et al., 2012; Frame et al., 2016; 

Lux et al., 2008; McGrath et al., 2015; Palis et al., 1999; Yoshimoto et al., 2011; 

Yoshimoto et al., 2012). The third wave takes place in the intra-embryonic aorta-

gonad-mesonephros (AGM) region and generates the haematopoietic stem cells 

(HSCs) that will sustain the haematopoietic system during adulthood (Medvinsky 

and Dzierzak, 1996) (Figure 1.9 A). Both stem and progenitor haematopoietic cells 

(HSPCs) arise from hemogenic endothelial cells through an endothelial to 

haematopoietic transition (EHT) (Figure 1.9 B) (Bertrand et al., 2010; Boisset et al., 

2010; Eilken et al., 2009; Jaffredo et al., 1998; Kissa and Herbomel, 2010; Lam et al., 

2010; Lancrin et al., 2009; Zovein et al., 2008). HSPCs then move to the foetal liver, 

where they further expand and mature before seeding the bone marrow that 

serves as the main haematopoietic organ during adulthood (Mikkola and Orkin, 

2006).  

 Runx1 is expressed in all these sites of de novo blood cell emergence, as well 

as in all the haematopoietic cells, with the exception of mature erythrocytes 

(Lacaud et al., 2002; Lorsbach et al., 2004; North et al., 2002; North et al., 2004; 

Sroczynska et al., 2009; Stefanska et al., 2017; Swiers et al., 2013; Zeigler et al., 

2006). Disruption of Runx1 results in the complete absence of all haematopoietic 

cells other than primitive erythroid cells (Lacaud et al., 2002; Okuda et al., 1996). 

RUNX1 is critical for both initiation and completion of EHT through epigenetically 

silencing the endothelial program (Lancrin et al., 2012; Liakhovitskaia et al., 2014; 

Lie-A-Ling et al., 2014; Thambyrajah et al., 2016; Tober et al., 2013), and 

redistributing haematopoietic transcription factor binding (Lichtinger et al., 2012), 

to form a stable epigenetic state where RUNX1 is then dispensable (Chen et al., 

2009; Lancrin et al., 2009; North et al., 1999) (Figure 1.9 B). The precise modulation 

of RUNX1 levels and activity are essential for the efficiency and the correct timing of 

haematopoietic progenitor emergence (Cai et al., 2000; Eliades et al., 2016; Eliades 

et al., 2016; Lacaud et al., 2004; Lie-A-Ling et al., 2018).  
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Figure 1.9. RUNX1 and embryonic haematopoiesis.  
(A) Timeline of embryonic blood development. RUNX1 is expressed at all the different sites 
of haematopoietic development during the different haematopoietic waves. HSCs, 
Haematopoietic Stem Cells; EMPs, Erythro-Myeloid Progenitors; LMPs, Lymphoid-Myeloid 
Progenitors. (B) RUNX1 is critical for the endothelial-to-haematopoietic transition (EHT). 
RUNX1 is expressed in endothelial cells of the ventral wall of the mouse dorsal aorta and in 
mesenchymal cells situated below (pink cells). A rare subset of endothelial cells, the 
hemogenic endothelial cells (red cells), are committed to forming blood cells (1). RUNX1 is 
required for these cells to undergo morphological changes and bud from the endothelial 
lining into the lumen of the dorsal aorta (2). These precursors further proliferate and 
differentiate into mature blood cells in intra-aortic clusters. 
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1.4.1.2. Adult haematopoiesis 
 Runx1 is broadly expressed in most adult blood cells (Lorsbach et al., 2004; 

North et al., 2004) (Figure 1.10). However, despite this broad expression, Runx1 

appears partially dispensable in adult haematopoiesis as indicated by the absence 

of lethality when deleted either from the onset of HSC development at E11.5 using 

the Vav1-Cre mouse line (Chen et al., 2009) or in established adult haematopoiesis 

with the pan haematopoietic inducible Mx1-Cre system (Cai et al., 2011; Growney 

et al., 2005; Ichikawa et al., 2004; Jacob et al., 2010; Putz et al., 2006). Runx1 

deletion in adult mice was shown to result either in expansion (Growney et al., 

2005; Ichikawa et al., 2004) or exhaustion of phenotypic HSC (Jacob et al., 2010). A 

more recent study suggests that deregulation of expression of HSC cell surface 

markers in the absence of RUNX1 might explain some of these conflictual results, 

and that loss of Runx1 does not substantially alter the frequency of functional long-

term repopulating HSCs based on bone marrow chimerism (Cai et al., 2011; 

Growney et al., 2005; Ichikawa et al., 2004; Jacob et al., 2010) (Figure 1.10). Runx1 

deletion causes significant expansion of the entire bone marrow haematopoietic 

stem and progenitor cell compartment and decreased HSC apoptosis and ribosome 

biogenesis, which have been proposed to contribute to preleukemic states (Cai et 

al., 2015) (Figure 1.10). 

 Haematopoietic deletion of Runx1 in adult mice also exhibit decreased B and 

T cell numbers, and lower platelet counts (Growney et al., 2005; Ichikawa et al., 

2004). Although RUNX1 is downregulated in mature erythrocytes and platelets, in 

vivo and in vitro studies demonstrated a key role for RUNX1 in balancing 

specification of platelet-producing megakaryocytic lineage commitment through 

multiple interactions such as AP-1, p300, GATA and ETS transcription factors (Elagib, 

2003; Pencovich et al., 2011; Pencovich et al., 2013). Enforced RUNX1 expression in 

the K562 human cell line promotes megakaryopoiesis by directly repressing the 

erythroid lineage (Kuvardina et al., 2015). Surprisingly, the loss of Runx1 causes also 

an increased commitment to the megakaryocytic lineage (Behrens et al., 2016), 

perhaps due to the properties of the different RUNX1 isoforms. Of note, RUNX1 is 
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also involved in various immune cell subsets (Mevel et al., 2019; Voon et al., 2015), 

but these will not be discussed in this thesis. 

 
Figure 1.10. RUNX1 expression and impact of knockout mice on adult haematopoiesis. 
(Left) Expression of RUNX1 in the different haematopoietic populations of the adult 
haematopoietic system. (Right) Impact of haematopoietic Runx1 knockout on the 
frequencies of these populations. Enhanced processes are indicated by green arrows, 
impaired processes are indicated by red bars. HSC, Haematopoietic Stem Cell; MPP, 
Multipotent Progenitor; LMPP, Lymphoid-primed Multipotent Progenitor; PreGM, Pre-
Granulocyte/Monocyte progenitor; GMP, Granulocyte/Monocyte Progenitor; CLP, Common 
Lymphoid Progenitor; PreMegE, Pre-Megakaryocyte/Erythroid progenitor; PreCFUe, Pre-
erythroid Colony-Forming Unit; CFUe, erythroid Colony-Forming unit; MkP, Megakaryocyte 
Progenitor. 

1.4.1.3. Runx1 isoforms in haematopoiesis 
 RUNX1 isoforms display well-defined structural differences and distinct 

developmental expression patterns. During embryogenesis, the emergence is in 

part sustained by the sequential activation of Runx1 promoters, with proximal P2 

transcripts detected during EHT, while distal P1 transcripts are only found once 

haematopoietic commitment is completed (Bee et al., 2009; Challen and Goodell, 

2010; Fujita et al., 2001; Sroczynska et al., 2009; Zambidis et al., 2005). Accordingly, 
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abrogation of P1 distal transcripts results in more subtle defects(Lam et al., 2009; 

Mukai et al., 2012; Pozner et al., 2007; Sroczynska et al., 2009). 

 In adult haematopoiesis, the P1-derived RUNX1c is dominant, whereas P2-

derived RUNX1b is confined to progenitor subsets of the granulocyte/macrophage, 

lymphoid lineages and megakaryocytes (Bee et al., 2009; Draper et al., 2016; Telfer 

and Rothenberg, 2001). Downregulation of Runx1b is a prerequisite for terminal 

differentiation of these lineages, except megakaryocytes. In myeloid cells, Runx1b 

expression correlates with increased proliferation and colony-forming unit-culture 

activity in the bipotential pre-megakaryocyte/erythroid (PreMegE) progenitor 

(Draper et al., 2016). In P1-null mice, inactivation of Runx1c results in lineage-

specific defects, reminiscent of total Runx1 deficiency (Bee et al., 2010; Draper et 

al., 2016; Draper et al., 2017). In these mice, PreMegE progenitors produce more 

erythroid, and fewer megakaryocyte, progenitors (Draper et al., 2017). Unlike in 

complete Runx1 knockout models (Growney et al., 2005; Ichikawa et al., 2004), 

Runx1c-null megakaryocytes differentiate and produce proplatelets, suggesting that 

RUNX1c specifies megakaryocytes, whereas RUNX1b drives the maturation of 

committed megakaryocytes. In a human B lymphoblastoid cell line infected with 

Epstein–Barr virus, RUNX1c – but not RUNX1b – inhibits growth (Brady et al., 2013). 

Finally, a shorter isoform designated RUNX1a, transcribed from the P2 promoter 

and lacking the transactivation domain, has been identified in humans (Komeno et 

al., 2014). RUNX1a is proposed to act as a dominant negative (Levanon et al., 2001), 

that enhances haematopoietic commitment (Ran et al., 2013) and increases HSPC 

renewal (Tsuzuki and Seto, 2012; Tsuzuki et al., 2007). 

1.4.2. Hair follicles and epidermis 

 RUNX proteins, and in particular RUNX1, participate in hair follicles (HF) 

morphogenesis and maintenance. During development, Runx1 is expressed in both 

the HF epithelium and the surrounding mesenchyme (Levanon et al., 2001; Osorio 

et al., 2011; Raveh et al., 2006). In the forming epithelium, disruption of Runx1 

expression delays HF development (Osorio et al., 2011). Loss of Runx1 in 

mesenchymal cells does not initially impact early HF development, but 
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subsequently leads to the emergence of defective hair follicle stem cells (HFSCs) 

precursors, which differentiate preferentially in enlarged sebaceous cysts instead of 

healthy hair bulbs (Osorio et al., 2011). After follicular morphogenesis, hair growth 

cycle starts postnatally; Runx1 is expressed in specific HF compartments and absent 

in the surrounding mesenchyme (Osorio et al., 2011; Raveh et al., 2006). During the 

hair growth phase (anagen), Runx1 is broadly found in bulge cells. Loss of Runx1 

impairs HFSCs self-renewal and delays entry into anagen (Hoi et al., 2010; Osorio et 

al., 2011). Conversely, ectopic expression of Runx1 during anagen initiates hair 

degeneration (Lee et al., 2014). During the resting phase (telogen), Runx1-null 

HFSCs are able to exit quiescence either with time (Hoi et al., 2010; Osorio et al., 

2011) or following injury (Osorio et al., 2008), indicating that Runx1 is dispensable 

for this process. Like in other tissues, Runx1 dosage has an important role in the 

regulation of skin epithelial cell fate. While low Runx1 expression in bulge stem cells 

enhances self-renewal (Hoi et al., 2010), higher RUNX1 levels promotes their 

transition towards early progenitor hair germ cells (Lee et al., 2014). 

Mechanistically, RUNX1 orchestrates HF specification and maturation by 

modulating Wnt signalling (Osorio et al., 2011), and regulates HFSCs proliferation in 

a P21-dependent manner (Hoi et al., 2010; Lee et al., 2013). Additionally, RUNX1 

has been implicated in the lipid metabolism of skin epithelial cells by regulating 

fatty acid production (Jain et al., 2018). RUNX1 is also expressed in mouse 

keratinocytes, where it collaborates with p63 to regulate the balance between 

proliferation and differentiation (Masse et al., 2012; Qu et al., 2018).  

1.4.3. Mammary gland 

 Specific roles of RUNX proteins in the development and functions of the 

mammary gland are also starting to emerge. The mammary gland is generated from 

the embryonic mammary placode and develops mainly after birth into a branched 

network of collecting ducts and tubes. The mammary gland undergoes further 

dynamic changes, greatly affected by hormone levels during oestrous cycles, 

pregnancy and lactation. The epithelium of the mammary gland is composed of two 

distinct cell types forming a bi-layer structure, in which the alveolar luminal 
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secretory cells, responsible for milk production, are surrounded by basal or 

myoepithelial cells (Inman et al., 2015). 

 All three RUNX genes are expressed at different levels within the mouse 

mammary epithelium (Blyth et al., 2010). Runx1 expression is higher than Runx2, 

while Runx3 expression is barely detectable (McDonald et al., 2014; Owens et al., 

2014; van Bragt et al., 2014). RUNX1 and RUNX2 levels are higher in the basal than 

in the luminal compartment (Kendrick et al., 2008; McDonald et al., 2014; van Bragt 

et al., 2014), and RUNX1 is completely absent in the alveolar luminal cells (van Bragt 

et al., 2014). The expression of the RUNX genes appears to fluctuate extensively; 

Runx1 is highly expressed in the epithelium of virgin females and post-lactation, but 

it gradually decreases throughout pregnancy to reach its lowest levels in late 

pregnancy and lactation (Blyth et al., 2010; van Bragt et al., 2014). This has been 

linked to the extensive tissue remodelling that takes place during pregnancy, which 

results in the large expansion of alveolar luminal cells that do not express Runx1 

(Inman et al., 2015; van Bragt et al., 2014). In particular, Runx1 regulates the fate of 

the oestrogen receptor positive luminal lineage in vivo, where it represses the 

alveolar transcription factor Elf5 and promotes expression of a more mature 

luminal transcriptional program. Indeed, deletion of Runx1 results in a reduction of 

mature luminal cells (van Bragt et al., 2014). In vitro, 3D morphogenesis studies 

utilising the non-tumorigenic basal-like MCF10A cell line have shown that Runx1 is 

essential to promote the differentiation of acinar structures into ductal and lobular 

tissue (Sokol et al., 2015; Wang et al., 2011b). Together, these results suggest that 

RUNX1 is important for the differentiation of luminal cells. 

1.4.4. RUNX1 in repair and regeneration 

 RUNX factors have been implicated in the biology of several other tissues that 

are particularly subject to frequent repair and regeneration processes. High Runx1 

expression has been reported in denervated skeletal muscles (Zhu et al., 1994), and 

in vivo deletion of Runx1 in skeletal muscle (Mck-Cre) has revealed a role for RUNX1 

in protecting denervated myofibers from excessive atrophy, autophagy and muscle 

wasting (Wang et al., 2005b). Interestingly, while Runx1 is not expressed in naïve 
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developing or adult striated muscle, its expression peaks following myopathic 

damage and is proposed to regulate the balance of myoblast proliferation and 

differentiation during muscle regeneration (Umansky et al., 2015).  

 Both RUNX1 mRNA and protein levels increase in cardiomyocytes following 

myocardial infarction, where RUNX1 modulates calcium uptake and contractile 

functions. Interestingly, this study also indicated that injured Runx1-deficient mice 

are protected from the adverse effects of cardiac remodelling (McCarroll et al., 

2018).  

 In the lacrimal gland, which secretes the aqueous layer of the tear film, both 

Runx1 and Runx3 expression is increased during tissue regeneration after 

inflammation-induced lacrimal gland damage. Furthermore, deletion of Runx1 is 

associated with impaired epithelial development of the gland (Voronov et al., 

2013).  

1.5. Implication of RUNX1 in tumorigenesis 

[This section has been adapted from (Lie-A-Ling et al., 2020)] 

 RUNX genes are associated with hallmarks of cancer development, including 

proliferation and epithelial-to-mesenchymal transition, and have oncogenic or 

tumour-suppressive functions. Mutations in all three RUNX genes, and CBFβ, are 

frequently identified in cancers and their roles are being actively investigated (Blyth 

et al., 2005; Chuang et al., 2013; Groner, 2017; Ito et al., 2015). 

1.5.1. RUNX1 in leukaemia 

 RUNX1 (formerly AML1; Acute Myeloid Leukaemia 1) was initially discovered 

in humans as part of the t(8;21) translocation (Miyoshi et al., 1991). Then, other 

chromosomal translocations involving RUNX1 – such as RUNX1-ETV6, RUNX1-EVI1 – 

have been described as risk factor of leukaemia, especially when associated with 

additional cooperatives oncogenic mutations (Sood et al., 2017). For example, the 

t(8;21) generates an in frame RUNX1-ETO fusion protein that can bind to RUNX1 

target genes through the Runt domain. Stability of the fusion protein is enhanced, 
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and able to bind to multiple other transcriptional regulators via the four nervy 

homology regions (NHR1-4) of ETO (Peterson and Zhang, 2004). This transcriptional 

complex was shown to promote the self-renewal capacity of haematopoietic stem 

cells, but to be insufficient to induce leukaemia on its own (Higuchi et al., 2002). 

Overall, RUNX1 has been found to be implicated in more than 50 chromosomal 

translocations leading to paediatric acute lymphoblastic leukaemia (ALL), acute 

myeloid leukaemia (AML) and myelodysplastic syndrome (MDS) (Bellissimo and 

Speck, 2017; Sood et al., 2017). A number of mono and bi-allelic somatic mutations 

of RUNX1 have been documented in MDS, AML, ALL and chronic myelomonocytic 

leukaemia (CMML) (Osato, 2004). RUNX1 has been associated with hereditary 

disease with the presence of germline mono-allelic mutations causing familial 

platelet disorder with predisposition to AML (FPD/AML) (Song et al., 1999). In 

addition to these genomic alterations, high levels of RUNX1 mRNA have been 

reported in AML, T cell-ALL (T-ALL) and B cell-ALL (B-ALL) (Sun et al., 2019). 

Interestingly, the presence of a functional wild-type RUNX1 appears to be required 

for the survival of specific leukaemia, including RUNX1-ETO (t8;21), CBFB-SMMHC 

(inv16), MLL-AF9 and CBFB-MYH11 (inv16) translocation leukaemia (Ben-Ami et al., 

2013; Goyama et al., 2013; Hyde et al., 2015). Depletion of RUNX1 has been shown 

to lead to compensation by the other RUNX family members (Morita et al., 2017a; 

Morita et al., 2017b), but pan-inhibitors of RUNX factors have shown promising 

anti-tumour effects in pre-clinical settings by small-molecule inhibition of 

RUNX/CBFβ complexes (Illendula et al., 2016), or via Pyrrole-imidazole polyamides, 

which selectively target the consensus RUNX motif in chromatin to prevent 

transcription (Morita et al., 2017a). 

1.5.2. Emerging roles of RUNX1 in solid cancers 

 A growing body of research suggests a role for RUNX1 in various non-

haematopoietic tissues of epithelial origin. Indeed, high throughput next-

generation sequencing has revealed relatively high frequencies of genomic 

alterations of RUNX1, and CBFB in solid cancers (Blyth et al., 2005; Ito et al., 2015), 

albeit to lower levels than in leukaemia (Figure 1.11). Interestingly, while it is yet to 
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be fully determined to what extent these alterations contribute to tumour biology, 

mutations of RUNX1 have been associated with loss of function (van Bragt et al., 

2014). Beyond the presence of these mutations, earlier studies identified RUNX1 

mRNA as part of a 17-gene signature associated with metastasis in a panel of 

adenocarcinomas, including breast and prostate cancers, with its expression 

inversely correlating with tumour aggressiveness (Ramaswamy et al., 2003). 

Overall, under- and over-expression of endogenous RUNX1 has been found in 

several solid tumours, suggesting that it is broadly implicated in the biology and 

pathology of epithelial tissues (Blyth et al., 2005; Ito et al., 2015; Scheitz et al., 

2012).  

 
Figure 1.11. Meta-analysis of RUNX1 alterations in the TCGA PanCancer atlas.  
(A) Frequency of RUNX1 genomic alterations across the TCGA PanCancer atlas (cBioPortal). 
Cancers with no alterations were excluded. Cancers affecting the haematopoietic system 
are coloured in pink, hormone related cancers in blue, cancers of soft tissues in green, and 
other epithelial cancers in grey. (B) Proportion of RUNX1 amplification, homozygous 
deletion, fusion and mutation in cancers affecting the haematopoietic system, hormone 
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related cancers, and additional epithelial cancers. Soft tissue cancers were excluded from 
these analyses due to the small number of patients affected. 

1.5.3. RUNX1 in female-related cancers 

 The role of RUNX1 in solid tumorigenesis has been best studied in female-

related cancers, including tumours of the mammary gland (Riggio and Blyth, 2017). 

Several studies involving large patient cohorts have identified recurrent CBFβ and 

RUNX1 mutations (Banerji et al., 2012; Cancer Genome Atlas Network, 2012; Ellis et 

al., 2012; Kas et al., 2017; Nik-Zainal et al., 2016; Pereira et al., 2016). At the protein 

level, high-grade primary breast tumours also displayed generally reduced levels of 

RUNX1 compared to low/mid-grade tumours (Kadota et al., 2010). These 

observations have led to the hypothesis that RUNX1 could have a tumour 

suppressor function. The proliferation of ER+ breast cancer cells was increased 

upon RUNX1 knockdown, which led to oestrogen-mediated AXIN1 suppression and 

enhanced β-catenin activation (Chimge et al., 2016). In agreement with a tumour 

suppressor role, a link has emerged between RUNX1 and suppression of the 

epithelial-to-mesenchymal transition (EMT) process. Indeed, downregulation of 

RUNX1 in the normal mammary epithelial cell line MCF10A was sufficient to induce 

hyperproliferation and abnormal morphogenesis (Wang et al., 2011b). The 

morphological changes observed upon RUNX1 knockdown were characteristic of an 

EMT and associated with the activation of Transforming Growth Factor (TGF)-β and 

Wingless/Integrated pathway (Wnt) signalling pathways (Hong et al., 2017). Both 

RUNX1 and RUNX3 were also shown to prevent the induction of YAP-mediated EMT 

in this same cell line (Kulkarni et al., 2018). Likewise, the RUNX1-CBFβ complex was 

able to prevent the migration potential of the ER+ breast cancer cell line MCF7 in an 

ER-dependent manner (Pegg et al., 2019). The emerging role of RUNX1 in EMT was 

not unexpected considering its well documented role in EHT, a process often 

referred to as ‘EMT-like’ (Hamidi and Sheng, 2018; Monteiro et al., 2016). However, 

while RUNX1 is critical for the induction of EHT during haematopoietic 

development, it appears to act as a gatekeeper of EMT in breast cancer cells. 
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 In contrast to its putative tumour suppressive functions, RUNX1 is also 

believed to be associated with oncogenic roles. Indeed, higher RUNX1 mRNA levels 

were found in the triple-negative breast cancer subgroup (Karn et al., 2011; Rody et 

al., 2011). This was later corroborated by a strong correlation between high RUNX1 

protein levels and poor prognosis in triple-negative and ER-negative breast cancers 

(Ferrari et al., 2014). Increased expression of RUNX1 was also associated with 

disease progression in patient samples and in the MMTV-PyMT mouse model. 

Interestingly, the invasiveness of the cells isolated from this mouse model could be 

repressed by knocking-down Runx1 expression (Browne et al., 2015), suggesting 

that its role in EMT may be context-dependent. 

 In addition to breast cancer, overexpression of RUNX1 was correlated with 

overexpression of p21WAF1/CIP1 in invasive endometrioid carcinoma, where it was 

suggested to play a role in promoting myometrial infiltration (Planagumà et al., 

2004; Planagumà et al., 2006). In this respect, Doll and colleagues found that 

ectopic overexpression of RUNX1 in the endometrial cancer cell line HEC1A was 

associated with the establishment of distant metastasis (Doll et al., 2009). High 

levels of RUNX1 were also reported in human epithelial ovarian tumours, and its 

knockdown in the SKOV-3 cell line led to a decrease in proliferation, migration, and 

invasion (Keita et al., 2013).  

1.5.4. RUNX1 in prostate cancer 

 Although less substantial than in female-related cancers, there is 

accumulating evidence for a potential role of RUNX1 in prostate cancer. Single-

Nucleotide Polymorphisms (SNPs) within the RUNX1 gene – such as the rs2253319 

polymorphism – were associated with an increased risk of prostate cancer 

progression and metastasis (Huang et al., 2011). RUNX1 was also found amplified in 

a significant proportion of neuroendocrine castration-resistant prostate cancer 

(Beltran et al., 2016). However, the biological relevance of these alterations, if any, 

remains unknown. Contrasting studies looking at RUNX1 expression in prostate 

cancer have reported that RUNX1 mRNA increases with pathological stage (Yeh et 

al., 2009), while protein levels have been reported to be decreased in advanced 
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forms of the disease (Takayama et al., 2015). Interestingly, the links between 

RUNX1 and hormones reported in breast cancer (Riggio and Blyth, 2017) seem to 

extend to the prostate gland which is particularly rich in androgens. In Nkx3-1/Pten 

mutant mice, prolonged exposure to reduced androgens levels resulted in prostate 

tumours with up-regulated Runx1 (Banach-Petrosky et al., 2007). RUNX1 has also 

been shown to be a downstream target of AR signalling and is thought to play 

divergent roles in AR-dependent and castration-resistant prostate cancer cell lines 

(Takayama et al., 2015). With regards to the growing importance of stroma-cancer 

interactions, downregulation of RUNX1 expression in mesenchymal stem cells was 

shown to reduce their proliferative potential in response to TGF-β, before their 

differentiation into prostate cancer-associated myofibroblasts (Kim et al., 2014b). 

1.5.5. Other tissues 

 RUNX1 has been linked to skin cancer in mice, where its activated expression 

during chemically induced skin carcinogenesis was proposed to be oncogenic (Hoi 

et al., 2010). In line with this, loss of RUNX1 impaired the proliferation of human 

oral and skin squamous cell carcinoma cell lines (Scheitz et al., 2012). 

 RUNX1 has also been linked with tumours of the gastrointestinal tract, where 

it was found to be frequently downregulated (Miyagawa et al., 2006; Sakakura et 

al., 2005). In conditional mouse models, Runx1 deletion is sufficient to induce 

intestinal tumorigenesis (Fijneman et al., 2012). In gastric cancer cell lines, both the 

knockdown of RUNX1 and its therapeutic inhibition resulted in reduced tumorigenic 

potential via suppression of the ErbB2/HER2 signalling pathway (Mitsuda et al., 

2018).  

 Finally, the previously noted emerging link between RUNX1 and EMT has also 

been documented in colorectal cancer (Li et al., 2019), and renal fibrosis (Zhou et 

al., 2018) in which RUNX1 acts as an inducer of EMT. Increased expression of 

RUNX1 was also predictive of poor prognosis in patients diagnosed with clear cell 

renal cell carcinoma (ccRCC) (Fu et al., 2019; Rooney et al., 2020). Functionally, 

deletion of RUNX1 in ccRCC decreased tumour burden and viability both in vivo and 

in vitro (Rooney et al., 2020).  
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1.6. Project aims 

 PCa is the most commonly diagnosed cancer in men, and while its incidence 

continues to rise, there is a need to identify biomarkers to improve patient 

stratification and clinical management in early-stage PCa patients. The transcription 

factor RUNX1 has been mainly studied in the context of developmental and adult 

haematopoiesis as well as haematological malignancies. However, roles for RUNX1 

have recently been described outside the haematopoietic system, suggesting a 

broader implication than initially thought. While the contribution of RUNX1 to 

epithelial tissue biology and pathology remains less documented than in the 

haematopoietic setting, increasing evidence suggest that RUNX1 is involved in 

hormone-regulated epithelia. On this basis, I hypothesised that RUNX1 plays a role 

in normal prostate homeostasis and prostate cancer. 

 

To test this hypothesis, the main aims of my PhD were as follows: 

• Characterise the expression pattern of RUNX1 and the biological potential of 

RUNX1+ cells in the normal adult mouse prostate 

• Evaluate the impact of androgen deprivation on RUNX1 expression and 

RUNX1+ cells 

• Investigate the dynamics of RUNX1 expression and the developmental origin 

of RUNX1+ cells during prostate organogenesis 

• Characterise the expression of RUNX1 in the human prostate and determine 

whether RUNX1 levels correlates with specific clinical outcomes in patient 

samples of prostate cancer 
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Chapter 2  Material and methods 
[This section has been adapted from (Mevel et al., 2020)] 

2.1. Animal studies 

2.1.1. Animal husbandry 

 Animal experiments were approved by the Animal Welfare and Ethics Review 

Body (AWERB) of the Cancer Research UK Manchester Institute and conducted 

according to the UK Home Office Project Licence (PPL 70/8580). Genetic lineage-

tracing experiments were performed at the Beatson Biological Services Unit (PPL 

70/8645 & P5EE22AEE) and approved by the University of Glasgow AWERB. Mice 

were maintained in purpose-built facility in a 12-hour light/dark cycle with 

continual access to food and water.  

2.1.2. Animal breeding 

2.1.2.1. Mouse lines 
 Immunocompetent wild-type ICR (CD-1) mice were purchased from Envigo. 

Isoform specific Runx1 reporter mouse models P1-Runx1:GFP (PSE) and P2-

Runx1:RFP (PSN) have been described previously (Draper et al., 2018; Sroczynska et 

al., 2009), and maintained on a ICR (CD-1) background. The C57Bl/6J Runx1mER- Cre-

mER line (Samokhvalov et al., 2007) was provided by RIKEN (Japan). The Rosa26CreERT2 

line was generated previously (Ventura et al., 2007) and obtained from Prof Angeliki 

Malliri. The C57Bl/6J Rosa26loxP-STOP-loxP-tdRFP line (Luche et al., 2007) were acquired 

from the European Mouse Mutant Archive (EMMA). For lineage-tracing 

experiments, Runx1mER-Cre-mER and Rosa26loxP-STOP-loxP-tdRFP mice were housed and 

crossed in the Beatson Biological Services Unit to generate Runx1CreER Rosa26LSL-RFP 

mice. The maintenance of these lines was organised by Susan Mason, Dr Laura 

Galbraith and Prof Karen Blyth. The Runx1flox/flox line was generated previously and 

obtained from Prof Nancy Speck (Growney et al., 2005), with loxP sites flanking the 

Exon 4 which encodes the runt DNA binding domain. The Probasin-Cre4 (Pb-Cre4) 
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line (Wu et al., 2001), Rosa26loxP-STOP-loxP-EYFP line (Ye et al., 2003), and the Ptenflox 

line (Lesche et al., 2002) were generated previously and kindly provided by the 

laboratory of Dr Esther Baena at the CRUK MI. The Trp53flox line (JAX stock #008462) 

was generated previously (Marino et al., 2000) and kindly provided by the 

laboratory of Prof Nic Jones at the CRUK MI. For all transgenic lines, routine 

genotyping was undertaken at weaning (3 weeks of age) by automated PCR 

genotyping (Transnetyx). All mice were maintained on a mixed background. Except 

for the Runx1CreER Rosa26LSL-RFP line, all breeding requests were carried out by the 

CRUK MI Transgenic Breeding Unit. 

2.1.2.2. Generation of prostate specific Runx1 mutant mouse models 
 Three different mouse lines were generated for the purpose of this work by 

taking advantage of previously described transgenic mouse models (see section 

2.1.2.1): PBRX, PRYP, PBTR. Of note, experiments carried out using these mice are 

not described in this thesis, and only referred to in chapter’s discussions. 

• PBRX (Pb-Cre4 ; Runx1flox ; Rosa26loxP-STOP-loxP-EYFP) was generated to study the 

effect of Runx1 deletion in the prostate driven by the Pb-Cre4 transgene, by 

crossing Runx1flox onto Rosa26loxP-STOP-loxP-EYFP mice followed by Pb-Cre4 mice. 

Of note, only males were used to breed the Pb-Cre4 transgene due to 

misexpression in the oocytes.  

• PRYP (Runx1flox/flox ; Trp53flox/flox ; Ptenflox/flox ; Rosa26loxP-STOP-loxP-EYFP) were 

generated to then be crossed onto PBRX to generate an intermediate step 

to obtain PBTR. First,  Runx1flox/flox were crossed onto Trp53flox/flox lines. 

These were subsequently crossed onto the Ptenflox/flox ; Rosa26loxP-STOP-loxP-EYFP 

line and bred to full homozygosity.  

• PBTR (Pb-Cre4 ; Runx1flox/flox or flox/WT or WT/WT ; Ptenflox/WT ; Trp53flox/WT ; 

Rosa26loxP-STOP-loxP-EYFP) were generated by crossing PBRX males onto PRYP 

females to study the impact of Runx1 loss in a mouse model of prostate 

tumorigenesis. 
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2.1.2.2. Timed matings 
 Timed mating experiments were set up by the CRUK MI Transgenic Breeding 

Unit. Vaginal plug detection was considered as embryonic day (E) 0.5. Pregnant 

females were culled at specific time points and the uterine horn containing 

embryos placed in Dulbecco’s Modified Eagle’s Medium (Sigma) supplemented with 

10% Foetal Calf Serum (FCS; Sigma), 2 mM L-Glutamine (Invitrogen), 50 μg/mL 

penicillin/streptomycin (Invitrogen) and kept at 4˚C prior dissections. 

2.1.3. Surgical procedures 

 All animal procedures were performed on adult males at least 7 weeks of age. 

Surgical castrations in CRUK MI (Manchester, UK) were carried out by Ivana Steiner. 

Surgical procedures for in vivo genetic lineage-tracing experiments were done in 

CRUK Beatson Institute (Glasgow, UK) and performed by Susan Mason and Laura 

Galbraith. Surgical castrations were carried out under aseptic conditions. In brief, 

an incision was made in the scrotum of the mouse to access the testicles. The 

tunica of each testicle was incised in order to pull out testis, vas deferens, and 

surrounding testicular fat pad, which were then cut by cauterisation. The scrotum 

incision was then closed using absorbable Vicryl suture. For prostate regeneration 

assays, testosterone pellets (Belma Technologies) were implanted subcutaneously. 

For in vivo genetic lineage-tracing experiments, tamoxifen (Sigma, #T5648) was 

resuspended in ethanol and diluted in corn oil at a concentration of 10 mg/mL and 

administered via intra-peritoneal injections daily for 4 consecutive days using the 

following regimen: 3 mg, 2 mg, 2 mg, 2 mg. For BrdU (5-bromo-2-deoxyuridine) 

labelling experiments, 250 µL doses of pre-made Cell Proliferation Labelling 

Reagent (GE Healthcare, #RPN201) were administered via intra-peritoneal 

injections daily for 3 consecutive days. 

2.1.4. Tissue harvesting 

 Mice were sacrificed by cervical dislocation (Schedule 1). The abdomen was 

sprayed with 70% ethanol and an incision was made through the skin and 



Chapter 2  Material and methods 

 

73 
 

peritoneum to expose abdominal contents. The entire urogenital system was 

removed, including the bladder, seminal vesicles, urethra and prostate, and placed 

in a Petri dish containing a solution of phosphate buffered saline (PBS). The next 

part of the dissection was performed under a dissecting microscope using fine 

instruments to remove the surrounding fat tissue and vas deferens. To isolate the 

prostate, the seminal vesicles were first carefully cut at their base, followed by the 

bladder. The prostate was then isolated from the urethra and further cleaned from 

any remaining fat tissue. The ampullary gland, which is located between the two 

anterior lobes, was carefully excised, and disposed. To isolate individual lobes, the 

anterior lobes were separated from the remaining fraction. Finally, the ventral 

lobes were isolated from the dorsolateral lobes. Individual lobes were placed in 1.5 

mL tubes, containing either dissociation media or formalin. 

2.2. Human samples 

2.2.1. Ethical approval 

 Sections of the human prostate cancer tissue micro-arrays (TMAs) were 

obtained from the MCRC Biobank under the MCRC Biobank Project reference 

15_GELA_01. Slides from human prostatectomy specimens were obtained from the 

MCRC Biobank under the MCRC Biobank Project reference 16_RIMA_06 

Amendment 6. 

2.2.2. Human Prostate Cancer Tissue Micro-Arrays 

2.2.2.1. General description 
 Tissue Micro-Arrays were previously constructed using 1 mm cores by the 

Genito-Urinary Cancer Research group (GUCR, University of Manchester) and the 

CRUK MI Histology Core Facility. Two cohorts of samples were used, originally 

consisting of 2,474 cores from 343 patients, and comprising samples from patients 

who underwent transurethral resection of the prostate (“TURP” cohort) or 

transrectal ultrasound guided needle core biopsies (“biopsy” cohort) between 1994 

and 2004 in Salford (Table 2.1). Serial TMA tissue sections were reviewed by Dr 
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Jonathan Shanks, Consultant Urological Histopathologist at The Christie Hospital. All 

cores were categorised by histopathological type as either ‘normal-adjacent core’ 

or ‘tumour core’ and referred to as ‘normal’ or ‘tumour’ thereafter. 

Table 2.1. Composition of the PCa TMA cohorts. 

Cohort Number of TMA blocks 
Number of cores 

Normal-adjacent Tumour 

TURP 25 979 1034 

Biopsy 8 10 451 

 

2.2.2.2. Clinical annotation 
 Survival data and additional clinical annotations were updated and reviewed 

in 2017 by the GUCR group (University of Manchester). The complete clinical 

annotations are available in supplementary data 1. The following clinically relevant 

parameters were used for analysis: 

• Anonymised patient ID 

• Date of birth 

• Date of diagnosis 

• Age at diagnosis (in years) 

• Gleason Score (GS) 

• Clinical tumour stage at diagnosis (cT1-4, Tx) 

• PSA at diagnosis (ng/mL) 

• Metastasis stage at diagnosis (M0, M1, Mx) 

• Vital status at last follow-up (alive or dead) 

• Time to last follow-up or death (in months) 

• Cause of death 

 

Patients were further categorised into groups according to Gleason, PSA, Clinical T 

stage variables as follows: 

• ISUP’s Gleason Grade Group: according to the 2016 International Society of 

Urological Pathology (ISUP) Consensus Conference on Gleason Grade Group 
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of Prostatic Carcinoma (Epstein et al., 2016b): GGG1 (GS ≤6), GGG2 (GS 3+4), 

GGG3 (GS 4+3), GGG4 (GS 8), and GGG5 (GS 9-10) 

• PSA Group:  0-0.9 ng/mL, 1-19.9 ng/mL, > 20 ng/mL 

• Clinical T (cT) Group: T1+T2, T3+T4 

• Risk Group: low risk (GGG1, PSA 0-9.9, T1, M0), intermediate risk (GGG2-3, 

PSA 10-19.9, T3-4, M0), high risk (GGG4-5, PSA >20, T3-4, M0) 

2.2.2.3. TMA maps 
 TMA maps consisting of anonymised patient identifiers (IDs) and core 

histopathological annotations (‘normal’ or ‘tumour’) were generated by the GUCR 

group. This core-level database was then linked to the annotated clinical database 

using patient IDs. Cores lacking associated patient clinical data were excluded from 

the analysis. 

2.2.3. Radical Prostatectomy TMA 

 A TMA was constructed from patients who underwent radical prostatectomy 

(RP). Patients with varying Gleason grades, with and without the presence of lymph 

node metastases (LNM) were included in the construction (Table 2.2). The complete 

clinical annotations are available in supplementary data 2. 

Table 2.2. Characteristics of the patients included in the RP TMA. 

Lymph Node status  
at surgery 

Diagnostic Gleason  
Grade Group 

Diagnostic PSA  
(mean ng/mL - IQR) 

LN 0 (n = 9) 

2 (n = 2) 18.0 - 8.0 

3 (n = 3) 11.3 - 4.9 

4 (n = 1) 16.0 - 0.0 

5 (n = 3) 11.2 - 6.5 

LN 1 (n = 11) 

2 (n = 3) 14.7 - 9.0 

3 (n = 4) 13.1 - 6.9 

5 (n = 4) 10.4 - 4.3 
IQR: inter-quartile range. 
 

A pathologist (Dr. Pedro Oliveira, Consultant Urological Histopathologist at 

The Christie Hospital) selected multiple areas of normal-adjacent and tumour tissue 
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from resected RP specimens. At least 3 replicate cores were punched from each 

annotated region, resulting in a total of 169 cores. The pathologist annotated 

histologically distinct regions as either “Normal”, “Atrophy” or “Inflammatory (Infl.) 

Atrophy”, and tumour glands were scored using the Gleason grading system: 

Gleason (G) 3, 4 or 5. LNM tissue samples were not included in the original TMA 

construction and stained separately on whole tissue sections. 

2.2.4. Human Benign Prostatic Hyperplasia samples 

 Formalin-fixed paraffin-embedded prostate blocks from patients undergoing 

Trans-Urethral Resection of the Prostate (TURP) were obtained from the GUCR 

group (University of Manchester). Sixteen blocks were selected from patients with 

varying sizes of Benign Prostatic Hyperplasia (BPH) nodules (range: 3-56 g, median: 

28 g). The complete clinical annotations are available in supplementary data 3. 

2.2.5. Human Radical Prostatectomy specimens 

 Formalin-fixed paraffin-embedded whole prostate blocks from patients 

undergoing prostatectomy for prostate cancer were obtained from the MCRC 

Biobank. All samples were assessed by Dr. Pedro Oliveira. Seven blocks were 

selected from patients having minimal tumour involvement (< 10%) and low 

Gleason scores (3+3 or 3+4) to study normal prostate epithelia. Regions 

corresponding to the following pathological features were annotated on serial H&E 

sections: ‘Normal Secretory’ epithelium, ‘BPH’, ‘Cystic atrophy’ and ‘Inflammatory 

atrophy’. 

2.3. Cell culture methods 

2.3.1. Cell lines 

 Cells were maintained in standard culture conditions, at 37°C, 5% CO2 and 

95% humidity. Human Embryonic Kidney 293 (293T), MDA-MB-231 and VCaP cells 

were cultured in phenol-red free Dulbecco’s Modified Eagle’s Medium (Sigma) 

supplemented with 10% FCS (Sigma), 2 mM L-Glutamine (Invitrogen), 50 μg/mL 
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penicillin/streptomycin (Invitrogen). LNCaP, DU145 and Jurkat cells were 

maintained in phenol-red free RPMI-1640 Medium (Sigma) supplemented with 10% 

FCS, 2 mM L-Glutamine, 50 μg/ml penicillin/streptomycin. LCR cells were grown in 

phenol-red free RPMI-1640 Medium supplemented with 10% charcoal-stripped FBS 

(#10611235; Fischer Scientific), 2 mM L-Glutamine, 50 μg/mL 

penicillin/streptomycin. PC-3 and PC-3/m cells were maintained in Nutrient Mixture 

F-12 Ham medium (Sigma) supplemented with 10% FCS, 2 mM L-Glutamine, 50 

μg/mL penicillin/streptomycin. RWPE-1 cells were cultured in Keratinocyte-SFM 

medium (Thermo Fischer Scientific; #17005-042). Cell line authentication and 

mycoplasma testing was performed by the Molecular Biology Core Facility of the 

CRUK MI. 

2.3.2. Lentiviral production and purification 

 A third generation HIV derived lentiviral vector packaging system was used to 

produce lentiviruses. It consists in three plasmids (pMDG.2, pRSV-Rev and pMDL) 

encoding essential viral proteins. 293T cells were transfected using the 

polyethylenimine (PEI) method at ~60% confluence in T75 flasks. 48 µL of PEI were 

diluted in 1 mL of DMEM 10% FCS and mixed with 1 mL of DMEM 10% FCS 

containing the following quantities of each plasmid: 2.6 µg of pMDG.2, 1.8 µg of 

pRSV-Rev, 4.8 µg of pMDL, and 7.4 µg of the LT3GEPIR vector containing the 

respective shRNA sequence. The mixture was vortexed for 1 min and incubated for 

20 min at RT before addition to the 293T cells. The media was replaced 12h later 

day with 8 mL of antibiotic-free culture medium. After 24h and 48h, the 

supernatant containing lentiviruses was collected, filtered through 0.45-μm filters, 

and immediately used to transduce recipient cells. PC-3 cells were incubated with 

the virus for 4h, and 2h for the RWPE-1. Cells were amplified and selected in 

puromycin (1-2 μg/mL) 48h after infection and for a minimum of 2 weeks. Induction 

of shRNA expression was carried out by addition of doxycycline (1 μg/mL) and 

controlled by GFP co-expression. 
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2.3.3. Isolation of primary mouse prostate cells 

 All dissections were performed under a stereo microscope in sterile PBS. 

Dissociated murine prostate cells were obtained by digesting pre-minced prostate 

tissue for 1h at 37˚C in digestive medium prepared in prepared in ADMEM/F12 

(Gibco) and containing 1 mg/mL Collagenase Type I (ThermoFischer Scientific, 

#17018029), 1 mg/mL Dispase II (ThermoFischer Scientific, #17105041), 10% Fetal 

Bovine Serum (Gibco), 1% Penicillin-Streptomycin-Glutamine (Sigma), and 10 μM Y-

27632 dyhydrochloride (Chemdea, #CD0141). For embryonic urogenital sinuses 

(UGS), dissociation time was reduced to 30 min. Single cells were obtained after an 

additional 10 min incubation in TrypLE (Gibco) at 37˚C before mechanical 

dissociation with a syringe and needle (25G). Cells were then filtered through a 50 

μm cell strainer. 

2.3.4. Primary mouse prostate organoid cultures 

 In vitro organoid formation assays were performed as described in Drost et 

al., 2016. Single cells were resuspended in 40 μL drops of phenol red-free Cultrex 

Reduced Growth Factor Basement Membrane Extract Type 2 (RGF BME 2, Amsbio, 

#3533-005-02), and seeded in CellCarrier-96 Ultra Microplates (PerkinElmer, 

#6055302). Defined organoid culture medium was prepared using Advanced 

DMEM/F-12 (Gibco), supplemented with 10 mM Hepes (Sigma), Gutamax (Gibco), 

penicillin/streptomycin (Sigma), B27 (Life Technologies, 17504-044), 50 mg/mL 

Epidermal Growth Factor (EGF, PeproTech, #AF-100-15), 500 ng/mL R-spondin 1 

(R&D Systems, #4645-RS), 100 ng/mL Noggin (R&D Systems, #6057-NG), 10 mM Y-

27632 dyhydrochloride (Chemdea, #CD0141), 200 nM A83-01 (Tocris Bioscience, 

#2939), 1.25 mM N-Acetylcystein (Sigma), and 1 nM DHT (Sigma #730637). Medium 

was refreshed every 2-3 days, and organoid cultures were scored after 7 days. 

 

 For adenoviral transductions, Ad5CMVCre-eGFP (#VVC-U of Iowa-1174) or 

Ad5CMVeGFP (#VVC-U of Iowa-4) adenoviral vectors were obtained from the Gene 

Transfer Core of the University of Iowa. Viral particles were added at a Multiplicity 
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of Infection (MOI) of 10 in a 50 µL cell suspension and incubated for 1h at 37 °C. 

Before plating, viral particles were washed out and cells were re-suspended in ~10 

µL of culture medium before addition of RGF BME 2 and culture medium. 

2.3.5. UGS explant cultures 

 UGS explant cultures were performed as described in Kruithof-de Julio et al., 

2013. Briefly, E15.5 embryos were obtained from timed matings. UGS were isolated 

from embryos and cultured using a Durapore Membrane Filter 0.65 μm 

(#DVPP02500) placed on a stainless-steel mesh for up to 7 days in Ham’s F-

12/DMEM (Gibco) supplemented with Insulin-Transferrin-Sodium Selenite 

Supplement (Roche) and 10 μM DHT (Sigma). Media were renewed every 2-3 days. 

For lineage-tracing experiments, tamoxifen-induced labelling was performed using 

0.5 μM 4-hydroxytamoxifen (Sigma, #T176). 

2.4. Fluorescence-Activated Cell sorting (FACS) 

2.4.1. Sample staining and preparation 

 Single cell suspensions were kept in Advanced DMEM/F-12 (Gibco) containing 

5% FBS (Foetal Bovine Serum) supplemented with 10 μM Y-27632. Cells were 

incubated for 10 min using unconjugated anti-mouse CD16/32 antibody (Biolegend, 

C93, #101301) at 4˚C prior to labelling with specific fluorochrome-labelled 

antibodies for at least 15 min in the dark at  4˚C. Details of FACS reagents and 

antibodies are listed in table 2.3. Cells were then washed and filtered through a 50 

μm cell strainer prior to acquisition. Hoechst 33258 (1 µg/mL, Sigma) or Sytox blue 

(1 µL/mL, ThermoFischer Scientific) were used as viability stains.  

Table 2.3. List of antibodies used for FACS. 
Target Provider Reference Clone Fluorophore 

CD16/32 Biolegend 101301 93 none (Fc block) 

CD45 Biolegend 62-0451-82 30-F11 SB436 

EPCAM Biolegend 118225 G8.8 BV421 

EPCAM Biolegend 118214 G8.8 APC 

CD49f Biolegend 313606 GoH3 FITC 
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CD49f Biolegend 313616 GoH3 APC 

SCA-1 (Ly-6A/E) Biolegend 108108 D7 PE 

CD24 BD Biosciences 744470 M1/69 BV786 

TROP-2 R&D FAB1122F - FITC 

2.4.2. Sample acquisition 

 Single-cell suspensions were analysed on a Fortessa (BD Biosciences) and 

sorts were performed on a FACSAriaIII (BD Biosciences) with the help of the Flow-

Cytometry Core Facility. FACS data were analysed using FlowJo software (BD Life 

Sciences). An example of the gating strategy used for analysing or sorting mouse 

prostate epithelial cells from individual prostate lobes is shown in figure 2.1. 

 
Figure 2.1. Example gating strategy to sort or analyse mouse prostate epithelial cells. 
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Examples are shown for cells isolated from individual lobes of intact and castrated mice. 
AP: Anterior Prostate, DLP: Dorsolateral Prostate. VP: Ventral Prostate. L/D: Live/Dead 
marker. 

2.5. Molecular and biochemical assays 

2.5.1. Genotyping Polymerase Chain Reaction (PCR) 

 For DNA extraction, cells were first incubated at 95˚C for 8 min. Then, 0.8 

mg/mL of Proteinase K (Sigma) diluted in 0.1X PBS was added to each sample 

followed by incubation at 55˚C for 30 min, and further heat-inactivation at 96˚C for 

8 min. For mouse Runx1 genotyping PCR, the following reaction was set up in a final 

volume of 20 μL 10 µl GoTaq Green Master mix (Promega), 0.8 µL U17 (10 µM), 0.8 

µL U18 (10 µM stock), 1.6 µL AN94 (10 µM stock), 6.8 µl extracted DNA. The PCR 

conditions were as follows: 2 min denaturation at 95°C; 35 cycles of 95°C x 30 sec, 

60°C x 30 sec, and 72°C x 60 sec; and 5 min final extension at 72°C. The following 

primers were used: U17 5’-GAGTCCCAGCTGTCAATTCC-3’, U18 5’-

GGTGATGGTCAGAGTGAAGC-3’, AN94 5’-CCAAGATAGTCCTTAACGGTCG-3’. 

PCR products were loaded onto an agarose gel 0.8% to check the approximate size 

of the amplified fragments. Expected bands were ~450 bp for Floxed alleles, ~380 

bp for WT and ~280 bp for excised alleles. 

2.5.2. Real-Time Quantitative Polymerase Chain Reaction (RT-qPCR) 

 RNA was isolated using the RNeasy Micro Kit according to the manufacturer’s 

instructions (Qiagen). Reverse transcription of 1 µg of extracted RNA was carried 

out using the High-Capacity cDNA Reverse Transcription Kit (Thermo Fischer 

Scientific). Subsequently, 0.3 µL of synthesised cDNA was used in the RT-qPCR 

reaction prepared with SYBR Green Master Mix (Life Technologies) or TaqMan 

Universal PCR Master Mix (Applied Biosystems) and performed in a QuantStudio 5 

Real-Time PCR System (Thermo Fischer Scientific). The reaction was set up in a total 

volume of 10 µL using 0.1 µL of the appropriate Exigon Universal Roche Probe, 0.1 

µM of each primer (Sigma) and 5 µL of the relevant master mix. Oligonucleotides 
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used for real-time PCR are listed in table 2.4. Gene expression was calculated 

relative to GAPDH using the ΔΔCt method. 

Table 2.4. List of primers used for RT-qPCR. 
Primer ID Target Sequence (5’ to 3’) 

BX93 Human GAPDH forward CCTGCACCACCAACTGCTTA 

BX94 Human GAPDH reverse CCATCACGCCACAGTTTCC 

BX91 Human RUNX1 forward ACTCGGCTGAGCTGAGAAATG 

BX92 Human RUNX1 reverse GACTTGCGGTGGGTTTGTG 

BX95 Human RUNX2 forward CGGCCCTCCCTGAACTCT 

BX96 Human RUNX2 reverse TGCCTGCCTGGGGTCTGTA 

BY03 Human RUNX3 forward TCTGTAAGGCCCAAAGTGGGTA 

BY04 Human RUNX3 reverse ACCTCAGCATGACAATATGTCACAA 

2.5.3. Cloning of shRNA sequences 

 97-mer oligonucleotides containing the respective shRNA guide sequences 

(Table 2.5) were designed according to a previously described method (Fellmann et 

al., 2013).  

Table 2.5. Guide sequences of the different shRNA used to target human RUNX1. 

shRNA ID Target Sequence 5’ to 3’ (shRNA ID) 

shRUNX1-1 RUNX1 (3’UTR) TGCCTTGAAATACCTGTTTCTT (TRCN0000013658) 

shRUNX1-5 RUNX1 (exon 5) TTTGTGAAGACAGTGATGGTCA (RUNX1_861_5673) 

shRenilla Renilla Luciferase TAGATAAGCATTATAATTCCTA (Renilla 713) 

 

Oligonucleotides were PCR amplified using primers BL38 miRE-Xho-fw 

(TGAACTCGAGAAGGTATATTGCTGTTGACAGTGAGCG) and BL39 miRE-EcoOligo-rev 

(TCTCGAATTCTAGCCCCTTGAAGTCCGAGGCAGTAGGC), 0.05 ng oligonucleotide 

template, and the High Fidelity Phusion (Thermo Fisher Scientific). The PCR was run 

in a total volume of 50 μL containing 10 μL of 5X Phusion HF buffer (Thermo Fischer 

Scientific), 1 μL dNTP (10 mM each), 2 μL primer mix (10 μM each), and 1 μL 

Phusion High Fidelity DNA polymerase (Thermo Fischer Scientific). Cycling 

parameters were 95°C for 5 min; 30 cycles of 95°C for 25 sec, 56°C for 25 sec, and 

72°C for 30 sec; 72°C for 5 min. Following amplification, the 125 nt shRNA 

fragments were cloned into the LT3GEPIR vector, containing a lentiviral backbone 
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compatible with the third generation HIV derived lentiviral packaging system 

(Fellmann et al., 2013). Each PCR were digested at 37°C for 2h in a final volume of 

20 μL containing 16 μL of amplified inserts, 1 μL of EcoRI and XhoI enzymes and 2 

μL of 10X Cutsmart buffer (NEB). Digested inserts were purified using the QIAquick 

PCR Purification Kit (Qiagen). In parallel, 5 μg of vector were digested for 2h at 37°C 

using 2 μL of the same enzymes and 2 μL of 10X Cutsmart buffer in a final volume of 

20 μL. The digested vector was dephosphorylated by addition of 1 μL alkaline 

phosphatase (Roche) to the mix and incubated for an extra 30 min at 37°C. The 

digested vector was gel purified using the QIAquick Gel Extraction Kit (Qiagen). 

Ligations were carried out using the T4 Ligase (Roche) using 20 ng of purified vector 

and 200 ng of purified inserts. Ligation products were finally transformed using 

Oneshot TOP10 chemically competent bacteria (Invitrogen) according to standard 

procedures. Final vectors were sequenced using the primer BN31 miRseq5 

(TGTTTGAATGAGGCTTCAGTAC). 

2.5.4. Western blotting 

 Cells harvested for western blotting were washed with cold PBS and lysed 

using NP-40 lysis buffer containing 150 mM NaCl, 50mM Tris-HCl pH 8, 1% of 

Nonidet P-40 (Sigma), in the presence of Protease Inhibitor Cocktail (Sigma) and 

incubated for 30 min at 4°C. The lysate was then centrifuged at 16,000g for 10 min, 

and the supernatant was saved. Whole protein extracts were aliquoted and stored 

at -80°C. Protein concentrations were determined using either the BCA protein 

assay reagent kit (Thermo Scientific) or the Bradford Protein Assay (Bio-Rad). Prior 

loading, protein preparations were incubated for 10 min at 70°C in gel-loading 

buffer (NuPage LDS sample buffer and NuPage reducing agent; Invitrogen). Proteins 

were separated using Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis 

(SDS PAGE) with NuPAGE 4-12% Bis-Tris gels in XCell SureLock™ Mini-Cell 

Electrophoresis System containing MES buffer (Invitrogen). The SeeBluePlus2 

(Invitrogen) marker was used as a molecular weight indicator. Proteins were 

transferred onto a nitrocellulose membrane using the iBlot® Gel Transfer Stacks 

Nitrocellulose (Invitrogen) for 13 min. Transferred proteins were visualised by 
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reversible Ponceau S (Sigma) staining and then washed in TBS-T (TBS-Tween 20, 

0.05%). Membranes were blocked with TBS-T 5% BSA (Sigma) for 1 hour at RT and 

blotted with primary antibodies diluted in blocking buffer for 2h at RT. Following 3 

washes in TBS-T (10 min each), membranes were incubated with the appropriate 

amount of horseradish peroxidase-coupled secondary antibodies. Alternatively, 

immunoblotting was performed on an iBind™ Western Device (Thermo Fischer 

Scientific) according to the manufacturer’s protocol. The membranes were 

developed using the Amersham ECLTM Prime Western Blotting Detection Reagent 

(GE Healthcare), according to the manufacturer’s protocol. Films were exposed and 

developed in a MAS automated developing machine. All antibodies used for 

western blotting are listed in table 2.6. 

Table 2.6. List of primary antibodies used for western blots. 
Target Provider Reference Raised specie Targeted specie Dilution 
RUNX1 Cell Signaling 4336 Rabbit Human 1:1,000 

α-TUBULIN Cell Signaling 2144 Rabbit Human 1:2,000 
β-ACTIN Cell Signaling 3700 Rabbit Human 1:2,000 
GAPDH Cell Signaling 2118 Rabbit Human 1:2,000 

2.6. Histopathological methods 

2.6.1. Sample preparation 

 Tissues were harvested and fixed in 10% buffered formalin for 24h and 

preserved in 70% ethanol for longer storage. Samples were processed by the staff 

of the CRUK MI Histology Core Facility. Fixed tissues were processed using standard 

procedures and embedded in paraffin. Formalin-fixed paraffin-embedded (FFPE) 

sections (4 μm) were cut and dried overnight at 37°C. For frozen samples, tissues 

were fixed with 4% paraformaldehyde (PFA, ThermoFisher Scientific, #28906) 

between 30 min to 24h depending on the size of the tissues. Freezing and 

sectioning were performed by the CRUK MI Histology Core Facility. 
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2.6.2. Haematoxylin & Eosin stainings 

 Haematoxylin & Eosin (H&E) staining was performed by the CRUK MI 

Histology Core Facility. Sections of 4 μm were cut from FFPE blocks and incubated 3 

x 5 min in xylene to remove paraffin. Slides were subsequently re-hydrated in 

decreasing concentration of ethanol: 3 x 1 min 100% ethanol, followed by 1 min in 

90% ethanol and 1 min in 70% ethanol. Slides were then washed in water for 1 min 

before a 3 min incubation in Shandon Gill Hematoxylin 2 (Thermoshandon, 

#6765008). Slides were further washed in water for 1 min before incubation in 

acetic acid (ThermoFisher Scientific, #10394970) for 30 sec. After a 1 min wash in 

water, slides were incubated in alkaline water for 1 min, washed in water for 1 min 

and stained with Shandon Eosin-Y (Thermoshandon, #6766008) for 1 min. After a 

final wash in water for 1 min, slides were dehydrated in ethanol: 15 sec in 70% 

ethanol, 15 sec in 90% ethanol and 3 times 30 sec in 100% ethanol followed by 1 

min in xylene. Pertex (CellPath, #SEA-0100-00A) was used for coverslipping. 

2.6.3. Chromogenic stainings 

 Chromogenic stainings were performed on the Leica BOND-III, BOND-Max or 

BOND-RX autostainers (Leica Biosystems) with the BOND polymer refine detection 

system (Leica Biosystems, #DS9800). Briefly, sections were dewaxed, and 

rehydrated, and endogenous peroxidase activity was quenched by 10 min pre-

treatment with 3% hydrogen peroxide diluted in TBS-T (Tris-Buffered Saline 0.05% 

Tween-20). Bond Wash Solution was used between each step. Following on-board 

heat-induced epitope retrieval with citrate buffer (pH 6.0) for 20 min, sections were 

incubated for 10 min with 10% Casein (Vector Laboratories) diluted in TBS-T. 

Sections were then incubated 30 min with primary antibody diluted in the BOND 

Primary Antibody Diluent (Leica Biosystem, #AR9352). Following additional washes, 

sections were incubated with for an additional 15 min with HRP labelled secondary 

antibodies. Detection was carried out by incubation with the mixed DAB Refine 

reagent (66 mM 3,3’- Diaminobenzidine tetrahydrochloride hydrate, ≤ 0.1% (v/v) 

hydrogen peroxide and < 0.1% haematoxylin) for 10 min and then washed in water 
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for 5 min. Finally, sections were dehydrated in increasing concentration of ethanol 

(15 sec in 70% ethanol, 15 sec in 90% ethanol and 3 times 30 sec in 100% ethanol), 

followed by 3 x 1 min washes in xylene. Pertex was used for coverslipping. The list 

of primary and secondary antibodies used is available respectively in table 2.7 and 

table 2.8. 

2.6.4. Immunofluorescent stainings 

 Multiplexed immunofluorescent stainings of FFPE sections were performed 

on an automated Leica BOND RX platform using the Opal multiplexing workflow 

(PerkinElmer). In brief, sections were dewaxed, and rehydrated, and endogenous 

peroxidase activity was quenched by 10 min pre-treatment with 3% hydrogen 

peroxide diluted in TBS-T (Tris-Buffered Saline 0.05% Tween-20). Following on-

board heat-induced epitope retrieval with citrate buffer (pH 6.0) for 20 min, 

sections were incubated for 10 min with 10% Casein (Vector Laboratories) diluted in 

TBS-T. Each staining cycle included a primary antibody diluted in the BOND Primary 

Antibody Diluent (Leica Biosystem, #AR9352) for a 30 min incubation, followed by 

buffer washes, and 30 min incubation with HRP labelled secondary antibodies. After 

further washes, the Tyramide labelled with a fluorophore (Opal 520, Opal 570 or 

Opal 650, PerkinElmer) was added for a final 10 min. Subsequent antibody stainings 

were performed by repeating the same procedure, separated by heat-mediated 

antibody denaturation using citrate buffer (pH 6.0) for 5 min at 95°C. Nuclei were 

counterstained with 4ʹ,6-diamidino-2-phenylindole (DAPI, Sigma) and slides were 

sealed using ProLong Gold Antifade Mountant (ThermoFischer Scientific). The list of 

primary and secondary antibodies used is available respectively in table 2.7 and 

table 2.8. 

2.6.5. In situ hybridisation 

 In situ hybridisation (ISH) to detect Nupr1 (ACD, LS 2.5 Mm-Nupr1 #434818) 

was done using the Multiplex Fluorescent detection kit (ACD) on the automated 

Leica BOND RX platform following the manufacturer’s instructions. Pre-treatment 
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was done using an EDTA based pH 9.0 epitope retrieval solution for 15 min at 88°C 

followed by 10 min protease incubation. After ISH, antibody staining was carried 

out using an anti-RFP antibody for 1h detected with EnVision HRP anti-rabbit 

secondary (Agilent) followed by incubation with Tyramide-conjugated Opal 570 

(PerkinElmer) as described above. Anti-CDH1 antibody was applied for 1h and 

detected using an anti-goat Alexa Fluor 647 secondary antibody (ThermoFischer 

Scientific, #A-21447). The list of primary and secondary antibodies used is available 

respectively in table 2.7 and table 2.8. 

2.6.6. Immunofluorescent staining of frozen sections 

 Tissue sections were thawed and blocked for 1h in PBS supplemented with 

10% FCS, 0.05% Tween20 (Sigma) and 10% of goat serum (Dako). After 3 washes in 

PBS, sections were incubated at 4°C overnight with primary antibodies diluted in 

blocking solution, followed by 3 washes of 15 minutes in PBS supplemented with 

0.05% Tween (PBS-T). Subsequent incubation with appropriate secondary 

antibodies diluted in PBS-T was performed for 1h at RT and followed by 3 washes in 

PBS. Nuclei were counterstained with DAPI (Sigma) and slides were sealed using 

ProLong Gold Antifade Mountant (ThermoFischer Scientific). Alternatively, tissues 

were mounted using the Prolong Gold anti-fade medium with DAPI (ThermoFischer 

Scientific). The list of primary and secondary antibodies used is available 

respectively in table 2.7 and table 2.8. 

2.6.7. List of primary and secondary antibodies 

Table 2.7. List of primary antibodies used for immunohistochemistry. 
Target Provider Reference Raised specie Targeted specie Dilution 
RUNX1 Cell Signaling 8529 Rabbit Mouse 1:200 
RUNX1 Cell Signaling 4336 Rabbit Human 1:200 

RUNX1/2/3 Abcam 92336 Rabbit Mouse 1:200 
NKX3.1 Athenaes AES-0314 Rabbit Mouse 1:200 
NKX3.1 Cell Signaling 83700 Rabbit Human 1:200 

TP63 Cell Signaling M3562 Rabbit Mouse / Human 1:400 
AR Abcam Ab133273 Rabbit Mouse / Human 1:400 

BMI1 Cell Signaling 6964 Rabbit Mouse 1:200 
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TROP-2 R&D AF1122 Goat Mouse 1:200 
LY6D Proteintech 17361-1-AP Rabbit Mouse 1:200 
SCA-1 R&D AF1226 Goat Mouse 1:200 
CDH1 Thermo Fischer AF748 Goat Mouse / Human 1:400 

K5 Abcam ab52635 Rabbit Mouse / Human 1:400 
K8 Abcam ab53280 Rabbit Mouse / Human 1:400 
K4 Abcam Ab9004 Mouse Mouse 1:100 
K7 Abcam Ab9021 Mouse Mouse / Human 1:400 

HMWCK Dako (Agilent) GA05161-2 Mouse Human 1:1,000 
panCK Sigma C2931 Mouse Human 1:10,000 
BrdU Abcam ab6326 Rat Any 1:400 
Ki67 Abcam ab15580 Rabbit Mouse / Human 1:800 
RFP Rockland 600-402-379 Rabbit Any 1:400 
RFP MBL PM005 Rabbit Any 1:200 
GFP MBL 598 Rabbit Any 1:200 

 

Table 2.8. List of secondary antibodies used for immunohistochemistry. 
Antibody Provider Reference 

EnVision+/HRP Anti-Rabbit Dako (Agilent) K4003 

EnVision+/HRP Anti-Rabbit Dako (Agilent) K4001 

ImmPRESS HRP Anti-Goat Vector Laboratories MP-7405 

ImmPRESS HRP Anti-Rat Vector Laboratories MP-7444 

Goat anti-Rabbit IgG 488 ThermoFischer Scientific A11034 

Goat anti-Rabbit IgG 555 ThermoFischer Scientific A21430 

Goat anti-Rabbit IgG 647 ThermoFischer Scientific A32733 

Goat anti-Mouse IgG 488 ThermoFischer Scientific A-11029 

Goat anti-Mouse IgG 555 ThermoFischer Scientific A-21424 

Goat anti-Mouse IgG 647 ThermoFischer Scientific A-32728 

Donkey anti-Goat IgG 647 ThermoFischer Scientific A-21447 

2.6.8. Whole-mount immunofluorescent staining 

 Whole-mount staining was adapted from Yokomizo et al., 2012. Organoids 

were fixed directly in 96-well plates using 4% paraformaldehyde for 1h at 4°C. After 

3 washes of 5 min in PBS, organoids were incubated in PBS-BST, containing PBS, 1% 

milk, 1% Bovine Serum Albumin (BSA), 10% goat serum (Agilent, #X090710), 0.4% 

Triton X-100. Pre-conjugated primary antibodies, K5 Alexa Fluor 647 (#ab193895, 

Abcam) and K8 Alexa Fluor 488 (#ab192467, Abcam) were diluted at 1/400 in PBS-

BST and incubated with the organoids overnight at 4°C on a rocking platform. After 
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3 washes of 1h in PBS-BST at 4°C, organoids were stained with DAPI at 2 μg/mL 

diluted in PBS-BST and incubated for another 30 min at 4°C on a rocking platform. 

Images were acquired on an Opera Phenix High Content Screening System (Perkin 

Elmer) using the 10x air and 20x water lenses. 

2.6.9. Image acquisition and processing 

 Whole-slide images were acquired either on a Leica SCN400 histology scanner 

(chromogenic only), a Leica Aperio Versa 200 slide scanner (chromogenic and 

immunofluorescence), or an Olympus VS120 slide scanner (chromogenic and 

immunofluorescence). Confocal images were acquired using a Leica TCS SP8 

confocal microscope and LAS X Leica software. Images of immunofluorescent 

stainings were captured using either a low-light microscope (Leica) and the 

Metamorph imaging software, or a Leica MZ FLIII microscope. Images of 

chromogenic stainings were captured using an EVOS XL Core Cell Imaging System 

(ThermoFischer Scientific) or extracted from whole-slide images. QuPath v0.2 

(Bankhead et al., 2017) was used to extract representative high-quality raw images 

of selected areas from whole slide images using the ‘Send region to ImageJ’ tool. 

Images were systematically processed with ImageJ (NIH Image, Maryland, USA) for 

optimal visualisation. 

2.7. Image analysis 

2.7.1. Whole slide fluorescent images 

 Whole-slide images were analysed using QuPath v0.2 (Bankhead et al., 2017). 

First, annotations were drawn manually to select areas of interest. Nuclear 

detection was achieved using the “cell detection” module on the DAPI channel, and 

parameters were optimised for each individual batch of stainings. A classifier was 

then trained for each batch of images using the random forest algorithm, to detect 

the epithelial layers based on either CDH1 or K5/K8 stainings. Single-cell intensity 

measurements were exported as comma-separated values files and imported into R 

(3.6.3) for downstream analysis and visualisation. For Quantitative Imaged-Based 
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Cytometry (QIBC), single-cell intensity measurements were log10 transformed and 

plotted using the ‘geom_hex’ function of the ggplot2 R package. Thresholds were 

set manually based on the distribution of the intensity measurements and cross-

checking the raw images, in order to discriminate between ‘positive/high’ and 

‘negative/low’ cells. 

2.7.2. Tissue Micro-Arrays 

 TMA analyses were performed using HALO (Indica Labs Inc.). First, the ‘TMA’ 

module of HALO was used to segment TMA slides according to each corresponding 

TMA map, thereby allowing the assignment of a core to a patient identifier and its 

“normal”/“tumour” status. Each core was manually evaluated on the software to 

exclude regions or entire cores containing either of the following artefacts: folded 

tissue, crushed tissue, imaging artefacts. Then, the same procedure as described 

above (section 2.6.1) was used for the extraction of single-cell intensity 

measurements: an epithelial classifier was trained based on pan-cytokeratin 

(panCK) staining, and the ‘Highplex FL’ module was used for both nuclei detection 

and intensity measurements. Single-cell intensity measurements exported from 

HALO as comma-separated values files and imported into R (3.6.3) for downstream 

analyses and visualisation. Survival analyses were carried out using R packages 

‘survival’ (version) and ‘survminer’ (version).  

 For survival analyses, a first threshold was set to classify each cell or nucleus 

as ‘positive’ or ‘negative’ for each marker tested. Then, a second threshold 

corresponding to the percentage of ‘positive’ cells per patient was determined 

using quantiles to classify patients into ‘high’ and ‘low’ groups. A Kaplan-Meier 

survival curve was plotted to evaluate the predictive potential of the biomarker for 

the chosen thresholds. These values were then used in multivariate analyses (Cox 

proportional hazards regression model) using the ‘coxph()’ function of the ‘survival’ 

package to evaluate the robustness of the predictions with additional clinical 

variables. Categorical marker data (High and Low) was adjusted for age,  

log10-transformed PSA at diagnosis, ISUP Gleason Garde Group, Metastasis stage, 

Tumour stage and cohort of patient (TURP and biopsy). 
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2.7.3. Organoids classification 

 Quantitative analysis of whole-mount immunofluorescent stainings was 

performed using the Harmony software (PerkinElmer) to classify organoids into 

three types based on the expression of basal (K5) and luminal (K8) markers. Briefly, 

maximum projection images of stained and imaged (10x lens) wells were 

generated. The sum of all fluorescent channels was used to identify organoids as 

objects. Objects smaller than 30 µm and larger than 250 µm were excluded. Mean 

fluorescence intensity of individual objects were calculated and stored in a table. 

Single object fluorescent data were imported into R (v3.6.3), and organoids were 

classified into the following categories based on mean fluorescence intensity: 

unipotent “basal-like” Keratin 5+ (K5+), unipotent “luminal-like” Keratin 8+ (K8+), or 

multipotent (K5+ K8+). 

2.8. Next Generation Sequencing data analysis 

2.8.1. Single-cell RNA-sequencing 

2.8.1.1. Sample preparation 
 A detailed description of the samples, replicates, and the corresponding 

cellular populations used for each sequencing run is provided in table 2.9.  

Table 2.9. Description of the samples used for scRNA-seq.  

Run Sample # of replicates Sorted population Estimated cell # 

Adult 
Run 1 

Intact 4 

Int AP RFP+ 9615 

Int AP RFP- 16000 

Int DLP RFP+ 392 

Int DLP RFP- 1601 

Int VP RFP+ 6745 

Int VP RFP- 5434 

Castrated 4 
Cas RFP+ 3327 

Cas RFP- 733 

Adult 
Run 2 Intact 3 

Int AP RFP+ 8212 

Int AP RFP- 16044 

Int DLP RFP+ 6293 

Int DLP RFP- 11442 

Int VP RFP+ 15538 
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Int VP RFP- 12239 

Castrated 5 

Cas AP RFP+ 20000 

Cas AP RFP- 4306 

Cas DLP RFP+ 20000 

Cas DLP RFP- 1754 

Cas VP RFP+ 20000 

Cas VP RFP- 2345 

Adult 
Run 3 Intact 4 

Int AP RFP+ 4513 

Int AP RFP- 8000 

Int DLP RFP+ 9129 

Int DLPRFP- 16000 

Int VP RFP+ 6000 

Int VP RFP- 6292 

UGS 
explants 

Day 0 8 EPCAM+ 11000 

Day 1 10 EPCAM+ 10000 

Day 3 7 EPCAM+ 20000 

Day 6 8 EPCAM+ 20000 
Int: Intact, Cas: Castrated, AP: Anterior Prostate, DLP: Dorsolateral Prostate. VP: Ventral Prostate 

 

For the adult mouse prostate dataset, AP, DLP, and VP lobes were micro dissected 

and pooled from P2-Runx1:RFP reporter mice after dissociation. Single live EPCAM+ 

cells from RFP+ and RFP- fractions of each lobes were sorted separately, containing 

a mix of CD49f-high basal and CD24-high luminal cells. For the UGS explant culture 

dataset, the middle regions of the explants were micro dissected to enrich for 

prostatic branching events and pooled by time point after dissociation. Single live 

EPCAM+ cells were sorted for each independent time point. Complete sample 

metadata information is available in supplementary data 4 and 5 respectively for 

the Adult and UGS explant datasets. 

2.8.1.2. Sample multiplexing 
 Individually sorted populations were multiplexed using the MULTI-seq 

protocol (McGinnis et al., 2019b). Reagents were kindly provided by Dr. Zev 

Gartner. In brief, after sorting, cells were washed once in cold serum- and BSA-free 

PBS. A lipid-modified DNA oligonucleotide and a specific sample barcode 

oligonucleotide were then mixed and added to the cells at a final concentration of 

200 nM each, and incubated in cold PBS for 5 min. Each individual sample to be 
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multiplexed received an independent sample barcode. Next, a common lipid-

modified co-anchor was added at 200 nM to each sample to stabilize the 

membrane bound barcodes. After an additional 5 min incubation on ice, cells were 

washed 2 times with PBS containing 1% FBS 1% BSA in order to quench unbound 

barcodes. Samples were then pooled together and washed once with PBS 1% FBS 

1% BSA. After cell counting, cells were loaded in a Chromium Single Cell 3ʹ GEM 

Library & Gel Bead Kit v3 (10x Genomics). Cell encapsulation, library preparation, 

and sequencing were performed by the CRUK MI Molecular Biology Core Facility. 

2.8.1.3. Library preparation, sequencing and pre-processing 
 Gene expression (cDNA) libraries were prepared by the CRUK MI Molecular 

Biology Core Facility according to the manufacturer’s protocol. MULTI-seq barcode 

libraries were separated from the cDNA libraries during the first round of size 

selection, and PCR amplified prior to sequencing according to the MULTI-seq library 

preparation protocol (McGinnis et al., 2019b). Figure 2.2 shows examples of the 

quantified cDNA and MULTI-seq libraries before and after amplification for the 3 

runs of the adult dataset. 

 
Figure 2.2. Quality control of the library preparation before and after amplification. 
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Bioanalyzer tracks showing the abundance of different fragment sizes of the cDNA and 
MULTI-seq fractions for the 3 experimental runs. Data generated by the CRUK MI Molecular 
Biology Core Facility. 
 

For the adult mouse prostate dataset, cDNA libraries of ‘run 1’ and ‘run 2’ 

were sequenced on Illumina NovaSeq 6000 System, and ‘run 3’ was sequenced on 

Illumina HiSeq 2500. The UGS mouse prostate explant run was also sequenced on 

Illumina HiSeq 2500. Sequencing data of cDNA libraries were processed using 

Cellranger v3.1.0 and mapped onto mm10 mouse reference genome. Pre-

processing of the MULTI-seq library fastq files was performed using the 

‘deMULTIplex’ (v1.0.2) R package (https://github.com/chris-mcginnis-ucsf/MULTI-

seq) to generate a sample barcode UMI count matrix. Detailed quality control 

metrics of each sequencing run are provided in table 2.10. 

Table 2.10. Quality control metrics of each sequencing run.  

 
Adult UGS 

Run 1: GL60_01 Run 2: GL60_04 Run 3: GL64 GL60_03 

# of cells before QC 2612 6034 3028 7474 
# of cells after recovered QC 1891 4398 2243 5731* 
# of after tags classification 777 2186 1673 5935* 
# of cells after DoubletFinder 752 2091 - - 
Final # of cells 752 2091 1673 5731 

* Tags classification performed before QC 

2.8.1.4. Adult mouse prostate dataset 
Quality control and barcode demultiplexing of individual runs.  

Each run was pre-processed individually prior data integration. Cellranger outputs 

were loaded into the R package Seurat (v3.1.5). Cells were kept if they had more 

than 750 detected genes, less than 7500 UMIs and less than 10% mitochondrial 

transcripts. Sample barcodes were demultiplexed using the ‘HTODemux()’ function 

implemented in Seurat. Briefly, a negative binomial distribution was used to 

estimate the background levels based on k-means clustering of the barcode 

normalised counts. Barcodes with values above the 99% quantile were considered 

‘positive’ for a given sample. Cells positive for more than one barcode were 

considered as ‘doublets’. Doublets and negative cells were excluded for all 
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downstream analyses. Thresholds were empirically adjusted to remove additional 

cells with possible ambiguous classification (table 2.11). Of note, in both ‘run 1’ and 

‘run 2’, a large number of cells were classified ‘negative’ due to the failed labelling 

of ‘Bar3’ (corresponding to ‘Intact DLP RFP+’ sample). For these runs, we used 

DoubletFinder (McGinnis et al., 2019a) to remove predicted doublets missed out as 

a consequence of the failed labelling of ‘Bar3’. After classification, barcodes were 

represented in UMAP space to confirm the purity of the barcode assignment 

obtained for each sample (Figure 5.3). We obtained a total of 4,499 cells from 3 

independent experiments. 

Table 2.11. Barcodes classification thresholds. 

Run Sample /  
Population 

HTODemux threshold  
(read counts) 

Empiric threshold  
(read counts) Final cell # 

Adult 
Run 1 

Int AP RFP+ 32 35 402 

Int AP RFP- 122 15 169 

Int DLP RFP+ Failed labelling Failed labelling Failed labelling 

Int DLP RFP- 46 50 67 

Int VP RFP+ 19 30 78 

Int VP RFP- 22 30 19 

Cas RFP+ 6 25 16 

Cas RFP- 5 25 1 

Adult 
Run 2 

Int AP RFP+ 33 35 426 

Int AP RFP- 70 75 205 

Int DLP RFP+ Failed labelling Failed labelling Failed labelling 

Int DLP RFP- 75 80 112 

Int VP RFP+ 93 100 265 

Int VP RFP- 148 150 147 

Cas AP RFP+ 30 35 395 

Cas AP RFP- 17 25 65 

Cas DLP RFP+ 24 25 218 

Cas DLP RFP- 12 20 33 

Cas VP RFP+ 19 25 209 

Cas VP RFP- 17 25 16 

Adult 
Run 3 

Int AP RFP+ 36 - 387 

Int AP RFP- 205 - 237 

Int DLP RFP+ 61 - 406 

Int DLP RFP- 312 - 316 

Int VP RFP+ 57 - 197 

Int VP RFP- 44 - 130 
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UGS 
explants 

Day 0 20 50 798 

Day 1 29 50 940 

Day 3 55 60 1303 

Day 6 373 375 2690 
Int: Intact, Cas: Castrated, AP: Anterior Prostate, DLP: Dorsolateral Prostate. VP: Ventral Prostate 

 

Integration, low dimensional embedding and clustering.  

Data aggregation was performed according to the standard integration procedure 

implemented in Seurat. In brief, each dataset was log normalised, and 3000 variable 

features were initially computed using the ‘vst’ method. For integration, 2000 

features and 50 dimensions were used as anchors. Integrated data were scaled, and 

the first 50 principal components (PC) were calculated for downstream analyses. 

Uniform Manifold Approximation and Projection (UMAP) (McInnes et al., 2018) was 

used for visualisation. Graph-based louvain clustering was performed on a shared 

nearest neighbour graph constructed using 20 nearest neighbours for every cell, 

and a resolution of 0.4, which gave a reasonable segmentation of the data (Figure 

5.4). Extensive exploration of each cluster based on known marker genes was then 

carried out to subset prostate epithelial cells. 

 

Analysis of prostate epithelial populations.  

The same dimension reduction approach described above was performed on the 

selected prostate epithelial clusters, using a resolution of 0.3 for graph-based 

louvain clustering. We annotated 1 large population of basal cells by merging 3 

subclusters highly expressing Krt5, Krt14 and Trp63 as we did not discuss the 

heterogeneity of the basal compartment in this study (Figure 5.6 B). We annotated 

the different luminal clusters expressing higher levels of Cd26/Dpp4, Cd24a, Krt8 

and Krt18, as Lum-A, Lum-B, Lum-C, Lum-D, Lum-E and Lum-F. Several genes 

specifically marked each cluster, including Sbp/Spink1 in Lum-A, Tgm4 in Lum-B, 

Msmb in Lum-C, Psca/Krt4 in Lum-D, Basp1/Lpl in Lum-E, and Crym in Lum-F (Figure 

5.6). Data were then imported in Scanpy (v1.4.6) to infer lineage relationships 

between cellular populations via partition-based graph abstraction (PAGA) 

implemented in the tl.paga function (Wolf et al., 2019). Briefly, a single cell 
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neighborhood graph (n_neighbors = 50) was computed using the integrated 

principal components previously calculated in Seurat. PAGA was generated based 

on our annotated clusters. The final UMAP representation was generated using 

PAGA-initialised positions to better preserve the global topology of the data. All 

final data visualizations were generated in R. 

 

Differential gene expression analysis and gene ontology.  

Differential gene expression analyses between clusters were performed using the 

MAST method (Finak et al., 2015) implemented in Seurat within the 

‘FindAllMarkers’ and ‘FindMarkers’ functions. Testing was limited to genes detected 

in at least 25% of the tested populations (min.pct = 0.25) and showing at least ± 

0.25 log fold change difference (logfc.threshold = 0.25). The ‘g:GOSt’ function of the 

gprofiler2 R package was used to perform functional enrichment analysis on gene 

ontology terms (GO:BP, biological processes). Genes showing at least 0.50 log fold 

change enrichment in the group tested were kept. Lists of differentially expressed 

genes are provided in supplementary data 6. 

2.8.1.5. UGS explant cultures dataset 
A similar strategy was applied for the analysis of the UGS explant culture dataset, 

with some alterations described in the sections below. 

 

Quality control and barcode demultiplexing.  

Cells were kept if they had more than 1000 detected genes, and less than 7.5% 

mitochondrial transcripts. Barcode classification was performed as above, using the 

90% quantile in ‘HTODemux’ (Table 2.11). We obtained a total of 5,122 cells that 

passed quality control from the 4 time points. 

 

Low dimensional embedding and clustering.  

The first 50 principal components and 20 neighbours were used for UMAP 

visualisation. Graph-based clustering was done using a resolution parameter of 0.3. 

We noticed a strong effect of cell cycle using cell cycles genes defined in Tirosh et 
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al., 2016. This was particularly evident using the ‘CellCycleScoring’ function 

implemented in Seurat (Figure 6.8 A). To minimize the impact of cell cycle on 

downstream analyses, the cell cycle scores were regressed out during data scaling. 

We identified 6 main clusters, that we annotated based on the expression of 

several marker genes (Figure 6.8 C, E). We identified 2 clusters of developing 

mesonephric derivatives (Hoxb7, Wfdc2, Gata3, Sox17, Pax2, Pax8, Lhx1), 1 cluster 

of developing bladder urothelium (Upk3a, Foxq1, Plaur, Krt7, Krt20), 1 cluster of 

mesenchymal cells (Vim, Col3a1, Col1a1, Pdgfra, Zeb1) and 1 cluster corresponding 

to the developing prostatic epithelium (Epcam, Krt8, Krt5, Krt14, Krt15, Shh, 

Hoxb13, Hoxd13, Nkx3-1). We also identified one cluster largely associated with 

hypoxia and cellular stress ontologies (Figure 6.8 D). 

 

Analysis of the developing prostatic epithelium.  

The same dimension reduction approach was initially applied on the developing 

prostatic cluster. After graph-based clustering using a resolution of 0.5, 10 clusters 

were identified and visualised via UMAP (Figure 6.9). We computed diffusion 

components using ‘runDiffusionMap’ (ncomponents = 20, k = 20) implemented in 

the scater (v1.14.6) R package. We found the small cluster C9 to be largely diverging 

from the remainder fraction in diffusion space, therefore it was excluded for 

downstream analysis (Figure 6.9 E). We then imported the data in Scanpy and used 

the first 10 diffusion components to compute a neighbourhood graph (n_neighbors 

= 20) which was used for PAGA. We finally computed a force-direct layout 

(ForceAtlas2) using PAGA-initialised positions.  

 

Analysis of gene set activity.  

Gene signatures were generated from the list of differentially expressed genes by 

keeping those showing at least 0.50 log fold change enrichment in each given 

group. Lists of differentially expressed genes are provided in supplementary data 6. 

Gene lists were used as custom gene sets (Supplementary data 7) in the AUCell 

Aibar et al., 2017 R package (v1.8.0). Briefly, AUCell uses the Area Under the Curve 

to evaluate the enrichment of a given gene set in each cell, in a ranking based 
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manner. It outputs an AUC score for each individual cell, which is used to explore 

the relative expression of the signature. Per cell AUC scores of each signature were 

overlaid on the dimension reduction layout and plotted as box-plots to visualize 

enrichments across the different cellular subsets. 

2.8.1.6. Data availability 
Raw sequencing files and processed gene expression matrices of scRNA-seq 

datasets have been deposited in the NCBI Gene Expression Omnibus under the 

accession number GSE151944. The processed datasets for both mouse adult 

prostate and UGS prostate explant cultures can be accessed via a searchable R 

Shiny application available at http://shiny.cruk.manchester.ac.uk/pscapp/. All code 

used to process data and generate figures is available on a public GitHub repository 

at https://github.com/glacaud/prostate-scRNAseq. 

2.8.2. Mining of publicly available datasets 

 The cBioPortal database (https://www.cbioportal.org/) was used to collect 

information about the nature and frequency of genomic alterations affecting 

RUNX1, RUNX2 and RUNX3 in all independent Prostate Adenocarcinoma studies 

available using the following query: “HOMDEL HETLOSS GAIN AMP MUT”. Figures of 

“OncoPrints” and “Cancer Types Summary” were downloaded via the online 

interface. RNA-seq data for RUNX1 and matching clinical data were downloaded via 

the cBioPortal database for both the TCGA (Cancer Genome Atlas Research 

Network, 2015) and DKFZ (Gerhauser et al., 2018) studies. Based on the expression 

levels of RUNX1, the upper quartile (75th percentile) was defined as the RUNX1-Hi 

group and compared with remaining RUNX1-Lo fraction. Survival analyses were 

performed as described in section 2.7.2. 

2.9. Statistical analysis 

 Statistical analyses were performed using Graphpad/Prism (v8.4.2). Where 

possible, data are represented as mean ±SD. Unless otherwise specified, two-tailed 

unpaired t-tests were used to compare means between two groups. Statistical 



Chapter 2  Material and methods 

 

100 
 

significance was set at p < 0.05. For animal model studies, no statistical method was 

used to pre-determine the sample size. No randomization or blinding was used for 

in vivo studies. 
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Chapter 3  Characterisation of Runx1 expressing cells 
in the normal mouse prostate 

[This section has been adapted from (Mevel et al., 2020)] 

3.1. Introduction 

The mouse prostate is organised in pairs of lobes, including the anterior 

prostate (AP), dorso-lateral prostate (DLP) and ventral prostate (VP). Each lobe has 

distinct branching patterns and histopathological characteristics, and they are 

thought to contribute differently to the physiological function of the prostate 

(Berquin et al., 2005; Cunha et al., 1987; Shappell et al., 2004; Thomson and 

Marker, 2006). The differentiated glandular epithelium of the prostate is composed 

of three epithelial cell types: luminal, basal and rare neuroendocrine cells. These 

have mainly been defined based on their anatomical locations, histological 

characteristics, as well as the expression of a small subset of markers (Shen and 

Abate-Shen, 2010; Toivanen and Shen, 2017; Wang et al., 2001). Luminal cells form 

a layer of polarised tall columnar cells producing prostatic secretions and rely on 

androgen signalling. Luminal cells are characterised by high levels of K8/18 and AR, 

while basal cells express high molecular weight K5/14 and p63.  

 

In adult mice, lineage-tracing experiments performed using canonical basal 

(Krt5, Krt14) and luminal (Krt8, Krt8) drivers suggest that basal and luminal lineages 

are largely self-sustained by the presence of unipotent basal and luminal 

progenitors (Choi et al., 2012; Lu et al., 2013; Tika et al., 2019; Tika et al., 2019; 

Wang et al., 2013). However, the precise characterisation of these progenitors 

remains elusive and controversial (Toivanen and Shen, 2017; Zhang et al., 2018). In 

light of the complex architecture of the prostate, several studies have proposed 

that different epithelial progenitor populations reside at specific locations. Indeed, 

in addition to its lobular pattern, the mouse prostate can be segmented on a 

proximal-distal axis, ranging from the periurethral region to the tip of the ducts 

respectively (McNeal, 1981). Early studies have reported regional differences in the 
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levels of DNA synthetic activity, showing that distal ducts contain a greater 

proportion of proliferating cells following androgen-induced prostatic regeneration 

(Sugimura et al., 1986b). A recent report demonstrated the spatiotemporal 

restricted localisation of multipotent progenitors at the distal tips of the ducts 

during postnatal development, switching to unipotency during puberty (Tika et al., 

2019). The prostate specific transcription factor Nkx3-1 has been shown to mark a 

population of luminal NKX3.1 expressing cells (CARNs) with enhanced regenerative 

potential (Wang et al., 2009b), and to be more enriched at distal locations during 

early developmental stages (Kruithof-de Julio et al., 2013). Aged mice were also 

shown to contain an increased proportion of TROP2+ luminal progenitor cells, 

located in ridges protruding into the lumen of distal ducts (Crowell et al., 2019). In 

contrast to these reports indicating the presence of more regenerative cells at distal 

locations, label-retention studies using bromodeoxyuridine (BrdU) suggested that 

that slow-cycling progenitors located in the proximal region retained increased 

proliferative and differentiation capacities (Tsujimura et al., 2002). This is further 

supported by serial in vivo transplantation assays showing the greater progenitor 

potential of cells from both the urethra and the proximal regions (Goto et al., 

2006). The proximal region was shown to be enriched in cells expressing SCA-1 and 

with high in vivo proliferative potential (Burger et al., 2005). More precisely, SCA-1 

marks a luminal progenitor population capable of forming differentiated prostate 

glands using an in vivo prostate regeneration assay. SCA-1+ luminal cells express 

low levels of NKX3.1 and are located in the proximal region of the ducts (Kwon et 

al., 2016). Likewise, TROP2 (Tacstd2) was found enriched in the periurethral region, 

in basal and luminal cells with progenitor characteristics, and low levels of Nkx3-1 

expression (Goldstein et al., 2008). Taken together, these controversial findings 

suggest that several progenitor populations seem to co-exist at various locations in 

the prostate epithelium and contribute differently to the development and the 

regeneration of the organ in a context-dependent manner. 

 

RUNX transcription factors (TF) are master regulators of lineage commitment 

and cell fate (Mevel et al., 2019). RUNX1 is essential for the ontogeny of the 
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hematopoietic system and alterations of RUNX1 have been associated with a broad 

spectrum of haematological malignancies. As discussed in section 1.4 and 1.5, 

increasing evidence also implicates RUNX1 in the biology and pathology of 

hormone-associated epithelia (Lie-A-Ling et al., 2020; Riggio and Blyth, 2017; 

Scheitz and Tumbar, 2013), including breast (Browne et al., 2015; Chimge et al., 

2016; Ferrari et al., 2014; van Bragt et al., 2014), uterine (Planagumà et al., 2004; 

Planagumà et al., 2006), ovarian (Keita et al., 2013), and prostate cancers (Banach-

Petrosky et al., 2007; Scheitz et al., 2012; Takayama et al., 2015). In light of the 

prevalence of hormone signalling as well as the glandular nature of the mammary 

gland, parallels are often made between the mammary and prostate glands. RUNX1 

has previously been found to be expressed in the basal and luminal compartments 

of the mammary epithelium, but not in secretory alveolar cells (Blyth et al., 2010; 

van Bragt et al., 2014). Mechanistically, RUNX1 was found to repress the alveolar 

transcription factor Elf5, and to regulate the expression of mature luminal genes 

involved in ER transcriptional program (van Bragt et al., 2014). Furthermore, Runx1 

was shown to promote ductal and lobular differentiation using the basal-like 

MCF10A cell line (Sokol et al., 2015; Wang et al., 2011b). While these results 

suggest a role for RUNX1 in mammary luminal differentiation, it also questions 

whether similar observations would apply to the prostate. 

 

Despite the emerging literature involving RUNX1 in non-hematopoietic 

tissues, including reports of RUNX1 in PCa, its expression in the normal prostate 

gland has not been explored. To better understand the possible contribution of 

RUNX1 to PCa, an initial key question to address was whether RUNX1 is expressed 

in the normal adult prostate epithelium under homeostatic conditions, and if so, 

what would be its precise expression pattern. Therefore, in this Chapter, the spatial 

distribution of RUNX1 was thoroughly investigated in the different lobes and 

epithelial cell types of the adult mouse prostate. Next, taking advantage of isoform 

specific reporter mouse models of Runx1 expression, RUNX1+ cells were purified, 

and their ex vivo biological potential evaluated in prostate organoids assays. Finally, 

the functional requirement of Runx1 was evaluated in these prostate organoids. 
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3.2. Results 

3.2.1. Validation of mouse anti-RUNX1 antibodies 

To characterise the expression pattern of Runx1 in adult mouse prostate, 

several anti-RUNX1 antibodies were tested by immunohistochemistry using Runx1 

WT and Runx1 KO mouse prostate organoids derived from the prostate epithelial 

(EPCAM+) fraction of Runx1flox/flox Rosa26loxP-STOP-loxP-YFP mice (as described in section 

3.2.6). The best 2 candidates are shown in Figure 3.1. While both antibodies 

displayed strong and specific nuclear staining in Runx1 WT organoids, the D4A6 

antibody clone (#8526, Cell Signalling) appeared to be the most specific, with only 

rare and faint unspecific cytoplasmic stains in Runx1 KO organoids. In contrast, the 

RUNX1/2/3 antibody (#92336, Abcam) had evident reminiscent nuclear staining, 

suggesting either unspecific binding, or binding to another RUNX family member. 

 
Figure 3.1. Validation of RUNX1 antibodies by chromogenic immunohistochemistry. 
Validation of anti-RUNX1 antibodies by chromogenic immunostaining on serial sections 
from Runx1 WT and Runx1 KO mouse prostate organoids. Arrows indicate reminiscent 
nuclear staining in Runx1 KO organoids, arrowheads indicate faint cytoplasmic staining in 
Runx1 KO organoids. Scale bars: 50 µm. 
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3.2.2. RUNX1 is enriched in the proximal region of the prostate 

Using the D4A6 antibody clone, the expression of RUNX1 was evaluated in the 

mouse urogenital system, including the prostate, urethra, bladder, seminal vesicles 

and ampullary gland (Figure 3.2). In the prostate, RUNX1 was highly expressed in 

focal areas of the proximal - or periurethral - AP, in particular in cells lining the 

luminal side of the ducts, as well as some basal cells (Figure 3.2 A). In the distal AP 

and DLP, RUNX1 staining was occasionally found in the basal layer but not in 

luminal cells, except in the proximal region (data not shown). In the VP, both basal 

and luminal RUNX1+ cells were detected. In light of the specific expression of 

RUNX1 in the proximal region of the prostate, the proximal and distal AP were 

analysed separately throughout this chapter. Unless otherwise specified, the DLP 

and VP were kept as a whole due to the smaller areas of their peri-urethral region. 

In the other tissues, RUNX1 was strongly expressed in the urethral and bladder 

epithelia (Figure 3.2 B). Only rare RUNX1+ cells were found in seminal vesicles 

epithelia, and none were found in the ampullary gland epithelium. Of note, RUNX1 

expression was not exclusively constrained to the epithelium, and also observed in 

the stromal compartment of urogenital tissues (Figure 3.2, chevron arrows). 

 
Figure 3.2. RUNX1 expression in the mouse urogenital system. 
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(A) Immunostaining of RUNX1 at different location of the mouse prostate: proximal AP, 
distal AP, DLP and VP. (B) Immunostaining of RUNX1 in the urethra, bladder, seminal vesicle 
and ampullary gland. Arrows indicate RUNX1+ luminal cells, arrowheads indicate RUNX1+ 
basal cells, chevron arrows indicate RUNX1+ stromal cells. Scale bars: 50 µm. 
 

Chromogenic immunostainings of tissue sections are informative to characterise 

protein expression in situ with the preservation of the spatial context. However, it 

remains difficult to evaluate co-localisation with additional markers. To circumvent 

this issue, the phenotypic profile of RUNX1+ cells was further characterised by 

multiplexed immunofluorescence in combination with classical prostate markers, 

including K5, K8, p63 and AR (Figure 3.3).  

 
Figure 3.3. Phenotypic characterisation of RUNX1+ cells in the mouse prostate. 
(A) Co-immunostaining of RUNX1, K5 and K8 in the proximal AP, distal AP, DLP and VP. 
Arrows indicate RUNX1+ K8+ luminal cells, arrowheads indicate RUNX1+ K5+ basal cells.   
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(B) Co-immunostaining of RUNX1, p63 and CDH1 in the proximal AP, distal AP, DLP and VP. 
Arrows indicate RUNX1+ p63- luminal cells, arrowheads indicate RUNX1+ p63+ basal cells, 
chevron arrows indicate RUNX1+ p63- basal cells.  
(C) Co-immunostaining of RUNX1, AR and CDH1 in the proximal AP, distal AP, DLP and VP. 
Arrows indicate RUNX1+ AR+ cells, arrowheads indicate RUNX1- AR+ cells, chevron arrows 
indicate RUNX1+ AR- cells. Scale bars: 50 µm. 
 

In line with previous observations, RUNX1 was specifically highly expressed in 

luminal K8+ cells of the proximal AP (Figure 3.3 A). High RUNX1 levels were also 

observed in K8+ AR+ luminal cells of the proximal DLP and proximal VP (data not 

shown). As expected, these luminal cells expressed AR but not p63 (Figure 3.3 B, C). 

Luminal RUNX1+ K8+ AR+ cells were also frequently observed in the VP, but rarely 

in distal locations of the AP or DLP. As already observed with chromogenic staining, 

RUNX1 expression was detected in basal cells throughout the prostate. Also, while 

the majority of RUNX1+ basal cells were K5+, not all co-expressed p63 or AR, 

suggesting some degree of heterogeneity between RUNX1+ and RUNX1- basal cells. 

Overall, the unique expression pattern of RUNX1 in the prostate indicates that 

RUNX1 is differentially expressed in distinct subpopulations of epithelial prostate 

cells. 

3.2.3. RUNX1 and NKX3.1 mark distinct luminal lineages 

NKX3.1 is a master regulator of prostate development broadly expressed in 

prostate luminal cells (Abate-Shen et al., 2008; Bhatia-Gaur et al., 1999; Wang et 

al., 2009b). To further characterise the spatial distribution and heterogeneous 

expression pattern of RUNX1 in the mouse prostate, tissue sections were co-stained 

for RUNX1 and NKX3.1 (Figure 3.4). Strikingly, RUNX1 and NKX3.1 had a largely 

mutually exclusive expression pattern, with a sharp transition from RUNX1+ 

NKX3.1- to RUNX1- NKX3.1+ luminal cells in the proximal region of the prostate 

(Figure 3.4 A). This was further confirmed using quantitative image-based 

cytometry (QIBC), showing a distinct RUNX1+ NKX3.1- population in proximal 

regions, absent in distal areas (Figure 3.4 B). RUNX1+ NKX3.1- basal cells were also 

found throughout the prostate epithelium. Unlike the AP and DLP, a fraction of VP 
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luminal cells co-expressed RUNX1 and NKX3.1 and may represent another luminal 

subset. Together, these results suggest that RUNX1 marks a subset of proximal 

luminal cells, referred to as PLCs thereafter, distinct from the abundant NKX3.1+ 

luminal population lining the rest of the prostate epithelium. 

 
Figure 3.4. RUNX1 is mutually exclusive with NKX3.1. 
(A) Co-immunostaining of RUNX1, NKX3.1 and CDH1 in the mouse AP, DLP, and VP. Higher 
magnification images of (i) proximal AP, (ii) distal AP, (iii) distal DLP and (iv) distal VP are 
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shown. Arrows indicate RUNX1+ NKX3.1- cells, arrowheads show RUNX1- NKX3.1+ cells, 
chevron arrows indicate RUNX1+ NKX3.1+ cells. Scale bars: 500 µm (yellow) and 50 µm 
(white).  
(B) Quantification of RUNX1 and NKX3.1 nuclear intensity (log10 transformed) in CDH1+ 
epithelial cells by QIBC in proximal and distal AP, DLP and VP. n = 6-8 mice. Dashed circles 
highlight the RUNX1+ NKX3.1- population enriched in the proximal region of each prostate 
lobe. 
 

Examination of mouse prostate tissue sections using haematoxylin and eosin 

(H&E) staining revealed that luminal cells located in the proximal region had a 

unique histological profile. PLCs had a compact organisation, intense nuclear 

haematoxylin staining, and increased nuclear-to-cytoplasmic ratio (Figure 3.5). This 

observation was common to all prostate lobes (representative example of the AP 

display in Figure 3.5). In contrast, distal luminal cells had a large cytoplasm with 

intense pink eosin staining, likely to reflect their principal secretory function. 

Therefore, the secretory function of the prostate seems to be mediated by NKX3.1+ 

luminal cells found throughout the distal prostate. Instead, RUNX1+ PLCs appear to 

have a non-secretory phenotype.  

 
Figure 3.5. RUNX1+ proximal luminal cells have a non-secretory phenotype. 
H&E staining of the mouse AP. Higher magnification images of (i) proximal AP and (ii) distal 
regions are shown. Arrows show typical proximal luminal cells with condensed nuclei and 
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cytoplasm, arrowheads show typical distal secretory luminal cells with enlarged cytoplasm 
and strong pink eosinophilic staining. Scale bars: 200 µm (blue) and 50 µm (black). 
 

Several genes, including Tacstd2/Trop2 (Crowell et al., 2019; Goldstein et al., 

2008), Ly6a/Sca-1 (Kwon et al., 2016; Kwon et al., 2020), Keratin 7 (Ceder et al., 

2017) and Bmi1 (Yoo et al., 2016), have previously been reported to be expressed in 

the proximal region of the prostate, and to mark putative subsets of prostate 

stem/progenitor cells. The expression of these candidates was therefore evaluated 

in combination with RUNX1. While all 4 markers co-expressed RUNX1 in PLCs, none 

of these had a completely overlapping pattern with RUNX1 (Figure 3.6). TROP2, for 

example, was found expressed in RUNX1- cells of the distal AP, DLP and VP (Figure 

3.6 A). Similarly, RUNX1 was expressed in cells of the DLP and VP which did not co-

localise with SCA-1 (Figure 3.6 B) or K7 (Figure 3.6 C). In contrast with a previous 

report (Yoo et al., 2016), BMI1 was broadly expressed throughout the prostatic 

epithelium, in all lobes of both proximal and distal regions (Figure 3.6 D). Yet not all 

RUNX1+ cells co-expressed BMI1 and vice-versa. 

 

Overall, RUNX1 was consistently found highly expressed in NKX3.1- PLCs 

which do not appear committed to the secretory function of the prostate and co-

express previously described prostate stem/progenitor markers. 

These results therefore highlight the heterogeneity of the prostate epithelia and 

suggest that RUNX1+ PLCs represent a phenotypically and functionally distinct 

luminal cell type. 
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Figure 3.6. Phenotypic characterisation of RUNX1+ cells: TROP2, SCA-1, K7, BMI1. 
(A) Co-immunostaining of RUNX1, TROP2 and CDH1 in the proximal AP, distal AP, DLP and 
VP. Arrows indicate RUNX1+ TROP2+ cells, arrowheads indicate RUNX1- TROP2+ cells. 
(B) Co-immunostaining of RUNX1, SCA-1 and CDH1 in the proximal AP, distal AP, DLP and 
VP. Arrows indicate RUNX1+ SCA-1+ cells, arrowheads indicate RUNX1+ SCA-1- cells. 
(C)  Co-immunostaining of RUNX1, K7 and CDH1 in the proximal AP, distal AP, DLP and VP. 
Arrows indicate RUNX1+ K7+ cells, arrowheads indicate RUNX1+ K7- cells. 
(D) Co-immunostaining of RUNX1, BMI1 and CDH1 in the proximal AP, distal AP, DLP and 
VP. Arrows indicate RUNX1+ AR+ cells, arrowheads indicate RUNX1- BMI1+ cells, chevron 
arrows indicate RUNX1+ BMI1- cells. 
Scale bars: 50 µm. 
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3.2.4. Runx1 expression in epithelial prostate cells is mediated by the 
P2 promoter 

Runx1 expression is controlled by two promoters, the distal P1 and proximal 

P2 promoters, that respectively drive the expression of the Runx1c and the Runx1b 

isoform (Figure 3.7 A) (Mevel et al., 2019). In order to study the stem/progenitor 

properties of Runx1 expressing cells ex vivo, I took advantage of previously 

developed isoform-specific fluorescent reporter mouse models of Runx1 to 

prospectively isolate populations of interest (Draper et al., 2018; Sroczynska et al., 

2009). Runx1 expression in the prostate epithelium was exclusively mediated by the 

proximal P2 promoter, in up to 30% of all EPCAM+ prostate cells, whereas distal P1 

promoter activity could not be detected by flow-cytometry (Figure 3.7 B). This 

observation was further confirmed in situ by immunofluorescence, with strong RFP 

expression in the proximal AP of P2-Runx1:RFP prostate epithelial cells, but only 

rare GFP signal in the stromal compartment of P1-Runx1:GFP prostates (Figure 3.7 

C). 
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Figure 3.7. Runx1 expression is mediated by the P2 promoter in the mouse prostate 
epithelium. 
(A) Schematic diagrams of the P2-Runx1:RFP reporter allele (top), Runx1 WT allele (middle), 
and P1-Runx1:GFP reporter allele (bottom). In P2-Runx1:RFP or P1-Runx1:GFP mice, 
expression of RFP or GFP is directed by Runx1 proximal P2 or distal P1 promoter 
respectively. WT Runx1 expression is directed by the remaining WT allele.  
(B) Flow-cytometry analysis of the epithelial EPCAM+ fraction of WT, P2-Runx1:RFP and P1-
Runx1:GFP mice. Percentages are indicated in each quadrant gates.  
(C) Confocal images indicating P2-Runx1:RFP signal in the glandular epithelium (top), while 
P1-Runx1:GFP (bottom) activity is detected in the surrounding stroma. Scale bar: 50 µm.  
 

Following tissue dissection and dissociation to single cell suspensions, 

prostate epithelial cells can be analysed by flow-cytometry using CD49f and CD24 to 

enrich for basal (EPCAM+ CD49fhigh) and luminal (EPCAM+ CD24high) lineages (Figure 

3.8 A) (Karthaus et al., 2014; Lawson et al., 2007). Using the P2-Runx1:RFP reporter 

mouse model, the expression of Runx1 was extensively characterised by flow-

cytometry in the proximal and distal AP, DLP and VP (Figure 3.8 B-D). RFP was 

detected in a large proportion of the basal fraction of the proximal AP (39.9 ± 5.8%), 

DLP (56.2 ± 7.1%) and VP (75.2 ± 18.0%) and less abundant in basal cells of the 

distal AP (16.7± 4.1%). In line with previous results, RFP was more abundant in the 

proximal AP (17.2 ± 7.0%) than the distal AP (5.4 ± 2.9%) (Figure 3.8 B). RFP was also 

found in ~15.4  ± 8.4% of DLP luminal cells (Figure 3.8 C), as well as the majority of 

the luminal compartment of the VP (63.7 ± 10.5%) (Figure 3.8 D). Given the high 

sensitivity of flow-cytometers, it is worthwhile noting that RFP expression in the 

basal fraction resembled more of a gradient, as opposed to more clearly defined 

binomial distributions of RFP expression in the luminal compartment (Figure 3.8 B-

D). 



Chapter 3  Characterisation of Runx1 expressing cells in the normal mouse prostate 

 

114 
 

 
Figure 3.8. Flow-cytometry profiling of the prostate basal and luminal fractions of P2-
Runx1:RFP mouse reporters. 
(A) Experimental strategy to characterise the expression of RFP as a surrogate of Runx1 in 
P2-Runx1:RFP mouse reporters by flow-cytometry. 
(B-D) Flow-cytometry analysis of P2-Runx1:RFP mice, and corresponding quantification of 
the percentages of RFP+ and RFP- cells in the basal and luminal fractions of (A, n = 7 mice) 
the proximal and distal AP, (B, n = 4 mice) DLP, and (C, n = 4 mice) VP. 

3.2.5. RUNX1+ proximal luminal cells have an enhanced Organoid 
Forming Capacity 

To study the stem/progenitor properties of Runx1 expressing cells, the P2-

Runx1:RFP reporter mouse line was used to isolate RUNX1 positive (RFP+) and 

negative (RFP-) epithelial cells from the basal and luminal compartments of all three 
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pairs of prostate lobes. Sorted cells were plated in a 3D matrix to evaluate their 

regenerative potential ex vivo in organoid culture assays (Drost et al., 2016) (Figure 

3.9 A). Strikingly, proximal RFP+ luminal cells of the AP consistently displayed higher 

Organoid Formation Capacity (OFC) than the RFP- fraction (Figure 3.9 B). Luminal 

RFP+ sorted cells from the DLP and VP also had a greater OFC than RFP- 

counterparts. Conversely, RFP+ and RFP- luminal cells isolated from the distal AP 

had a similar OFC. Also, no significant differences in OFC were observed between 

basal enriched RFP+ and RFP- subsets. 

 
Figure 3.9. Organoid Forming Capacity of RUNX1+ and RUNX1- basal and luminal cells. 
(A) Experimental strategy to grow organoids from sorted RFP+ and RFP- cells from the basal 
(EPCAM+ CD49fhigh) and luminal (EPCAM+ CD24high) lineages of P2-Runx1:RFP mouse 
reporters.  
(B) Organoid Forming Capacity (OFC) of RFP+ and RFP- basal and luminal sorted cells from 
the proximal AP, distal AP, DLP and VP after 7 days in culture. n = 4 mice. 
 

All mature organoids expressed RFP, including organoids emerging from RFP- 

sorted populations, suggesting that Runx1 is actively expressed during their 

formation (Figure 3.10 A). The culture conditions allowed the growth of 3D 

structures having a predominantly ‘solid’ morphology, as well as less frequent 

‘hollow’ ones (Figure 3.10 A-B). Organoids derived from RFP+ luminal subsets, had 

more frequently a hollow phenotype compared with the RFP- fractions (Figure 3.10 
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B). This was notably the case for organoids derived from the proximal AP (74.6 ± 

12.3% hollow from luminal RFP+ cells, against 21.4 ± 10.2% hollow from luminal 

RFP- cells). 

To further characterise their lineage potential, organoids were stained using 

whole-mount immunofluorescence with classical basal (K5) and luminal (K8) 

markers. After 3D imaging, maximum projection images were batch quantified 

(description of the method in section 2.7.3) to classify organoids into three types 

based on the expression of these lineage markers: unipotent “basal-like” Keratin 5+ 

(K5+), unipotent “luminal-like” Keratin 8+ (K8+), or multipotent K5+ K8+ (Figure 

3.10 C-D). Interestingly, AP proximal luminal RFP+ derived organoids were 

predominantly unipotent K8+, while the remainder fractions mainly generated 

larger unipotent K5+ organoids (Figure 3.10 D). Few multipotent K5+ K8+ organoids 

were also identified in nearly all populations. The estimated 2D organoid area 

measurement was also extracted from the image analysis pipeline. Out of all 

populations analysed, the AP proximal luminal RFP+ derived organoids were 

significantly smaller than the RFP- counterpart (Figure 3.10 E). Most of the time, 

those smaller organoids corresponded mainly to the hollow and unipotent 

“luminal-like” K8+. 

Taken together, these results show that RFP+ (RUNX1+) prostate luminal cells 

have a greater organoid forming potential. In particular, RFP+ cells isolated from 

the proximal region of the prostate - with the example of the AP here - have a 

particular predisposition to form unipotent K8+ hollow organoids. Overall, these 

observations suggest a lineage bias of PLCs towards the luminal identity. 
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Figure 3.10. Characterisation of the prostate organoids. 
(A) Examples of mature ‘Hollow’ and ‘Solid’ organoids after 7 days in culture. 
(B) Quantification of organoid morphologies (grey: solid, white: hollow) determined by 
brightfield assessment. n = 4 mice. 
(C) Whole-mount immunostaining of unipotent K5+, unipotent K8+ or multipotent K5+ K8+ 
organoids. 
(D) Quantification of the type of organoids (pink: unipotent K5+, green: unipotent K8+, 
orange: multipotent K5+ K8+ organoids) characterised by whole-mount immunostaining.  
n = 2 mice. 
(E) Quantification of the organoid area estimated from maximum projection of stacked 
images from basal (left) and luminal (right) fractions of the proximal AP. Numbers of 
organoids quantified are shown above the graph. n = 2 mice. 
Scale bars: 50 µm. 

A B

D

H
ol
lo
w

Brighield RFP Merge

So
lid

C

E

O
rg
an

oi
d
ty
pe

(%
of

to
ta
l)

O
rg
an

oi
d
ty
pe

(%
of

to
ta
l)

Proximal AP

RFP
Bas Lum

-+ -+

Ba
s R
FP
+

Ba
s R
FP
-

Lu
m
RF
P+

Lu
m
RF
P-

0

50

100

O
rg
an
oi
d
Ty
pe
(%

of
to
ta
l)

H/S - Proximal AP

Hollow

Solid

Ba
s R
FP
+

Ba
s R
FP
-

Lu
m
RF
P+

Lu
m
RF
P-

0

50

100

O
rg
an
oi
d
Ty
pe
(%

of
to
ta
l)

H/S - Distal AP

Hollow

Solid
Distal AP

RFP
Bas Lum

-+ -+

DLP

RFP
Bas Lum

-+ -+

Ba
s R
FP
+

Ba
s R
FP
-

Lu
m
RF
P+

Lu
m
RF
P-

0

50

100

O
rg
an
oi
d
Ty
pe
(%

of
to
ta
l)

H/S - DLP

Hollow

Solid
VP

RFP
Bas Lum

-+ -+

Ba
s R
FP
+

Ba
s R
FP
-

Lu
m
RF
P+

Lu
m
RF
P-

0

50

100

O
rg
an
oi
d
Ty
pe
(%

of
to
ta
l)

H/S - DLP

Hollow

Solid
Solid
Hollow

Solid
Hollow

D
A
P
IK
5
K
8

B
rig
ht
fie
ld

K5+ K5+ K8+ K8+

O
rg
an

oi
d
ty
pe

(%
of

to
ta
l)

O
rg
an

oi
d
ty
pe

(%
of

to
ta
l)

Proximal AP Distal AP

DLP VP
Ba
s R
FP
+

Ba
s R
FP
-

Lu
m
RF
P+

Lu
m
RF
P-

0

50

100

O
rg
an
oi
d
Ty
pe
(%

of
to
ta
l)

Proximal AP

K5+

K5+K8+

K8+

Ba
s R
FP
+

Ba
s R
FP
-

Lu
m
RF
P+

Lu
m
RF
P-

0

50

100

O
rg
an
oi
d
Ty
pe
(%

of
to
ta
l)

Distal AP

K8+

K5+

K5+K8+

370 380 56 52 365 270 55 6

RFP
Bas Lum

-+ -+ RFP
Bas Lum

-+ -+

RFP
Bas Lum

-+ -+ RFP
Bas Lum

-+ -+

268 322 78 59 191 316 84 57

Ba
s R
FP
+

Ba
s R
FP
-

Lu
m
RF
P+

Lu
m
RF
P-

0

50

100

O
rg
an
oi
d
Ty
pe
(%

of
to
ta
l)

VP

K5+

K5+K8+

K8+

Ba
s R
FP
+

Ba
s R
FP
-

Lu
m
RF
P+

Lu
m
RF
P-

0

50

100

O
rg
an
oi
d
Ty
pe
(%

of
to
ta
l)

DLP

K5+

K5+K8+

K8+ K8+
K5+K8+
K5+

K8+
K5+K8+
K5+

Basal

Proximal AP

p=0.005
p=0.88

O
rg
an

oi
d
ar
ea

(μ
m
²)

RFP+ RFP-

Luminal

RFP+ RFP-Bas RFP+ Bas RFP-
0

1×104

2×104

3×104

4×104

5×104

O
rg
an
oi
d
Ar
ea
(µ
m
²)

Proximal AP - Basal
Bas RFP+

Bas RFP-

Lum RFP+ Lum RFP-
0

1×104

2×104

3×104

4×104

5×104

O
rg
an
oi
d
Ar
ea
(µ
m
²)

Proximal AP - Luminal
Lum RFP+

Lum RFP-



Chapter 3  Characterisation of Runx1 expressing cells in the normal mouse prostate 

 

118 
 

3.2.6. Runx1 is dispensable for organoid formation 

To further understand the contribution of RUNX1 to prostate organoid 

formation, its genomic deletion was induced in vitro using cells derived from the 

whole prostate of Runx1flox/flox Rosa26loxP-STOP-loxP-YFP mice (Figure 3.11 A). Following 

prostate dissociation and enrichment of epithelial EPCAM+ cells, deletion of Runx1 

was performed via adenoviral Cre-mediated recombination of floxed alleles around 

its Exon 4 and reported by the concomitant deletion of poly(A) signal repeats at the 

Rosa26 locus (STOP cassette), which subsequently activates YFP transcription and 

expression (Figure 3.11 B, C). After four to five days in culture, successfully infected 

cells were sorted on the basis of YFP expression and replated at similar densities to 

evaluate their ability to form de novo organoids. In addition to YFP expression 

(Figure 3.11 C), successful recombination of Runx1 floxed alleles was verified by 

genotyping PCR (Figure 3.11 D). Out of 3 independent experiments, and despite 

overall variations in efficiency between experiments, no significant differences of 

OFC were observed in the presence or absence of Runx1 (Figure 3.11 E). Despite its 

broad expression in organoid cultures (Figure 3.10), these data suggest that Runx1 

is dispensable for mouse prostate organoid formation. 
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Figure 3.11. Evaluation of the requirement of Runx1 in mouse prostate organoid cultures. 
(A) Experimental strategy to generate mouse prostate organoids with Runx1 deletion ex 
vivo. Cells were isolated from Runx1WT/WT / Runx1flox/WT / Runx1flox/flox Rosa26loxP-STOP-loxP-YFP 
mice, enriched for EPCAM+ cells using magnetic beads, and infected with an adenovirus 
expressing either GFP alone (Ad-GFP), or GFP and a Cre recombinase (Ad-CRE). After 5 days 
in culture, YFP positive cells were sorted and replated for downstream analyses.  
(B) Expression of the Cre recombinase drives recombination of floxed sequences to 
knockout Runx1 and concomitantly activate YFP expression from the Rosa26 locus.  
(C) Maximum projection image of YFP+ organoids following adenoviral Cre-mediated 
activation of YFP expression. Scale bar: 50 µm. 
(D) Runx1 genotyping PCR to control appropriate recombination of floxed sequences after 
Ad-GFP or Ad-CRE infection. 
(E) Organoid Forming Capacity of mouse prostate epithelial cells with Runx1WT/WT / 
Runx1flox/WT / Runx1flox/flox genotypes. Technical replicates of n = 3 independent experiments 
are shown. W = wild-type, F = flox. 
 

In light of the high RUNX1 expression levels in the luminal layer of the 

proximal prostate, as well as the enhanced clonogenicity of this subset, Runx1 was 

hypothesised to have a specific requirement in this cellular subset. However, PLCs 

represent only a small fraction of the total prostate, and therefore the effect of 

Runx1 loss, if any, might be masked using the whole dissociated prostate. To 
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address this hypothesis, a sorting strategy was adopted to enrich for a CD24high 

luminal population with high expression levels of the cell surface markers TROP2 

and SCA-1 (Figure 3.12 A), termed LTS thereafter (Luminal TROP2 SCA-1), previously 

shown to co-express RUNX1 in the proximal AP (see Figure 3.6 A, B). LTS cells were 

isolated from prostates of Runx1flox/flox Rosa26CreERT2 Rosa26loxP-STOP-loxP-YFP mice 

(Figure 3.12 B). In this model, the Cre recombinase is fused to a modified oestrogen 

receptor (CreERT2), preventing it from entering the nucleus (Feil et al., 1997). 

Genomic deletion of Runx1 was induced ex vivo in the presence of 4-

hydroxytamoxifen, which acts as an oestrogen receptor agonist, binds to CreERT2 

and promotes its translocation to the nucleus where it can recombine floxed target 

sites at the Runx1 and Rosa26 loci. 

 
Figure 3.12. Strategy to delete Runx1 in organoids derived from proximal luminal cells. 
(A) Representative gating strategy to isolate basal and luminal LTS (CD24high TROP2high SCA-
1high) cells from proximal (left) and distal (right) AP. 
(B) Experimental strategy to induce the deletion of Runx1 in proximal and distal, basal 
(CD49f) and luminal LTS (CD24high TROP2high SCA-1high) cells in mouse prostate organoid 
cultures. 

 

Concentrations of 4-hydroxytamoxifen ranging from 1 µM to 25 nM were 

initially tested using Runx1flox/flox; Rosa26CreERT2 ; Rosa26loxP- STOP-loxP-YFP derived 

prostate cells, in order to minimise toxicity and maximise targeting efficiency. 

Toxicity was only observed at 1 µM, and 50 nM were sufficient for all mature 

organoids to be YFP+ (data not shown), therefore the use of 100 nM seemed 
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reasonable. Proximal and distal luminal cells having a similar immunophenotypic 

profile were also sorted for comparison and basal cells (CD49fhigh) were used as 

internal control. Overall, no growth difference was found between Runx1 WT and 

Runx1 KO basal cells sorted from the proximal and distal AP (Figure 3.13 A). Of note, 

a strong difference in OFC was observed between Runx1 WT and Runx1 KO 

proximal basal cells of Exp. 2, but this result was not reproduced in Exp. 1, 

suggesting a possible technical mistake. More importantly, no growth difference 

was observed between Runx1 WT and Runx1 KO luminal cells, sorted from both 

proximal and distal regions (Figure 3.13 A). Furthermore, brightfield assessment of 

the type of organoids also failed to exhibit any morphological differences upon 

Runx1 deletion (Figure 3.13 B). Overall, these results invalidate the hypothesis that 

Runx1 is required for the ex vivo regenerative potential of proximal and distal 

CD24high TROP2high SCA-1high (LTS) luminal cells in prostate organoid cultures. 

 
Figure 3.13. Evaluation of the requirement of Runx1 in proximal luminal cells. 
(A) Organoid Forming Capacity of mouse prostate epithelial cells with Runx1WT/WT / 
Runx1flox/flox genotypes from either basal or LTS populations. Technical replicates of n = 2 
independent experiments are shown. W = wild-type , F = flox. 
(B) Quantification of organoid morphologies (grey: solid, white: hollow) determined by 
brightfield assessment. n = 2 independent experiments. 
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3.3. Discussion 

3.3.1. Summary 

Beyond the haematopoietic system, RUNX1 has been shown to play major 

roles in the development and homeostasis of numerous tissues (Mevel et al., 2019). 

However, despite the documented importance of RUNX TFs and reports of RUNX1 

in PCa (see section 1.5), neither its role nor expression in the normal mouse 

prostate gland had been reported. As such, the investigations conducted and 

presented in this Chapter aimed at addressing this knowledge gap. Several 

experimental approaches were used, combining in situ immunostainings of RUNX1, 

flow cytometry profiling of Runx1 reporter mouse models, as well as ex vivo 

prostate organoid cultures of RUNX1+ and RUNX1- cells. Collectively, the findings 

presented here demonstrate that RUNX1 marks a specific subset of proximal 

luminal cells, with an expression pattern distinct from NKX3.1 otherwise widely 

expressed in the remainder luminal fraction. Functionally, RUNX1+ PLCs do not 

appear to be committed to the secretory function of the prostate and display stem 

cell behaviour in organoid assays with a lineage bias towards the luminal identity. 

These results highlight the existence of strong intrinsic heterogeneity within the 

luminal compartment of proximal and distal regions. 

3.3.2. RUNX1 marks a specific subset of proximal luminal cells 

After careful validation of a specific anti-RUNX1 antibody, the expression of 

RUNX1 was investigated in adult mouse urogenital systems by chromogenic and 

multiplexed immunofluorescent stainings. Coupled with whole-slide imaging, this 

approach allowed the extensive characterisation of RUNX1+ cells location and 

phenotype. While RUNX1+ basal cells were scattered throughout the glands, 

RUNX1+ luminal cells were mainly restricted to the proximal/peri-urethral region of 

the prostate. These RUNX1+ PLCs had a singular morphology with an increased 

nuclear-to-cytoplasmic ratio compared to the majority of the luminal cells present 

in the distal prostate, suggesting that they are not contributing to prostatic 

secretions. For these reasons, subsequent investigations were carried out with a 
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focus on the proximal prostate, and by analysing the proximal AP and distal AP 

separately as a representative example of proximal-to-distal axis. Indeed, the 

proximal region of the prostate has been the focus of many studies and proposed 

to be enriched in cells with stem/progenitor properties. Accordingly, RUNX1+ PLCs 

were found to co-express TROP2, SCA-1, K7 and BMI1, which have previously been 

shown to mark cells with enhanced stem/progenitor potential (Crowell et al., 2019; 

Goldstein et al., 2008; Kwon et al., 2016; Tsujimura et al., 2002; Yoo et al., 2016). 

Also, these cells did not express NKX3.1, a master regulator of prostate epithelial 

cells, otherwise expressed in the majority of the distal luminal secretory epithelium. 

These findings suggest that RUNX1 marks a functionally and phenotypically distinct 

luminal lineage from NKX3.1+ luminal cells. 

3.3.3. Runx1 expression is mediated by the P2 promoter 

In addition to histopathological analyses, the expression of Runx1 was studied 

using isoform specific fluorescent reporter mouse lines. These models had originally 

been developed to study the differential isoform usage of Runx1 taking place during 

the ontogeny and homeostasis of the haematopoietic system (Mevel et al., 2019). 

In these models, a fluorescent protein (either GFP or RFP) is used as a surrogate of 

Runx1 expression via the transcription of one of its two alleles, while the remaining 

wild-type allele expresses endogenous Runx1. Since the dosage of Runx1 have been 

shown to be important (Lie-A-Ling et al., 2020), Runx1 heterozygosity in these mice 

could possibly have consequences on biological interpretations. However, no 

abnormal defects were reported during their initial characterisations (Draper et al., 

2018; Sroczynska et al., 2009). Likewise, no abnormalities were observed in the 

prostates of either reporter lines compared to age-matched wild-type controls. 

Also, the expression of GFP/RFP may not exactly reflect the levels of Runx1 

expression at the time of detection, due to possible differences between mRNA 

processing and protein synthesis, stability, and degradation rates. Nevertheless, the 

analysis of these fluorescent reporter lines revealed that Runx1 expression in 

prostate epithelial cells is exclusively mediated by the proximal P2 promoter, which 

is responsible for the transcription of the Runx1b isoform. Comparatively to RUNX1 



Chapter 3  Characterisation of Runx1 expressing cells in the normal mouse prostate 

 

124 
 

in situ immunostainings, flow-cytometry profiling of the basal (EPCAM+ CD49fhigh) 

and luminal (EPCAM+ CD24high) compartments of P2-Runx1:RFP reporters 

highlighted strong RUNX1 levels in PLCs, as well as broad expression in basal cells 

and in the majority of the VP. The P2-Runx1:RFP reporter line was then used to 

further study the biology of RUNX1+ cells, including the isolation of RFP+ (RUNX1+) 

cells by FACS for ex vivo organoid cultures. The fact that Runx1b was the only 

isoform of Runx1 expressed in mouse prostate epithelial cells contrasts with the 

documented differential promoter usage in the haematopoietic system, in which 

the P1-derived Runx1c isoform is dominant (Bee et al., 2009; Draper et al., 2016; 

Telfer and Rothenberg, 2001). Since the RUNX1c isoform has been shown to have 

stronger binding on certain genes (Telfer and Rothenberg, 2001), and given that 

RUNX1 is a master regulator of haematopoietic cell fate, it is tempting to speculate 

that the expression and activity of RUNX1b may be more appropriate in a non-

haematopoietic tissue. Hence, beyond the mouse prostate, the expression of 

RUNX1b and RUNX1c in other non-haematopoietic tissues should be explored.  

3.3.4. RUNX1+ PLCs exhibit higher organoid forming capacity than 
RUNX1- luminal cells 

Functionally, RUNX1+ PLCs exhibited a greater organoid forming potential 

compared to the remaining luminal fractions. This was consistent with previous 

reports isolating similar proximal populations using different markers such as SCA-1, 

TROP2 or CD26, both in ex vivo organoid cultures and/or in vivo transplantation 

assays (Crowley et al., 2020; Goldstein et al., 2008; Guo et al., 2020; Karthaus et al., 

2020; Kwon et al., 2016). Furthermore, RUNX1+ PLCs predominantly formed 

unipotent K8+ hollow organoids, demonstrating their preferential commitment to 

the luminal lineage. Since these cells do not appear to be committed to the 

secretory function of the prostate, it is tempting to speculate that they act as a 

latent niche of ‘facultative’ stem cells (Clevers and Watt, 2018), primed to generate 

a structured prostatic epithelium under defined conditions. However, it is worth 

noting that the majority of the unipotent K8+ hollow organoids derived from 

RUNX1+ PLCs were smaller in size compared to organoids derived from other basal 
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and luminal populations. Therefore, while RUNX1+ PLCs retain a specific organoid 

forming potential, these cells seem to have an overall limited, or slower, 

regenerative capacity in organoid cultures. This result is somewhat in contradiction 

with a previous study reporting that organoids derived from TROP2+ luminal cells 

formed larger organoids than TROP2- luminal cells, albeit using the whole 

dissociated prostate (Crowell et al., 2019). Since they did not analyse proximal and 

distal regions separately, and because not all distal TROP2+ luminal cells co-express 

RUNX1, it is conceivable that these distal TROP2+ luminal cells were responsible for 

the formation of larger organoids. 

3.3.5. Runx1 is dispensable for organoid formation 

Having demonstrated the specific organoid formation potential of RUNX1+ 

PLCs, and broad expression of RUNX1 during organoid formation, Runx1 was 

hypothesised to be required for the formation of these structures. However, two 

experimental strategies aiming at generating Runx1 KO organoids failed to exhibit 

any phenotypic differences. The first method consisted in the induction of Cre 

mediated recombination of floxed sequenced via adenoviral delivery in whole 

EPCAM+ cells, and the second approach was based on tamoxifen mediated Cre 

activation specifically after the isolation of proximal and distal LTS (Luminal TROP2+ 

SCA-1+) cells. In the first set up, the use of adenoviruses resulted initially in the 

death of a significant fraction of the cells, and only partial infection rates (~30%, 

data not shown). This required subsequent enrichment of successfully transduced 

cells by sorting and replating YFP+ cells. It is possible that this initial delay before 

the beginning of the clonogenic assay would have reduced the likelihood to observe 

even a small effect upon Runx1 deletion. In the second set up, no initial delay was 

added between tissue dissociation and the start of the organoid culture, tamoxifen 

mediated Cre activation was performed under non-toxic conditions, and subsets of 

cells expressing the highest levels of RUNX1 in situ were specifically isolated. In this 

context, the absence of phenotypic difference between Runx1 WT and Runx1 KO 

organoids clearly indicates that Runx1 is dispensable for mouse prostate organoid 

formation. 
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While the absence of phenotype upon Runx1 deletion was evident and 

reproducible, a putative role for Runx1 during prostate organoid growth cannot be 

entirely ruled out. The prostate organoid culture medium contains several cytokines 

and chemical compounds used to modulate key intracellular signalling pathways in 

order to promote organoid growth and differentiation. For example, DHT is crucial 

for AR signalling, Noggin is used to inhibit Bone Morphogenetic Protein (BMP) 

signalling and promote prostate morphogenesis (Cook et al., 2007), R-spondin1 

stimulates Lgr/Wnt signalling (Binnerts et al., 2007; de Lau et al., 2011), A83-01 

serves to inhibit TGF-β pathway and prevent a proliferative block (Ding et al., 2011), 

and EGF has pleiotropic effects on intracellular signalling pathways. Since it is well 

established that Runx1 is involved in the regulation of these signalling pathways 

(Chuang et al., 2013; Goyama et al., 2015; Ito et al., 2015), it is possible that its role, 

if any, would be compensated upon its loss. Further work is therefore required to 

iteratively remove individual, or multiple, component(s) of the media, in the 

context of Runx1 WT or KO to assess possible phenotypic consequences. Along 

these lines, other RUNX factors, in particular Runx2, may have redundant roles and 

compensate for Runx1 loss. It would then be interesting to disrupt both genes to 

further interrogate their contribution during organoid formation. It is also worth 

noting that the ex vivo organoid culture conditions may not sufficiently reflect 

normal prostate differentiation processes. Indeed, the majority of organoids had a 

‘basal-like’ phenotype and were predominantly K5+, which suggest that the culture 

conditions are not optimal to promote and/or sustain luminal growth. Therefore, 

beyond the ex vivo organoid culture system, it would be of interest to evaluate the 

putative role of Runx1 in alternative regenerative contexts, such as in vivo 

transplantations in the sub-renal capsule, a gold standard prostate regeneration 

assay to assess stem cell phenotypes. 
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Chapter 4  Tracing Runx1 expressing cells in 
castration-regeneration assays 

[This section has been adapted from (Mevel et al., 2020)] 

4.1. Introduction 

In PCa patients, androgen deprivation therapy (ADT) is frequently used to 

target androgen-dependent tumour cells. However, the emergence of castration-

resistant PCa cells is a major complication of this treatment (Shen and Abate-Shen, 

2010; Zhang et al., 2018). Understanding the origin and identity of these castration-

resistant cells both in the normal prostate and PCa represents, therefore, an 

essential step towards improving PCa treatments. Interestingly, there is contrasting 

evidence that the castration-resistant phenotype can be acquired de novo by 

transformed prostate cells (Carceles-Cordon et al., 2020; Watson et al., 2015) 

and/or that it can be present intrinsically in the normal prostate (Barros-Silva et al., 

2018, 2012; Qin et al., 2012; Yoo et al., 2016; Zhang et al., 2008; Zong and 

Goldstein, 2013).  

 

In rodents, androgen-deprivation can be modelled by surgical castration 

which leads to prostate regression and enriches for castration-resistant cells 

(Toivanen and Shen, 2017; Zhang et al., 2018). This process is accompanied by the 

death of luminal androgen-dependent cells and a small proportion of basal cells 

(English et al., 1987; Sugimura et al., 1986b). However, not all luminal cells 

disappear during this process. Therefore, surgical castration-induced prostate 

involution has proven an invaluable tool to identify progenitor castration-resistant 

cell populations, characterised by their ability to survive in the absence of 

androgens, and to fully regenerate an intact adult prostate after re-administration 

of testosterone. The existence of castration-resistant and regenerative properties 

within specific subpopulations has been convincingly demonstrated with the help of 

lineage tracing mouse models allowing long term cell fate tracking. This has notably 

been the case for CAstration-Resistant Nkx3-1 (CARNs) expressing cells (Wang et al., 
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2009b), CAstration-Resistant Bmi1 (CARBs) expressing cells (Yoo et al., 2016), SOX2+ 

cells (McAuley et al., 2019) and LGR5+ cells (Wang et al., 2015). Further to these 

lineage-tracing studies, other populations have been shown to be enriched in the 

castrated prostate and to possess an enhanced regenerative potential ex vivo, such 

as CD117+ cells (Leong et al., 2008), SCA-1+ cells (Kwon et al., 2016), TROP2+ cells 

(Goldstein et al., 2008), slow-cycling label-retaining cells (Ceder et al., 2017; 

Tsujimura et al., 2002; Zhang et al., 2018), LY6D+ cells (Barros-Silva et al., 2018). 

These studies highlight a high degree of phenotypic and functional heterogeneity 

within the adult prostate epithelium. 

 

In the previous Chapter, RUNX1 was shown to be expressed in specific subsets 

of the adult mouse prostate epithelium. In particular, a subpopulation of RUNX1+ 

proximal luminal cells displayed facultative stem cell behaviour in organoid assays. 

Throughout the normal prostate epithelium, RUNX1 displayed a partially 

overlapping expression pattern with some of the above cited markers, including 

TROP2, SCA-1, K7 and BMI1. In contrast, RUNX1+ proximal luminal cells were largely 

distinct from NKX3.1+ cells. These observations suggest that RUNX1 may be 

marking a distinct luminal lineage from the abundant distal NKX3.1+ luminal 

population. To gain further insights into both the dynamics of Runx1 expression and 

the nature of RUNX1+ prostate epithelial cells, surgical castration experiments were 

performed using wild-type and P2-Runx1:RFP reporter mice. Next, the castration-

resistant and regenerative properties of RUNX1+ cells were evaluated in castration-

regeneration using a Runx1 driven lineage tracing mouse model. 

4.2. Results 

4.2.1. RUNX1 expressing cells are enriched in the castrated prostate 
epithelium 

To track changes in Runx1 expression following androgen withdrawal, P2-

Runx1:RFP mice were castrated and tissue harvested ≥ 4 weeks post-surgery (Figure 

4.1 A). Overall, castration reduced the size and cellularity of all mouse prostate 
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lobes by ~3 to 6 times (Figure 4.1 B). Strikingly, while intact prostates contained 

22.8 ± 6.0% RFP+ epithelial cells, their frequency increased to 87 ± 6.0% following 

castration (Figure 4.1 C). After castration, high RUNX1 levels were no longer 

restricted to the proximal region of the prostate, and RFP was detected in virtually 

all basal cells of the AP, DLP and VP, as well as more than 75% of the luminal layer 

(Figure 4.1 D, E). These results indicate that RUNX1 is expressed in the majority in 

castration-resistant prostate epithelial cells. 

 
Figure 4.1. Surgical castration of P2-Runx1:RFP reporter mice. 
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(A) P2-Runx1:RFP reporter mice were surgically castrated between 6 to 12 weeks of age 
and analysed at least 4 weeks post-castration. 
(B) Estimated absolute number of EPCAM+ epithelial cells in the AP, DLP and VP of intact (n 
= 3) and castrated (n = 5) mice. Cell counts were estimated after dissection and dissociation 
to single cells. Only live nucleated cells (DRAQ5+ SYTOX-) were counted. 
(C) Flow-cytometry analysis and corresponding quantification of the proportion of RFP+ 
and RFP- cells in the EPCAM+ fraction of intact and castrated prostates of P2-Runx1:RFP 
mice. n = 3 mice per group. Int: Intact, Cas: Castrated. 
(D) Endogenous RFP expression in the castrated P2-Runx1:RFP distal DLP prostate. Scale 
bar: 50 µm. 
(E) Flow cytometry analysis and corresponding quantifications of the basal and luminal 
EPCAM+ fraction from AP, DLP and VP lobes of castrated P2-Runx1:RFP mice (n = 3). 
 

To further characterise the nature of castration-resistant RUNX1+ cells, tissue 

sections were co-stained with classical prostate markers, including K5, K8 and AR 

(Figure 4.2).  

 
Figure 4.2. Phenotypic characterisation of RUNX1 expression in the castrated prostate 
epithelium. 
(A) Co-immunostaining of RUNX1, K5 and K8 in the proximal AP, distal AP and DLVP.  
(B) Co-immunostaining of RUNX1, AR and CDH1 in the proximal AP, distal AP and DLVP.  
Scale bars: 50 µm (white). 
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proportion of luminal cells being lost as a consequence of androgen-deprivation. 

Also, RUNX1 had stronger expression levels in K8+ PLCs, while those of the distal AP 

and DLVP (DLP and VP combined) had comparatively lower RUNX1 intensities 

(Figure 4.2 A). Interestingly, AR was broadly expressed in the castrated prostate, 

and frequently found to exhibit unusual cytoplasmic staining in addition to its 

common nuclear localisation (Figure 4.2 B). Also, AR expression seemed to be lower 

in PLCs compared to luminal cells of the distal AP and DLVP. These results suggest 

that distinct cellular subsets may respond differently to androgen deprivation. 

 

Several castration-resistant luminal populations have been identified in mice 

(Barros-Silva et al., 2018; Kwon et al., 2016; McAuley et al., 2019; Tsujimura et al., 

2002; Wang et al., 2009b; Wang et al., 2015, 5; Yoo et al., 2016), including rare 

CARNs. Accordingly, low, but detectable, levels of NKX3.1 were observed in some 

luminal cells post-castration (Figure 4.3). However, only occasional RUNX1+ 

NKX3.1+ luminal cells were found in the distal regions of the castrated prostate, 

indicating that RUNX1 and NKX3.1 mark mainly distinct castration-resistant 

populations. Importantly, the clear transition from RUNX1+ to NKX3.1+ cells 

identified in the proximal luminal layer of intact mice seemed conserved after 

castration.  
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Figure 4.3. Phenotypic characterisation of RUNX1 and NKX3.1 expression in the castrated 
prostate epithelium. 
Co-immunostaining of RUNX1, NKX3.1 and CDH1 in the castrated mouse prostate. Higher 
magnification images of (i) proximal AP, (ii) intermediate AP, (iii) distal AP, (iv) DLP and (v) 
VP are shown. Arrows indicate cells RUNX1- NKX3.1+ cells, arrowheads show luminal cell 
co-stained for RUNX1 and NKX3.1. Amp: ampullary gland. Scale bars: 500 µm (yellow) and 
50 µm (white). Int: Intact, Cas: Castrated. 
 

Castrated mouse prostates were then co-stained for TROP2 and SCA-1, 

previously found to be co-expressed with RUNX1 in intact prostates, especially in 

PLCs. Castrated RUNX1+ cells often co-expressed TROP2 (Figure 4.4 A), also known 

to be widely expressed in castrated prostate epithelium (Goldstein et al., 2008; 

Wang et al., 2007). However, the expression of SCA-1 was less evident, either due 

to the quality of the immunostainings, or reduced expression levels in the castrated 

prostate epithelium (Figure 4.4 B). 
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Figure 4.4. Phenotypic characterisation of RUNX1, TROP2 and SCA-1 expression in the 
castrated prostate epithelium. 
(A) Co-immunostaining of RUNX1 and TROP2 in the proximal AP, distal AP and DLVP.  
(B) Co-immunostaining of RUNX1 and SCA-1 in the proximal AP, distal AP and DLVP.  
Scale bars: 50 µm (white). 
  

Together, these results show that RUNX1 is expressed in the majority of 

castration-resistant cells. The RUNX1+ NKX3.1- subset identified in the proximal 

luminal epithelium of the intact prostate remained NKX3.1- following castration, 

supporting the notion that RUNX1+ PLCs constitute a distinct lineage from distal 

NKX3.1+ cells. 
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Rosa26LSL-RFP model 

The marked increased proportion of RUNX1+ cells following castration led to 
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approach was adopted using Runx1mER-Cre-mER Rosa26loxP-STOP-loxP-RFP mice (Luche et 

al., 2007; Samokhvalov et al., 2007), henceforth Runx1CreER Rosa26LSL-RFP.  

 
Figure 4.5. Experimental strategy to trace Runx1 expressing cells. 
(A) Schematic summary of the genetic lineage-tracing system employed. Tamoxifen triggers 
Cre nuclear translocation in Runx1 expressing cells, which in turns activates constitutive 
RFP expression from the Rosa26 locus. 
(B) Experimental strategy for lineage-tracing in prostate castration-regeneration assays. 
One arm underwent only tamoxifen injections. One arm underwent tamoxifen injections 
followed by castration-induced regression. One arm underwent tamoxifen injections, 
castration-induced regression, and testosterone-induced regeneration.  
 

In this model, the presence of tamoxifen results in the permanent labelling of 

Runx1 expressing cells with RFP, thereby allowing long-term single-cell fate tracing 

in vivo (Figure 4.5 A). Runx1 expressing cells were hypothesised to possess both 

intrinsic castration-resistant and regenerative properties. A 3-arm experiment was 

designed to test this hypothesis, consisting first in the labelling of Runx1 expressing 

cells in intact mice of all 3 arms (Figure 4.5 B). One group of labelled mice served as 

control (“intact”), another group underwent surgical castration (“castrated”), and 

the remaining group underwent surgical castration followed by testosterone-

induced regeneration (“regenerated”). 
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To test whether this model would be suitable to track Runx1 expressing cells 

in the mouse prostate, the labelling efficiency was initially evaluated in the 

prostate, bladder and thymus (Figure 4.6). daily intra-peritoneal injections of 

tamoxifen were carried out for 4 consecutive days and tissues were harvested 2 

weeks after the first injection (Figure 4.6 A). Here, the labelling efficiency 

corresponds to the proportion of RFP labelled cells compared to the total number 

of RUNX1+ cells in the tissue. Using this approach, an average of 4.70 ± 2.8% 

prostate epithelial Runx1 expressing cells could be genetically labelled with RFP 

upon tamoxifen injection, including RUNX1+ PLCs (Figure 4.6 B, C). RFP labelling 

efficiency was comparable in the thymus (2.8 ± 1.9%), but more efficient in the 

bladder (23.4 ± 15.5%). The higher labelling rates observed in the bladder could be 

explained by strong and homogeneous RUNX1 levels in this tissue (Figure 3.2), as 

well as possible increased diffusion rates of tamoxifen, normally excreted through 

urine. Overall, these results confirmed the suitability of the Runx1CreER Rosa26LSL-RFP 

model to trace a representative cellular subset of mouse prostate Runx1 expressing 

cells. 
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Figure 4.6. Labelling efficiency of Runx1 expressing cells in the prostate, bladder and 
thymus of Runx1CreER Rosa26LSL-RFP mice. 
(A) Scheme of the tamoxifen labelling strategy to evaluate the labelling efficiency of Runx1 
expressing cells. 
(B) Co-immunostaining of RUNX1 and RFP in the bladder epithelium (top), prostate 
(middle) and thymus (bottom). Scale bar: 50 µm. 
(C) Quantification of the percentage of Runx1 expressing cells labelled by RFP in the 
bladder, prostate, and thymus. 

4.2.3. RUNX1+ cells are intrinsically castration-resistant but do not 
contribute to the regeneration of NKX3.1+ cells 

Runx1CreER Rosa26LSL-RFP mice were subjected to the experimental protocol 

described in Figure 4.5 B. In the total intact prostate epithelium, 0.54 ± 0.2‰ cells 

were initially found labelled with RFP by IHC (Figure 4.7 A, B). This was comparable 

to results obtained by flow-cytometry (0.3 ± 0.04‰ cells in intact mice) (Figure 4.7 

C). Also, consistent with the expression pattern of Runx1, the majority of labelled 

cells were located in the proximal region of the prostate (Figure 4.7 D). Following 

surgical castration, the absolute number of RFP marked cells was stable (Figure 4.7 

D) and remained mainly localised in proximal regions (Figure 4.7 D). However, the 

frequency of RFP+ cells in the epithelial compartment increased by ~4.3 fold (Figure 

4.7 B) indicating that Runx1 expressing cells have an enhanced capacity to survive 

castration compared to Runx1 negative cells.  
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Figure 4.7. Runx1 expressing cells are intrinsically castration-resistant but have limited 
regenerative potential in castration-regeneration assays. 
(A) Co-immunostaining for RFP and CDH1 in the proximal AP, distal AP, and DLVP (DLP + VP) 
of intact, castrated, and regenerated prostates. Scale bar: 50 µm. 
(B) Quantification of the ‰ of epithelial RFP+ cells in intact (n = 5), castrated (n = 5) and 
regenerated (n = 4) mice.  
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(C) Flow-cytometry analysis of intact (n = 2), castrated (n = 2), and regenerated (n = 2) 
Runx1CreER Rosa26LSL-RFP mice, and corresponding quantification of the percentage of RFP+ 
cells in the epithelial EPCAM+ fraction. 
(D) Quantification of the % of epithelial RFP+ cells in proximal and distal regions of the 
prostate in intact (n = 5), castrated (n = 4) and regenerated (n = 4) mice.  
(E) Estimated absolute number of epithelial RFP+ cells in intact (n = 5) and castrated (n = 5) 
and regenerated (n = 4) prostates based on IHC quantifications. 
(F) Quantification of the % of epithelial RFP+ clones comprising between 2 to 4 cells in 
intact (n = 5), castrated (n = 5) and regenerated (n = 4) mice. 
Int: Intact, Cas: Castrated, Rgn: Regenerated. 
 

After epithelial regeneration, only 0.71 ± 0.2‰ RFP+ epithelial cells were 

found in the regenerated prostate, which was comparable to the intact state 

(Figure 4.7 B). A similar trend was observed by flow-cytometry (Figure 4.7 C). 

Furthermore, no significant change in the absolute number of RFP+ cells was 

observed after regeneration (Figure 4.7 E). Although the majority of RFP+ clones 

consisted of single cells, there was in fact a minor ~2-fold increase in the frequency 

of larger clones (2-4 cells) in the regenerated prostate, highlighting a modest 

contribution of RFP labelled cells to the regenerative process (Figure 4.7 F). 

 

The nature of RFP marked cells was then further investigated by staining for 

canonical basal (K5) and luminal (K8) markers. RFP marked cells were 

predominantly luminal K8+ in intact (86.3 ± 3.4% K8+), castrated (75.4 ± 7.4% K8+), 

and regenerated (79.2 ± 4.4% K8+) prostates (Figures 4.8 A, B). Thus, the ratio of 

basal-to-luminal cells remained largely unchanged from the intact state, both after 

castration and regeneration. 
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Figure 4.8. Characterisation of RFP labelled cells in castration-regeneration assays: K5/K8. 
(A) Co-immunostaining of RFP, K5, K8 in the proximal AP, distal AP, and DLVP (DLP + VP). 
Arrowheads indicate RFP labelled basal cells (K5+) found in distal AP, the white arrow 
indicates a luminal (K8+) RFP+ clone made of 2 cells. Scale bar: 50 µm.  
(B) Quantification of the % of RFP+ cells being K5+ or K8+ in intact (n = 5), castrated (n = 5) 
and regenerated (n = 4) mice. Int: Intact, Cas: Castrated, Rgn: Regenerated. 
 

Finally, the expression of NKX3.1 was evaluated in RFP labelled cells. In line 

with the mutually exclusive expression pattern between RUNX1 and NKX3.1 in the 

mouse prostate, more than 90% of all RFP+ cells were negative for NKX3.1 in the 

intact prostate (Figures 4.9 A, B). Strikingly, the vast majority of RFP marked cells 

remained NKX3.1- in all experimental arms, both after castration and regeneration. 

This result suggested that Runx1 expressing cells do not contribute to the 

regeneration of NKX3.1+ cells. 

 

Taken together, these results confirmed the initial hypothesis that intact 

RUNX1+ are enriched in intrinsically castration-resistant cells, in particular within 

the proximal region. However, the observations that RUNX1+ cells remained largely 

proximal (Figure 4.7 D) luminal K8+ (Figure 4.8) NKX3.1- (Figure 4.9) and exhibited 
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only limited clonal expansion after regeneration (Figure 4.7 F) suggested that Runx1 

expressing cells constitute a self-contained lineage distinct from NKX3.1+ cells. 

Overall, RUNX1+ cells remain largely insensitive to fluctuations of AR signalling. 

 
Figure 4.9. Characterisation of RFP labelled cells in castration-regeneration assays: 
NKX3.1. 
(A) Co-immunostaining of RFP, NKX3.1, CDH1 in the proximal AP, distal AP, and DLVP (DLP + 
VP). Scale bar: 50 µm.  
(B) Quantification of the percentage of RFP+ cells being NKX3.1+ or NKX3.1- in intact (n = 
5), castrated (n = 5) and regenerated (n = 4) mice. Int: Intact, Cas: Castrated, Rgn: 
Regenerated. 

4.2.4. Castration-resistant RUNX1+ cells have limited regenerative 
potential in vivo 

The previous set of experiments demonstrated the intrinsic castration-

resistant properties of Runx1 expressing cells of the intact prostate, particularly in 

the proximal region. Also, these RUNX1+ cells did not contribute to the 

regeneration of distal NKX3.1+ cells. Since Runx1 was also found broadly expressed 
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process, and activated Runx1 expression after androgen withdrawal. Therefore, the 

lineage tracing labelling protocol was adapted to evaluate if cells that acquire Runx1 

expression upon castration were subsequently implicated in prostate regeneration. 

This protocol consisted in performing tamoxifen injections after the surgical 

castration in order to label castration-resistant Runx1 expressing cells, before the 

addition of testosterone implants to stimulate regeneration (Figure 4.10 A). 

According to the broad expression of Runx1 in the castrated prostate, 3.79 ± 2.4% 

castration-resistant cells were labelled with RFP in this experimental setup. Also, 

unlike in the previous experimental setup, RFP labelled cells were evenly 

distributed between proximal and distal regions (Figure 4.10 B). After regeneration, 

the proportion of RFP+ cells decreased to 0.47 ± 0.1%, suggesting that the majority 

of the expansion did not take place in the RFP+ compartment. Nevertheless, clone 

size quantification revealed the presence of larger RFP+ clones in the regenerated 

prostate, with up to 15% comprising 2 to 4 cells, and a tiny subset with more than 4 

cells (Figure 4.10 D and Figure 4.11 A), which was not observed in the previous 

experimental setup (Figure 4.7 F). These results suggest that castration-resistant 

cells which acquire Runx1 expression de novo upon castration have a greater in vivo 

regenerative potential upon testosterone add back compared with RUNX1+ cells 

pre-existing in the intact prostate. 
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Figure 4.10. Lineage tracing of castration-resistant Runx1 expressing cells. 
(A) Experimental strategy for lineage-tracing of castration-resistant Runx1 expressing cells 
during prostate regeneration. 
(B) Quantification of the % of epithelial RFP+ cells in castrated (n = 3) and regenerated (n = 
6) mice.  
(C) Quantification of the % of epithelial RFP+ cells in proximal and distal regions of the 
prostate in castrated (n = 3) and regenerated (n = 6) mice. 
(D) Quantification of the % of epithelial RFP+ clones comprising between 2 to 4 cells and 
more than 4 cells in castrated (n = 3) and regenerated (n = 6) mice.  
Cas: Castrated, Rgn: Regenerated. 
 

Additional characterisations showed that this labelling protocol resulted in an 

even proportion of basal K5+ and luminal K8+ cells labelled with RFP in the 

castrated prostate (Figure 4.11 A). Interestingly, the proportion of luminal RFP+ K8+ 

cells increased significantly after regeneration. This suggest that the expansion of 

the RFP+ compartment takes place predominantly in the luminal layer. This was 

further evidenced in Figure 4.11 A (asterisks) with the presence of multicellular 

luminal RFP+ clones. Also, distal luminal RFP+ cells were more frequently NKX3.1+ 

in the regenerated prostate than in the castrated one, with an increased proportion 

of RFP+ NKX3.1+ cells from 17.70 ± 2.3% to 77.8 ± 14.8% (Figure 4.11 C-D). 

Therefore, by marking cells which upregulate Runx1 after castration, a significant 

fraction was found to contribute to the regeneration of the NKX3.1+ lineage. 

 

To further evaluate the distribution of proliferation in RFP+ and RFP- subsets 

during the initial stages of tissue expansion, BrdU injections were performed during 

the first 3 days after testosterone addback (Figure 4.12 A). High rates of BrdU 

incorporation were observed in NKX3.1+ RFP- cells while only a small fraction of 

RFP+ cells were BrdU+ (Figure 4.12 B-D). Accordingly, proliferative cells were mainly 

observed in distal regions, and rarely found in the proximal NKX3.1- subset (Figure 

4.12 C). Taken together, these results indicate that prostate regeneration is mainly 

driven by luminal castration-resistant NKX3.1+ cells, and that luminal castration-

resistant RUNX1+ cells (RFP labelled) have a more restricted regenerative potential. 
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Figure 4.11. Characterisation of RFP labelled cells: K5/K8 and NKX3.1. 
(A) Co-immunostaining of RFP, K5, K8 in the proximal AP, distal AP, and DLVP (DLP + VP). 
Arrowheads indicate RFP labelled basal cells (K5+) found in distal AP, white arrows indicate 
RFP labelled luminal cells (K8+), asterisks indicate multicellular RFP+ clones.  
(B) Quantification of the % of RFP+ cells being K5+ or K8+ in castrated (n = 3) and 
regenerated (n = 6) mice. 
(C) Co-immunostaining of RFP, CDH1, NKX3.1 in the proximal AP, distal AP, and DLVP (DLP + 
VP). 
(D) Quantification of the % of RFP+ cells being NKX3.1+ or NKX3.1- in castrated (n = 3) and 
regenerated (n = 6) mice.  
Scale bar: 50 µm. Cas: Castrated, Rgn: Regenerated. 
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Figure 4.12. BrdU incorporation assay to track proliferative cells at the onset of prostate 
regeneration. 
(A) Experimental strategy to evaluate the proliferative capacity of lineage marked 
castration-resistant Runx1 expressing cells at the onset of prostate regeneration. 
(B, C) Co-immunostaining of RFP, BrdU and NKX3.1 in proximal and distal prostates after 4 
days of testosterone-induced prostate regeneration. Higher magnification images of 
proximal and distal regions are shown in (C). Yellow scale bar: 500 µm, white scale bar: 50 
µm. 
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(D) Quantification of the % of BrdU+ cells being RFP- NKX3.1+, RFP+ NKX3.1+, RFP+ NKX3.1- 
(n = 2 mice). 

4.3. Discussion 

4.3.1. Summary 

Despite initial therapeutic benefits of ADT, the emergence of castration-

resistant disease is a major complication in the management of prostate cancer. 

Understanding the origin of these resistant cells and the mechanisms underlying 

the acquisition of castration-resistance are critical to improve PCa treatment. In 

light of the specific expression pattern of RUNX1 in the intact mouse prostate, the 

investigations presented in this Chapter aimed at evaluating the dynamics of Runx1 

expression as well as the response of RUNX1+ cells to androgen deprivation. This 

set of experiments were conducted using a combination of Runx1 reporters and 

Runx1 lineage tracing mouse models. Taking advantage of the possibilities offered 

by the Runx1CreER Rosa26LSL-RFP lineage tracing model, the in vivo regenerative 

properties of RUNX1+ cells were also evaluated in castration-regeneration assays. 

Collectively, the results presented here show that Runx1 expressing cells, residing 

mainly in the proximal region of intact prostates and distinct from distal NKX3.1+ 

cells, are enriched in intrinsically castration-resistant cells (Figure 4.13). This distinct 

luminal lineage contributes marginally to the regeneration of the prostatic 

epithelium, likely due to its relative insensitivity to variations in androgen levels. 

Instead, among RUNX1+ cells, only those which upregulate Runx1 in the distal 

region upon castration have the potential to contribute to the regeneration 

occurring in the NKX3.1+ compartment. 
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Figure 4.13. Working model of prostate castration-regeneration.  
RUNX1+ proximal and NKX3.1+ distal luminal cells are distinct lineages of the intact 
prostate. Androgen deprivation causes the loss of a large fraction of distal NKX3.1+ cells, 
while a small subset survives and upregulates Runx1. The majority of the castrated prostate 
is RUNX1+, including basal cells. Testosterone driven regeneration is mainly driven by 
castration-resistant NKX3.1+ cells (CARNs) and a small proportion of castration-resistant 
RUNX1+ cells. In contrast, RUNX1+ proximal luminal cells are intrinsically castration-
resistant, and do not regenerate distal NKX3.1+ lineages. 

4.3.2. RUNX1 marks the majority of castration-resistant cells 

Initially, the expression of Runx1 was evaluated in the context of androgen 

deprivation following surgical castration of P2-Runx1:RFP reporters. 

Immunohistochemistry and FACS analyses of regressed adult prostates showed that 

RUNX1 was expressed in the majority of castration-resistant cells. While this result 

was obtained in the normal prostate and may not directly translate to a cancerous 

context, it suggests that RUNX1 could be a valuable marker of castration-resistant 

cells. Also, in line with its expression pattern in the intact normal prostate, 

castration-resistant RUNX1+ cells were largely distinct from previously described 

CARNs (Wang et al., 2009b). It should be noted that a restricted subset of RUNX1+ 

Basal cellsRUNX1+

NKX3.1+

Proximal Luminal cells

Distal Luminal cells

Intact Castrated

Regeneraon

Castraon

Proximal

Distal



Chapter 4  Tracing Runx1 expressing cells in castration-regeneration assays 

 

147 
 

luminal cells co-expressed NKX3.1 after castration, indicating a small overlap 

between the populations expressing these two transcription factors. Beyond 

CARNs, other castration-resistant populations have been described, including 

CARBs (BMI1+) (Yoo et al., 2016), LY6D+ cells (Barros-Silva et al., 2018), SOX2+ cells 

(McAuley et al., 2019, 2), LGR5+ cells (Wang et al., 2015, 5), TROP2 (Goldstein et al., 

2008), and SCA-1+ cells (Kwon et al., 2016). Of these, TROP2 was notably found to 

be often co-expressed with RUNX1 in an important fraction of the castrated 

epithelium. It is therefore expected that more of these markers would overlap at 

least partially with RUNX1. This will be addressed later at the transcriptomic level in 

Chapter 5.  

4.3.3. Variations in AR signalling affects Runx1 expression 

The changes in Runx1 expression observed upon modulation of AR signalling 

align with previous reports linking RUNX factors and hormones, including Estrogen 

Receptor (ER) and AR (Chimge et al., 2016; Lie-A-Ling et al., 2020; Little et al., 2014; 

Riggio and Blyth, 2017; Takayama et al., 2015; van Bragt et al., 2014). Along these 

lines, there is an intriguing parallel between the low or absent expression of Runx1 

in prostate secretory cells and the documented downregulation of Runx1 in 

secretory alveolar cells of the mammary gland epithelium (van Bragt et al., 2014). 

Such parallel raises mechanistic questions of possible crosstalk between Runx1 and 

AR. What are the signals mediated by AR signalling that trigger changes in RUNX1 

expression? Do AR and RUNX1 cross-regulate each other? Do AR and RUNX1 

regulate the expression of common target genes in a similar manner? Or do they 

have antagonistic activities? The work of Takayama and colleagues gave initial clues 

to these questions (Takayama et al., 2015). RUNX1 was shown to be a 

transcriptional target of AR, and RUNX1 could be recruited to AR binding sites by 

interacting with AR, suggesting a cooperative role. Also, in AR-dependent PCa cell 

lines, deletion of RUNX1 impaired AR-dependent transcription and proliferation, 

whereas downregulation of RUNX1 was proposed to be important for the 

proliferation of AR-independent cell lines. Although this study was carried out in 

human PCa cell lines, these results are somewhat contradictory with the 
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observation that RUNX1 is less expressed in intact compared with castrated mouse 

prostates. To clarify these findings, future work should aim at profiling the effect of 

androgen depletion on the DNA binding activity of both AR and RUNX1 in the 

mouse and human prostate. 

4.3.4. RUNX1+ PLCs are intrinsically castration-resistant 

The transition from proximal RUNX1+ to distal NKX3.1+ cells identified in the 

proximal luminal layer of intact mice appeared to be conserved after castration. 

However, since P2-Runx1:RFP reporters expressed RFP as a surrogate of Runx1 

expression, this mouse model could not be used to precisely estimate whether the 

increased proportion of RUNX1+ cells in the castrated prostate resulted from an 

induction of Runx1 expression or the enhanced capacity of intact RUNX1+ cells to 

survive during prostate regression. To address this question, Runx1CreER Rosa26LSL-RFP 

were used to allow long term single-cell fate tracing via constitutive RFP expression 

in cells which expressed Runx1 at the time of tamoxifen injection. After labelling 

Runx1 expressing cells in intact mice, RFP+ cells were strongly enriched in the 

castrated prostate. Furthermore, most lineage traced cells were K8+ luminal cells 

expressing high RUNX1 levels in the proximal region of both intact and castrated 

prostates. This strongly indicated that RUNX1+ PLCs cells preserve their identity 

after castration induced regression and constitute a distinct intrinsically castration-

resistant lineage. Furthermore, the absence of labelling in the distal compartment 

of intact and castrated Runx1CreER Rosa26LSL-RFP mice indirectly indicated that a 

fraction of the distal cells was also able to survive castration. While distal luminal 

cells did not express Runx1 in the intact prostate, its broad expression in the 

castrated distal prostate indicates that at least a subset of the surviving distal 

fraction upregulated Runx1 expression following castration. Therefore, surgical 

castration resulted not only in the preferential selection of intrinsically castration-

resistant RUNX1+ cells of the proximal prostate, but also in the upregulation of 

Runx1 in a large proportion of distal cells. Having established the intrinsic castration 

properties of RUNX1+ PLCs, it would next be of interest to study the specificities of 

this population, to understand what is intrinsically different at the molecular level 
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about this lineage, and how it relates to other prostate lineages. Also, these results 

raise the question of whether Runx1 is functionally involved in the maintenance of 

RUNX1+ PLCs’s identity, and whether it plays a functional role in the acquisition of a 

castration-resistant phenotype. 

4.3.5. Technical limitations of lineage tracing mouse models 

One important limitation of these experiments resides in the low 

recombination efficiencies of lineage tracing mouse models. In the prostate 

epithelium of Runx1CreER Rosa26LSL-RFP mice, only ~5% Runx1 expressing cells were 

successfully labelled. This low recombination efficiency is not a specificity of the 

Runx1CreER Rosa26LSL-RFP mice. However, it is worth stating that labelling efficiencies 

are often referred to as “low” but rarely quantified, making the comparison 

difficult. Similar experiments performed in the mouse prostate reported ~1-2% 

efficiency in the case of a Bmi1 lineage tracing mouse model (Yoo et al., 2016). In 

contrast, although this was measured during embryonic development, labelling 

efficiency was reported up to ~25% in the case of Sox2 (McAuley et al., 2019). While 

the labelling efficiency of Runx1CreER Rosa26LSL-RFP mice was sufficient to establish 

the intrinsic castration-resistant properties of RUNX1+ PLCs, it is possible that the 

labelled fraction is not entirely representative of the initial RUNX1+ population. For 

example, FACS analysis of P2-Runx1:RFP reporters indicated broad but weak RUNX1 

levels in basal cells (Figure 3.8), but RFP labelling in Runx1CreER Rosa26LSL-RFP mice 

seemed to be more efficient in RUNX1+ proximal luminal cells, characterised by 

higher RUNX1 expression. Also, the large fraction of distal RUNX1+ VP luminal cells 

seemed overall under-represented in Runx1CreER Rosa26LSL-RFP mice. Therefore, the 

results presented here apply mainly to RUNX1-high expressing cells of the proximal 

prostate. 

4.3.6. Unlike distal compartments, RUNX1+ PLCs have limited 
regenerative potential 

The adult mouse prostate encompasses extensive regenerative potential, 

which can be stimulated via ectopic testosterone delivery in castrated animals. This 
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leads to the full regeneration of the prostate epithelium, comparable to an intact 

prostate. The lineage tracing experiments offered a unique opportunity to evaluate 

the regenerative properties of RUNX1+ cells in vivo. Unexpectedly, RFP+ cells 

initially labelled in the intact prostate were found to have very limited regenerative 

potential, with only a small fraction of RFP+ clones having more than 1 cell. Also, 

these clones of 2 to 4 cells did not express NKX3.1 and were mainly found in the 

luminal layer of the proximal prostate. These observations showed that whilst 

capable of sustaining their own lineage, RUNX1+ PLCs did not contribute to the 

regeneration of distal NKX3.1+ cells. Basal and luminal lineages were previously 

shown to be largely self-sustained using generic basal and luminal Cre drivers (Choi 

et al., 2012; Ousset et al., 2012). However, whether distinct subpopulations of 

luminal cells contribute to the regeneration of the others remains poorly 

understood (Wang et al., 2009b; Yoo et al., 2016). Interestingly, the work presented 

here aligns with recent work by Guo et al proposed that a subpopulation of distal 

K4+ luminal cells can regenerate the distal prostate luminal lineage, whereas 

proximal K4+ luminal cells only contribute to regeneration of the proximal prostate 

luminal lineage (Guo et al., 2020). Thus, the results presented here suggest that the 

model of self-sustained basal and luminal populations might also extend to 

individual luminal subpopulations. This hypothesis should be tested in the future 

using additional Cre drivers, specific of other cell populations. The observation that 

RUNX1 and NKX3.1 mark distinct populations also suggests the existence of 

additional subpopulations. For example, distal luminal cells of each individual 

prostate lobes exhibit marked morphological differences whilst expressing NKX3.1. 

This additional degree of heterogeneity will be investigated in Chapter 5. 

 The goal of the initial labelling strategy used in lineage tracing experiments 

was to label intact RUNX1+ cells, to study their long-term fate in castration 

regeneration assays. However, a significant proportion of castration-resistant 

RUNX1+ cells only upregulated Runx1 in the castrated prostate. This led to 

hypothesise that those distal castration-resistant RUNX1+ cells would contribute to 

the regeneration of distal NKX3.1+ luminal cells. Results from these experiments 

showed that there was indeed a small, but significant, fraction of distal castration-
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resistant RUNX1+ cells which gave rise to NKX3.1+ lineage. Next, BrdU 

incorporation assays carried out at the onset of regeneration, revealed that most 

regeneration did not take place in the labelled fraction. These results are in line 

with a previous report showing that prostate regeneration is mainly driven by 

castration-resistant NKX3.1+ cells (Wang et al., 2009b). In fact, some castration-

resistant RUNX1+ cells labelled with RFP already expressed NKX3.1 (~25%). 

Therefore, it is not possible to exclude that prostate regeneration was driven by 

CARNs expressing RUNX1, rather than castration-resistant RUNX1+ NKX3.1- cells.  

4.3.7. Epithelial regenerative potential of individual lineages may be 
context-dependent 

In a recent study, Karthaus et al used a generic Krt8-CreERT2 lineage tracing 

model in four colours “confetti mice” and proposed that prostate epithelial 

regeneration is driven by almost all luminal cells persisting in castrated prostates as 

opposed to a rare stem cell population (Karthaus et al., 2020). The results 

presented in this Chapter are compatible with this model, but further demonstrate 

that not all luminal subsets possess the same in vivo regenerative potential in 

response to androgen stimulation. Here, NKX3.1+ cells appear to be the most 

affected by androgen deprivation, but also to retain most regenerative potential 

upon testosterone addback. This observation contrasts with previous results shown 

in Chapter 3 showing that distal RUNX1- luminal cells, therefore mostly NKX3.1+ 

cells, have less clonogenic potential in organoids assays. These results suggest that 

castration-regeneration and ex vivo prostate organoid assays may not activate the 

same regenerative properties of a given cell. Likewise, while adult basal and luminal 

compartments have been shown to be self-sustained under homeostatic conditions 

(Ousset et al., 2012), luminal cells ablation results in the activation of basal 

multipotency (Centonze et al., 2020; Horton et al., 2019). Overall, epithelial 

regenerative potential may not solely depend on cell intrinsic properties, but also 

vary depending on the context in which it is stimulated. 
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Chapter 5  Characterisation of mouse prostate Runx1 
expressing cells by single-cell RNA-seq 

[This section has been adapted from (Mevel et al., 2020)] 

5.1. Introduction 

The cell is the fundamental structural and functional unit of life. The 

generation of complex multicellular organisms is rendered possible by the variety of 

cell states that shape individual tissues despite sharing a nearly identical genotype. 

Understanding the relationship between genotypes and phenotypes represents a 

central challenge in biology. One of the most important level at which cell state and 

function are regulated occurs at the transcriptomic level. The ability to capture the 

abundances of individual mRNA molecules gives a direct read out of gene activity. 

At the scale of the entire transcriptome, these dynamical measurements provide a 

representative picture of functional cell states.  

 

Historically, measuring the expression of a small number of transcripts was 

made possible using Northern blotting (Alwine et al., 1977) and RT-qPCR (Becker-

André and Hahlbrock, 1989), but the emergence of high-throughput technologies 

has greatly facilitated quantitative analyses of whole transcriptomes. In the mid 

90’s, the first microarray study allowed the simultaneous quantification of 45 

individual transcripts expressed at varying levels in Arabidopsis thaliana (Schena et 

al., 1995). The technology relied on the hybridisation of transcripts to an array of 

complementary probes. Microarrays technology then rapidly evolved and became a 

key approach to investigate gene expression of up to thousands of transcripts at 

once (Hoheisel, 2006). However, major limitations of these arrays were associated 

with the predefined set of probes and their variable specificities. 

 

With the advent of next generation sequencing technologies, the first RNA-

sequencing (RNA-seq) protocols allowing deep sequencing of entire transcriptomes 

were published in 2008 (Lister et al., 2008; Mortazavi et al., 2008; Nagalakshmi et 
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al., 2008). Briefly, RNA is isolated and converted into a library of short fragments of 

cDNA which are then loaded onto a sequencing platform. The latter generates 

millions of nucleotide sequences, known as reads, which are used for downstream 

computational analysis. Abundances are derived from the number of counts of each 

read that map onto specific locations of a reference genome or transcriptome. 

These are then often aggregated at the gene or transcript level. Unlike microarrays, 

RNA-seq does not required prior knowledge of existing sequences and therefore 

benefits from the ability to detect rare and novel transcripts. It also has a wider 

dynamic range, greater specificity and sensitivity (Roy et al., 2011; Wang et al., 

2009a). Together with the decreasing cost of sequencing, RNA-seq has gradually 

become the method of choice for transcriptomic analyses, with applications in 

many aspects of biology, such as the characterisation of splicing dynamics 

(Mehmood et al., 2020), differential gene expression analyses between conditions 

(Love et al., 2014), as well as the discovery of predictive clinical biomarkers of 

disease progression (Yang et al., 2020). However, RNA-seq typically averages 

abundance measurement across “bulks” of hundreds to millions of cells per sample, 

which assumes a certain degree of homogeneity within the populations of cells 

being sequenced. While such assumption may be acceptable in specific 

experimental contexts, it does not apply to heterogeneous systems where 

population level averages do not reflect individual cell states (Loeffler and 

Schroeder, 2019; Raj and van Oudenaarden, 2008). Therefore, cell-to-cell variations 

cannot be reliably studied in bulk RNA-seq analyses, which are flawed by the 

unknown proportions of individual cell states present in the samples.  

 

 The observation that gene expression levels vary between cells of apparently 

homogenous populations has been known for a long time (Levsky and Singer, 

2003). Novick and Weiner had previously described heterogeneous responses in 

beta-galactosidase production between individual bacteria of same strain (Novick 

and Weiner, 1957). Since, numerous techniques have helped describe and model 

the stochastic nature of gene expression, such as immunostaining for specific 

proteins, in situ hybridisation of RNA or even fluorescence microscopy (Raj and van 
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Oudenaarden, 2008). However, until recently, no technology could measure 

transcriptome wide gene expression levels at the single cell resolution. Almost 

three decades ago, pioneering work by Brady et al. and Eberwine et al. successfully 

reported the amplification of cDNA from single cells, but the expression levels of 

only a limited number of genes could be estimated (Brady et al., 1990; Eberwine et 

al., 1992). The method was later progressively scaled up to allow measurements of 

more genes and cells (Peixoto et al., 2004; Sheng et al., 1994), ultimately leading to 

its implementation on microarrays (Kurimoto et al., 2006; Tietjen et al., 2003; 

Warren et al., 2006). Multiplexed reverse transcription PCR combined with 

microfluidics allowed the interrogation of multiple targeted genes at the same time 

in a few hundred cells and became more widely accessible with commercially 

available solutions such as RT-qPCR based Fluidigm platforms. For instance, this 

enabled to investigate the expression of 48 genes on ~500 cells along the 

development of embryos from zygote to blastocyst stage (Guo et al., 2010). 

However, the resolution of these platforms remained relatively low throughput and 

biased by the predefined list of genes investigated. 

 

 The very first single cell (sc)RNA-seq study was published only one year after 

the initial bulk RNA-seq protocols. Tang et al., reported the gene expression profile 

of a single 4-cell stage blastomere (Tang et al., 2009). While this was a great 

technical achievement, the ability to perform scRNA-seq was initially reserved to a 

few specialised laboratories. Also, the cost of the first scRNA-seq protocols was 

prohibitive and involved several days of work to amplify the cDNA of individual 

cells. Therefore, in the early days of scRNA-seq, only a small number of single cells 

were sequenced at once, limiting the extent of biological interpretations. It was 

however evident that individual cells could be distinguished and grouped by 

homologies based of their individual transcriptomes (Pollen et al., 2014; Yan et al., 

2013). In 2013, scRNA-seq was elected Method of the Year by Nature Methods 

(Method of the Year 2013, 2014), and a myriad of scRNA-seq protocols have been 

published, with exponential growth of the number of individual cells that can be 

sequenced in a single experiment (Svensson et al., 2018). Amongst popular 
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methods, plate-based methods such as Smart-seq2 (Picelli et al., 2013) or CEL-seq2 

(Hashimshony et al., 2016) require single cell sort into individual wells. Smart-seq2 

can produce full-length transcript coverage while CEL-seq2 only captures and 

sequences the 3’ end. In contrast, bead based-methods were developed as a higher 

throughput alternative leveraging the need of upstream cell sorting, by capturing 

suspensions of cells into nanolitre droplet emulsions loaded with individually 

barcoded beads and amplification reagents. The most widely used 3’ droplet-based 

methods include Drop-seq (Macosko et al., 2015), InDrop (Klein et al., 2015), and 

10x Genomics Chromium (Zheng et al., 2017) platforms. Additional approaches to 

increase the number of cells captured were developed with the use of sub-nanolitre 

arrays containing barcoded beads such as Seq-Well (Gierahn et al., 2017) or 

Microwell-Seq (Han et al., 2018). 

 

 The field of scRNA-seq is still rapidly evolving (Svensson et al., 2018), and it 

has now become a gold-standard approach to characterise heterogeneous cell 

populations, study developmental and regenerative processes, as well as disease 

biology. Single cell transcriptomic data has allowed to redefine the cellular 

landscape of specific tissues (Treutlein et al., 2014; Zeisel et al., 2015), discover 

novel, rare and transient cell types (Grün et al., 2015), with the concomitant 

identification of new marker genes specific to cell populations, predict routes of 

differentiation (Saelens et al., 2019) as well as inferring gene regulatory networks 

defining specific cell states (Aibar et al., 2017; Chan et al., 2017; Matsumoto et al., 

2017). The increased throughput of scRNA-seq has enabled researchers to capture 

enough cells to recapitulate the development of entire organisms such as zebrafish 

(Wagner et al., 2018) or planaria (Plass et al., 2018). Similarly, single cell 

transcriptomic landscapes of mouse embryos from blastocysts stage to gastrulation 

revealed insights into lineage relationships and specification at an unprecedented 

resolution (Nowotschin et al., 2019; Pijuan-Sala et al., 2019). Recently, scRNA-seq 

datasets of human lung and airways suggested that the expression pattern of 

mediators of SARS-CoV-2 viral entry in specific cell type may explain clinical and 

biological aspects of the disease (Muus et al., 2020). The widespread use of this 
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technology has led to the creation of large consortia, including the Human Cell Atlas 

(HCA) which aims at generating a comprehensive reference map of all human cells 

(Regev et al., 2017). In parallel to the development of scRNA-seq, other single cell 

technologies have emerged, enabling additional single cell ’omic’ measurements 

such as cell surface proteins (Stoeckius et al., 2017), chromatin accessibility 

(Cusanovich et al., 2015; Cusanovich et al., 2018), DNA methylation (Hu et al., 

2016), histone modifications (Kaya-Okur et al., 2019), transcription factor activity 

(Hainer et al., 2019). A telling example of the explosion of single cell technologies 

was the celebration of  “single-cell multimodal omics” as 2019 Method of the Year 

(Method of the Year 2019: Single-cell multimodal omics, 2020). In addition to these 

advances, the field of spatial transcriptomics holds great promises to enable 

spatially resolved high dimensional transcriptomic measurements (Burgess, 2019) 

and is expected to reach single cell resolution in the near future. 

 

 In the prostate, Barros et al used multiplexed single-cell quantitative PCR to 

interrogate the expression of 313 cell surface markers and prostate related genes in 

95 individual cells isolated from intact and castrated mice (Barros-Silva et al., 2018). 

This analysis revealed the existence of multiple luminal subsets with distinct gene 

expression patterns. Notably, they identified LY6D as a putative stem/progenitor 

marker also enriched in castration resistant cells, which may be a relevant marker in 

the context of prostate tumours. While a number of separate studies had already 

reported scRNA-seq atlases of the majority of the mouse and human organs, until 

recently, scRNA-seq datasets of the prostate were not available. In 2018, Henry et 

al. reported the first scRNA-seq study of human prostate samples and proposed the 

existence of SCGB1A1+ ‘club’ and KRT13+ ‘hillock’ cells in the peri-urethral zone 

(Henry et al., 2018). However, such resource remained unavailable for the mouse 

prostate, preventing comparisons between cell types identified. In 2020, a number 

of additional publications describing the cellular composition of the mouse and 

human prostate have been published (Crowley et al., 2020; Guo et al., 2020; Joseph 

et al., 2020; Karthaus et al., 2020), and will be discussed in section 5.3.  
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The data presented in Chapter 3 and 4 indicate that RUNX1 is expressed in 

different subpopulations of the intact  mouse prostate. In particular, high RUNX1 

expression was found to be highly expressed in PLCs, an intrinsically castration-

resistant population capable of sustaining its own lineage in vivo and exhibiting 

facultative stem cell behaviour in organoid assays ex vivo. Except for NKX3.1 which 

displayed a largely mutually exclusive expression pattern with RUNX1, co-

immunostainings with several markers previously shown to mark specific 

subpopulations of the mouse prostate were found to overlap, at least partially, with 

RUNX1. Also, RUNX1 was expressed in the majority of the castrated epithelium. 

Together, these results suggested that RUNX1 may be expressed in functionally and 

spatially distinct prostate epithelial lineages. However, the restricted number of 

markers that can be profiled on single tissue sections prevented from drawing a 

precise map of the complex prostate epithelial landscape. To leverage this 

limitation and characterise the different RUNX1+ and RUNX1- cell types present in 

the intact and castrated prostate epithelium, transcriptomic profiling of RFP+ and 

RFP- fractions was performed using droplet-based scRNA-seq of P2-Runx1:RFP 

reporter mice. 

5.2. Results 

5.2.1. Experimental design 

 To transcriptionally characterise RUNX1+ and RUNX1- fractions residing at 

different anatomical locations of the prostate, droplet-based single cell (sc)RNA-seq 

was performed using the 10x Genomics Chromium platform (Figure 5.1 A). EPCAM+ 

RFP+ and RFP- cells were sorted from individually dissected lobes of intact and 

castrated prostates isolated from P2-Runx1:RFP reporter mice (Figure 5.1 B). The 

AP, DLP and VP were kept separate in order to gain insights into the cellular 

composition of each lobe, shown to be particularly heterogeneous in Chapter 3. 

Basal and luminal cells of the same lobe and RFP fraction (for example AP RFP+) 

were sorted in a single tube under the assumption that basal and luminal cells 

would cluster apart in the analysis. A representative FACS profile of the populations 
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sorted is shown in Chapter 2, section 2.8.1.1. In order to minimize technical 

confounders such as multiplets and batch effects (McGinnis et al., 2019b), sorted 

populations were multiplexed using MULTI-seq lipid-tagged indices (Figure 5.1 C). In 

this approach, plasma membrane bound lipid-modified oligos (LMOs) act as anchors 

for specific DNA barcoded oligonucleotides. Following reverse transcription, library 

preparation and sequencing, cells can then be demultiplexed to assign their identity 

back to their population of origin. In total, three independent experiments (also 

referred to as “runs”) were performed to obtain sufficient cell numbers from the 

different populations isolated. 

 
Figure 5.1. Experimental tools and design used for scRNA-seq of adult prostate epithelial 
populations. 
(A) Diagram of the 10x Genomics Chromium workflow to capture and sequence single-cells 
transcriptomes. Single cells and barcoded gel beads are captured in aqueous droplets in an 
oil-surfactant solution to generate Gel Beads in EMulsion (GEMs). Cell lysis within the 
droplets allows reverse transcription of mRNA to produce barcoded cDNA. After breakage 
of the droplets, cDNA is amplified and sequenced. 
(B) Experimental strategy for scRNA-seq of RFP+ and RFP- cells individually dissected lobes 
of intact and castrated prostates isolated from P2-Runx1:RFP reporter mice.  
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(C) Diagram of the MULTI-seq workflow. Samples are barcoded in individual tubes using 
MULTI-seq lipid-modified oligos (LMOs) bound to DNA barcodes containing a specific 8-bp 
sample specific sequence. Samples are pooled before cell encapsulation. After reverse 
transcription, cDNA and MULTI-seq libraries are separated by size selection and amplified 
independently. Sequencing of both libraries produces two count matrices corresponding to 
gene expression (‘mRNA space’) and sample-barcode abundances (’tag space’), allowing 
the assignment of each cell to its population of origin. This method allows the detection of 
GEM containing > 1 cell (black dots, multiplets) generated during cell encapsulation. Cells 
for which MULTI-seq labelling has failed are shown in grey. 

5.2.2. Quality control and sample demultiplexing 

 Following sequencing and data pre-processing, droplets containing cells to be 

kept for downstream analysis were selected using the 10x’s “Cell Ranger” software. 

The results are displayed using a commonly used “barcode rank plot” or “knee 

plot”, representing decreasing Unique Molecular Identifiers (UMIs) counts in log 

scale for each cell barcode (Luecken and Theis, 2019). UMIs consist of random 

barcodes used to identify and remove duplicate reads generated during 

amplification. All three sequencing runs had a sharp drop-off between cell-

associated barcodes and barcodes associated with empty droplets, indicating 

successful experiments (Figure 5.2 A). While this step is effective to remove empty 

droplets, it does not discriminate between high- and low-quality cells.  
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Figure 5.2. Quality control of the adult mouse prostate scRNA-seq dataset. 
(A) Barcode rank plots produced by the ‘Cell Ranger’ software showing cell-associated 
barcodes (blue) and barcodes associated with empty droplets (grey). 
(B) Violin plots of the number of genes detected per cell (# Genes), number of UMIs per cell 
(# UMIs) and percentage of mitochondrial transcripts (% Mito). Results are shown for each 
run, before and after quality control. 
 

 Next, high quality cells retained for analysis were demultiplexed using MULTI-
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of binomial distributions for each MULTI-seq tag. Uniform Manifold Approximation 

and Projection (UMAP) visualisation of the MULTI-seq tag count expression data 
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2, a significant proportion of the cells could not be matched to a specific 

population. These “negative” cells, as well as predicted “doublets” were excluded 

for downstream analyses. After these additional filtering steps, UMAP visualisation 

revealed the presence of distinct and homogenous clusters in MULTI-seq barcodes 

space, which confirmed that high quality labelled cells were retained in the final 

dataset. 

 
Figure 5.3. Quality control of the MULTI-seq labelling. 
(A) Scatter plot showing the abundance of each MULTI-seq tag counts (log10) for each cell 
barcode. 
(B) UMAP visualisation in MULTI-seq barcodes space for each independent experiment 
(Run1: left, Run2: middle, Run 3: right) before (top) and after (bottom) quality control and 
barcode filtration (see section 2.8.1.4. for details). 
 

Table 5.1 shows the number of cells kept for analysis after the different quality 

control/filtering steps performed. In total, 4,516 cells were retained for 

downstream analyses. 
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Table 5.1. Number of cells after each quality control filtering step.  
 Run 1: GL60_01 Run 2: GL60_04 Run 3: GL64 

# of cells before QC 2612 6034 3028 

# of cells after recovered QC 1891 4398 2243 

# of after tags classification 777 2186 1673 

# of cells after DoubletFinder 752 2091 - 

Final # of cells 752 2091 1673 
#: number 

5.2.3. Integration and graph-based clustering of the whole dataset 

 The three independent experiments were combined into a single dataset 

using a standard batch-correction and integration procedure previously described 

for scRNA-seq datasets (Stuart et al., 2019). After linear log-normalisation, this 

method allows to effectively combine cells from different experiments or batches 

into a shared space through the identification of cell pairwise correspondences 

between cells across distinct datasets. After integration, UMAP visualisation in gene 

expression space showed the presence of multiple communities of cells, or clusters 

(Figure 5.4 A).  
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Figure 5.4. UMAP visualisation of the whole adult scRNA-seq dataset. 
(A) UMAP visualisations of the integrated batch-corrected dataset (n = 4,516 cells from 3 
independent experiments) combined and split by individual experiment (Run 1: red, Run 2: 
yellow, Run 3: blue). 
(B) UMAP visualisation of the integrated batch-corrected dataset after unbiased graph-
based clustering. Each cluster is represented by a unique colour. 
 

Importantly, most clusters contained a combination of cells from all three runs, 

confirming the success of the integration procedure. Indeed, a poorly integrated 

dataset of cells known to have a similar biological origin would have clustered cells 

by experiment instead of the underlying biological differences. Here, unbiased 

graph-based clustering revealed the presence of 16 biologically distinct clusters 

(Figure 5.4 B). 
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confirm final labels (data not shown). Overall, 10 prostate epithelial clusters were 

labelled based on the expression of Epcam, Krt8, Cd24a, Spink1, Krt19, Tacstd2, 

Psca, Krt4, Tgm4, Nkx3-1, Pbsn, Msmb, Piezo2, Trp63, Krt5 and Krt14. Based on the 

expression of basal and luminal markers, clusters 0, 1, 5, 8 were labelled as “Basal” 

while 2, 3, 4, 6, 10, 14 were labelled as “Luminal” (Figure 5.4 B and Figure 5.5). The 

remaining clusters were found to correspond to other populations of cells 

mistakenly isolated during cell sorting and carried over through to sequencing. 

Among these, 3 clusters (7, 13, 15) were found to contain haematopoietic cells, 

cluster 9 corresponded to endothelial cells, cluster 11 appeared to be fibroblasts, 

and cluster 12 had a gene expression profile resembling mesonephric derivatives 

such as vas deferens and/or seminal vesicles (Figure 5.5 A, B). Cells corresponding 

to the prostatic epithelial clusters were kept for further analyses. 
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Figure 5.5. Examples of key marker genes used for cell type characterisation.  
(A) UMAP visualisation of the integrated batch-corrected dataset. Cells are coloured by a 
gradient of log-normalised expression levels for each gene indicated.  
(B) Dot plot showing the expression of selected marker genes associated with each cluster. 
Dot size corresponds to the proportion of cells having detectable gene expression levels in 
each cluster. 
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5.2.4. Graph-based clustering of the prostate epithelial subset 

 The adult mouse prostate epithelial subset was projected onto a UMAP layout 

(Figure 5.6). Epcam expression confirmed the presence of epithelial cells (Figure 5.6 

A). Unsupervised graph-based clustering initially identified 9 clusters of cells, 

labelled 0 to 8 (Figure 5.6 B). One large population of basal cells was annotated by 

merging three tightly connected clusters (0, 1 and 5) broadly expressing Krt5, Krt14, 

and Trp63 (Figure 5.6 B, C, E). Luminal populations expressed surprisingly 

heterogeneous levels of canonical luminal markers such as Cd26/Dpp4, Cd24a, Krt8, 

Krt18 and Krt19 (Figure 5.6 D). The different luminal clusters were annotated as 

Luminal-A (Lum-A), Lum-B, Lum-C, Lum-D, Lum-E and Lum-F (Figure 5.6 C).  

 
Figure 5.6. Characterisation of basal and luminal lineages in prostate epithelial cells. 
(A) UMAP visualisation of the prostate epithelial subset coloured by a gradient of log-
normalised Epcam expression. 
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(B) Unsupervised graph-based clustering of the prostate epithelial subset coloured by 
clusters. 
(C) UMAP visualisation of the prostate epithelial subset coloured by labelled clusters. 
(D, E) UMAP visualisations of the prostate epithelial subset coloured by a gradient of log-
normalised expression levels for canonical luminal (D) and basal (E) lineage markers. 
 

 To study the specific gene expression programs of those populations, 

differential expression analysis was performed by comparing each cluster to the 

remainder fraction. The top 10 most differentially upregulated genes per cluster are 

displayed as a heatmap in Figure 5.7 A to highlight cluster specific expression of 

certain genes. For example, Lum-A cells had very strong expression levels of Sbp 

(Spermine-binding protein), Sbpl (Spermine-binding protein-like) and Spink1 (serine 

protease inhibitor Kazal-type 1). Lum-B expressed high levels of Tgm4 

(Transglutaminase 4), Chn2 (Chimerin 2) and C1rb (Complement C1r-B 

subcomponent). Lum-C was characterised by higher expression of Msmb (Beta-

microseminoprotein), Defb50 (Beta-defensin 50 precursor) and Itln1 (Intelectin 1). 

Lum-D was marked by the expression of Psca (Prostate Stem Cell Antigen), Krt4 

(Keratin 4) and Pglyrp1 (Peptidoglycan Recognition Protein 1). Lum-E expressed 

elevated levels of Clu (Clusterin), Basp1 (Brain Abundant Membrane Attached 

Signal Protein 1) and Lpl (lipoprotein lipase), and Lum-F had high expression of Car2 

(Carbonic Anhydrase 2), Crym (Crystallin Mu), Ang5 (Angiogenin ribonuclease 5). 

Finally, basal cells strongly expressed Krt5, Krt14 and Trp63. The cluster specific 

expression of some of these marker genes can also be appreciated in the form of a 

dot plot, which quantitatively describes the average expression of those markers as 

well as the proportion of cells expressing it (Figure 5.7 B) or overlaid onto the 

UMAP layout (Figure 5.7 C). Overall, cluster-based analysis revealed the existence 

of 6 distinct luminal populations, shared between intact and castrated prostates. 
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Figure 5.7. Characterisation of cluster-specific gene expression programs. 
(A) Heatmap of the 10 most significantly differentially upregulated genes per cluster. 
(B)  Dot plot showing both the average expression and percentage of cells expressing the 
selected marker genes associated with each cluster.  
(C) UMAP visualisation of the prostate epithelial subset coloured by a gradient of log-
normalised expression levels for each gene indicated, showing specific expression patterns 
in distinct luminal clusters. 

B

A

C

U
M
A
P
2

Cl
us
te
r
ID

UMAP 1

low

high

Spink1 Tgm4 Msmb Krt4 Lpl Crym



Chapter 5  Characterisation of mouse prostate Runx1 expressing cells by single-cell RNA-seq 

 

169 
 

5.2.5. Composition of the prostate epithelial subset 

 The prostate epithelial subset comprised 3,825 prostate epithelial cells 

retrieved from the different sorted populations (Figure 5.8 B). While all sorted 

populations were present, castrated RFP- cells were largely under-represented due 

to their low frequency in the tissue. Visualisation of the dataset as a whole (Figure 

5.8 A) or split by sorted population (Figure 5.8 C) gave a complex picture of the 

cellular heterogeneity residing in the mouse prostate epithelium, which translated 

into at least 7 distinct communities of cells. 

 
Figure 5.8. UMAP visualisations of the prostate epithelial subset by phenotypic sorted 
population.  
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(A) UMAP visualisation of the prostate epithelial subset coloured by phenotypic sorted 
populations.  (n = 3,825 cells from 3 independent experiments). 
(B) Number of cells retained by phenotypic sorted populations in the prostate epithelial 
subset. 
(C) UMAP visualisation of the prostate epithelial subset as in A, split and coloured by 
individual phenotypic sorted populations.  
 

 Owing to the sample multiplexing approach and the complexity of 

interpreting such heterogeneous data, the composition of the dataset was 

visualised by individual phenotypic metadata, including the treatment of origin 

(intact, castrated, Figure 5.9 A-B), RFP FACS gate of origin (RFP+, RFP-, Figure 5.9 C-

D) and lobe of origin (AP, DLP, VP, Figure 5.9 E-F). It is worth stating that the 

present dataset is not a faithful representation of the corresponding cellular 

frequency in the tissue, due to the upstream sorting strategy and sample 

multiplexing approaches. Notably, 2,996 cells were obtained from intact epithelia 

and 829 cells from castrated (Figure 5.9 B), corresponding to 1,790 AP cells, 1,032 

DLP cells, and 1,003 VP cells (Figure 5.9 F). Due to the FACS enrichment strategy 

and high frequency in both basal cells and castrated epithelia, RFP+ cells were more 

abundant than the RFP- fraction (2,477 RFP+ cells compared to 1,348 RFP- cells, 

Figure 5.9 D). 

 
Figure 5.9. UMAP visualisations of the prostate epithelial subset by phenotypic sorted 
population. 
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(A, B) UMAP visualisation of the prostate epithelial subset coloured by treatment of origin 
(intact, castrated). Number of cells per group is shown in B. 
(C, D) UMAP visualisation of the prostate epithelial subset coloured by RFP FACS gate of 
origin (RFP+, RFP-). Number of cells per group is shown in D. 
(E, F) UMAP visualisation of the prostate epithelial subset coloured by lobes of origin (AP, 
DLP, VP). Number of cells per group is shown in F. 

5.2.6. Effect of androgen withdrawal on lobe-specific cellular 
heterogeneity 

 This dataset offered the possibility to study the effect of androgen withdrawal 

on epithelial heterogeneity at the lobular level. As expected, basal cells of all three 

lobes appeared to be minimally affected by androgen-deprivation. Indeed, basal 

cells isolated from castrated prostates clustered together with basal cells of intact 

prostates (Figure 5.6 E and Figure 5.9 A). Among luminal populations, Lum-A/B/C/D 

were largely enriched in luminal cells originating from intact prostates, whereas 

Lum-E/F contained mainly castrated luminal cells (Figure 5.8 A and Figure 5.10 A). 

Of note, a small fraction of intact cells was also identified in the Lum-E/F clusters, 

while some castrated cells were found in each of the Lum-A/B/C/D clusters. In the 

predominantly intact clusters, Lum-A/C contained a large proportion of VP cells and 

some DLP cells, while Lum-B contained both AP and DLP cells (Figure 5.9 E and 

Figure 5.10 B). Lum-D had a majority of AP cells, as well as a small fraction of DLP 

and VP cells. In the castrated clusters, Lum-F was almost entirely made of VP cells, 

whereas Lum-E comprised both AP and DLP cells. These results suggest that a 

subset of intact Lum-A/C might undergo partial reprogramming during castration-

induced regression and gives rise to the Lum-F cluster. Similarly, surviving Lum-B/D 

may predominantly reprogram into Lum-E cells upon castration. Alternatively, the 

small fraction of intact cells observed in Lum-E and Lum-F clusters might give rise to 

the expanded Lum-E/F clusters upon castration. Overall, these results highlight the 

dramatic changes occurring upon androgen deprivation in the representation of 

distinct luminal subpopulations. Also, lobe-specific identity of the luminal cells 

seems to be largely conserved after castration. 
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Figure 5.10. Characterisation of basal and luminal lineages in prostate epithelial cells. 
(A, B) Sankey diagrams summarising the proportion of cells between phenotypic groups in 
the prostate epithelial subsets, coloured by treatment of origin (intact, castrated) and RFP 
FACS gate of origin (RFP+, RFP-) in A, or lobes of origin (AP, DLP, VP) in B. 

5.2.7. Expression profiles of stem/progenitor markers and 
transcriptional regulators 

 The scRNA-seq prostate epithelial dataset offered a unique opportunity to 

study the expression profile of selected genes of interest. First, a particular 

attention was given to genes previously associated with stem/progenitor 

properties, including Cd44 (Collins et al., 2005), Prom1/Cd133 (Richardson et al., 

2004), Tacstd2/Trop2 (Goldstein et al., 2008), and Ly6 family members such as Sca-

1 (Ly6a/Ly6e) (Kwon et al., 2016) and Ly6d (Barros-Silva et al., 2018). Overall, the 

expression of these markers was highly heterogeneous (Figure 5.11 A, B). 

Tacstd2/Trop2 marked primarily Lum-D/E cells, as well as few Lum-A/F and basal 

cells. Both Cd44 and Ly6a were found in about half of Lum-D/E clusters and a 

smaller fraction of basal cells. Ly6e expression was detected in all populations, with 

stronger levels in the Lum-E cluster. Conversely, Ly6d was only expressed in a small 

subset of Lum-E cells as well as in some basal cells. In contrast to the previous 

markers which generally marked Lum-D/E and basal subsets, Prom1/Cd133 

expression was largely restricted to the Lum-B population. Thus, these markers 

differentially label significantly heterogeneous cellular populations, suggesting that 
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neither of these used on their own would be a sufficient putative prostate stem cell 

marker. 

 Next, the expression profile of selected transcriptional regulators was 

explored throughout the different populations, including essential prostate specific 

transcription factors such as Ar, Foxa1 and Hoxb13, as well as candidates thought to 

mark cells with castration-resistant and regenerative properties, including Nkx3-1 

(Wang et al., 2009b), Sox2 (McAuley et al., 2019) and Bmi1 (Yoo et al., 2016) (Figure 

5.11 A, B). While Ar, Foxa1 and Hoxb13 were broadly expressed in the different 

clusters, Nkx3-1 expression strongly marked cells of the Lum-B/C clusters, and a 

subset of Lum-A and basal cells. Sox2 was mainly found in a small subset of Lum-D 

and basal cells, and Bmi1 transcripts were weakly detected in a small number of 

cells of all populations. This suggests that Ar, Foxa1, Hoxb13 and presumably Bmi1 

have a broader role in prostate homeostasis, compared to Nkx3-1 and Sox2 which 

may have a more restricted function in specific subsets. 

 Finally, the expression of the three RUNX transcription factors was evaluated 

together with their main binding partner Cbfb (Figure 5.11 A, B). Of all three RUNXs, 

Runx1 was the most expressed in the prostate, present in the majority of the Lum-

D/E/F clusters, and a large fraction of basal cells. Also, the distribution of Runx1-

high expressing cells largely matched the distribution of RFP+ sorted cells (Figure 

5.9 C).  
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Figure 5.11. Gene expression profile of prostate stem/progenitor markers and 
transcriptional regulators. 
(A) UMAP visualisation of the prostate epithelial subset coloured by a gradient of log-
normalised expression levels for each gene indicated. 
(B) Dot plot showing both the average expression and percentage of cells expressing each 
gene indicated. 
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Runx2 was most highly expressed in a subset of Lum-D and some basal cells, 

while Runx3 was barely detected. According to its presumed ubiquitous expression 

profile, Cbfb was detected in all populations, albeit at relatively low frequency. 

These results suggest that Runx1 is the dominant RUNX factor expressed in the 

prostate epithelium, and that its expression overlaps with Runx2 in Lum-D and basal 

clusters. 

5.2.8. The Lum-D cluster corresponds to Proximal Luminal Cells 

 Having described the main structure of the scRNA-seq prostate epithelial 

dataset, special attention was then given to RUNX1+ luminal cells. As previously 

mentioned, the Lum-D cluster predominantly consisted of AP derived RFP+ cells, as 

well as a small number of RFP+ DLP and VP cells (Figures 5.7, 5.8 and 5.11). Also, 

high Runx1 expression in Lum-D correlated with higher levels of Tacstd2/Trop2 and 

Sca-1 (Figure 5.11), previously shown to be co-expressed with RUNX1 in PLCs 

(Figure 3.6). In contrast, Runx1 was barely detected in Lum-B/C clusters which 

expressed high levels of Nkx3-1, while Lum-A cells expressed low levels of both 

Runx1 and Nkx3-1. These observations suggested that RUNX1+ PLCs described in 

Chapter 3, enriched in the proximal area, and presenting a unique cell morphology, 

may correspond to the Lum-D cluster. To test this hypothesis, the expression of 

Keratin 4 (K4), one of the most specific marker gene expressed in the Lum-D 

population (Figures 5.9), was evaluated by immunostainings in combination with 

RUNX1. K4 staining largely overlapped with RUNX1 in PLCs (Figure 5.12). Taken 

together, these results indicate that the Lum-D cluster corresponds to the distinct 

RUNX1+ luminal subset identified in the proximal region of all three prostate lobes.  



Chapter 5  Characterisation of mouse prostate Runx1 expressing cells by single-cell RNA-seq 

 

176 
 

 
Figure 5.12. RUNX1 and K4 mark proximal luminal cells. 
Co-immunostaining of RUNX1 and K4 in the proximal AP, distal AP, proximal DLP and 
proximal VP. Higher magnification images of selected regions are shown. Arrows indicate 
RUNX1+ K4+ cells, arrowheads indicate rare RUNX1- K4+ cells in the distal AP. 

5.2.9. The Lum-D cluster is transcriptionally similar to castration 
resistant cells 

 To gain further insights into the nature of the Lum-D population in 

comparison to the other populations, gene ontology (GO) analysis was initially 

performed using the lists of genes significantly upregulated in each cluster (Figure 

5.10 and supplementary data 6). The Lum-A cluster was enriched in GO terms 

referring to enzymatic activity such as “negative regulation of hydrolase activity” or 

“regulation of endopeptidase activity” (Figure 5.13 A). Lum-B and Lum-C clusters 

were enriched in GO terms related to protein synthesis function, including 

“retrograde protein transport, ER to cytosol” or “Endoplasmic-reticulum-associated 

protein degradation (ERAD) pathway” (Figure 5.13 B, C). Lum-D, Lum-E and Basal 

clusters had a drastically different GO enrichment profile, with terms such as 

“epithelium development”, “tissue development” and “developmental process” 

among the most enriched ones (Figure 5.13 D, E, G). Of note, Lum-F had too few 

specifically upregulated genes to give meaningful results in GO analysis (Figure 5.13 

F). Thus, these results suggest that Lum-A/B/C clusters are highly distinct from Lum-

D/E/F and Basal clusters. Importantly, the GO term enrichment of Lum-A/B/C 
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clusters suggests that these act as the secretory epithelial cells of the prostate, 

unlike cells of the Lum-D/E/F and Basal clusters. 

 
Figure 5.13. Gene Ontology and differential expression analysis within the scRNA-seq 
prostate epithelial dataset. 
(A-G) Bar plots of the 8 most significantly (g:Profiler adjusted p-value < 0.05) enriched gene 
ontology (GO) terms (GO:BP, Biological Processes) using the list of differentially 
upregulated genes specific to (A) Lum-A, (B) Lum-B, (C) Lum-C, (D) Lum-D, (E) Lum-E, (F) 
Lum-F, and (G) Basal clusters.  
 

 To complement the characterisation of the Lum-D cluster mainly containing 

intact prostate cells, differential expression analysis was performed specifically 

between the Lum-D cluster and the remaining intact luminal fraction composed of 

Lum-A/B/C clusters (Figure 5.14 A). In line with the previous results, GO analysis 

showed that Lum-A/B/C were enriched in enzymatic activity and protein synthesis 

functions. In contrast, the Lum-D cluster was enriched in terms related to epithelial 

developmental processes, similar to the predominantly castrated Lum-E population. 

The transcriptional relationship between the distinct epithelial clusters was then 

evaluated using partition-based graph abstraction (PAGA) (Figure 5.14 B). In this 

representation, clusters are represented as nodes, and the weighted edges 

between the nodes represent a statistical measure of connectivity (Wolf et al., 
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2019). Basal cells were expectedly the least connected to the other luminal subsets. 

Lum-A and Lum-C were tightly connected, indicating strong resemblance between 

the two populations. Similar observation was made for the mainly castrated Lum-E 

and Lum-F clusters. Interestingly, PAGA uncovered a strong degree of connectivity 

between the mainly intact Lum-D and castrated Lum-E population. This observation 

confirms the tight transcriptional relationship between Lum-D and Lum-E 

populations highlighted in GO analysis. 

 
Figure 5.14. The Lum-D cluster is a non-secretory population transcriptionally similar to 
castration resistant cells. 
(A) 15 most enriched GO terms (g:Profiler adjusted p-value < 0.05) for genes upregulated in 
the Lum-D cluster against combined Lum-A, Lum-B and Lum-C clusters (left), and the 
opposite comparison (right). 
(B) Graph-abstracted representation (PAGA, left) and corresponding UMAP visualisation 
(right) of the prostate epithelial subset. Colours represent different clusters. In PAGA, 
clusters are linked by weighted edges that represent a statistical measure of connectivity.  
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deprivation (Figure 5.15 A). In this population, very few genes were found 

significantly differentially expressed between intact and castrated cells (n=103), of 

which only 18 varied by more than |1| log fold-change (Figure 5.15 B). AR-

regulated genes such as Psca and Tspan1 were downregulated in the castrated 

subset, while strong contributors of the Lum-D identity such as Tacstd2/Trop2, Krt4 

and Runx1 maintained high expression levels (Figure 5.15 C). These results support 

that Lum-D/RUNX1+ PLCs maintain their identity following androgen-deprivation. 

 
Figure 5.15. The Lum-D cluster preserves its identity upon androgen withdrawal. 
(A) UMAP visualisation of the Lum-D cluster coloured by phenotypic groups, including 
cluster (Lum-D), treatment (intact, castrated), lobe (AP, DLP, VP), and RFP FACS gate (RFP+, 
RFP-). 
(B) Heatmap of the most significantly differentially expressed genes between intact and 
castrated cells of the Lum-D cluster (p value < 0.05, average log-fold change > |1|). 
(C) Violin plots showing the expression levels of specific genes within the Lum-D cluster. For 
each lobe, data are split and coloured by treatment (green: intact, pink: castrated).  
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5.2.10. Lineage tracing of Runx1 expressing cells confirms that Lum-D 
cells are intrinsically castration resistant 

 The tight transcriptional relationship observed between the high Runx1 

expressing clusters Lum-D and Lum-E supported the notion that the Lum-D 

population, which corresponds to RUNX1+ PLCs, contains intrinsically castration-

resistant luminal cells. To further validate this result, the expression of K4, which 

specifically marked Lum-D cells, was evaluated in the lineage tracing experiments 

combined with castration-regeneration assays previously described in Chapter 4. As 

expected, the majority of RFP labelled cells were K4+ and restricted to the proximal 

regions of intact, castrated, and regenerated prostates (Figure 5.16). This result 

confirmed that RUNX1+ PLCs maintain their identity in castration-regeneration 

assays. 

 
Figure 5.16. Characterisation of K4 expression in lineage tracing experiments. 
(A) Co-immunostaining of RFP and K4 in the proximal AP and DLVP (DLP + VP) of intact, 
castrated, and regenerated prostates. Scale bar: 50 µm.  
(B) Quantification of the percentage of RFP+ cells being K4+ and K4- in intact (n = 5), 
castrated (n = 5) and regenerated (n = 4) mice. Int: Intact, Cas: Castrated, Rgn: 
Regenerated. 
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5.3. Discussion 

5.3.1. Summary 

 The prostate epithelial hierarchy is commonly described based on anatomical 

features of the basal and luminal layers, their histological characteristics and the 

expression of a small subset of markers (Shen and Abate-Shen, 2010; Toivanen and 

Shen, 2017). But beyond the classical basal and luminal lineages, the existence of 

distinct subpopulations of cells residing within the prostate epithelium has been 

suggested by multiple reports revealing the existence of population of cells with 

specific immunoprofiles and functional characteristics. However, until the advent in 

single-cell technologies, it remained particularly challenging to draw a complete 

picture of prostate epithelial heterogeneity. The aim of this Chapter was to take 

advantage of the recent advances in scRNA-seq to comprehensively characterise 

RUNX1+ and RUNX1- epithelial compartments at the single cell level, in intact and 

castrated lobes of the mouse prostate. Overall, the single-cell transcriptomic 

analysis uncovered a vast degree of heterogeneity within and between the luminal 

compartments of both intact and castrated mouse prostates (Figure 5.17). Among 

the different cell populations identified, the Lum-D cluster was found to correspond 

to the previously characterised RUNX1+ PLCs. The transcriptomic profile of this 

population confirmed the non-secretory phenotype of Lum-D/RUNX1+ PLCs. In line 

with previous lineage tracing experiments demonstrating the intrinsic castration 

resistant properties of these cells (Chapter 4), the Lum-D population strongly 

resembled castration-resistant cells. 
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Figure 5.17. Working model of the cellular landscape of the prostate epithelium in intact 
and castrated conditions.  
The proximal luminal lineage (Lum-D) is enriched in intrinsically castration resistant cells 
and remains barely affected by fluctuations of AR signalling. Distal lineages (Lum-A, Lum-B, 
Lum-C) undergo more dramatic changes in cellular representation, with the castrated distal 
prostate being predominantly composed of Lum-E/F clusters. 

5.3.2. The luminal compartment of the mouse prostate contains 
distinct subpopulations of cells 

 The identification of multiple clusters of luminal cells in both intact and 

castrated mouse prostates highlights the cellular heterogeneity of the luminal 

compartment. Several scRNA-seq studies recently reported similar degree of 

heterogeneity (Crowley et al., 2020; Guo et al., 2020; Joseph et al., 2020; Karthaus 

et al., 2020). While these different studies are largely concordant, some 

discrepancies exist between the cell types identified. Table 5.2 summarises the 

labels given in each of these studies to the different cell clusters identified in intact 

prostates. 

  All studies identified a single basal population, indicating that basal cells 
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appears to be the equivalent of our “Lum-D” population. However, no equivalent to 

the “L3” Foxi1-expressing cluster could be found in our dataset, which was instead 

labelled as “ductus/vas deferens” in another study (Crowley et al., 2020). Instead, 

the work presented here together with other studies (Crowley et al., 2020; Guo et 

al., 2020; Joseph et al., 2020) identified at least 2 additional major luminal subtypes 

were identified predominantly from DLP and VP lobes, namely “Lum-A” and “Lum-

C”. Joseph et al recently published a large dataset comprising > 30,000 single cells 

isolated from the whole dissociated intact prostate and urethra (Joseph et al., 

2020). Although they did not profile individual lobes separately, the equivalent cell 

types of our Lum-A/Lum-B/Lum-C/Lum-D clusters were respectively labelled VP, 

DLP, AP and urethral luminal. This labelling assumed that the different clusters were 

entirely lobe specific, which does not seem entirely true from the studies which 

profiled individual lobes (this work; Crowley et al., 2020; Guo et al., 2020). Indeed, 

Crowley et al kept a greater level of spatial information associated with their 

dataset by micro-dissecting the proximal region of all prostate lobes, including the 

AP, DP, LP and VP. Guo et al profiled cells isolated from Tmprss2-CreERT2/+ Rosa26-

EYFP/+ mouse models and found equivalent cell types to our Lum-A/B/C/D cells 

(Guo et al., 2020). Of note, Guo et al identified a restricted subset of “Luminal-C” 

(“Lum-D” in this work) located in the distal region, termed “Dist-Luminal-C” as 

opposed to “Prox-Luminal-C”. Similarly, immunostainings for K4 carried out as part 

of this work also revealed sporadic K4+ cells (data not shown) and TROP2+ cells 

(Chapter 3) in distal areas, albeit with low or absent RUNX1 expression. However, 

these cells strongly resembled the proximal lineage, indicating that these may 

simply be an extension of the proximal luminal cells, perhaps carried away from the 

proximal region during prostate organogenesis, rather than a distinct lineage from 

proximal cells. Interestingly, while Joseph et al propose that their equivalent “Lum-

D” population would be part of the urethral epithelium, the work presented here 

together with other studies (Crowley et al., 2020; Guo et al., 2020; Karthaus et al., 

2020), indicates that this cell type is instead a prostate lineage, found in the peri-

urethral region of the mouse prostate. Overall, while different experimental 

approaches were used, all these independently generated scRNA-seq datasets 
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reported the existence of a distinct luminal lineage enriched in the proximal or peri-

urethral region of the mouse prostate, strongly confirming the distinct lineage 

relationship of the RUNX1+ PLCs/Lum-D cluster. 

Table 5.2. Equivalence table between the different epithelial clusters identified in mouse 
prostate scRNA-seq studies. 

This work Karthaus et al., 2020 Joseph et al., 2020 Crowley et al., 2020 Guo et al., 2020 

Lum-A x VP Luminal LumV Luminal-A 

Lum-B L1 AP Luminal LumA + LumD Luminal-B 

Lum-C x DLP Luminal LumL x 

Lum-D L2 Urethral LumP + PrU Luminal-C 

x L3 x ductus/vas deferens x 

Basal Basal Basal Basal Basal 

5.3.3. Implications for the identification of rare prostate 
stem/progenitor populations 

 Unresolved questions in the field relate to the identification of prostate 

stem/progenitor cells, and if such population exist, what cellular and molecular 

mechanisms are involved in tissue maintenance. While several genes have been 

proposed to mark specific subset of cells with stem/progenitor properties and/or 

castration-resistant properties, the precise characterisation of these populations 

remains controversial (Toivanen and Shen, 2017; Zhang et al., 2018). The cellular 

landscape of the intact and castrated prostate epithelium depicted by scRNA-seq 

identifies 1 basal population and at least 6 distinct lineage-committed populations. 

Examination of the expression profile of previously identified stem/progenitor 

markers revealed significantly heterogeneous expression in several populations 

(section 5.2.7). In fact, the expression of these markers was often shared between 

basal and luminal cells or between distinct luminal subsets and varied in intensity 

between intact and castrated derived cells. Of note, several studies have proposed 

that basal and luminal lineages may be maintained by a pool of “stem cells” co-

expressing canonical basal and luminal markers such as K5 and K8 (De Marzo et al., 

1998; Hudson et al., 2001; Peehl et al., 1996; Taylor et al., 2010; Uzgare et al., 2004; 

Wang et al., 2001). To date, all published scRNA-seq studies tend to refute the 

existence of such rare population. However, it is evident that Krt8 mRNA is 
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expressed throughout the basal compartment, albeit at lower levels than in luminal 

cells. Collectively, these observations tend to argue against a model whereby 

prostate lineages would be maintained by the presence of a common and rare 

population of “stem cells”. Instead, the lineage tracing results presented in Chapter 

4, as well as the scRNA-seq dataset presented in this work and other studies 

(Crowley et al., 2020; Guo et al., 2020; Joseph et al., 2020; Karthaus et al., 2020), 

tend to favour the existence of self-sustained basal and luminal populations. 

Although current scRNA-seq studies failed to identify such population, this model 

does not entirely preclude the existence of smaller subpopulations within each of 

the main luminal populations. If tissue maintenance is not governed by a pool of 

stem cells, it is possible that individual lineage-committed cells retain the potential 

to contribute to epithelial maintenance to sustain their own lineage. In such model, 

it would be of interest to investigate what governs different cell fates, and whether 

it occurs in a stochastic or predefined manner. For example, since castration results 

in the loss of a large fraction of lineage committed luminal cells, this model would 

suggest that a fraction of each luminal lineage may have the capacity to acquire 

different fates, mainly consisting in cell death or castration resistance. Alternatively, 

since discrepancies in cell potential seem to exist between organoids and 

castration-regeneration assays (Chapter 4), different subpopulations of lineage-

committed cells may also possess intrinsically distinct fate potentials. Overall, it 

would be important to investigate the plasticity of each distinct luminal lineage-

committed subsets in the context of prostate development and tissue homeostasis. 

These models would also enable further functional characterisation of these 

populations, as well as their lineage relationship during prostate development. To 

this end, scRNA-seq provides a useful resource to identify promoters specific to 

each subpopulation to generate novel mouse models. 

5.3.4. Comparison between mouse and human prostate epithelial 
landscapes 

 Mouse and human prostates exhibit important anatomical differences, and 

the lineage relationships between mouse and human prostate epithelia remains 
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poorly understood. In an attempt to compare cell types between species, some of 

the recent studies reporting scRNA-seq datasets of the mouse prostate also profiled 

human prostate samples by scRNA-seq. Using gene signatures derived from the 

mouse prostate samples, Karthaus et al identified “L1” and “L2” enriched subsets in 

the luminal compartment of human prostates (Karthaus et al., 2020). However, 

these cells appeared to form a continuum rather than discrete clusters. In another 

study, Joseph et al reported a large fraction of basal cells as well as the existence of 

“club” and “hillock” cells (Joseph et al., 2020), similar to a previous study from the 

same laboratory (Henry et al., 2018). While they did not directly compare all 

clusters identified between mouse and human samples, they propose that club and 

hillock cells are enriched in the peri-urethral region of the human prostate and may 

be the equivalent to what they defined “urethral luminal cells” in the mouse. Next, 

Crowley et al reported the presence of “ductal” and “acinar” luminal populations in 

human epithelia, as well as a peri-urethral cells (Crowley et al., 2020). They propose 

that these peri-urethral (“PrU”) cells are conserved between species, that “ductal” 

cells are similar to the mouse “LumP” population, and “acinar” closely related to 

the “LumL” and “LumV” clusters of the mouse prostate. Finally, Guo et al found a 

human cell type resembling their mouse “Luminal-C” cluster, and another broad 

population similar to “Luminal-A/B” of the mouse prostate (Guo et al., 2020). 

Overall, these studies seem to agree on the notion that an equivalent cell type to 

the mouse proximal luminal lineage exists in the human prostate. However, these 

studies also exhibit important differences in their interpretation and cellular 

contents which warrants further investigations. These discrepancies may notably be 

due to intrinsic differences between patient samples. Indeed, while they aimed at 

profiling “normal” human prostate tissue, these samples are usually obtained from 

aged patients who require surgical intervention due to the presence of BPH, 

bladder or prostate cancers. 

5.3.5. Technical limitations associated with single cell isolation 

 Despite the many benefits of using scRNA-seq to study population 

heterogeneity, technical challenges were encountered throughout the experiments 
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presented in this Chapter. First, prostate lobes (AP, DLP, VP) were kept separate 

during prostate dissection in order to retain broad spatial information regarding the 

localisation of the cells sequenced. However, the boundaries between the different 

lobes are challenging to identify, in particular between the DLP and VP. Despite 

every effort to accurately split these lobes apart, there may have been a small 

proportion of mixed-up cells. Next, the quality of the cells retrieved for analysis was 

entirely dependent on the ability to isolate them from the tissue. Yet, the reference 

protocol used for mouse prostate dissociation (Drost et al., 2016) is accompanied 

with significant cell death, limiting the number of cells that can be successfully 

isolated from each mouse prostate. Therefore, if specific cell types were more 

sensitive to dissociation and downstream processing steps than others, it may have 

impacted the abundance of these cell populations in the final dataset. Also, while 

the dissociation protocol was specifically developed for single cell dissociation of 

mouse prostate epithelial cells, a large number of small cell clumps often remained 

in the sample prior cell sorting. In this regard, cell sorting was critical to exclude low 

quality cells, including dead or dying cells, debris, clumps of cells, and non-epithelial 

cells. In fine, cell sorting was beneficial to enrich for high quality live single cells, but 

the presence of some impurities was inevitable in the final cell preparation used for 

droplet encapsulation, including dead cells and small clumps. These should 

represent only a small fraction of the total cells isolated, but it is not possible to 

entirely exclude the presence of a small proportion of “cells” which are in fact small 

clumps of more than one cell, known as doublets or multiplets. In particular, if such 

events involved cells of distinct lineages, this may have caused biases in dimension 

reduction and cell clustering. Additionally, despite including EPCAM+ gates during 

cell sorting to isolate epithelial cells, a significant fraction of the cells appeared to 

be of non-epithelial nature (section 5.2.3). This indicates that sort impurity led to 

contaminating cell types being carried over through to cell encapsulation, which 

reduced the total number of epithelial cells of interest kept in the final prostate 

epithelial dataset. 
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5.3.6. Technical limitations associated with MULTI-seq sample 
multiplexing 

 Downstream of cell isolation, MULTI-seq was used to minimize technical 

confounders, including doublets generated during cell encapsulation, as well as the 

presence of batch effects (McGinnis et al., 2019b). The use of MULTI-seq was also 

cost-effective, since multiplexing reduced the number of individual samples (lanes) 

to load on the 10x Genomics Chromium platform. However, in the first 2 

experimental runs, the MULTI-seq labelling completely failed for 1 population 

(Intact DLP RFP+). The unlabelled population was finally obtained in a third 

experimental run by changing the lipid-modified oligo used for labelling. Yet, the 

failed labelling of a single sample has resulted in a large number of captured cells 

being discarded from the analysis to preserve only those cells that could confidently 

be associated back to their population of origin. Further to this, the signal-to-noise 

ratio of MULTI-seq read counts observed between unlabelled and labelled fraction 

did not present the expected bimodal distribution for the first 2 experimental runs 

(Figure 5.3 A). This may be particularly important when studying the effect of 

castration on luminal cell heterogeneity, especially since a small fraction of intact 

cells were observed in predominantly castrated clusters, and vice versa. To 

minimise risks of misclassification, only cells with high read counts were kept for 

analysis. Manual examination of the MULTI-seq read counts in these rare cells did 

not reveal suspicious misclassification. However, one cannot rule out the possibility 

that a small fraction of cells have been assigned to the incorrect population. 

Overall, these technical challenges should be considered when drawing conclusions 

or generating biological hypotheses from this dataset. These limitations highlight 

the importance of experimental validation downstream in silico analyses. 

5.3.7. Technical limitations of scRNA-seq 

 Several conceptual and technical aspects of scRNA-seq currently restrict the 

extent of biological conclusions that can be drawn. Here, the experimental design 

offered the possibility to study the effect of castration on the cellular content of the 
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mouse prostate at the single cell resolution. However, the destructive nature of 

scRNA-seq is one of its main limitation, giving only a “static snapshot” of cell state. 

Therefore, in the absence of information about cells history, it is not possible to 

directly conclude whether intact cells survive in the castrated prostate, or whether 

castrated cells pre-existed in the intact prostate and expanded upon castration. For 

example, the emergence of the Lum-E and Lum-F clusters could be due to the 

expansion of a small number of intact cells already present at the intact state or 

result from broad transcriptional reprogramming taking place in intact cells of Lum-

A/B/C clusters which survived the process. In a recent study, Karthaus and 

colleagues profiled AP derived cells at sequential time points after castration (day 1, 

7, 14 and 28) and regeneration (day 1, 2, 3, 7, 14, 28), and used the Phate algorithm 

(Moon et al., 2019) for dimension reduction to estimate cell state transitions 

(Karthaus et al., 2020). While the collection of sequential time points demonstrates 

the existence of gradual transcriptional changes during these processes, as well as 

possible transitional states, the destructive nature of the experiment prevents from 

drawing definitive conclusions about cell trajectories beyond computational 

inference. Plethora of computational methods have been developed to infer single-

cell trajectories and transition states, including pseudotime inference (Saelens et 

al., 2019). However, these often assume the existence of continuous processes, and 

poorly model discontinuous molecular oscillations and discontinuous cell fate 

transitions (Leng et al., 2015; Loeffler and Schroeder, 2019). In fact, only time-lapse 

imaging coupled with scRNA-seq could currently overcome this obstacle. 

Unfortunately, it remains technically impossible to implement such in vivo tracking 

system for individual prostate cells. An alternative way of partially overcoming the 

challenges posed by the destructive nature of scRNA-seq would be to combine it 

with lineage tracing models specific to individual subpopulations, including Lum-

A/B/C/D/E/F. Along these lines, barcoding systems enabling clonal labelling have 

recently emerged as a promising approach to combine scRNA-seq with lineage 

tracing, both in vitro (Weinreb et al., 2020) and in vivo (Bowling et al., 2020). These 

emerging technologies may prove useful to improve our understanding of the 

cellular mechanisms involved in castration resistance and regeneration. 



Chapter 5  Characterisation of mouse prostate Runx1 expressing cells by single-cell RNA-seq 

 

190 
 

 Another important limitation of scRNA-seq is the need for tissue dissociation 

to obtain single cell suspensions, leading to the complete loss of spatial context. In 

light of the specific spatial expression pattern of Runx1 in the mouse prostate, the 

different mouse prostate lobes where kept separate for the experiments carried 

out in this work. However, beyond the lobe of origin, it remains impossible to 

accurately infer the precise localisation of the cells sequenced. Since RUNX1+ cells 

are particularly enriched in the proximal region of the prostate, it would have been 

interesting to keep separate the proximal and distal regions of each lobe, similar to 

what was done in a recent study (Crowley et al., 2020). However, this would have 

complicated experimentations by doubling the number of individual samples to 

process. The high Runx1 expressing Lum-D cluster was found to contain cells of all 

prostate lobes, and express markers specifically expressed in proximal luminal cells 

such as Krt4, Tacstd2/Trop2, Ly6a/Sca-1. After confirmatory immunostainings, Lum-

D was proved to correspond to RUNX1+ PLCs. Nevertheless, the degree of spatial 

information remains very shallow. To overcome this issue and preserve cells in their 

spatial context, methods of spatial transcriptomics are starting to emerge and hold 

great promises to refine our understanding of tissue organisation. However, at the 

time of writing, these techniques are not yet capable to capture full transcriptomes 

at the single-cell resolution (Berglund et al., 2018; Burgess, 2019; Ståhl et al., 2016).  

 Further to these conceptual obstacles, scRNA-seq is limited in the number of 

single cells that can be sequenced in a single experiment at reasonable costs using 

existing technologies, including droplet-based methods (Klein et al., 2015; Macosko 

et al., 2015) or plate-based methods (Hashimshony et al., 2016; Picelli et al., 2013). 

Consequently, it is possible that the dataset presented here, comprising 3,825 

prostate epithelial cells, does not fully recapitulate the heterogeneity of the mouse 

prostate epithelium made of several millions of cells. The recent publications of 

mouse prostate scRNA-seq datasets (Crowley et al., 2020; Guo et al., 2020; Joseph 

et al., 2020; Karthaus et al., 2020) provides an opportunity to increase the size of 

the dataset by integrating these in a single dataset. This may provide a more 

complete picture of the cellular landscape of the mouse prostate epithelium. 

Another aspect to consider is the number of genes expressed that can be detected 
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per cell. Even though tremendous progresses have been made in the recent years, 

the method used to generate this dataset is thought to capture only about a third 

of the actual transcriptome (Zheng et al., 2017), indicating that most of the genes 

expressed remain undetected. In line with this, the high “dropout” rates are 

another well characterised challenged posed by scRNA-seq data analysis (Hicks et 

al., 2018; Vallejos et al., 2017). This occurs when a gene is expressed in one cell but 

not detected in another cell of the same type, resulting in sparse data and high 

levels of technical noise. It is often attributed to the stochasticity of mRNA 

expression, the limiting amounts of mRNA available per cell or inefficient mRNA 

capture. For example, RFP+ and RFP- cells largely matched the distribution of 

Runx1+ and Runx1- cells, but some RFP+ cells had undetected Runx1 expression 

(Figure 5.7 C and 5.11 A), indicating possible dropout events. In this case, this could 

also be explained by differences in Runx1 mRNA and RFP protein stability in 

P2:Runx1-RFP reporters. Overall, while capturing a few thousand cells and a few 

thousand genes might be sufficient to generate a single-cell landscape which 

accurately reflects tissue heterogeneity, increased resolution at the cell and gene 

levels would certainly be beneficial. New technologies are starting to emerge to 

improve resolution, such as combinatorial indexing which recently enabled profiling 

2 million cells representing sequential stages of embryonic development (Svensson 

et al., 2018). Considering the fast pace at which the field of scRNA-seq has evolved 

in the last decade, these new technologies will rapidly overtake current standards. 

Increasing the number of mouse prostate cells from thousands to hundreds of 

thousands may reveal the existence of additional small subpopulations. Similarly, 

more genes detected per cell may help reveal subtle differences within existing 

clusters. It could notably provide a greater understanding of the transcription 

factors expressed, which are known to be expressed at low levels while playing key 

roles in cell fate and cell identity (Iwafuchi-Doi and Zaret, 2016).  
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Chapter 6  Characterisation of Runx1 expression in 
the developing mouse prostate 

[This section has been adapted from (Mevel et al., 2020)] 

6.1. Introduction 

 The mouse prostate starts developing from the endoderm-derived urogenital 

sinus (UGS). At embryonic day (E) 15.5, the UGS is composed of an outer layer of 

densely organised mesenchyme, which surrounds a stratified layer of epithelial cells 

(Georgas et al., 2015; Toivanen and Shen, 2017). The instruction to commit towards 

the prostatic fate is thought to occur between E15.5 and E16.5, before the 

emergence of the first prostate buds (Timms, 2008). At this stage, AR is expressed 

in both epithelial and mesenchymal compartments, and its activation is required for 

the induction of prostate budding. Indeed, previous work showed that 

mesenchymal AR signalling was essential for prostate specification (Cunha and 

Lung, 1978; Lasnitzki and Mizuno, 1977), whereas epithelial AR expression was 

required for the final stages of prostate morphogenesis as well as its secretory 

function (Donjacour and Cunha, 1993). By E17.5, the crosstalk between 

mesenchymal and epithelial compartments results in the induction of Nkx3-1 

expression in a restricted subset of specified epithelial cells (Bhatia-Gaur et al., 

1999; Keil et al., 2012; Kruithof-de Julio et al., 2013). Nkx3-1 is a master regulator of 

prostate development and considered the first prostate specific transcription factor 

expressed during embryogenesis (Bhatia-Gaur et al., 1999; Toivanen and Shen, 

2017). NKX3.1+ cells form premature prostate buds that invaginate into the 

surrounding mesenchyme in a bilateral and symmetrical manner. From the initial 

budding events to the onset of puberty, the prostate undergoes and active phase of 

branching morphogenesis to generate a complex branched ductal network 

organised in four major pairs of lobes (Sugimura et al., 1986a; Tika et al., 2019). 

 

 During embryogenesis, the developing prostate epithelium comprises a 

heterogeneous fraction of K5/14+ K8/18+ cells, often co-expressing p63 and NKX3.1 
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(Kruithof-de Julio et al., 2013; Pignon et al., 2013). At early postnatal stages, the 

K5/14+ and K8/18+ compartments become progressively distinct. Genetic lineage 

tracing using either Krt5, Krt14 or Krt8 drivers suggest that the K5/14+ 

compartment contains a subset of unipotent basal progenitors as well as 

multipotent basal progenitors capable of giving rise to both basal and luminal 

lineages, while K8+ luminal progenitors are restricted to the luminal fate (Ousset et 

al., 2012). Spatiotemporal analyses of traced K5/14+ multipotent basal progenitors 

revealed their enrichment in the distal (or tip) region of the ducts, possibly to 

orchestrate branching morphogenesis (Tika et al., 2019). These multipotent basal 

progenitors progressively switch to unipotency by differentiating into unipotent 

basal cells and luminal progenitors prior to the onset of puberty (Tika et al., 2019). 

The majority of prostate expansion takes place in the luminal compartment, under 

the influence of hormonal changes occurring through puberty (Tika et al., 2019). 

While these studies have provided major advances in the understanding of prostate 

development, the precise epithelial hierarchy and the molecular events leading to 

the establishment of the differentiated prostate epithelial lineages remains elusive. 

In particular, it is currently unknown whether distinct adult prostate lineages derive 

from a common precursor, and at which point in development the definitive cell 

identities are established. 

 

 Previous Chapters demonstrated the specific expression pattern of RUNX1 in 

the intact, castrated and regenerated adult prostate. RUNX1 was shown to mark a 

distinct luminal lineage enriched in the proximal/peri-urethral region of the 

prostate, distinct from the previously identified NKX3.1+ luminal castration 

resistant cells. Using genetic lineage tracing, these RUNX1+ PLCs were found to be 

intrinsically castration resistant, and capable of sustaining their own lineage. 

However, RUNX1+ PLCs did not contribute to the regeneration of distal NKX3.1+ 

luminal cells. Single-cell transcriptomic analysis revealed the existence of multiple 

distinct luminal populations co-existing within the adult intact and castrated 

prostates. Importantly, the gene expression program of RUNX1+ PLCs/Lum-D cells 

indicated that these cells do not have a secretory function and resemble castration-
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resistant cells. These results suggest that during prostate development, proximal 

and distal lineages may emerge from distinct progenitors. RUNX transcription 

factors are known to be widely implicated in the development of numerous tissues 

(Mevel et al., 2019). However, their expression in the development of the prostate 

has not yet been explored. Therefore, the expression of RUNX1 was first 

investigated in the developing mouse prostate, both during embryonic and 

postnatal stages. Next, to further characterise the early stages of prostate 

specification, an ex vivo culture model of embryonic prostate development was 

used in combination with scRNA-seq and genetic lineage tracing approaches. 

6.2. Results 

6.2.1. Runx1 is expressed during prostate development 

 At E18.5, once the first prostate buds have emerged, RUNX1 was mainly 

found expressed in the K8-high inner layers of the stratified urogenital epithelium 

(UGE) (Figure 6.1 A). In contrast, RUNX1 expression was lower in p63+ and K5+ cells 

lining the outer UGE (Figure 6.1 A-B). The tips of the premature prostate buds were 

characterised by low or absent RUNX1 expression, and marked by high levels of 

NKX3.1, one of the first prostate-specific transcription factor expressed during 

prostate development (Figure 6.1 C). This observation mirrored the mutually 

exclusive expression pattern between RUNX1 and NKX3.1 found in the adult 

prostate. Interestingly, RUNX1+ cells of the UGE co-expressed K4 (Figure 6.1 D), 

previously found to mark RUNX1+ PLCs in the adult prostate, as well as LY6D, 

recently shown to mark a subset of adult luminal progenitors (Barros-Silva et al., 

2018) (Figure 6.1 E). Also, cells marked by the expression of RUNX1, K4 and LY6D 

were completely negative for NKX3.1 expression, suggesting that the expression of 

these genes already identify distinct cellular populations. 
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Figure 6.1. Characterisation of RUNX1 expression during embryonic prostate 
development at E18.5. 
(A-E) Co-immunostainings of the mouse urogenital sinus at E18.5 for (A) RUNX1, K5, K8, (B) 
RUNX1, p63, CDH1, (C) RUNX1, NKX3.1, CDH1, (D) RUNX1, NKX3.1, K4, (E) RUNX1, NKX3.1, 
LY6D. Scale bar: 50 µm. 
 

 Later in development, postnatal day 14 (P14) corresponds to a prepubescent 

stage when most of the initial branching events have already occurred (Sugimura et 

al., 1986a; Tika et al., 2019). Consistent with its expression pattern observed at 

E18.5 and in the adult, RUNX1 was broadly and highly expressed in the proximal 

region of the developing prostate (Figure 6.2 A-B). RUNX1+ cells located in the 
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proximal region were largely distinct from distal NKX3.1+ cells (Figure 6.2 A). Also, 

at this developmental stage, RUNX1+ cells often co-expressed K4, mainly in the 

proximal region (Figure 6.2 B). Even though RUNX1 expression appeared to be 

higher in luminal cells, some RUNX1+ K5+ and RUNX1+ p63+ basal cells could also 

be observed (Figure 6.2 C-D). 

 
Figure 6.2. Characterisation of RUNX1 expression during postnatal prostate development. 
(A-E) Co-immunostainings of the mouse urogenital sinus at P14 for (A) RUNX1, NKX3.1, 
CDH1, (B) RUNX1, NKX3.1, K4, (C) RUNX1, K5, K8, (D) RUNX1, p63, CDH1. High 
magnification images of proximal (p), intermediate (i) and distal (d) regions are shown. 
Scale bar: 50 µm. Sv: Seminal vesicles, Amp: ampullary gland, Ur: urethra. 
 

 Overall, the specific spatial expression pattern of RUNX1 in proximal luminal 

cells, largely mutually exclusive with NKX3.1, suggests that these two transcription 

factors already mark distinct cellular lineages during embryonic prostate 

organogenesis. Distal cells broadly express NKX3.1, while proximal cells are marked 

by the co-expression of RUNX1, K4, as well as LY6D. 
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6.2.2. UGS explants: an ex vivo system to study the onset of prostate 
development 

 The early phases of prostate development were further investigated using an 

ex vivo explant culture system (Berman et al., 2004; Doles et al., 2005; Kruithof-de 

Julio et al., 2013; Lopes et al., 1996). Dissected E15.5 UGS were cultured for up to 7 

days in the presence of dihydrotestosterone (Figure 6.3 A). This approach preserves 

both epithelial and mesenchymal compartments and has proven useful to study ex 

vivo the initial steps of prostate bud formation and branching morphogenesis. After 

3 days, initial budding events could already be observed under the microscope, and 

then became more define in mature explants by day 7 (Figure 6.3 B). In situ, bud 

formation could be evidenced by day 2, and the epithelium was mainly composed 

of a double positive K5+ K8+ stratified epithelium (Figure 6.3 C-D). This epithelium 

then partially diversified by day 7 with the expansion of single positive K5+ and K8+ 

cells (Figure 6.3 C-D). Overall, the UGS explant model is a useful model to study 

embryonic prostate branching morphogenesis and cellular diversification processes 

ex vivo. 
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Figure 6.3. UGS explants model to study the onset of prostate development. 
(A) Scheme of the protocol to culture ex vivo explants of mouse UGS harvested at E15.5. 
(B) Representative images of UGS explants at E15.5 (day 0), day 3, day 5 and day 7 of 
culture showing the formation of premature prostate buds (arrowheads).  
(C) Co-immunostaining of RUNX1, K5, K8 in UGS explants harvested at day 2 and day 7. 
Arrowheads indicate premature prostate buds emerging by day 2. p: proximal, d: distal. 
Scale bar: 50 µm.  
(D) Quantification of the percentage of K5+, K8+, K5+ K8+ cells during UGS explant cultures 
at day 0 (n = 2 explants), day 1 (n = 3 explants), day 2 (n = 3 explants), day 7 (n = 4 
explants), showing a progressive reduction in the proportion of K5+ K8+ double positive 
cells. 

6.2.3. Expression pattern of Runx1 in UGS explant cultures 

 Next, the dynamic of emergence of RUNX1+ cells was studied in UGS explants 

using quantitative image-based cytometry (QIBC) (Figure 6.4). On day 0 (E15.5), 

RUNX1 was detected at the rostral end of the UGE, particularly within the inner 

layers of the stratified epithelium (Figure 6.4 A). After 1 day in culture, NKX3.1 
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expression emerged in a subset of RUNX1+ cells located in the outer layers of the 

UGE, while defined budding was yet to be observed. On day 2, NKX3.1+ prostate 

buds were evident and had reduced or absent RUNX1 expression. This pattern was 

conserved in the mature explant, in which distal tips were mainly NKX3.1+, whereas 

the proximal area remained RUNX1+. These results suggest that during prostate 

specification, RUNX1 expression precedes NKX3.1 in a subset of cells located in the 

outer layer of the UGE. Once NKX3.1 is being expressed, RUNX1 is downregulated 

and these two transcription factors mark distinct cellular subsets along the 

proximal-to-distal axis. 

 
Figure 6.4. Characterisation of RUNX1 and NKX3.1 expression in UGS explant cultures. 
(A) Co-immunostaining of RUNX1, NKX3.1, CDH1 in UGS explants harvested at day 0, day 1, 
day 2 and day 7. Higher magnification images of each square (left) are shown for each time 
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point. Chevron arrows show RUNX1+ NKX3.1+ cells, closed arrows indicate RUNX1- 
NKX3.1+ cells, arrowheads show RUNX1+ NKX3.1- cells. Scale bars: 200 µm (yellow) and 50 
µm (white).   
(B) Quantification of RUNX1 and NKX3.1 nuclear intensity (log10) in CDH1+ epithelial cells 
of UGS explants by QIBC. Quantification was performed within the boundaries delimited in 
G by dotted lines, at day 0 (n = 3 explants), day 1 (n = 7 explants), day 2 (n = 6 explants) and 
day 7 (n = 6 explants). 
 

 Besides NKX3.1, the expression of LY6D and K4 was also investigated in UGS 

explants. As expected from E18.5 and P14 immunostainings (see section 6.2.1), 

RUNX1 expression largely overlapped with both K4 and LY6D, extending from the 

middle of the explant into the proximal region of the prostate buds (Figure 6.5 A-B). 

In the epithelial prostate buds, RUNX1 and K4 mainly localised in the inner part of 

the buds at both day 2 and 7, with lower expression levels in the outer layer (Figure 

6.5 A). This contrasted with the expression of LY6D which marked proximal region 

of the buds, as well as the most outer layer of the stratified epithelium until the tips 

of NKX3.1+ distal buds (Figure 6.5 B). Of note, while K4 and LY6D have a mainly 

overlapping expression pattern, they also appear to differentially mark smaller 

cellular subset, in the middle of the explant for K4, and a small subset of cells of the 

distal prostate buds for LY6D. 

 

 Together, these results indicate that the expression pattern of RUNX1 in UGS 

explant cultures recapitulates its expression during embryonic prostate 

development in vivo, and its expression broadly overlaps with K4 and LY6D. 

Prostate budding originates from a subset of cells located in the outer layers of the 

stratified UGE, transiently marked by RUNX1 and NKX3.1. During embryonic 

prostate development, Runx1 expression is already primarily confined to the 

proximal region of the prostatic ducts, in a distinct compartment from NKX3.1+ 

cells. 
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Figure 6.5. Characterisation of K4 and LY6D expression together with RUNX1 and NKX3.1 
in UGS explant cultures. 
(A) Co-immunostaining of RUNX1, NKX3.1, K4 in UGS explants harvested at day 1 (top), 3 
(middle) and 7 (bottom). Higher magnification images of (p) proximal, (i) intermediate, and 
(d) distal regions are shown for day 7. Dotted lines indicate the urogenital epithelium.  
(B) Co-immunostaining of RUNX1, NKX3.1, LY6D in UGS explants harvested at day 7. p: 
proximal, d: distal. Scale bars: 200 µm (yellow) and 50 µm (white). 
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6.2.4. scRNA-seq of UGS explant cultures  

6.2.4.1. Experimental design 
 The characterisation of continuous developmental processes by 

immunostainings is generally constrained to a small number of markers at a time. 

To further study the specification of RUNX1+ and NKX3.1+ lineages, scRNA-seq was 

performed on UGS explant cultures collected at successive time points: E15.5 (D0), 

day 1 (D1), day 3 (D3), and day 6 (D6) (Figure 6.6). Epithelial EPCAM+ single cells 

sorted from different experimental time points were multiplexed using MULTI-seq 

lipid-tagged indices to minimise technical confounders (as for the adult scRNA-seq 

described in Chapter 5). 

 
Figure 6.6. Experimental design used for scRNA-seq of UGS explant cultures. 
Explants were harvested at day 0, day 1, day 3 and day 6. 

6.2.4.2. Quality control and sample demultiplexing 
 After sequencing and data pre-processing, several quality control steps were 

performed to select high quality cells. The barcode rank plot had the expected 

“knee-shaped” profile, enabling the exclusion of empty droplets (Figure 6.7 A). Cells 

were then assigned to their population of origin by demultiplexing the MULTI-seq 

tag data. The spread of the MULTI-seq tag read counts displayed reasonable signal-

to-noise (Figure 6.7 B), resulting in the classification of the majority of the cells to a 

specific barcode (Bar1 to Bar4 corresponding to D0 to D6) (Figure 6.7 C). Small 

fractions of “negative” and “doublet” cells were identified and excluded from the 

dataset. Finally, low quality cells were removed if they had less than 750 detected 

genes, more than 7500 UMIs, and more than 10% mitochondrial transcripts (Figure 

6.7 D). In total, 5,122 cells were retained for analysis. 



Chapter 6  Characterisation of Runx1 expression in the developing mouse prostate 

 

203 
 

 
Figure 6.7. Quality control of the UGS explant cultures scRNA-seq dataset. 
(A) Barcode rank plots produced by the ‘Cell Ranger’ software showing cell-associated 
barcodes (blue) and barcodes associated with empty droplets (grey). 
(B) Scatter plot showing the abundance of each MULTI-seq tag counts (log10) for each cell 
barcode. 
(B) UMAP visualisation in MULTI-seq barcodes space before (top) and after (bottom) 
barcode filtration (see section 2.8.1.5. for details). 
(D) Violin plots of the number of UMIs per cell (# UMIs), number of genes detected per cell 
(# Genes), and percentage of mitochondrial transcripts (% Mito). Results are shown for 
each run, before and after quality control. Results are displayed by sample (D0, D1, D3, D6). 
 

6.2.4.3. Graph-based clustering of the whole UGS explant cultures 
dataset 
 UMAP visualisation of the cells in gene expression space resulted in multiple 

cellular clusters. The effect of cell cycle has previously been shown to be one 

possible major confounder in scRNA-seq experiments (Luecken and Theis, 2019; 

Trapnell et al., 2014; Tsang et al., 2015). Since UGS explants are actively 

proliferating tissues, cell cycle phases were estimated at the single cell level using 

gene signatures of G1, S and G2/M phases (Figure 6.8 A). Here, cells appeared to 
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subcluster predominantly according to their predicted cell cycle phase, therefore 

the effect of cell cycle was regressed out for downstream analyses. Following cell 

cycle regression, graph-based clustering revealed the presence of 6 main clusters 

(Figure 6.8 B-C). The underlying cell types were characterised using a combination 

of manual and automated approaches. This resulted in the identification of several 

genes specifically marking each cluster (Figure 6.8 E). In particular, a “prostatic” 

cluster was defined by the expression of classical epithelial basal and luminal 

markers (Epcam, Krt8, Krt5, Krt14, Krt15), as well as the expression of well-

characterised prostate specific transcription factors (Ar, Hoxb13, Hoxd13, Nkx3-1). 

Of note, one small cluster protruded from the main prostatic cluster and contained 

a majority of cells from the “Day 1” time point (Figure 6.8 B-C). This cluster was 

qualified as “hypoxic/stressed” due to the strong enrichment for gene ontology 

terms such as “response to hypoxia” or “cellular response to stress” (Figure 6.8 D). 

Additional clusters corresponded to mesonephric derivatives, bladder urothelium, 

as well as mesenchymal cells (see Figure 6.8 C, E and section 2.8.1.5 for further 

details). The prostatic cluster consisted of 3,937 developing prostatic cells and was 

retained for further analyses. 
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Figure 6.8. UMAP visualisation of the whole UGS explant cultures scRNA-seq dataset. 
(A) UMAP visualisation of the dataset coloured by estimated cell cycle phase (top). Due to 
the strong underlying impact on clustering, the cell cycle effect was regressed out 
(bottom).  
(B, C) UMAP visualisation of the dataset coloured in B by experimental time point and in C 
by labelled population.  
(D) Bar plots of the 10 most significantly (g:Profiler adjusted p-value < 0.05) enriched gene 
ontology (GO) terms (GO:BP, Biological Processes) on the differentially upregulated genes 
specific to the ‘Hypoxic/Stressed’ cluster. 
(E) Dot plot showing the expression of selected marker genes associated with each labelled 
population.  
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6.2.4.4. Graph-based clustering of the developing prostatic epithelium 
 UMAP visualisation of the developing prostatic subset revealed progressive 

changes in gene expression and cellular populations occurring between Day 0 and 

Day 6. This was particularly evident by the gradual shift in cell distribution along the 

“UMAP 1” axis (Figure 6.9 A). Graph-based clustering of the prostatic subset 

resulted in 10 distinct clusters, termed C0 to C9 (Figure 6.9 B). Since the effect of 

cell cycle had already been regressed, predicted cell cycle phases were spread out 

between the different clusters, except for C8 which contained only actively cycling 

cells in either S or G2/M phase (Figure 6.9 C-D). 

 
Figure 6.9. UMAP visualisation of the developing prostatic epithelium. 
(A-C) UMAP visualisation of the prostatic subset (from Figure 6.8 C), labelled by time points 
in A, clusters in B, estimated cell cycle phase in C.  
(D) Percentage of cells in the different estimated cell cycle phases in each cluster.  
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(E, F) Diffusion maps representation of the prostatic subset using the first 2 diffusion 
components with (E) and without C9 (F). C9 was excluded for downstream analyses due to 
its outlying profile in E. 
 

 Besides UMAP, diffusion maps represent another non-linear dimension 

reduction approach to study differentiation processes in a low-dimensional plot, 

allowing ordering of single cells in a pseudotemporal space (Haghverdi et al., 2015). 

Furthermore, diffusion maps have recently been used as an intermediate step to 

generate improved PAGA and force-directed visualisations, thereby allowing more 

faithful reconstruction of lineage trajectories (Schiebinger et al., 2017; van Dijk et 

al., 2018). After computing diffusion components and visualising the prostatic 

subset in diffusion space, the C9 cluster appeared to be outlying from the 

remainder fraction and was excluded for downstream analyses (Figure 6.9 E). The 

final diffusion representation gave a smoother and more connected cellular 

distribution (Figure 6.9 F), originating from the C0 cluster which mainly comprised 

cells from the initial day 0 time point (Figure 6.9 A, B, F). 

  

Using diffusion components as an input dimension reduction, the dataset was 

next visualised using both a force-directed layout and partition-based graph 

abstraction (PAGA). Both approaches allow the representation of continuous gene 

expression topologies in a manner that preserves high-dimensional relationships 

(Wolf et al., 2019). These representations highlighted the progressive cellular 

diversification taking place from D0 to D6 (Figure 6.10 A-E). Interestingly, the 

developmental progression through experimental time points could be 

approximated via diffusion pseudotime (Figure 6.10 B). The C0/C1clusters 

contained a majority of D0 and D1 derived cells, while C2-C8 emerged and 

expanded at later time points (Figure 6.10 D). Differential expression analysis was 

then performed to characterise the specific gene expression profiles of the different 

clusters. The 10 most specific genes per cluster were visualised as a heatmap 

(Figure 6.10 E). While some genes were strongly associated with specific clusters, 

such as Psca in C2 or Top2a in C9, most of the genes exhibited a rather broad 

expression pattern across multiple clusters, suggesting transcriptomic proximity 
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between the clusters (Figure 6.10 E). This observation was further confirmed using 

PAGA, which connected most clusters by relatively strong edges (Figure 6.10 F). 

Overall, these results are compatible with progressive cell state changes occurring 

during continuous differentiation processes. 

 
Figure 6.10. Visualisation of the developing prostatic epithelium. 
(A-C) Force directed visualisation of the developing prostatic epithelium. In A, cells are 
coloured by experimental time points, in B cells are coloured by diffusion pseudotime, and 
in C cells are coloured by clusters.  
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(C) PAGA representation of the clusters as in C. Weighted edges between cluster nodes 
represent a statistical measure of connectivity.  
(D) Fraction of cells per cluster at each experimental time point. 
(E) Heatmap of the 10 most differentially upregulated genes per cluster. 
(F) PAGA representations with cluster nodes coloured by a gradient representing the mean 
log-normalised expression levels of each gene. 
 

 The gene expression profile of selected genes of interest were then manually 

investigated using PAGA (Figure 6.11 A). Indeed, due the relatively small gene 

expression differences observed between the different clusters, PAGA offers a 

better representation to visualise minor changes in gene expression by displaying 

the average expression per cluster.  

 
Figure 6.11. Investigation of the gene expression profile of the developing prostatic 
epithelium. 
(A-E) PAGA representations with cluster nodes coloured by a gradient representing the 
mean log-normalised expression levels of each genes indicated. (A) shows the expression of 
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common prostate lineage markers, (B) shows known regulators of prostate development, 
(C) shows proliferation markers, (D) shows the expression of Runx1 and Nkx3-1. 
 

After querying canonical lineage markers, C4-C6 appeared to have a more 

pronounced ‘basal’ identity compared to the other clusters. Krt5/Krt14 marked 

mainly C4, and additional basal markers including Trp63, Dcn, Apoe, or Vcan were 

higher in C5/C6. Comparatively, luminal markers such as Krt8/Krt18 had higher 

expression levels in C0 to C3. Further to this, known regulators of prostate 

development (Toivanen and Shen, 2017) displayed a variable expression pattern 

across the different clusters. For example, Foxa1 and Shh were strongly expressed 

in C0/C1, Notch1 was higher in C3, and Sox9 in C7 (Figure 6.11 B). Also, in line with 

the predicted cell cycle phases, C8 consisted in highly proliferative cells (Figure 6.11 

C). Finally, consistent with previous results obtained by immunostainings, Runx1 

was highly expressed in clusters having lower Nkx3-1 levels, including C0, C1, C2 

and C4 (Figure 6.11 D). Due to the primitive nature of the UGE at these time points, 

these results suggest that the classical basal and luminal lineages are yet to be fully 

established. Nevertheless, Runx1 and Nkx3-1 already appear to mark broadly 

distinct cell populations. Furthermore, this dataset constitutes a novel resource to 

interrogate specific gene expression patterns during prostate development. 

6.2.4.5. Investigation of the lineage relationships between embryonic 
and adult prostate clusters 
  To determine how the prostatic clusters related to differentiated prostate 

lineages found in fully developed prostates, population-specific gene signatures 

previously identified in the adult were interrogated in the UGS explant cultures 

dataset. The ‘Basal’ signature was enriched across all clusters, especially in C4/C6 

(Figure 6.12 A-B). In comparison, the different luminal signatures tested displayed 

weaker enrichment (Figure 6.12 A, C). Nevertheless, the ‘Lum-D’ derived signature 

was highly enriched in C2 compared to all the other adult luminal population 

signatures. This observation suggested that the ‘Lum-D’ fate is determined early 

during prostate development. In fact, the singular identity of C2 was characterised 

by genes previously found highly expressed in the adult ‘Lum-D’ population, 
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including Tacstd2/Trop2, Krt4, Psca, as well as Ly6d and Nupr1 (Figure 6.12 D). 

Collectively, scRNA-seq analysis show that adult ‘Lum-D’/PLCs share strong 

similarities with the unique C2 population identified in embryonic explant cultures. 

This suggests that the distinct proximal luminal lineage is established at the very 

onset of prostate specification. 

 
Figure 6.12. Interrogation of differentiated/adult prostate lineages gene signatures in 
UGS explant cultures. 
(A) Box plots of per-cell AUC signature scores calculated using the ‘AUCell’ package for 
individual UGS explant clusters. Gene signatures for basal and luminal populations were 
generated using the list of differentially upregulated genes previously obtained from our 
adult mouse prostate clusters. 
(B, C) Force directed visualisation of the developing prostatic epithelium in UGS explant 
cultures. Colour gradient represents AUC scores per cell. The basal gene signature is shown 
in B, and luminal signatures in C. 
(D) PAGA representations with cluster nodes coloured by a gradient representing the mean 
log-normalised expression levels of genes highly expressed in the C2 cluster.  
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6.2.4.6. Inference of developmental lineage trajectories of prostate 
specification 

The force-directed layout used to visualise the developing prostatic 

epithelium suggested that clusters were branching out along the diffusion 

pseudotime, in particular C2, C4, C6 and C7/C8 (Figure 6.10 A-C). While diffusion 

pseudotime ordered cells in a pseudotemporal manner that resembled the “real” 

time existing between experimental time points (Figure 6.10 B), it could not predict 

possible developmental trajectories. Therefore, the Slingshot R package (Street et 

al., 2018) was used to make in silico predictions of putative developmental 

trajectories. For trajectory estimation, this method can be used with or without the 

specification of known “priors” regarding the origin and end points of 

differentiation. Two example predictions are shown in Figure 6.13 A-B. When the 

starting point was specified (C0), Slingshot predicted 3 trajectories: C0-C1-C2, C0-

C1-C4-C5-C6-C7-C3, C0-C1-C4-C5-C6-C7-C8. Alternatively, when the starting (C0) 

and end points (C2, C4, C6, C8) were specified, the algorithm predicted 5 

trajectories: C0-C1-C2, C0-C1-C7-C3, C0-C1-C7-C8, C0-C1-C7-C5-C4, C0-C1-C7-C5-C6. 

Overall, despite several other attempts (data not shown), no prediction led to 

particularly credible scenarios. Nevertheless, in both PAGA and force-directed 

layouts, the C2 cluster appeared to be branching out from the C1 cluster, 

reinforcing the notion that this cluster corresponds to an emerging distinct lineage 

(Figures 6.10 B, D). 

 
Figure 6.13. Putative developmental lineage trajectories of prostate specification using 
Slingshot. 
(A-B) Predicted developmental trajectories overlaid onto force directed visualisation of the 
developing prostatic epithelium. Cells are coloured by clusters. In A, only the starting point 
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was specified (C0) for trajectory estimation. In B, the starting (C0) and end points (C2, C4, 
C6, C8) were specified. 

6.2.5. Tracing the fate of Runx1 expressing cells in UGS explants 

 Single-cell RNA-seq offered a snapshot view of the differentiation process 

occurring in UGS explant cultures and could be used to study intermediate cell 

states along putative lineage trajectories. However, because of the destructive 

nature of scRNA-seq experiments, this approach cannot recapitulate the history of 

a given cell. Taking advantage of the Runx1CreER Rosa26LSL-RFP lineage tracing model, 

the fate of RUNX1+ cells was investigated during embryonic prostate specification 

in UGS explant cultures. To maximise labelling efficiency, UGS explants were 

treated with tamoxifen on day 0 and day 1 of culture and analysed on day 2 and day 

7 (Figure 6.14 A). At day 2, most RFP labelled cells co-expressed RUNX1 in the inner 

region of the stratified UGE, with rare RUNX1- RFP+ cells found on the outer layer 

(Figure 6.14 B). At day 7, the majority of the RFP labelled cells were in the most 

proximal RUNX1+ subset and rarely found in the distal area of the branches, where 

RUNX1- cells reside. Accordingly, the proportion of RFP+ RUNX1+ cells remained 

stable between day 2 and 7. The rare RFP+ RUNX1- cells detected in distal branches 

by day 7 often co-expressed NKX3.1, whereas very rare RFP+ NKX3.1+ could be 

detected on day 2 (Figure 6.14 C). Overall, this indicates that Runx1 expressing cells 

marginally contribute to the expansion of the NKX3.1 compartment. Instead, the 

majority of Runx1 expressing cells remain in the RUNX1+ compartment, located in 

the proximal region of the explants. 
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Figure 6.14. Lineage-tracing of RUNX1+ cells in UGS explant cultures. 
(A) Strategy for lineage-tracing of RUNX1+ cells in UGS explant cultures. Tamoxifen was 
applied on day 0 and day 1 and washed out on day 2.  
(B) Co-immunostaining of RFP, RUNX1, CDH1 in UGS explants harvested at day 2 (left) and 
day 7 (middle). Higher magnification images of proximal (i) and (ii) distal regions are shown 
for day 7. Arrows show RFP+ RUNX1-low cells, arrowheads show RFP+ RUNX1+ cells. 
Quantification of % of epithelial RUNX1+ cells in the RFP subset at day 2 (n = 7) and day 7 (n 
= 3) of UGS explant cultures (right). Quantification was performed within the boundaries 
delimited in B by dotted lines. Scale bars: 200 µm (yellow) and 50 µm (white). 
 

 Next, additional characterisation of the lineage traced cells was performed 

using canonical lineage markers, including p63, K5 and K8. These immunostainings 

showed that the fraction of RFP+ cells co-expressing p63 remained unchanged 

throughout the culture, corresponding to about half of the labelled cells (Figure 

6.15 A). Probing K5 and K8 markers indicated that the majority of RFP labelled cells 

co-expressed both K5 and K8 at day 2 (Figure 6.15 B). Interestingly, the fraction of 

K5+/K8+ RFP+ cells decreased slightly by day 7, which was accompanied by a 

diversification into either K5+ or K8+ cells. 
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Figure 6.15. Characterisation of RUNX1+ lineage traced cells in UGS explant cultures. 
(A) Co-immunostaining of RFP, p63, CDH1 in UGS explants harvested at day 2 (left) and day 
7 (middle). Higher magnification images of (i) proximal and (ii) distal regions are shown for 
day 7. Arrows show RFP+ p63+ cells, arrowheads show RFP+ p63- cells. Quantification of 
the percentage of epithelial RFP+ p63+ cells at day 2 (n = 7) and day 7 (n = 4) of UGS 
explant cultures (right). Quantification was performed within the boundaries delimited by 
dotted lines.  
(B) Co-immunostaining of RFP, K5, K8 in UGS explants harvested at day 2 (top) and day 7 
(bottom). Higher magnification images of proximal (i) and (ii) distal regions are shown for 
day 7. Arrows show RFP+ K5+ K8+ cells, chevron arrows show RFP+ K5- K8+, arrowheads 
show RFP+ K5+ K8- cells. Quantification of the percentage of epithelial K5+ K8+,  K5- K8+ 
cells and K5+ K8- cells in the RFP subset at day 2 (n = 4) and day 7 (n = 3) of UGS explant 
cultures (right). Quantifications were performed within the boundaries delimited in D by 
dotted lines. 
 Scale bars: 200 µm (yellow) and 50 µm (white).  
 

 Finally, a remaining question was whether RUNX1+ cells contributed to the 

establishment of the proximal luminal lineage previously identified by scRNA-seq. 

Since Krt4 was previously identified as a marker of the developing C2 cluster as well 

as the adult Lum-D population, immunostainings were also performed in lineage 

tracing experiments of UGS explants. Interestingly, the fraction of RFP labelled K4+ 
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cells increased from 56.9 ± 10.6% to 74.1 ± 3.0% between day 2 and 7 (Figure 6.16 

A). Besides K4, Nupr1 was also found to be specifically expressed in the C2 cluster, 

and its expression was evaluated in the UGS explants at the mRNA level by in situ 

hybridisation. As expected, the proportion of RFP+ cells expressing Nupr1 increased 

significantly between day 2 and day 7 (Figure 6.16 B). 

 
Figure 6.16. RUNX1+ cells contribute to the establishment of the proximal luminal lineage 
during embryonic prostate development. 
(A) Co-immunostaining of RFP, K4, CDH1 in UGS explants harvested at day 2 (left) and day 7 
(middle). Higher magnification images of (i) proximal and (ii) distal regions are shown for 
day 7. Arrows show RFP+ K4- cells, arrowheads show RFP+ K4+ cells. Quantification of the 
percentage of epithelial K4+ cells in the RFP subset at day 2 (n = 3) and day 7 (n = 3) of UGS 
explant cultures (right). Quantification was performed within the boundaries delimited in I 
by dotted lines. 
(B) Co-immunostaining of RFP, Nupr1 (mRNA), CDH1 in UGS explants harvested at day 2 
(left) and day 7 (middle). Higher magnification images of (i) proximal and (ii) distal regions 
are shown for day 7. Arrows show RFP+ Nupr1+ cells, arrowheads show RFP+ Nupr1- cells. 
(right) Quantification of the percentage of epithelial Nupr1+ cells in the RFP subset at day 2 
(n = 3) and day 7 (n = 4) of UGS explant cultures (right). Quantification was performed 
within the boundaries delimited in G by dotted lines. 
Scale bars: 200 µm (yellow) and 50 µm (white). 
 

 Taken together, results of lineage tracing experiments performed in UGS 

explant cultures show that only a small subset of Runx1 expressing cells contributes 

to the expansion of NKX3.1+ lineage found in the distal region of the developing 



Chapter 6  Characterisation of Runx1 expression in the developing mouse prostate 

 

217 
 

prostatic buds. Instead, the majority of Runx1 expressing cells preferentially remain 

in the proximal region of the premature buds, where the proximal luminal lineage is 

established. 

6.3. Discussion 

6.3.1. Summary 

 In previous chapters, RUNX1 was shown to be strongly expressed in proximal 

luminal cells (PLCs), an intrinsic castration resistant luminal lineage enriched in the 

peri-urethral region of the adult mouse prostate. In light of the extensive 

contribution of RUNX transcription factors to developmental processes (Mevel et 

al., 2019), this raised the question of whether RUNX1 was expressed during 

prostate development, and if the RUNX1+ proximal luminal lineage was already 

emerging during prostate development. In embryos, UGS explant cultures, and 

during early postnatal period, Runx1 marked a luminal subset located in the most 

proximal region of the prostate buds. Consistent with its expression pattern in the 

adult, RUNX1 was also largely mutually exclusive with NKX3.1, except at the very 

onset of prostate specification where the two transcription factors were found 

transiently co-expressed. Further characterisation of prostate development using 

scRNA-seq and genetic lineage tracing of Runx1 expressing cells indicated that 

RUNX1+ PLCs emerge at the onset of embryonic prostate specification to populate 

the proximal region of the ducts (Figure 6.17). 
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Figure 6.17. Working model showing the emergence of the proximal luminal lineage 
during embryonic prostate development.  
At E15-E16, prostate budding initiates in a subset of cells marked by RUNX1 and NKX3.1. 
Then, RUNX1 and NKX3.1 mark 2 distinct cellular compartments, respectively in the 
proximal and distal section of the ducts. During embryonic prostate development, RUNX1+ 
proximal cells (corresponding to the C2 cluster by scRNA-seq) specify into the proximal 
luminal lineage, later found in the adult peri-urethral area (corresponding to the Lum-D 
cluster by scRNA-seq in Chapter 5). 
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6.3.2. The proximal region of the developing and adult prostate 
expresses high RUNX1 levels 

 At E15.5, before the onset of prostate development, RUNX1 was expressed in 

the stratified UGE, mainly in the inner layer marked by K8 expression. At E18.5, the 

early specified subset of prostatic epithelial cells expressed high levels of NKX3.1 

and p63, but low levels of RUNX1. The dichotomy between RUNX1 and NKX3.1 was 

also evident at postnatal day 14, after most branching events had already occurred 

(Sugimura et al., 1986a; Tika et al., 2019). Similar observations were made in UGS 

explant cultures, a model which proved suitable to study ex vivo the early phases of 

prostate development. Interestingly, a transient state characterised by RUNX1 and 

NKX3.1 co-expression was evidenced at day 1 of UGS explant cultures. The 

significance of this observation would need to be further investigated. Indeed, this 

raises the question of whether both factors are cooperating, antagonising each 

other, or whether their expression and functional roles are linked to one another. It 

would be of interest to investigate whether such phenomenon also occurs in vivo 

around E16-E17, or whether this was specific to UGS explant cultures. Also, co-

expression between Runx1 and Nkx3-1 mRNA could not be evidenced by scRNA-seq 

in the UGS explant cultures dataset. This could be due to differences between 

mRNA and protein stability, or because sample collection was carried out either too 

early or too late to identify this transient state. Alternatively, robust identification 

of RUNX1+ NKX3.1+ cells may require a greater number of cells captured, or scRNA-

seq may be too noisy by nature to detect this feature. Overall, the abundance of 

RUNX1+ cells in the peri-urethral region and NKX3.1+ cells in the distal region of the 

ducts suggest that these transcription factors already mark distinct cellular 

compartments from early embryonic prostate development. However, it should be 

noted that prostate epithelial hierarchy cannot solely be explained by the 

expression of these factors. Indeed, as demonstrated by scRNA-seq, subpopulation 

of cells seems to exist within each Runx1-high and Nkx3-1-high subsets. 
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6.3.3. The proximal luminal lineage is established at the onset of 
prostate development 

 UGS explant cultures were used to model the initial stages of prostate 

development, and scRNA-seq of UGS explants evidenced the progressive cellular 

diversification taking place in these cultures. At such early stages, definitive cell 

types are yet to be established, and the overall majority of cells display a basal-like 

signature. The broad basal identity supports the presence of multipotent basal 

progenitors during embryonic development (Ousset et al., 2012), switching to 

unipotency postnatally (Tika et al., 2019). In contrast, a universal luminal progenitor 

could not be clearly identified. Instead, the identity of the C2 cluster correlated with 

the signature of the Lum-D population found in adult prostates, suggesting an early 

branching event towards the proximal luminal fate at the onset of prostate 

development. It is therefore tempting to speculate that adult Lum-A, Lum-B, and 

Lum-C derive later from multipotent-basal progenitors, while Lum-D already 

emerged during embryonic specification. These results would need to be validated 

in vivo, but they support strong intrinsic lineage differences existing as early as 

prostate development begins. Also, since the adult Lum-D population is not 

committed to prostate secretion and resembles the embryonic C2 cluster, Lum-D 

cells may retain a more embryonic-like program, which could relate to their intrinsic 

castration-resistant potential and have broader relevance to cancer treatment. 

Subsequent lineage tracing experiments indicated that Runx1 expressing cells 

preferentially populate the emerging proximal luminal identity. However, beyond 

the restricted spatial localisation of RFP+ marked cells in mature explants, it is not 

possible to directly conclude about their long-term fate in vivo. For example, it is 

possible that these cells would eventually populate the medial or distal region of 

the mature prostate ducts. Therefore, it would be interesting to map the long-term 

fate of Runx1 expressing cells. For this, pregnant females from the Runx1CreER 

mouse line could be injected with tamoxifen, and newborn and adults harvested to 

analyse the spatial location of the lineage marked cells, as well as their contribution 

to the different prostate lineages. In the future, it would also be interesting to 

investigate the contribution of the proximal lineage during prostate development, 
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adult homeostasis and regeneration of the epithelium. This could notably be 

studied upon depletion of the proximal lineage, for example the Runx1CreER mouse 

line could be crossed with the ROSA26-eGFP-DTA mouse line (Ivanova et al., 2005)  

to perform diphtheria toxin mediated cell depletion (Saito et al., 2001). 

6.3.4. RUNX1 may be functionally involved in mouse prostate 
development 

 Since RUNX transcription factors are implicated in various developmental 

processes (Mevel et al., 2019), including mammary gland development (Browne et 

al., 2015; Riggio and Blyth, 2017), the detection of RUNX1 expression during 

prostate development suggests that it may be functionally involved in prostate 

development and lineage commitment. However, the embryonic lethality of Runx1-

null embryos by E11.5-E12.5 prevents from directly investigating the requirement 

for RUNX1 during prostate development (Okuda et al., 1996; Wang et al., 1996). In 

the absence of phenotypic evidence, the data discussed below were not included in 

the results section.  

 Conditional deletion of Runx1 using the Pb-Cre4 Runx1Flox/Flox mouse model 

failed to generate defects in the prostate epithelium (data not shown). One 

possible explanation for the absence of phenotype is that deletion occurs in a 

specific lineage that do not require nor expresses Runx1. Indeed, expression of the 

Pb-Cre4 transgene has previously been shown to start during early postnatal period 

in the distal tips of the ducts, which are not expressing Runx1 (Wu et al., 2001). 

Furthermore, Pbsn expression in the adult is elevated in Lum-B and Lum-C Nkx3-1-

high clusters, whereas Runx1 expression is low or absent in these cells (Chapter 5). 

 An alternative approach was tested using Runx1flox/flox Rosa26CreERT2/LSL-YFP 

mice, which consists in tamoxifen inducible Cre expression to knockout Runx1 and 

activate YFP expression. UGS explants derived from these mice were grown in the 

presence of tamoxifen, but histological examination of these explants did not reveal 

any phenotypic alterations by day 7 of culture (data not shown). In this model, the 

low recombination efficiency due of the CreERT2 system could be an important 

limitation. For instance, the restricted number of cells in which the deletion of 
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Runx1 takes place may be too small to lead to detectable developmental defects. 

The possible disadvantage of these cells to contribute to prostate organogenesis 

may be compensated by the remaining untargeted Runx1-WT cellular fraction. 

Another possible limitation is the duration of the culture (7 days), which may be 

insufficient to exhibit strong lineage potential defects. This could potentially be 

overcome by transplanting mature explants into the subrenal capsule of recipient 

mice to allow further in vivo maturation of the explants. Alternatively, it would be 

interesting to perform scRNA-seq on YFP+ Runx1-KO versus YFP+ Runx1-WT cells in 

mature explants. This may reveal subtle differences in cell fate potential. 

 In an effort to circumvent these issues, mouse Embryonic Stem Cells (mESC) 

lines were generated with deletions of either Runx1, Runx2, or Runx1 and Runx2. 

These cells were derived from the mTmG mouse model (Gt(ROSA)26Sortm4(ACTB-

tdTomato,-EGFP)Luo/J; The Jackson Laboratory) which constitutively express 

tdTomato on their membranes. These tdTomato+ mESC lines can then be used to 

generate chimaeras and analyse the contribution of tdTomato+ cells to the 

establishment of the different lineages of the prostate epithelium. With the help of 

the Transgenic Production Facility at CRUK MI, a pilot experiment was conducted 

with mTmG mESCs either Runx1-WT or Runx1-KO injected in Runx1-WT blastocysts. 

Chimaeras were harvested at postnatal day 14 to evaluate the percentage of Runx1 

KO mESCs tdTomato+ cells contributing to the different cellular compartments of 

the prostate in comparison to Runx1 WT mESCs. Unfortunately, only 1 male was 

obtained in a pilot experiment, with less than 5% contribution from tdTomato+ 

cells, suggesting that additional optimisation would be required.  

6.3.5. Limitations associated with scRNA-seq of UGS explant cultures 

 The UGS explants scRNA-seq dataset presented in this Chapter provides the 

first single-cell transcriptomic resource to study early prostate development. Yet, 

the general limitations associated with scRNA-seq approaches described in Chapter 

5 (section 5.3) also apply to the dataset generated in this Chapter. In addition to 

these, the ex vivo nature of the UGS explant culture system limits the 

interpretations that can be formulated. While progressive changes in cell identity 
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could be evidenced at the transcriptomic level, it is virtually impossible to 

deconvolute the effect of the culture conditions, which should mainly be present 

between day 0 (E15.5) and day 1. Therefore, the transition between day 0 and day 

1 may not accurately represent the evolution occurring between E15.5 to E16.5 in 

vivo. Also, as previously described, scRNA-seq consists of a “snapshot” view of cell 

states. Here, sequential time points were used in order to partially overcome the 

lack of continuity in the data and attempt to infer the transitional states occurring 

during the emergence of prostate lineages. To this aim, force-directed projection 

was preferred to UMAP as the latter gave a homogeneous representation of the 

data. Diffusion pseudotime could approximate the real time points (figure 6.10 A-B) 

but could not be used in itself to identify trajectories. Force-directed projection and 

PAGA representations suggested the existence of branching clusters, but it 

appeared particularly difficult to model possible scenarios using Slingshot, a 

package which often ranks among the best to infer cell lineages and pseudotime 

from single-cell gene expression data (Street et al., 2018). Overall, the analyses 

conducted using the scRNA-seq dataset did not permit the reconstruction of a full 

lineage hierarchy. The use of barcoding lineage tracing systems may be an 

alternative approach of interest to resolve these issues. It is also possible that the 

culture conditions do not allow extensive cellular differentiation, since most cells 

appeared to display a “basal-like” gene signature. The presence of more 

differentiated cell types should allow easier deconvolution of lineage trajectories. 

Attempts were made to integrate the adult dataset (Chapter 5) and the UGS 

explant cultures dataset (data not shown). However, the absence of common cell 

types between the 2 datasets, and the strong intrinsic difference between in vivo 

and ex vivo contexts rendered integration virtually impossible and prone to 

computational artefacts. In the future, it would be of particular interest to collect 

urogenital systems isolated from sequential developmental time points from 

embryos to adults. This should provide a more comprehensive view single cell 

landscape of prostate organogenesis and facilitate inference of cell lineage 

specification. 
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Chapter 7  Characterisation of RUNX1 expression in 
human patient samples 

7.1. Introduction 

 Prostate Cancer (PCa) is the most commonly diagnosed cancer in men (Cancer 

Research UK, 2020). The increase in life expectancy and the widespread 

development of PCa diagnosis tests has been associated with a rise in PCa 

incidence, and it is estimated that 1 in 8 men will be diagnosed with PCa in their 

lifetime (Prostate Cancer UK, 2019). Overall, the survival rate of PCa is better than 

for other cancers, in part because a large proportion of prostate tumours remain 

latent or can be effectively managed via curative treatments (Litwin and Tan, 2017). 

Yet, the over-diagnosis of localised, low-grade, indolent tumours represents a 

central clinical challenge associated with early diagnosis of PCa leading to 

unnecessary and potentially harmful therapy (Donovan et al., 2016). Indeed, it 

remains particularly challenging to discriminate with accuracy between indolent 

and more aggressive forms of the disease leading to the development of lethal 

metastatic castration-resistant PCa. In PCa patients, ADT is often used as an adjunct 

to radiation therapy to target tumour cells which rely on androgens for their 

growth. However, despite the therapeutic benefits of targeting AR signalling, 

disease recurrence and resistance to ADT can develop after a few months or years. 

Understanding the origin of these resistant cells and the mechanisms underlying 

the acquisition of resistance are key to improve PCa treatment modalities. In this 

context, there is a need to identify better prognostic biomarkers to ameliorate 

patient stratification. 

 

 The human prostate is a walnut-sized gland located at the base of the bladder 

and surrounding the urethra. Unlike the mouse prostate, which is organised in 

anatomically distinct pairs of lobes, the human prostate has been divided into the 

central, transitional and peripheral zones, as well as the anterior fibromuscular 

stroma (see section 1.1.1). To date, there is no consensus on the relationship 
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between the zonal anatomy of the human prostate and the lobular anatomy of the 

mouse counterpart (Ittmann, 2018; Ittmann et al., 2013; Shappell et al., 2004). 

Histologically, the prostate of both species shares a similar ductal organisation and 

cell types, but the human prostate has a higher ratio of basal to luminal cells, and a 

denser architecture due notably to the presence of a thicker stromal layer (McNeal, 

1981; Selman, 2011; Shappell et al., 2004). Despite similarities between the 

structure of the mouse and human prostate glands, the precise cellular composition 

of the human prostate remains poorly understood (Toivanen and Shen, 2017). 

More specifically, while basal and luminal cells have been described to be the main 

cell types of the prostate epithelium of the two species, it is still unclear whether 

the different subtypes of basal and luminal cells of the mouse prostate epithelium 

have a direct equivalent in the human setting. Recent advances in single cell 

transcriptomics have enabled to explore possible correspondence between cells of 

both species, but more work is required to reach a consensus (Crowley et al., 2020; 

Henry et al., 2018; Joseph et al., 2020; Karthaus et al., 2020). Overall, to facilitate 

translational research and deepen our understanding of prostate biology and 

pathology, it is important to evaluate whether markers and regulators of specific 

mouse prostate populations have a human equivalent, and vice versa. This is 

particularly challenging when characterising expression in normal homeostatic 

conditions since patient samples are typically obtained from diseased organs, and 

relatively old men in the case of prostate research. 

 

 In the mouse prostate, RUNX1 was found to be enriched in a luminal subset 

localised in the peri-urethral region. This distinct cell population encompasses self-

sustaining properties and is not committed to the secretory function of the 

prostate. However, the relevance of this population to the human prostate and 

prostate cancer has not been evaluated. Interestingly, RUNX1 is expressed in foetal 

human prostatic ducts, suggesting that it may have similar expression dynamics as 

in mouse prostate development (Cunha et al., 2018). Another study reported 

RUNX1 expression in PCa cell lines and patient samples, and that it is a downstream 

target of AR signalling (Takayama et al., 2015). Yet, the precise expression pattern 
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of RUNX1 in the human prostate, and whether it mirrors its expression in the 

mouse prostate, remains unknown.  

 

 The objective of the work carried out in this chapter was to comprehensively 

characterise the expression pattern of RUNX1 in the human prostate, including 

normal and tumour samples. This was achieved by staining a wide range of human 

prostate tissue samples available for research purposes via the biobank of the 

Christie Hospital. Next, the biomarker potential of RUNX1 was evaluated using two 

independent cohorts of samples available in TMA blocks previously generated by 

the GUCR group (University of Manchester). Finally, genomic alterations and mRNA 

expression levels of RUNX1 were explored in publicly available datasets of PCa. 

7.2. Results 

7.2.1. Validation of a human RUNX1 antibody 

 In order to investigate the expression of RUNX1 in human patient samples, an 

anti-human RUNX1 (hRUNX1) antibody was validated using prostate cancer cell 

lines. First, the hRUNX1 antibody (#4336, Cell Signalling) was validated on 293T cells 

overexpressing the two main human transcriptionally active isoforms hRUNX1B and 

hRUNX1C. The two isoforms were detected by western blot at the expected size 

(around 50 kDa) with hRUNX1C migrating at a slightly higher molecular weight than 

RUNX1B due to the presence of 33 extra amino-acids at the N-terminus (Figure 

7.1A).  

 To select an appropriate cell line for knockdown experiments and validate the 

specificity of the antibody, the expression of RUNX1 was investigated in human 

prostate cell lines by western blot (Figure 7.1B) and RT-qPCR (Figure 7.1C). RUNX2 

and RUNX3 expression levels were also evaluated by RT-qPCR. RUNX1 expresion 

was higher in the normal immortalised prostate epithelial cell line RWPE-1 and in 

the castration-resistant PC-3, PC-3/m and DU145 cell lines compared to the 

androgen-dependent VCaP and LNCaP cell lines. RUNX2 was also expressed in 

RWPE-1, PC-3 and DU145 cells, while RUNX3 was mainly found in PC-3 and DU145. 
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Due to its high RUNX1 expression, the PC-3 cell line was selected for knockdown 

experiments.  

 
Figure 7.1. Validation of a human anti-RUNX1 antibody. 
(A) Overexpression of human RUNX1B and RUNX1C cDNA in 293T cells. Cells were 
harvested 48h post-transfection. 
(B) Western blot of RUNX1 expression in human PCa cell lines using the D33G6 clone 
(#4336, Cell Signalling). 
(C) RT-qPCR of RUNX1 (left), RUNX2 (middle) and RUNX3 (right) expression in human 
prostate cell lines. The T-cell derived Jurkat cell line was used as a positive control for 
RUNX1 and RUNX3 expression, and the breast cancer cell line MDA-MD-231 was a positive 

RW
PE
-1
VC
aP

LN
Ca
P
LC
R
PC
-3

PC
-3/
m
DU
14
5
Ju
rka
t

MD
A-
MB
-23
1

0.000

0.005

0.010

0.015

m
RN

A
ex
pr
es
si
on

(r
el
a1
ve

to
G
AP

D
H
)

RW
PE
-1
VC
aP

LN
Ca
P
LC
R
PC
-3

PC
-3/
m
DU
14
5
Ju
rka
t

MD
A-
MB
-23
1

0.000

0.005

0.010

0.015

m
RN

A
ex
pr
es
si
on

(r
el
a1
ve

to
G
AP

D
H
)

RW
PE
-1
VC
aP

LN
Ca
P
LC
R
PC
-3

PC
-3/
m
DU
14
5
Ju
rka
t

MD
A-
MB
-23
1

0.00

0.05

0.10

0.15

0.20

m
RN

A
ex
pr
es
si
on

(r
el
a1
ve

to
G
AP

D
H
)

T3G GFP PGK Puro IRES rtTA3

shRNA

Tet-ON

GFP

PC-3 WT
PC-3 shRUNX1.1 -DOX
PC-3 shRUNX1.1 +DOX

runt TAD

P1 P2 5 1

RUNX1



Chapter 7  Characterisation of RUNX1 expression in human patient samples 

 

228 
 

control for RUNX2 expression. Error bars indicate standard deviation (n=2 biological 
replicates of n=3 technical replicates). 
(D) Two shRNAs were selected to target distinct regions of RUNX1 mRNA (1: 3’UTR, 5: exon 
5).  
(E) Schematic representation of the Tet-regulated LT3GEPIR expression vector expressing 
GFP-coupled shRNA from a Tet-responsive element promoter (T3G) and rtTA3 expression 
upon dox treatment.  
(F) Flow cytometry analysis of GFP-positive cells 24h after dox treatment in the induced PC-
3 shRUNX1.1 line (green) in comparison with the non-induced (light blue) and parental 
(dark blue) lines.  
(G) Western blot of RUNX1 after 48h of dox treatment in control shRenilla (shRen), 
shRUNX1.1 and shRUNX1.5 PC-3 cell lines. 
(H) RT-qPCR of RUNX1 after 48h of dox treatment in control shRenilla (shRen), shRUNX1.1 
and shRUNX1.5 PC-3 cell lines. The parental PC-3 (WT) cell line was included as control. 
 

 Two shRNA sequences were designed to target distinct regions of RUNX1 

mRNA (Figure 7.1D), in addition to a control shRNA targeting the Renilla Luciferase 

gene (shRen). The three shRNAs were cloned into doxycycline inducible lentiviral 

vectors that confer puromycin resistance and harbour a GFP cDNA co-expressed 

upon doxycycline induction (Figure 7.1E). PC-3 cells were infected with viruses 

produced with the different constructs and expanded under puromycin selection 

for two weeks. Transduced cell lines were induced with doxycycline which 

confirmed the expression of GFP after 24h (Figure 7.1F). RUNX1 knockdown was 

then evaluated by western blot 48h after doxycycline treatment (Figure 7.1G). As 

expected, no significant reduction in RUNX1 expression could be observed in the 

shRen control cell line, while shRUNX1.1 and shRUNX1.5 cell lines exhibited 

respectively moderate and strong RUNX1 knockdown. The extent of the knockdown 

was further corroborated by RT-qPCR analysis of RUNX1 expression (Figure 7.1H). 

Taken together, overexpression and knockdown experiments of human RUNX1 

validated the specificity of the hRUNX1 antibody by western blot (#4336, Cell 

Signalling). This antibody will be used for all subsequent human based studies. 

7.2.2. RUNX1 expression in Benign Prostatic Hyperplasia samples 

 Benign Prostatic Hyperplasia is a frequently diagnosed enlargement of the 

prostate, resulting from the hyper-proliferation of the stromal and epithelial 
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compartments of the transitional zone of the human prostate (McNeal et al., 1988). 

While BPH is non-malignant, it remains a major clinical complication, often 

associated with bladder outflow obstruction. It is commonly treated with 5-alpha 

reductase inhibitor and/or surgery using transurethral resection of the prostate 

(TURP).  

 Despite evident discrepancies between the anatomy of the mouse and human 

prostate (discussed in section 1.1.5), the location of the transitional zone near the 

urethra suggests that it may be analogous to the mouse proximal region, previously 

found to be enriched in RUNX1+ NKX3.1- cells. To test whether RUNX1+ NKX3.1- 

cells were associated with BPH, 16 BPH patient samples obtained after TURP were 

co-stained for RUNX1, NKX3.1, and a pan-cytokeratin (panCK) marker (Figure 7.2). 

The samples were selected to cover a wide range of BPH involvement, ranging from 

3g to 56g (median: 28g) of prostate tissue resected via TURP.  

 NKX3.1 was found to be broadly expressed in luminal epithelial cells, whereas 

RUNX1 was detected at a lower frequency (Figure 7.2 A-C). Similar to previous 

observations in the mouse, QIBC analyses showed that RUNX1 and NKX3.1 were 

rarely co-expressed (Figure 7.2 A, C, D). However, neither RUNX1+ or NKX3.1+ 

compartments correlated with the amount of BPH tissue resected. These results 

suggest that RUNX1 do not represent a promising marker of BPH, and that BPH 

involvement does not correlate with the expansion of a RUNX1+ NKX3.1- cell type. 

Also, the absence of an abundant RUNX1+ NKX3.1- cell type in the transitional zone 

suggest either that it may not be the human counterpart of the mouse proximal 

region, or that these BPH specimens did not contain such region. 
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Figure 7.2. RUNX1 and NKX3.1 expression in Benign Prostatic Hyperplasia specimens. 
(A) Co-immunostaining of RUNX1, NKX3.1 and panCK in a BPH nodule resected via TURP. 
Higher magnification images of the selected area are shown. The arrow indicates a RUNX1+ 
NKX3.1- cell, while the arrowhead indicates a NKX3.1+ RUNX1- cell. Scale bar: 50 µm. 
(B) Density plots of RUNX1 and NKX3.1 nuclear intensity (log10 transformed) in the 
epithelial (panCK+) and stromal (panCK-) compartment of all BPH patient samples 
combined. 
(C) Visualisation of RUNX1 and NKX3.1 nuclear intensity (log10 transformed) in epithelial 
(panCK+) and stromal (panCK-) cells by QIBC using all BPH patient samples combined. 
(D) Quantification of the proportion of RUNX1+ NKX3.1-, RUNX1- NKX3.1+, RUNX1+ 
NKX3.1+ and RUNX1- NKX3.1- cells in individual BPH patient samples. 
(E) Relationship between the proportion of the different cellular compartments quantified 
in (D) and the TURP chip weights (in grams), which corresponds to the weight of the 
resected BPH tissue. 
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7.2.3. RUNX1 expression in whole radical prostatectomy specimens 

 To further characterise the expression of RUNX1 in the normal human 

prostate, radical prostatectomy (RP) specimens were obtained from 7 patients 

diagnosed with localised PCa, low Gleason scores (3+3 and 3+4) and minimal 

tumour involvement (< 10%). Due to the complexity of qualitatively and 

quantitatively analyse the expression of RUNX1 in such complex and heterogeneous 

tissues, 4 distinct histopathological features (“Normal Secretory”, “BPH”, “Cystic 

Atrophy” and “Inflammatory Atrophy”) were annotated on serial H&E sections of 

RP specimens by a pathologist (Dr. Pedro Oliveira, Consultant Urological 

Histopathologist at The Christie Hospital) (Figure 7.3). Of note, cancerous lesions of 

these patients were not analysed. 

 
Figure 7.3. H&E staining of representative histopathological features. 
The following 4 histopathological features annotated: (i) “Normal Secretory” epithelium, (ii) 
“BPH” nodules, and regions of (iii) “Cystic Atrophy” and (iv) “Inflammatory Atrophy”. Scale 
bars: 50 µm. 
 

 Whole mount serial tissue sections were co-stained with the following 2 

panels: (1) RUNX1, NKX3.1 and the high-molecular-weight cytokeratin (HMWCK) 

marker as well as (2) RUNX1, NKX3.1 and a pan-cytokeratin (panCK) marker. 

Representative example of staining panel 1 are shown in Figure 7.4. Similar to its 

expression pattern in mouse prostates, RUNX1 was found in the peri-urethral area 

(Figure 7.4 B-i), and often detected in the basal epithelium of normal glands (Figure 

7.4 A-ii), including regions of basal hyperplasia (Figure 7.4 B-ii). Furthermore, similar 

to observations made in mice, the majority of luminal NKX3.1+ cells of normal 

secretory glands did not express RUNX1 (Figure 7.4 A-iii), which was also 

particularly rare in BPH nodules (Figure 7.4 B-iii). However, unlike RUNX1 

BPH Inflammatory AtrophyCystic AtrophyNormal Secretory

i ii iii iv
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expression pattern in specific mouse prostate lobes, RUNX1 expression was 

detected in all zones of the human organ. Interestingly, higher RUNX1 levels were 

often associated with prostatic atrophy, especially of inflammatory nature (Figure 

7.4 A-iii, B-v). Also, these patches of atrophy with inflammation exhibited reduced 

NKX3.1 expression, indicating a generally non-overlapping pattern with RUNX1. This 

result is consistent with reports correlating low NKX3.1 expression to prostate 

atrophy and prostate inflammation (Bethel et al., 2006; Magnen et al., 2018). 

Prostatic atrophy is frequently found in human prostates and has been associated 

with chronic inflammation, variations of androgen levels, however its role in the 

development of PCa is controversial (Davidsson et al., 2011; De Marzo et al., 1999; 

Irani et al., 1999; McNeal, 1968; Murphy et al., 1991; Putzi and De Marzo, 2000; 

Reuter, 1997; Zhang et al., 2019). 

 

 Using staining panel 2, QIBC analyses of each annotated histopathological 

features further demonstrated the enrichment of RUNX1+ NKX3.1- cells in 

inflammatory atrophy, and very low levels of RUNX1 in BPH nodules (Figure 7.5 A, 

B). Patients B, C and G had more frequent RUNX1 expression in both normal 

secretory epithelium and cystic atrophy compared to the other patients, which 

highlights the existence of inter-patient heterogeneity of RUNX1 expression 

between similar histopathological features. 

 

 Taken together, these results indicate that RUNX1 is frequently detected in 

basal cells, and also strongly expressed in the luminal layer of atrophic glands of the 

human prostate. As in mouse prostates, RUNX1 and NKX3.1 were generally found in 

distinct cellular compartments. The similar expression pattern of RUNX1 in mouse 

and human prostates, especially in atrophic epithelia, suggests analogous roles in 

both species. 
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Figure 7.4. RUNX1 is enriched in human atrophic glands. 
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(A) Co-immunostaining of RUNX1, NKX3.1, HMWCK in a human radical prostatectomy 
sample (Patient A). Higher magnification images of (i) inflammatory atrophy, (ii) cystic 
atrophy and (iii) normal secretory epithelium are shown. Arrows indicate example RUNX1 
expressing cells.  
(B) Co-immunostaining of RUNX1, NKX3.1, HMWCK in a human radical prostatectomy 
sample (Patient B). Higher magnification images of (i) peri-urethral glands, (ii) normal 
secretory glands with basal hyperplasia, (iii) BPH, (iv) cystic atrophy and (v) inflammatory 
atrophy.  
Ur: urethra, Cz: central zone, Tz: transition zone, Pz: peripheral zone, T: tumour.  
Scale bars: 5 mm (yellow) and 50 µm (white). 
 

 
Figure 7.5. QIBC analyses of RUNX1 and NKX3.1 expression in prostate epithelial cells of 
radical prostatectomy specimens. 
(A) Visualisation of RUNX1 and NKX3.1 nuclear intensity (log10 transformed) in epithelial 
cells (panCK+) by QIBC in each of the 4 histopathological features analysed. Data from all 
patients were combined and downsampled to achieve equal representation from each 
individual patient. 
(B) Quantification of the percentage of RUNX1+ and NKX3.1+ cells in representative areas 
(as in Figure 7.3 and 7.4) for 7 human radical prostatectomy samples. 

7.2.4. RUNX1 expression in matched biopsies pre- and post-ADT 

 In Chapter 4, RUNX1 was shown to be highly enriched in the castrated mouse 

prostate. To test whether RUNX1 was expressed in atrophic prostate glands after 

ADT, prostate needle biopsies of a PCa patient before and after 6 months of ADT 
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were co-stained for RUNX1 and NKX3.1 (Figure 7.6 A-B). While RUNX1 was barely 

detectable in benign untreated secretory glands, it was extensively expressed in 

benign atrophic glands post-ADT (Figure 7.6 B). The upregulation of RUNX1 in these 

atrophic glands tallied with reduced levels of NKX3.1. Of note, tumour cells 

remained NKX3.1+ RUNX1- following ADT. Although only a single patient with 

limited tissue material from needle biopsies could be evaluated, these results 

suggest that RUNX1 expression in normal/benign regions may be enriched in 

human atrophic glands post-ADT, similarly to its upregulation in the castrated 

mouse prostate. In contrast, tumour cells may respond differently to the treatment. 

 
Figure 7.6. Expression of RUNX1 and NKX3.1 in needle biopsies before and after ADT. 
(A) Representative H&E images of the benign and tumour areas stained in B, from needle 
biopsy samples of a patient pre- and post-ADT (treated for 6 months with leuprolide, a 
LHRH agonist). 
(B) Co-immunostaining of RUNX1, NKX3.1 and pan-cytokeratin. Representative areas of 
normal and tumour glands are shown.  
Scale bars: 50 µm. 

7.2.5. TMA analysis of matched primary tumours with and without 
lymph node metastases 

 The previous set of analyses revealed a heterogeneous expression pattern of 

RUNX1 in non-malignant human prostate epithelia. To further characterise the 

extent of inter- and intra-patient heterogeneity of RUNX1 expression, a tissue 

micro-array (TMA) of normal-adjacent and tumour tissue was constructed from a 

cohort of radical prostatectomy (RP) patients diagnosed with localised and 
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metastatic prostate cancer (Table 2.2). Indeed, lymph nodes located near the 

surgical site are often resected and examined for the presence of metastatic 

disease during surgery. Patients with lymph node metastases (LNM, LN 1 status) 

tend to have a less favourable outcome (Boorjian et al., 2007), and their clinical 

management represents an important challenge that remains actively debated 

(Gupta, 2020). In keeping with its critical role in regulating the endothelial-to-

haematopoietic transition (EHT) in the haematopoietic system, RUNX1 has recently 

been implicated in epithelial-to-mesenchymal transition (EMT) processes in breast 

cancer (Hong et al., 2017; Kulkarni et al., 2018; Pegg et al., 2019). However, while 

RUNX1 is important to initiate and complete the EHT, it appears to rather suppress 

EMT in breast cancer cells. For these reasons, the expression of RUNX1 was 

evaluated in patient samples diagnosed with and without LNM. 

 The pathologist selected multiple areas of normal adjacent and tumour tissue 

from resected RP specimens. At least 3 replicate cores were punched from each 

annotated region. To comprehensively characterise the expression pattern of 

RUNX1, the pathologist annotated histopathological features observed in each TMA 

core, at the glandular level (Figure 7.7 A). These annotations were then transferred 

onto the stained samples with RUNX1, NKX3.1 and pan-cytokeratin (Figure 7.7 B). 

Normal-adjacent tissue was annotated as either “Normal”, “Atrophy” or 

“Inflammatory (Infl.) Atrophy”, and tumour glands were scored using the Gleason 

grading system: Gleason (G) 3, 4 or 5 (Figure 7.7 A-C). Of note, due to the limited 

tissue material available for LNM, these samples were not included in the original 

TMA construction. Instead, LNM were stained separately on whole tissue sections. 

After removal of missing and poor-quality cores, 281 single tissue cores (spread out 

in 3 independent tissue blocks) and 13 LNM sections were kept for analysis (Figure 

7.7 C). This dataset represents a heterogeneous and rich resource to study inter- 

and intra-patient heterogeneity in both normal-adjacent and tumour tissues of 

varying grades. 
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Figure 7.7. TMA of a RP cohort of matched primary tumours with and without lymph 
node metastases (LNM). 
(A) Representative H&E image of a section of the RP TMA, with higher magnification images 
of selected cores (I to iv) showing example histopathological annotations. 
(B) Example fluorescent immunostaining of the RP TMA, co-stained for RUNX1, NKX3.1 and 
pan-cytokeratin. Higher magnification images of the cores and annotations in A are shown 
(i to iv). 
(C) Core-level tiled map representing the diversity of annotated histopathological features 
for each patient included in the construction of the RP TMA. Regions of “Normal” 
epithelium, “Atrophy”, “Inflammatory (Infl.) Atrophy”, Gleason (G) 3, 4, 5 were present in 
the TMA, while matched LNM for “LN 1” patients consisted of whole tissue sections. 
Individual squares represent distinct cores (TMA) or tissue sections (LNM). 
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LN 0: no LNM at surgery, LN 1: presence of LNM at surgery, G: Gleason. Scale bars: 1 mm 
(low magnification) and 50 µm (high magnification). 
 

 Quantitative image analysis was conducted on all stained samples and 

restricted to the epithelial (panCK+) compartment. Single-cell expression data was 

initially explored by histopathological feature after combining single-cells from all 

patients (Figure 7.8 A-B). Similar to previous analyses, RUNX1+ cells were rare in 

“Normal” epithelia, slightly more abundant in “Atrophy” and frequently found in 

“Inflammatory Atrophy”. In malignant tissue, RUNX1 was very sparse in primary 

tumours, and almost absent in LNM. In contrast, NKX3.1 was broadly expressed in 

the different annotated regions of the prostate epithelium, with higher levels in 

LNM and lower expression in “Inflammatory Atrophy”. These results reinforce the 

distinct expression pattern between NKX3.1 and RUNX1. Next, single-cell 

expression measurements were quantified at the patient level to evaluate the 

degree of inter-patient heterogeneity within the different histopathological 

annotations (Figure 7.8 C-D). Overall, the same conclusions were observed at the 

patient level. Both LN 0 and LN 1 patients displayed a similar expression pattern. In 

inflammatory atrophy, the frequency of RUNX1+ cells ranged from less than 25% to 

more than 75%. Instead, the proportion of NKX3.1+ cells was consistently low in 

these regions. In other histopathological annotations, the frequency of NKX3.1+ 

cells was highly variable. However, this quantification did not take into account 

possible heterogeneous expression levels within patients. Therefore, it is possible 

that selected areas, either in normal-adjacent or tumour tissue, display highly 

variable expression patterns that would be masked at the patient level. 
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Figure 7.8. Quantitative analysis of RUNX1 and NKX3.1 expression in primary tumours 
and lymph node metastases. 
(A) Density plots of RUNX1 and NKX3.1 nuclear intensity (log10 transformed) in the 
epithelial compartment of all patients combined, grouped and coloured by 
histopathological features. 
(B) Visualisation of RUNX1 and NKX3.1 nuclear intensity (log10 transformed) by QIBC, in the 
epithelial compartment of all patients combined, grouped by histopathological features. 
(C, D) Quantification of the proportion of (C) RUNX1+ and NKX3.1+ (D) cells in each 
histopathological annotation for LN 0 and LN 1 patients. Dots represent individual patients 
after aggregating cells of matching histopathological annotations. 
LN 0: no lymph node metastasis at surgery, LN 1: presence of lymph node metastasis at 
surgery, G: Gleason. 
 

 The heterogeneity of RUNX1 and NKX3.1 expression could be better 

appreciated at the core-level after quantifying the proportion of cells being either 

RUNX1+ NKX3.1-, RUNX1+ NKX3.1+, RUNX1- NKX3.1+ or RUNX1- NKX3.1- (Figure 

7.9). Core-level heatmap representation highlighted the high frequency of RUNX1+ 

cells in a restricted number of cores, which was previously masked by patient level 

averages. Along these lines, it is interesting to note that despite being 
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predominantly lowly expressed in cancerous human prostates, there was also 

tumour cores with higher RUNX1 levels. Also, a few normal-adjacent and tumour 

cores had a higher proportion of RUNX1+ NKX3.1+ cells. Of note, a significant 

proportion of cells had low levels of both RUNX1 and NKX3.1, indicating that these 

2 transcription factors are not sufficient to fully describe the cellular heterogeneity 

of the prostate epithelia.  

 
Figure 7.9. Inter- and intra-patient heterogeneity of RUNX1 and NKX3.1 compartments. 
Core-level heatmap representations of the proportion of RUNX1+ NKX3.1-, RUNX1+ 
NKX3.1+, RUNX1- NKX3.1+, RUNX1- NKX3.1- cells in primary tumours and lymph node 
metastases. Individual cores are represented by boxes. The proportion of each cell types in 
each core is represented by a colour gradient. LN 0: no lymph node metastasis at surgery, 
LN 1: presence of lymph node metastasis at surgery, G: Gleason. 
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 Overall, these results indicate that neither RUNX1 or NKX3.1 expression can 

be used to describe intrinsic differences between localised and metastatic disease. 

All LNM analysed expressed high NKX3.1 and low RUNX1 levels. Instead, high 

RUNX1 and low NKX3.1 expression was associated with prostate atrophy, in 

particular when associated with inflammation. Finally, despite being predominantly 

lowly expressed in cancerous human prostates, there were also rare tumour foci 

with higher RUNX1 levels. 

7.2.6. RUNX1 expression in large PCa TMA cohorts: TURP and needle 
biopsies 

 RUNX1 appeared to be rarely expressed in prostate tumours. However, only a 

restricted number of patient samples had been analysed, and there seem to be a 

small proportion of tumour foci with higher RUNX1 expression. To evaluate the 

clinical relevance of RUNX1 expression in PCa patient samples, a selection of tissue 

micro-arrays (TMAs) of PCa cases diagnosed between 1994 and 2004 in Salford (UK) 

were obtained from the GUCR (University of Manchester).  

7.2.6.1. Clinical characteristics of the TMA cohorts 
 The material analysed comprised a total of 1189 individual cores from 220 

patients, spread over 32 TMA blocks. Among these, 134 patients were sourced from 

transurethral resection of the prostate (TURP) samples, and 86 originated from 

transrectal ultrasound guided needle core biopsies (TRUSBx, referred to as biopsies 

thereafter). Patients of the TURP cohort had a shorter overall survival than the 

biopsy cohort, with a median of 56 months (95% CI 37–77) for the TURP against 76 

months (95% CI 48-115) for the biopsy cohort (Figure 7.10 A). When combined 

together, patients diagnosed without metastases (M0) had a median overall 

survival of 90 months (95% CI 76-115) versus 32 months (95% CI 29-48) for patients 

diagnosed with metastases (M1) (Figure 7.10 B). As expected, shorter overall 

survival was observed for patients with a higher clinical Tumour (T) stage (Figure 

7.10 C), higher Gleason Group (Figure 7.10 D), higher diagnostic PSA (Figure 7.10 E). 

Also, the majority of the cohort consisted of “High Risk” patients according to the 
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D’Amico (D’Amico et al., 1998) risk classification system (Figure 7.10 F), a model 

used to stratify patients into risk groups of biochemical recurrence after surgical 

treatment. Importantly, the whole cohort had a median overall survival follow-up 

time of > 16 years, making it suitable for long-term overall survival analyses. 

 
Figure 7.10. Survival analysis of the PCa TMA cohorts. 
(A-F) Kaplan-Meier survival analysis of all patients present in the dataset by (A) tissue type, 
(B) metastasis stage, (C) clinical Tumour (cT) stage, (D) Gleason group, (E) PSA group and (F) 
D’Amico risk group. Log-rank test p values are indicated on the respective plots. 
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 Clinical parameters available at the time of diagnosis can help improve the 

translational potential of biomarkers (Director’s Challenge Consortium for the 

Molecular Classification of Lung Adenocarcinoma et al., 2008). To validate the 

quality of the TMA cohort to be used for prognostic purposes, established clinical 

co-variates available for this cohort were used in multivariate Cox regression 

analysis, including the age, log10-transformed PSA, Gleason group, clinical tumour 

stage, and metastasis stage. An additional variable was included to control for the 

source material (TURP or biopsy) (Figure 7.11). As expected, increasing age and 

PSA, clinical tumour stage T3 and T4, Gleason group 5, and presence of metastasis 

were independently associated with shorter overall survival in multivariate analysis. 

Of note, patients who underwent TURP were significantly and independently 

associated with a worse outcome compared with the biopsy cohort. 

 
Figure 7.11. Forest plot of the multivariate Cox regression analysis.  
The model was adjusted for age, PSA, Gleason group, clinical tumour stage, and presence 
of metastasis. Hazard ratios (HR) are reported with 95% confidence interval (CI). Gx: 
missing Gleason group; Tx: missing clinical tumour stage; Mx: missing metastasis stage. 

7.2.6.2. Immunostainings of the TURP and biopsy TMA cohorts  
In the mouse prostate (Chapters 3 to 6) and in human samples (sections 7.2.2 

to 7.2.5), RUNX1 had a largely mutually exclusive expression pattern with NKX3.1, 
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suggesting that these 2 transcription factors are expressed in distinct epithelial 

lineages. Therefore, the expression of RUNX1 was evaluated in association with 

NKX3.1 and a pan-cytokeratin marker using multiplexed immunofluorescence 

(Figure 7.12). Example of stained TMA cores from TURP and biopsy cohorts with 

varying frequencies of RUNX1+ and NKX3.1+ cells are presented in Figure 7.12 A-B. 

Image analysis was performed on HALO (Indica Labs) to extract single-cell 

measurements. Briefly, the staining pattern of the pan-cytokeratin marker was used 

together with the nuclear marker DAPI to train a tissue segmentation algorithm to 

classify epithelial and stromal compartments. Then, single cells were detected using 

a nuclear detection module based on DAPI to locate each nucleus. Single-cell 

measurements were then exported for both epithelial and stromal compartments 

of all TMA cores.  

 The TURP cohort comprised 561 tumour annotated cores and 449 normal-

adjacent cores. The biopsy cohort had less material available, with 167 tumour 

annotated cores and 12 normal adjacent cores. Patients with no clinical data, 

and/or having less than 100 epithelial tumour cells available for quantification were 

removed from the dataset. Also, normal-adjacent cores were excluded from the 

analysis to specifically focus on tumour-specific marker expression. In total, 718 

tumour cores were retained, and stromal cells were excluded from all analyses. The 

amount of tissue available in TURP and biopsy cohorts was strikingly different 

(Figure 7.12 A-B). Needle biopsies were obtained using thin needles to extract 

prostate tissue used for diagnostic purposes, while whole chunks of tissues were 

resected out during TURP. Consequently, the number of epithelial tumour cells 

available per TMA cores ranged from 3 to 1,387 cells for the biopsies, and from 37 

to 10,004 for the TURP (Figure 7.12 C). Once individual cores had been aggregated 

at the patient level, the amount of tumour epithelial cells analysed ranged from 101 

to 2090 cells for the biopsies, and from 169 to 42,809 for the TURP (Figure 7.12 D).  

 These observations indicate that TURP and biopsy cohorts are not only 

heterogeneous due to the origin of tissue sampled, but also in the epithelial 

content available for analysis. Importantly, both cohorts contained TMA cores with 

both RUNX1-Hi NKX3.1-Lo and RUNX1-Lo NKX3.1-Hi tumours. 
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Figure 7.12. Image analysis of TURP and biopsy TMA cohorts. 
(A) Example TURP TMA cores co-stained for RUNX1, NKX3.1 and pan-cytokeratin (top). A 
normal-adjacent core (left), and tumour cores with RUNX1-Lo NKX3.1-Hi (middle) and 
RUNX1-Hi NKX3.1-Lo (right) are shown. Corresponding tissue segmentation into 
“Epithelium” and “Stroma” compartments is shown (bottom). 
(B) Example biopsy TMA cores co-stained for RUNX1, NKX3.1 and pan-cytokeratin (top). 
Tumour cores with RUNX1-Lo NKX3.1-Hi (left) and RUNX1-Hi NKX3.1-Lo (right) are shown. 
Corresponding tissue segmentation into “Epithelium” and “Stroma” compartments is 
shown (bottom). 
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(C) Waterfall plot showing the number of single epithelial tumour cells analysed per 
individual cores for the biopsy (left) and TURP (right) cohorts. 
(D) Waterfall plot showing the number of single epithelial tumour cells analysed per 
individual patient for the biopsy (left) and TURP (right) cohorts. 
Scale bars: 200 µm. 

7.2.6.3. Correlation between RUNX1 abundance and clinical 
characteristics in human PCa TMAs 
 To evaluate the biomarker potential of RUNX1 in the two PCa TMA cohorts, 

the proportion of RUNX1+ cells was computed for each individual core. For each 

patient, the core with the highest proportion of RUNX1+ cells was used to rank 

patients by RUNX1 abundance. The upper quartile (75th percentile) was defined as 

the RUNX1-Hi group and compared with remaining RUNX1-Lo fraction. This 

approach was performed on individual cohorts either separately or after merging 

patients from both cohorts to improve statistical power. Core-level representation 

of the percentage of RUNX1+ cells in individual tumours of merged TURP and 

biopsy datasets confirmed that the RUNX1-Hi group adequately captured those 

patients with higher RUNX1 levels, while the majority of the tumour cores 

expressed low or no RUNX1 (Figure 7.13 A). When patients from both cohorts 

where pooled together, there was a trend suggesting shorter overall survival for 

RUNX1-Hi patients (Figure 7.13 B). In the TURP, but not in the biopsy cohort, 

Kaplan–Meier survival analysis showed that RUNX1-Hi patients had a significantly 

shorter overall survival than RUNX1-Lo patients (log-rank p value = 0.024) (Figure 

7.13 C-D). RUNX1-Hi patients had a median overall survival of 34 months (95% CI 

19-72) against 74 months (95% CI 45-99) for the RUNX1-Lo group.  

The abundance of RUNX1+ cells was then evaluated against diagnostic clinical 

variables. Beyond a weak correlation with Gleason groups 2 and 3 (p = 0.028, Figure 

7.13 E), no association was found between the frequency of RUNX1+ cells and 

clinical tumour stage (Figure 7.13 F), metastasis stage (Figure 7.13 G), D’Amico risk 

group (Figure 7.13 H), age (Figure 7.13 I) or PSA (Figure 7.13 J). 
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Figure 7.13. Correlation between the abundance of RUNX1 expression and clinical 
variables. 
(A) Core-level heatmap representation of the proportion of RUNX1+ cells in TURP and 
biopsy tumour cores, split by RUNX1-Hi and RUNX1-Lo groups as defined in D. 
(B-D) Kaplan-Meier survival analyses of RUNX1-Hi and RUNX1-Lo groups in the (B) pooled, 
(C) TURP and (D) biopsy cohorts. RUNX1-Hi groups were defined based on the upper 
quartile of the percentage of RUNX1+ cells. Log-rank test p values are indicated on the 
respective plots. 
(E-J) Association between the frequency of RUNX1+ cells and diagnostic clinical parameters, 
including (E) Gleason group, (F) clinical tumour stage, (G) metastasis stage, (H) D’Amico risk 
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group, (I) age and (J) log10-transformed PSA. The dotted line indicates the cut-off used to 
split patients into RUNX1-Hi and RUNX1-Lo groups. 
 

 As previously mentioned, multivariate analyses represent a key approach to 

evaluate whether a given variable is independently associated with a specific 

prognostic outcome. RUNX1-Hi/Lo groups were therefore included in a multivariate 

Cox regression model with other co-variates. Similar to the univariate analysis 

(Figure 7.13 C), the RUNX1-Hi group was not associated with independent 

prognostic potential (p = 0.296) and was largely outperformed by the other co-

variates (Figure 7.14 A).  

 
Figure 7.14. Multivariate Cox regression analysis of RUNX1-Hi/Lo groups with overall 
survival. 
(A) Forest plot of the multivariate Cox regression analysis of RUNX1-Hi/Lo groups. The 
model was adjusted for age, PSA, Gleason group, clinical tumour stage, and presence of 
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metastasis. Hazard ratios (HR) are reported with 95% confidence interval (CI). Gx: missing 
Gleason group; Tx: missing clinical tumour stage; Mx: missing metastasis stage. 
(B-E) Composition of RUNX1-Hi/Lo groups by (B) Gleason group, (C) clinical tumour stage, 
(D) metastasis stage (E) PSA groups and (F) TMA cohort. 
 

Further investigation of the composition of RUNX1-Hi and RUNX1-Lo groups 

indicated that the RUNX1-Hi group contained less patients with Gleason group 1 

and more patients with Gleason group 2, 3 and 4 than the RUNX1-Lo group (Figure 

7.14 B). Similarly, there were more patients diagnosed with a clinical tumour stage 

T3 and T4 among RUNX1-Hi patients (Figure 7.14 C), as well as a slightly greater 

fraction of patients diagnosed with metastases (Figure 7.14 D), and diagnostic PSA 

above 20 ng/mL. Also, the majority of patients of the RUNX1-Hi group were part of 

the TURP cohort, itself associated with poorer outcome (Figure 7.13 D and Figure 

7.14 A, F). 

7.2.6.4. Correlation between NKX3.1 abundance and clinical 
characteristics in human PCa TMAs 
 Loss or decreased expression of NKX3.1 have previously been associated with 

increased tumour progression (Bowen et al., 2000). To verify whether these 

findings were applicable in the TURP and needle biopsies, the abundance of 

NKX3.1+ cells was calculated for each patient by combining cells from each 

individual core to obtain the average percentage of NKX3.1+ cells per patient. Since 

NKX3.1 is broadly expressed in the normal and cancerous human prostate, the 

lower quartile (25th percentile) was defined as NKX3.1-Lo group and compared with 

the remaining NKX3.1-Hi group. The analysis previously performed for the RUNX1-

Hi/Lo groups was performed for NKX3.1. In the pooled patient cohort, there was a 

trend suggesting shorter overall survival for NKX3.1-Lo patients (Figure 7.15 B). In 

the TURP, but not in the biopsy cohort, NKX3.1-Lo patients had a significantly 

shorter overall survival than NKX3.1-Hi patients (log-rank p value = 0.015) (Figure 

7.15 C-D).  

In terms of clinical variables, there was a non-significant trend towards lower 

frequency of NKX3.1+ cells with increasing Gleason group and clinical tumour stage 

(Figure 7.15 E-F), which was significant in patients diagnosed with metastasis (p = 
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0.043, Figure 7.15 G) and higher D’Amico risk group (p = 0.038, Figure 7.15 H). 

However, there was no correlation between the percentage of NKX3.1+ cells and 

either age (Figure 7.15 I) or PSA (Figure 7.15 J). 

 

 
Figure 7.15. Correlation between the abundance of NKX3.1 expression and clinical 
variables. 
(A) Core-level heatmap representation of the proportion of NKX3.1+ cells in TURP and 
biopsy tumour cores, split by NKX3.1-Hi and NKX3.1-Lo groups as defined in D. 
(B-D) Kaplan-Meier survival analyses of NKX3.1-Hi and NKX3.1-Lo groups in the (B) pooled, 
(C) TURP and (D) biopsy cohorts. NKX3.1-Hi groups were defined based on the lower 
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quartile of the percentage of NKX3.1+ cells. Log-rank test p values are indicated on the 
respective plots. 
(E-J) Association between the frequency of NKX3.1+ cells and diagnostic clinical 
parameters, including (E) Gleason group, (F) clinical tumour stage, (G) metastasis stage, (H) 
D’Amico risk group, (I) age and (J) log10-transformed PSA. The dotted line indicates the cut-
off used to split patients into NKX3.1-Hi and NKX3.1-Lo groups. 
 In the context of a multivariate analysis, NKX3.1-Hi/Lo groups were not 

associated with independent prognosis for overall survival (Figure 7.16 A, p = 

0.117). Indeed, the NKX3.1-Hi group comprised more patients with lower Gleason 

groups (Figure 7.16 B) and lower clinical tumour stage (Figure 7.16 C), lower 

diagnostic PSA (Figure 7.16 D), and less patients with metastasis at diagnosis (Figure 

7.16 C). Finally, the NKX3.1-Hi group contained more patients of the TURP cohort. 

 
Figure 7.16. Multivariate Cox regression analysis of NKX3.1-Hi/Lo groups with overall 
survival. 
(A) Forest plot of the multivariate Cox regression analysis of NKX3.1-Hi/Lo groups. The 
model was adjusted for age, PSA, Gleason group, clinical tumour stage, and presence of 
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metastasis. Hazard ratios (HR) are reported with 95% confidence interval (CI). Gx: missing 
Gleason group; Tx: missing clinical tumour stage; Mx: missing metastasis stage. 
(B-E) Composition of NKX3.1-Hi/Lo groups by (B) Gleason group, (C) clinical tumour stage, 
(D) metastasis stage (E) PSA groups and (F) TMA cohort. 

7.2.6.5. Combined analysis of RUNX1-Hi/Lo and NKX3.1-Hi/Lo groups in 
human PCa TMAs 
 RUNX1 and NKX3.1 used as single biomarkers had limited prognostic 

performance, except in the TURP cohort whereby RUNX1-Hi and NKX3.1-Lo groups 

were both associated with shorter overall survival in univariate analyses. The same 

strategy as in sections 7.2.6.3 and 7.2.6.4 was used to group patients into RUNX1-

Hi/Lo and NKX.3.1-Hi/Lo groups. However, to maximise the number of patients per 

group, TURP and biopsy cohorts were pooled, and the median was chosen as cut-

off (50th percentile) to categorise patients into Hi/Lo groups. Corresponding Kaplan-

Meier analyses of the patient groups are shown in Figure 7.17 A-B. To test whether 

the combination of both markers could help improve patient stratification, patients 

were then classified into the following categories: RUNX1-Hi NKX3.1-Hi, RUNX1-Hi 

NKX3.1-Lo, RUNX1-Lo NKX3.1-Hi and RUNX1-Lo NKX3.1-Lo. Univariate and 

multivariate analyses of these patient groups did not improve the prognostic 

performance of RUNX1 and NKX3.1 used as single biomarkers (Figure 7.17 C-D). 

However, it is worth noting that there was a trend towards shorter overall survival 

(log-rank p value = 0.08, data not shown) for the RUNX1-Hi NKX3.1-Lo compared 

with the RUNX1-Lo NKX3.1-Hi (Figure 7.17 C). In particular, the RUNX1-Hi NKX3.1-Lo 

group was associated with a higher proportion of patients diagnosed with more 

advanced clinical tumour stage (Figure 7.17 E) and a greater proportion of patients 

with M1 disease (Figure 7.17 F). 
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Figure 7.17. Univariate and multivariate analyses of RUNX1- and NKX3.1-Hi/Lo groups. 
(A-B) Kaplan-Meier survival analyses of (A) RUNX1-Hi/Lo and (B) NKX3.1-Hi/Lo groups in 
both TURP and biopsy cohorts combined using the median as cut-off to split patients into 
Hi/Lo groups. Log-rank test p values are indicated on the respective plots. 
(C) Kaplan-Meier survival analyses of RUNX1-Hi NKX3.1-Hi, RUNX1-Hi NKX3.1-Lo, RUNX1-Lo 
NKX3.1-Hi and RUNX1-Lo NKX3.1-Lo patient groups after combining RUNX1 and NKX3.1 
status of each patient determined in A and B. 



Chapter 7  Characterisation of RUNX1 expression in human patient samples 

 

254 
 

(D) Forest plot of the multivariate Cox regression analysis of RUNX1-Hi NKX3.1-Hi, RUNX1-
Hi NKX3.1-Lo, RUNX1-Lo NKX3.1-Hi and RUNX1-Lo NKX3.1-Lo patient groups. The model 
was adjusted for age, PSA, Gleason group, clinical tumour stage, and presence of 
metastasis. Hazard ratios (HR) are reported with 95% confidence interval (CI). Gx: missing 
Gleason group; Tx: missing clinical tumour stage; Mx: missing metastasis stage. 
(E-F) Composition of each RUNX1/NKX3.1 patient group by (E) clinical tumour stage and (F) 
metastasis stage. 

7.2.7. Mining publicly available datasets of PCa 

 In the last decades, several micro-array and large-scale sequencing studies, 

have improved our understanding of the molecular alterations and gene expression 

programs found in prostate tumours. Publicly available datasets available on the 

cBioPortal platform were interrogated for genomic alterations of the RUNX genes 

(Figure 7.18 A-D) in a total of 6,037 patients from 19 studies. Overall, the 

proportion of patients with genomic alterations varied significantly between 

distinct studies (Figure 7.18 A-C) but was not associated with clinically distinct 

tumour subtypes (data not shown). RUNX1 was altered in 7% of all patients tested, 

RUNX2 in 11% and RUNX3 in 13% (Figure 7.18 D). However, the majority of 

alterations were either labelled as “gain” or “shallow deletion”, suggesting they 

these may have a minor impact on the tumour phenotypes. When these were not 

considered, the frequency of severe genomic alterations dropped to 0.7% for 

RUNX1, 1% for RUNX2 and 1.1% for RUNX3 (Figure 7.18 E). 
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Figure 7.18. Genomic alterations of the RUNX genes in PCa (cBioPortal). 
(A-C) Frequency of amplification (red), gain (light red), shallow deletion (light blue), deep 
deletion (blue) or mutations (green) in human PCa datasets available on cBioPortal with 
reported genomic alterations of (A) RUNX1, (B) RUNX2 and (C) RUNX3. (D-E) Oncoprints for 
RUNX1, RUNX2 and RUNX3 generated on cBioPortal using all PCa datasets available and (D) 
all types of genomic alterations including amplification, gain, shallow deletion, deep 
deletion, and mutation or only (E) amplification, deep deletion and mutation. CNA: Copy 
Number Alterations. 
 

 Among the PCa datasets accessible via cBioPortal, the TCGA (Cancer Genome 

Atlas Research Network, 2015) and DKFZ (Gerhauser et al., 2018) studies had bulk 

RNA-seq and clinical data available for a subgroup of patients. Clinical endpoints of 

the TCGA study included disease-free survival and biochemical recurrence, while 

only the latter was available in the DKFZ study. Unlike the TMA analysis, overall 

survival data was not available for the DKFZ study, and the TCGA cohort had too 

few events (death) to be used reliably (Liu et al., 2018). Using a similar thresholding 

approach to the one previously used in TMAs (section 7.2.6), the upper quartile of 

RUNX1 mRNA expression was chosen to classify patients into RUNX1-High versus 

RUNX1-Low groups. In the TCGA study, the RUNX1-High group did not show 

differences in outcome compared with the RUNX1-Low group, both in terms of 
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disease-free survival (p = 0.43, Figure 7.19 A) or biochemical recurrence (p = 0.83, 

Figure 7.19 B). The DKFZ study had less patients in the cohort, but there was a trend 

towards a shorter time to biochemical recurrence for the RUNX1-High group (p = 

0.068, Figure 7.19 B). The expression of RUNX1 was then evaluated against 

additional clinical variables available in these datasets. In the TCGA study, there was 

no correlation between RUNX1 expression and pathological tumour stage or the 

presence of lymph node metastases (Figure 7.19 C). In contrast, higher RUNX1 

expression was significantly associated with higher pathological tumour stage T4 (p 

= 0.02) and Gleason group 5 (p = 0.0094) in the DKFZ study (Figure 7.19 D). This 

observation mirrored the TURP TMA analysis showing that a fraction of high grade 

PCa with high RUNX1 expression levels may be associated with a worse outcome. 

 
Figure 7.19. Genomic alterations of the RUNX genes in PCa (cBioPortal). 
(A) Kaplan-Meier analysis of RUNX1-High and RUNX1-Low groups for disease-free survival 
(left) and biochemical recurrence (right) in the TCGA PRAD cohort. Clinical and mRNA 
expression data were obtained from cBioPortal. 
(B) Kaplan-Meier analysis of RUNX1-High and RUNX1-Low groups for biochemical 
recurrence in the DKFZ cohort. Clinical and mRNA expression data were obtained from 
cBioPortal. 
(C) Association between RUNX1 mRNA expression (log2-transformed) and pathological 
tumour stage (left, n = 486) and presence of lymph node metastases (right, n = 420) in the 
TCGA cohort. 
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(D) Association between RUNX1 mRNA expression (log2-transformed) and pathological 
tumour stage (left, n = 116) and Gleason group (right, n = 118) in the DKFZ cohort. 

7.3. Conclusion 

7.3.1. Summary 

 In the developing and adult normal mouse prostate, RUNX1 marks a specific 

subpopulation of luminal cells enriched in the peri-urethral/proximal region. 

However, the relevance of this finding to the normal and cancerous human prostate 

remained unexplored. The data presented in this Chapter aimed at characterising 

the expression pattern of RUNX1 in archived samples of prostate cancer, including 

normal-adjacent prostate tissue and heterogeneous cohorts of PCa samples. 

Another aim was to evaluate whether the expression of RUNX1 correlates with 

specific clinical outcomes to evaluate its biomarker potential in PCa. Analyses 

conducted on a broad range of patient samples revealed that RUNX1 expression 

was low in normal secretory glands. In contrast, high RUNX1 was found in basal 

cells and atrophic prostate epithelium, in particular in areas rich in inflammation 

associated with low NKX3.1 expression. In prostate tumours, RUNX1 was generally 

rare, with the exception of a limited number of samples which expressed very high 

RUNX1 levels. These RUNX1 high tumours often had concomitant low NKX3.1 

expression and higher pathological grades. However, overall survival analyses 

revealed poor prognostic performance of RUNX1 used as a single marker or in 

combination with NKX3.1. 

7.3.2. RUNX1 expression in benign human prostate glands 

 The expression pattern of RUNX1 was first investigated in benign human adult 

prostate glands. These samples were obtained from aged individuals who 

underwent surgery due to the presence of localised PCa or BPH in their prostate. It 

is possible that these samples do not accurately represent a completely “normal” 

adult prostate. In particular, the different histopathological features observed in 
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these samples such as inflammation, atrophy, BPH and basal cell hyperplasia are 

likely to be over-represented compared to entirely benign young prostates. 

 The intensity and spatial localisation of RUNX1 staining in human samples was 

highly patient-specific and showed an important degree of both inter- and intra-

patient heterogeneity. Due to the complex and dense architecture of the human 

prostate, the spatial distribution of RUNX1+ cells was more difficult to appreciate 

based on 2D tissue sections compared with the mouse prostate. In mice, the 

expression of RUNX1 was strikingly restricted to a luminal subset enriched in the 

peri-urethral region of the prostate. In human samples, RUNX1 was also found to 

be broadly expressed in the peri-urethral region. However, RUNX1+ cells were also 

frequently identified in other areas of the prostate, including the transitional and 

peripheral zones (Figure 7.4). Although technically challenging because of the 

thickness and size of the tissue, it would be interesting to perform whole mount 3D 

tissue staining of entire prostatectomy specimens. Alternatively, a large number of 

stained serial sections could be used to virtually reconstruct human prostate 

samples in 3D in order to better visualise the spatial distribution of RUNX1+ cells in 

these samples (Moad et al., 2017). 

 Similar to the mouse prostate, RUNX1 was expressed in the basal layer of the 

human prostate but rarely in luminal secretory cells. Together with the 

downregulation of RUNX1 observed in secretory alveolar luminal cells of the 

mammary gland (van Bragt et al., 2014), these results suggest that there may be a 

general requirement for low or absent RUNX1 expression to maintain the secretory 

phenotype. It would be of interest to investigate this further by modulating the 

expression of RUNX1 in luminal secretory cells during development and under 

homeostatic conditions. Foci of high RUNX1 expression were often observed in 

regions of atrophy, especially when associated with inflammation and lower NKX3.1 

levels. Several forms of atrophy have been described in the literature (De Marzo et 

al., 1999), but the clinical significance of these histopathological features remain 

largely debated. In patient samples, there is contrasting evidence suggesting that 

prostate atrophy is associated with either better (Zhang et al., 2019) or worse 

(Davidsson et al., 2011; De Marzo et al., 1999; Putzi and De Marzo, 2000) outcomes. 
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Angelo De Marzo proposed that proliferative inflammatory atrophy may be a 

hallmark of prostate carcinogenesis (De Marzo et al., 1999; De Marzo et al., 2003, 

199). Along these lines, Le Magnen and colleagues showed that cancer initiation in 

aged Nkx3-1 mutant mice correlated with inflammation (Magnen et al., 2018). 

Inflammation in mice was also found to correlate with aberrant basal to luminal 

differentiation (Kwon et al., 2014) and the expansion of CD38-Low tumour initiating 

cells (Liu et al., 2016). However, these studies focused on the presence of 

inflammation rather than the type or abundance of epithelial atrophy. Additional 

studies are warranted to investigate the functional and prognostic significance of 

prostatic atrophy in PCa samples, as well as to define the role played by RUNX1 in 

these regions. Finally, high RUNX1 expression was also observed in basal cell 

hyperplasia, though there is currently no evidence that basal cell hyperplasia 

correlates with PCa initiation and progression (Bennett and Gardner, 1985; Epstein 

and Armas, 1992; Freitas et al., 2019). 

 Immunostainings of normal human prostate glands did not allow the 

identification of a RUNX1+ NKX3.1- luminal subset that would be an equivalent to 

the Lum-D/PLCs found in mouse prostates. Whether such cell type exists in men, 

and whether RUNX1 can help identify these cells remain an open question. A 

number of studies involving scRNA-seq of patient samples have been published 

over the last year and represent a useful resource to study the nature of the 

multiple cell types present in patient samples. Notably, Crowley and colleagues 

proposed that the mouse proximal and distal regions respectively resemble human 

ductal and acinar regions (Crowley et al., 2020). The ductal phenotype shown in 

Crowley’s study appears to be similar to the atrophic epithelium defined in this 

chapter. However, it is unclear what morphologically defines a ductal region as 

opposed to an acinar region, and where these regions are located. It would be 

interesting to explore these scRNA-seq datasets of human prostates to further 

evaluate whether a Lum-D/PLCs equivalent exists, and whether the expression of 

RUNX1 and NKX3.1 in combination with other markers can be used to identify these 

cells. If successful, such analyses could help define a key set of genes specific to this 

cell type and common to both human and mouse prostates to facilitate cross-
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species studies. Indeed, it is clear that the cellular landscape of the normal prostate 

epithelium cannot be explained solely based on the expression of RUNX1 and 

NKX3.1. 

7.3.3. RUNX1 has limited biomarker potential in PCa patient samples 

 Most of the human PCa samples stained in this chapter had low or absent 

RUNX1 expression in tumour cells. This observation is in line with a previous report 

indicating that RUNX1 expression tends to be decreased in tissues with a higher 

Gleason score (Takayama et al., 2015). However, among all the patients analysed, a 

subgroup displayed very high RUNX1 levels in their tumours. The abundance of 

RUNX1+ cells was used in two independent TMA cohorts of PCa patients to 

generate RUNX1-Hi and RUNX1-Lo groups. This resulted in poor prognostic 

performance of RUNX1 in terms of overall survival. Further stratification by NKX3.1 

status did not improve the performance in both univariate and multivariate 

analyses. In other specific solid cancers, such as clear cell renal cell carcinoma and 

triple negative breast cancer, high RUNX1 levels have been associated with poorer 

outcomes (Ferrari et al., 2014; Rooney et al., 2020). It is therefore possible that 

RUNX1 would exhibit better performance in a specific molecular, phenotypic or 

clinical subgroup of PCa patients currently under-represented in the material 

analysed in this chapter. For example, basal cell carcinomas are extremely rare 

forms of PCa (Grignon, 2004), and together with the higher RUNX1 levels in basal 

cells and basal cell hyperplasia, it would be interesting to determine the expression 

and role of RUNX1 - if any - in this subtype of PCa. Here, RUNX1 showed better 

performance in the TURP cohort, which contained a greater proportion of high-risk 

patients, compared with the biopsy cohort. To confirm whether the expression of 

RUNX1 may be of greater clinical relevance in high-risk patients, it would be 

important to validate this result in an independent cohort of similar nature. 

Besides, it would be interesting to combine RUNX1 and NKX3.1 with other markers 

of specific prostate subpopulations in order to better stratify tumour phenotypes 

and evaluate whether this could help improve prognostic performance. Such 

analyses could be either performed on serial sections using a panel of markers or 
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using emerging multiplexing staining technologies such as CODEX (CO-Detection by 

indEXing, Akoya Biosciences) (Goltsev et al., 2018), imaging mass cytometry (Angelo 

et al., 2014; Giesen et al., 2014), or spatial transcriptomics (Burgess, 2019) to gather 

high-dimensional single cell data. 

 Since only immunostainings were performed on the TURP and biopsy TMA 

cohorts, it was not possible to determine whether high RUNX1 expression in 

specific tumours resulted from genomic alterations of RUNX1, if RUNX1 was 

upregulated as a consequence of a tumour-specific gene expression program, and 

whether high RUNX1 expression was required for tumour progression in these 

samples. However, in silico analyses carried out on publicly accessible databases 

(cBioPortal, Oncomine) did not show significant correlations between copy number 

alterations of RUNX1 and expression levels (data not shown), suggesting that high 

RUNX1 expression may result from a tumour-specific gene expression program 

rather than genomic alterations. Also, the low alteration frequency of RUNX1 in PCa 

patient samples suggests that RUNX1 alterations is unlikely to represent a 

mechanism of PCa initiation. Nevertheless, to address whether RUNX1 is 

functionally required in specific tumour samples that express very high levels of 

RUNX1, functional analyses such as knockdown or knockout experiments should be 

performed using PCa models, including human cell lines and primary derived 

material. 

Publicly available datasets accessed via cBioPortal were also explored to 

evaluate whether RUNX1 mRNA levels could be used to stratify PCa patients. Of 19 

studies available, the TCGA and DKFZ datasets were the only two comprising both 

RNA-seq and clinical outcome data (Cancer Genome Atlas Research Network, 2015; 

Gerhauser et al., 2018). Biochemical recurrence was also the only reliable clinical 

outcome data available for both cohorts, and therefore cannot be compared 

directly with the TMA analysis. Overall, RUNX1-Hi and RUNX1-Lo groups of the 

TCGA cohort did not exhibit marked differences in terms of biochemical recurrence. 

In the DKFZ study, there was a small subset of high-grade patients which displayed 

higher RUNX1 expression and a non-significant trend towards shorter time to 

biochemical recurrence. This observation corroborated the TMA analysis in that 
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there is a small subset of PCa patients with high grade tumours and high RUNX1 

expression with a possibly worse clinical outcome. However, both in the DKFZ study 

and the TURP TMA cohort, the restricted number of patients defining the RUNX1-Hi 

group limited the extent of the conclusions that could be drawn. It is also worth 

noting that these datasets correspond to bulk RNA-seq studies and may be biased 

by contaminations from non-epithelial cells, such as RUNX1+ immune cells 

infiltrating prostate tumours. 

7.3.4. Limitations of the methodology used for TMA analyses 

 The analysis of archived TMA tissue cohorts has a number of limitations. TMA 

cores represent only a small fraction of large tumours. This is particularly important 

in the case of PCa, which is known to be highly multi-focal (Boutros et al., 2015; 

Carm et al., 2019, 201; Tomlins et al., 2015). Thus, it is difficult to determine 

whether sampling different regions in small cores is sufficient to capture tumour 

heterogeneity (Andreoiu and Cheng, 2010; Rubin et al., 2002; Tolkach and 

Kristiansen, 2018). For example, it is possible that tissues chosen during the 

sampling procedures did not always include a representative example of the most 

aggressive tumour foci driving the disease. TURP and biopsy samples are also 

intrinsically different types of tissue samples (Jhavar et al., 2005). The amount of 

tissue available for analysis was very limited in the case of biopsies compared with 

TURPs. Small biopsies are therefore likely to be less representative of the disease 

than TURPs, limiting their prognostic value for biomarker evaluation. Yet, needle 

biopsies are often used for diagnostic procedures and correspond to the material 

that pathologists evaluate in the first place. Further to this, TURP samples are 

normally enriched in tissue of the transitional zone while biopsies are expected to 

mainly originate from the peripheral zone. These discrepancies indicate a significant 

sampling bias which is important to consider when interpreting results. Therefore, 

the decision to pool samples from the 2 cohorts to improve statistical power may 

be questionable. Ideally, only samples from similar sources should be compared.  

 In addition to sampling biases, it is important to mention that the TURP and 

biopsy samples correspond to archive cohorts of patients diagnosed between 1994 
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and 2004. This constitutes a strength of those cohorts, with long term clinical follow 

up in terms of survival, but also a weakness since clinical management of PCa may 

not be entirely similar nowadays. Also, while overall survival is an important 

parameter when evaluating biomarker performance, it would be interesting to test 

other clinical parameters such as biochemical recurrence to evaluate the success 

rate of ADT according to RUNX1 status. Here, it is difficult to determine if patients 

remained disease-free after receiving a curative form of treatment such as surgery 

or radiotherapy, and which patients received ADT. In fact, anecdotical annotations 

present in the clinical database suggest that patients received very heterogeneous 

treatments. Heterogeneity in subsequent treatments is also likely to introduce 

additional biases in a fraction of patients. Unfortunately, it was not possible to 

include these layers of information in multivariate analyses due to the amount of 

missing data.  

 Despite the benefits of analysing large number of patient samples in TMAs, 

the technical approach chosen here is associated with additional limitations. TMA 

sections were co-stained with 3 markers by immunofluorescence. This approach 

provides a greater dynamic range compared with classical chromogenic 

immunohistochemistry thereby improving quantitative analyses (Camp et al., 2002; 

Levenson et al., 2015; McCabe et al., 2005). Another important advantage was the 

use of a pan-cytokeratin to restrict the analysis to the epithelial compartment. 

However, despite the use of this parameter, it is possible that cellular classification 

into epithelial and stromal compartments was not always accurate. This may be 

problematic in cases where RUNX1+ tumour infiltrating immune cells would be 

misclassified as epithelial during image analysis. Overall, the use of 3 markers 

remains a limitation when studying population dynamics in complex and 

heterogeneous tumour samples. Increasing the number of proteins probed would 

allow more accurate classification of stromal and epithelial compartments, but also 

enable to group patient tumours into more similar subtypes which may in turn 

improve prognostic performance.  

 Besides, antibody-based stainings of archived samples are associated with 

technical artefacts difficult to account for in semi-automated quantitative analyses, 
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such as differences in tissue fixation post-surgery and variations in antigen 

preservation. These aspects can introduce biases between samples originating from 

different patient cohorts. For example, TURP samples were likely to be affected by 

diathermy artefacts due to the surgical procedure. Conversely, biopsies suffered 

from more pronounced edge effects and tissue loss due to the smaller sample sizes. 

Tissue sections also present a certain degree of autofluorescence, which varies 

depending on tissue composition. In principle, autofluorescence should have a 

minimal impact on intensity measurements due to the high signal-to-noise ratio 

obtained by the use of TSA-conjugated fluorophores. But despite taking into 

account these aspects before extracting single cell measurements to minimise 

quantitative artefacts, it is not possible to rule out the presence of unidentified 

technical biases. A direct consequence of this quality control step resulted in some 

cases in significant loss of material, which may have an impact on downstream 

analyses. We estimated that for both the TURP and biopsy cohorts, about half of 

the cores were not available for analysis due to poor staining quality or artefacts, as 

well as missing, rolled and crushed TMA cores. 

 Finally, an important point to discuss relates to the strategy used to analyse 

the TMA cohorts. Single cell measurements were extracted from scanned images 

and used to classify patients into high and low RUNX1 or NKX3.1 expression based 

on the percentage of positive cells. The first critical parameter to set was the 

intensity threshold used to classify single cells as positive or negative. This value 

was determined empirically for both RUNX1 and NKX3.1 by manually evaluating a 

large number of cells in different section and tissue cores. Next, an arbitrary cut-off 

was chosen using quantiles in order to separate patients with the highest or lowest 

RUNX1 and NKX3.1 levels respectively. This was done by considering only the core 

with the highest proportion of RUNX1+ cells in the case of RUNX1 and using the 

pooled material from all cores for NKX3.1. The rationale for this was that a single 

tumour focus with high RUNX1 expression or overall low expression levels of 

NKX3.1 may be important and unusual features to consider (Bethel and Bieberich, 

2007; Bowen et al., 2000). Varying the thresholds and approaches used to conduct 

the analysis could have important consequences in terms of prognostic 
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performance. Therefore, it would be important to evaluate the robustness of the 

approach chosen in this chapter on independent and larger patient cohorts. It is 

possible that the thresholds chosen would not apply to different cohorts, or even 

that biopsies should be treated differently than TURP. Staining larger patient 

cohorts would likely help to optimise the determination of relevant thresholds. Of 

note, other quantification approaches were tested, including the calculation of a 

weighted histological H-score which takes into account the proportion of cells of 

increasing intensities for a given marker (Fedchenko and Reifenrath, 2014). 

However, this did not improve the prognostic performance of RUNX1 and NKX3.1 

(data not shown). Despite all these limitations, RUNX1 seems to have limited clinical 

utility as a single marker or in combination with NKX3.1 in PCa patients. 
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Chapter 8  Conclusion and perspectives 
 

 Cancer is a highly heterogeneous disease, capable of using multiple strategies 

to transform a normal cell into a malignant one (Hanahan and Weinberg, 2011). 

While the mechanisms involved in tumorigenesis are increasingly studied and 

understood, cancer remains amongst the principal causes of death worldwide 

(Ferlay et al., 2015). It is largely admitted that early diagnosis is the most effective 

way to improve patient outcomes (Crosby et al., 2020). In the case of PCa, the 

development and widespread availability of PSA testing has improved early 

detection, but it is not specific and sensitive enough to distinguish between low- 

and high-risk patients. This is of particular importance since the vast majority of PCa 

cases are diagnosed with indolent or clinically insignificant tumours that will never 

progress to more advanced forms such as mCRPC (Shen and Abate-Shen, 2010; 

Welch and Black, 2010; Wilt et al., 2008). Yet, the development of mCRPC in a 

subgroup of patients is associated with high mortality, due to the limited effective 

treatment options for metastatic and hormone-refractory tumours (Teo et al., 

2019). In this context, there is a strong need for better biomarkers of disease 

progression and recurrence to improve the clinical management of PCa. In the 

recent years, the master regulator of haematopoiesis RUNX1 has been increasingly 

implicated in epithelial tissues (Blyth et al., 2005; Ito et al., 2015; Mevel et al., 2019; 

Scheitz et al., 2012), including hormone-regulated ones (Lie-A-Ling et al., 2020; 

Riggio and Blyth, 2017). This led to the hypothesis of my PhD that RUNX1 is involved 

in normal prostate biology and prostate cancer, which I investigated using a 

combination of experimental approaches involving mouse models and human 

patient samples.  

8.1. Key findings 

 In mice, RUNX1 was found to be expressed during embryonic prostate 

development in the urogenital epithelium, prior to the emergence of the first 

prostatic buds. Throughout mouse prostate development, RUNX1 expression was 
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largely restricted to the peri-urethral or proximal region, while the most distal parts 

of the epithelial ducts were marked by NKX3.1 expression. RUNX1 was also 

expressed in a large proportion of basal cells, though this aspect was not further 

investigated. The pattern of expression of RUNX1 was conserved in the adult mouse 

prostate, whereby RUNX1 marked a subset of proximal luminal cells (PLCs). 

Together with extensive in situ phenotypic characterisation using multiple 

immunofluorescent panels, the use of single-cell transcriptomics of developmental 

and adult stages suggested that RUNX1+ PLCs constitutes a distinct luminal lineage 

of the prostate. In fact, this luminal lineage appears to be established at the very 

onset of prostate development, and predominantly confined until adulthood to the 

most proximal region of all mouse prostate lobes. Beyond the study of RUNX1 

biology, scRNA-seq of the normal and castrated adult mouse prostate highlighted 

an unprecedented level of heterogeneity within the prostatic epithelium, and in 

particular within the luminal compartment with the detection of at least six 

transcriptomically divergent mature populations. 

 In addition to a distinct gene expression program and specific anatomical 

localisation, RUNX1+ PLCs have unique functional characteristics. First, the 

histological phenotypes of these cells suggest that they are not committed to the 

secretory function of the prostate. This was further reinforced by analyses of their 

gene expression program by scRNA-seq showing the absence of a secretory 

program. Then, RUNX1+ PLCs displayed stem cell behaviour in organoid assays, with 

an enhanced clonogenic potential compared with other luminal subsets, and a 

lineage bias towards the luminal fate. Finally, genetic lineage tracing experiments 

revealed that RUNX1+ PLCs are intrinsically castration-resistant, but do not 

contribute to the regeneration of distinct lineages, including NKX3.1+ cells. 

Together, these results provide new insights into the lineage relationship of the 

prostate epithelium and warrant further studies of RUNX1+ PLCs in the context of 

tumorigenesis and treatment resistance.  

 Inherent anatomical and histological differences between species remain an 

obstacle to directly translate these findings to the human prostate. Nevertheless, in 

non-transformed human prostate tissue, RUNX1 was also expressed in the peri-
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urethral region, basal cells, and strongly enriched in areas of epithelial atrophy and 

inflammation. Overall, while the expression of RUNX1 was low in human tumours, a 

subset of patients displayed high RUNX1 levels, which was often associated with 

concomitant low NKX3.1 expression and higher pathological grades. However, 

RUNX1 expression was not significantly associated with differences in overall 

survival using archived TMA cohorts and publicly available databases, indicating 

limited clinical utility as a single marker or in combination with NKX3.1. 

8.2. Towards a greater understanding of RUNX1 biology in 
the prostate epithelium 

8.2.1. Regulation of Runx1 expression in prostate epithelial cells 

 Runx1 expression can be driven by two alternative promoters, distal (P1) and 

proximal (P2). The tight regulation between P1 and P2 has been best studied in the 

context of haematopoiesis, both in development and adult (described in section 

1.4.1.3). However, little is known about the activity of RUNX1 promoters in other 

tissues. In the mouse prostate epithelium, the expression of Runx1 appeared to be 

exclusively mediated by the P2 promoter, thought to be the primordial promoter 

(Levanon and Groner, 2004), and responsible for the expression of the RUNX1b 

isoform. Additional work carried out as part of a collaboration, but not shown in 

this thesis, indicates that RUNX1b is also the predominant isoform expressed in 

mammary epithelial cells. More work is therefore required to assess whether any 

other epithelial population expresses RUNX1c, but the data presented here would 

suggest that RUNX1c is not expressed in epithelial lineages. This observation 

contrasts with the haematopoietic system, in which RUNX1b and RUNX1c are 

expressed during embryonic and adult haematopoiesis, either sequentially or in 

distinct cell types. One possible explanation for this differential isoform usage could 

relate to the specific requirements for RUNX1 in haematopoietic and epithelial 

cells. The use of two isoforms might be more relevant to the haematopoietic setting 

where RUNX1 is a master regulator and requires fine tuning of its expression (Lie-A-

Ling et al., 2020). It is also striking that during haematopoietic development, 
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RUNX1b is expressed in endothelial cells, before any lineage committed blood cell 

emerge, reinforcing the notion that RUNX1c expression may be restricted to the 

haematopoietic system (Lie-A-Ling et al., 2018; Sroczynska et al., 2009). Promoter 

activity may also depend on upstream regulators involved, leading to differential 

enhancer accessibility in prostate cells, or a requirement for subtle functional 

differences between RUNX1b and RUNX1c in distinct tissues. Overall, it would be 

interesting to investigate further the regulatory mechanisms of Runx1 expression in 

epithelial cells, and test whether replacing RUNX1b by RUNX1c in these cells would 

alter its downstream function and the phenotype of RUNX1+ cells. Finally, it would 

be interesting to investigate whether similar regulation occurs in the human 

prostate, and in PCa. 

8.2.2. Functional role of Runx1 in the prostate 

 The main role of RUNX1 is to act as a DNA-binding transcription factor to 

regulate gene expression. The expression pattern of RUNX1 in the prostate suggests 

a specific role. However, the present work focused on the description of RUNX1 

expression, but it did not uncover the transcriptional program regulated by RUNX1 

in the prostate. Runx1 knockout experiments in prostate organoid cultures failed to 

exhibit a phenotype. Similarly, experiments not shown in this thesis but performed 

in UGS explant cultures did not result in noticeable changes upon Runx1 deletion. 

Conditional deletion of Runx1 using Pb-Cre4 Runx1Flox/Flox mouse model also failed 

to generate defects in the prostate epithelium, even in aged mice or in castration-

regeneration assays (data not shown). The absence of phenotype may indicate that 

RUNX1 is not essential for prostate cells, or that loss of RUNX1 is compensated by 

another RUNX family member or an alternative pathway. Thus, additional work is 

required to investigate the role and requirement of RUNX1 in prostate cells. Since 

genetic deletion experiments did not result in evident phenotypic changes, it would 

be interesting, in the future, to focus on the DNA-binding activity of RUNX1 rather 

than the phenotypic consequences of its deletion. In the haematopoietic system, 

RUNX1 has been extensively studied in normal development and adult 

homeostasis, as well as in blood malignancies including leukaemia (Lichtinger et al., 
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2012; Ptasinska et al., 2012; Tijssen et al., 2011; Wilson et al., 2010). However, the 

precise gene expression program regulated by RUNX1 in other tissues remains 

poorly characterised. In particular, the high cell numbers required for Chromatin 

Immunoprecipitation Sequencing (ChIP-Seq) experiments constitutes one of the 

main limitations to perform genome-wide DNA-binding profile of RUNX1 in vivo. A 

novel method, termed Cleavage Under Targets and Release Using Nuclease 

(CUT&RUN), has recently been developed to profile transcription factors binding 

using low cell numbers (Skene and Henikoff, 2017; Skene et al., 2018), and may 

therefore leverage part of the limitations associated with ChIP-Seq. While it still 

relies on the use of an anti-RUNX1 antibody, experimental conditions differ from 

ChIP-Seq, and the cost of individual samples has been dramatically reduced. It 

would be interesting to optimise and apply CUT&RUN on RUNX1+ prostate 

epithelial cells in order to characterise the transcriptional program regulated by 

RUNX1 in distinct populations of the prostate epithelium. Furthermore, recent 

advances in single cell technologies hold promises to profile transcription factors at 

the single cell resolution, such as single-cell CUT&RUN (Hainer et al., 2019). 

Alternatively, single-cell Assay for Transposase-Accessible Chromatin (ATAC)-seq 

could be used to profile open chromatin regions and infer gene regulatory networks 

from transcription factor binding sites (Cusanovich et al., 2015; Cusanovich et al., 

2018). 

8.2.3. Contribution of RUNX1 to hormone regulated tissues 

 Beyond the haematopoietic system, RUNX1 is increasingly implicated in the 

homeostasis and tumorigenesis of hormone regulated tissues, suggesting a possible 

mechanistic link between hormones and RUNX1. Previous work focused mainly on 

the study of RUNX1 in mammary glands and breast cancer, but our study adds 

further evidence that RUNX1 may also be involved in the prostate, predominantly 

regulated by male hormones. 

 In the mammary gland, Runx1 is expressed in both basal and luminal cells, 

with fluctuations during pregnancy and lactation (Blyth et al., 2010; Browne et al., 

2015; McDonald et al., 2014; van Bragt et al., 2014). Specifically, RUNX1 is totally 
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absent in secretory alveolar cells, a luminal lineage involved in milk production. 

Also, deletion of Runx1 led to a reduction of mature luminal cells, and RUNX1 was 

shown to repress the master regulator of alveolar cells Elf5 and promote the 

expression of a mature ductal luminal transcriptional program (van Bragt et al., 

2014). Here, a parallel seem to exist between the mammary and prostate glands, 

with higher RUNX1 expression in non-secretory prostate luminal cells of the 

proximal region, basal cells, and castrated cells. Protein secretion by luminal cells is 

dynamically regulated by hormone signalling, and in particular AR in the prostate. 

Since AR exerts also a DNA-binding function and can bind to RUNX1 promoter 

(Takayama et al., 2015), it would be interesting to profile both RUNX1 and AR 

activity in RUNX1+ prostate epithelial cells at homeostasis, and under hormone-

deprived conditions. This would help understand how hormonal fluctuations 

influence the gene expression program regulated by RUNX1, and whether RUNX1 

and AR cooperate to regulate gene expression. Also, since RUNX1 was highly 

expressed after surgical castration, understanding RUNX1 activity in castrate 

conditions may have relevance to hormone refractory tumours in which RUNX1 is 

expressed at high levels. 

 Despite apparent similarities between the mammary and prostate glands, the 

requirement for RUNX1 may also differ between the two tissues. In organoid 

cultures of primary prostate epithelial cells, no defects could be observed upon 

deletion of Runx1. This contrasts with the mammary setting, where RUNX1 was 

shown to prevent EMT in mammary epithelial cell lines, with its deletion leading to 

abnormal morphogenesis in 3D cultures (Hong et al., 2017; Pegg et al., 2019; Sokol 

et al., 2015; Wang et al., 2011b). Nevertheless, these divergent phenotypic 

observations could also be explained by differences in experimental conditions and 

do not entirely rule out a role for RUNX1 in regulating 3D morphogenesis of 

prostate organoids. Since RUNX1 is expressed in both contexts, genome-wide 

profiling of RUNX1 transcriptional activity during mammary and prostate organoid 

formation could help resolve whether it regulates a similar program in both tissues. 

 In breast cancer patient samples, RUNX1 expression was found to be higher in 

the triple-negative subgroup (Karn et al., 2011; Rody et al., 2011), and patients with 
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higher RUNX1 levels in triple-negative and ER-negative breast cancers were 

associated with poorer outcomes (Ferrari et al., 2014). Conversely, the present 

work suggests that RUNX1 expression levels are not predictive of PCa patient 

outcomes. Yet, a small number of patients diagnosed with high grade PCa 

expressed higher levels of RUNX1. Additional work should be performed to 

understand the reason behind this phenomenon. Indeed, while PCa has been 

stratified in a few histologically and molecularly distinct subtypes, it may be 

beneficial to refine this characterisation, and assess if the observation that a 

subgroup of tumours expresses high RUNX1 levels would have any clinical utility on 

larger and independent patient cohorts. 

8.2.4. Role of RUNX1 in PCa 

 The mouse work presented in this thesis focused on the characterisation of 

RUNX1 expression in the normal mouse prostate. Indeed, it is essential to deepen 

our understanding of normal biology and physiology to better comprehend disease. 

However, this study undoubtedly lacks a functional analysis of RUNX1 in the context 

of PCa. The expression of RUNX1 was only assessed in archived human patient 

samples of PCa. Thus, it would now be important to complement this descriptive 

work in benign prostate cells by studying RUNX1 in models of PCa. First, existing 

mouse models of PCa could be screened for changes in RUNX1 expression in normal 

and transformed cells. Next, genetic manipulation of RUNX1 expression could be 

modelled with the generation of prostate-specific conditional knockout or 

overexpression mouse models, in combination with additional oncogenic events. 

These models could then be surgically castrated in order to mimic ADT and test 

whether RUNX1 plays a role in the development of castration resistant tumours. 

Since several populations of mature luminal cells were identified by scRNA-seq, it 

would also be interesting to direct those genetic manipulations using cell type 

specific promoters, including RUNX1+ PLCs, to assess their behaviour during 

prostate tumorigenesis and castration resistance in the presence or absence of 

RUNX1. 
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8.2.5. Relevance to the human prostate 

 The mouse was chosen as a model to study multiple aspects of RUNX1 biology 

in the prostate, but it is associated with inevitable limitations preventing direct 

translation of the main findings to the human prostate. In humans, the expression 

pattern of RUNX1 was more difficult to appreciate, notably due to the nature of the 

samples obtained from diseased individuals. Yet, some similarities in the expression 

pattern of RUNX1 have emerged between the mouse and human prostate. RUNX1 

was notably enriched in the peri-urethral region and basal cells of both species. 

However, the relevance of high RUNX1 expression in regions of epithelial atrophy in 

human samples is unclear. Similarly, it is difficult to assess based on a single patient 

analysed after-ADT whether increased RUNX1 expression would be systematically 

observed in atrophic human prostates post-ADT. While this would mimic the 

increased RUNX1 expression observed after surgical castration in mice, it remains 

unclear if increased RUNX1 expression is functionally linked to the acquisition of a 

castration resistant phenotype, or if it is only circumstantial due to other 

concomitant stimuli during drastic tissue remodelling induced by castration. 

Additional differences in anatomy and cell type composition between mice and 

men warrant additional work to reconcile the biology of the mouse and human 

prostate. It would be particularly interesting to further investigate the relevance - if 

any - of RUNX1+ PLCs to the human prostate gland, in human prostate 

development, adult homeostasis, and disease.  

8.3. Investigating the lineage hierarchy of the normal 
prostate epithelium 

 The relevance of the work presented in this thesis extends beyond RUNX1 

biology. Studying the heterogeneity of the adult mouse prostate epithelium by 

scRNA-seq revealed the existence of several mature population of cells, in 

particular within the luminal compartment. In 2020, a number of concomitant 

studies have reported similar degree of cellular heterogeneity in the adult mouse 

prostate (Crowley et al., 2020; Guo et al., 2020; Joseph et al., 2020; Karthaus et al., 



Chapter 8  Conclusion and perspectives 

 

274 
 

2020). However, the origin of this heterogeneity and how it is established during 

development is largely unknown. The work presented in this thesis attempted to 

decipher the developmental origin of mature prostate lineages by combining single 

cell transcriptomic analyses of embryonic and adult stages. However, despite a 

correlation between an embryonic (C2) and adult (Lum-D) cluster of cells suggesting 

a parental relationship, the precise differentiation trajectories of individual lineages 

remain undetermined. Lineage tracing using canonical basal and luminal Cre drivers 

is considered the gold-standard to study long-term cellular differentiation in 

developing organisms, but it also lacks the possibility to track individual cells along 

the full hierarchical tree of differentiation. Although alternative methods have been 

used in specific systems, such as continuous time-lapse imaging of haematopoietic 

cells in vitro (Hoppe et al., 2016; Loeffler and Schroeder, 2019), these approaches 

are virtually impossible to implement in solid organs in vivo. An emerging scRNA-

seq technology consists in the use of expressed barcodes to track single cell history 

(Bowling et al., 2020; He et al., 2020; Kong et al., 2020; Umkehrer et al., 2020; 

VanHorn and Morris, 2020; Weinreb et al., 2020). For example, the CRISPR array 

repair lineage tracing (CARLIN) mouse model can be used to induce “scaring” 

events in the expressed lineage barcodes arrays allowing partial reconstruction of 

cell lineage hierarchy (Bowling et al., 2020). While this technology has only emerged 

recently, it holds promises to refine our understanding of lineage differentiation. 

Similar approaches could be applied to study whole organ development, as well as 

lineage plasticity in organoid formation and castration-regeneration assays.  

8.4. Mapping the phenotypic landscape of prostate tumours 
to inform clinical management 

 Independent studies of RUNX1 (this work) and NKX3.1 (Wang et al., 2009b) 

showed that these transcription factors were expressed in distinct cell types of the 

mouse prostate, with specific castration resistant and regenerative properties. 

However, neither had been investigated simultaneously in human PCa patient 

samples. This study suggests that RUNX1 has limited biomarker potential used 

either as a single marker or in combination with NKX3.1. Indeed, quantitative 
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analyses of the expression levels of these markers in PCa patient samples could not 

retrospectively serve to predict patient outcomes. Other candidates have 

previously been described to mark specific cell types, such as Bmi1 (Yoo et al., 

2016), Sox2 (McAuley et al., 2019), Ly6d (Barros-Silva et al., 2018), Tacstd2/Trop2 

(Goldstein et al., 2008). But to date, neither of these has shown potential to be 

used on their own as clinical biomarkers for PCa progression or castration resistant 

disease. Thus, the discovery of a reliable biomarker to predict the emergence of 

castration resistant disease is still lacking. One of the main limitations for the 

discovery of individual markers reside in the extensive molecular and phenotypic 

heterogeneity of PCa. To circumvent this problem, the combinatorial analysis of 

several markers to define phenotypic subtypes of tumours has been proposed to 

have clinical predictive relevance (Federer-Gsponer et al., 2020). Along these lines, 

the emergence of high dimensional proteomic platforms such as CODEX (CO-

Detection by indEXing, Akoya Biosciences) (Goltsev et al., 2018) or imaging mass 

cytometry (Giesen et al., 2014) open new avenues. Rather than investigating single 

candidates, large panels of antibodies can be designed to characterise their 

expression simultaneously in single cells and quantify the presence of 

phenotypically similar groups of cells irrespective of their mutational status. This 

approach should enable greater resolution to identify clusters of clinically relevant 

cell types responsible for the development of aggressive disease. The use of large 

cohorts of patient samples archived in TMAs could be exploited to test whether 

such approach would leverage current limitations associated with the use of single 

markers. Together with established diagnostic parameters, these data could be 

combined, with the ultimate aim to improve the clinical management of PCa. 
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