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ABSTRACT 

Triple-negative breast cancer (TNBC) is a highly aggressive and heterogeneous 

subtype that lacks targeted therapies, highlighting the need for a deeper understanding 

of its molecular and cellular mechanisms. Lineage tracing has emerged as a powerful 

tool to decipher the cellular hierarchies governing both normal and malignant mammary 

tissues. Despite significant advancements, knowledge gaps persist regarding how 

distinct mammary epithelial cell populations contribute to TNBC heterogeneity and 

progression. By integrating histological, molecular, and lineage-tracing analyses, this 

thesis provides critical insights into the cellular origins, clonal dynamics, and metastatic 

potential of different mammary epithelial lineages in preclinical TNBC models.  

Lineage-tracing experiments reveal that distinct TNBC subtypes arise from specific 

mammary epithelial cells, with lineage identity and oncogenic plasticity shaping tumor 

heterogeneity. ERα-negative Notch1-positive luminal cells serve as the cell of origin for 

TNBCs with a luminal histology resembling luminal B and basal-like human subtypes, 

while Acta2-positive basal cells generate tumors with basal features mirroring normal-

like human tumors. Notably, basal cells exhibit phenotypic plasticity, contributing to the 

emergence of hybrid tumors that blur conventional subtype boundaries. Clonal 

expansion studies underscore that the pivotal role of luminal progenitors in luminal B 

and basal-like TNBC progression. In luminal B tumors, Notch1-positive luminal cells 

undergo early, robust clonal expansion, followed by a shift toward a more invasive and 

plastic phenotype in advanced stages, enhancing their metastatic potential. During 

dissemination, these cells undergo luminal-to-basal transition, enabling them to 

reconstruct the primary tumor's cellular architecture at distant sites. In advanced stages, 

Noch1-positive cells are outcompeted by Prom1-positive luminal cells, which exhibit 

delayed but significant proliferative response, while Acta2-positive basal cells do not 

contribute to clonal expansion. A similar pattern emerges in basal-like tumors, where 

Notch1-positive cells, comprising ERα-negative luminal cells and a small subset of 

basal cells, clonally expand and drive intratumor heterogeneity.  

These findings highlight the pivotal role of lineage-restricted cellular hierarchies and 

oncogenic plasticity in shaping TNBC heterogeneity and progression. By identifying 

distinct cellular origins, their evolving clonal dynamics, and metastatic trajectories, this 

work offers a mechanistic framework for understanding TNBC evolution. These insights 

may guide the development of personalized therapeutic strategies tailored to subtype-

specific tumor and metastatic origins, while accounting for phenotypic plasticity to 

prevent tumor initiation and halt dissemination in TNBC patients. 

Key words: Triple-negative breast cancer, lineage tracing, mammary epithelial cells, 

cellular origins, phenotypic plasticity, tumor heterogeneity, clonal dynamics, metastatic 

potential. 
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RESUM 

El càncer de mama triple negatiu (TNBC) és un subtipus altament agressiu i heterogeni 

que manca de teràpies dirigides, fet que ressalta la necessitat de comprendre millor els 

seus mecanismes moleculars i cel·lulars. El rastreig de llinatge (lineage tracing) s'ha 

consolidat com una eina poderosa per desxifrar les jerarquies cel·lulars que governen 

tant els teixits mamaris normals com els malignes. Malgrat avenços significatius, 

persisteixen llacunes sobre com les diferents poblacions de cèl·lules epitelials 

mamàries contribueixen a la heterogeneïtat i progressió del TNBC. Integrant anàlisis 

histològiques, moleculars i de lineage tracing, aquesta tesi proporciona coneixements 

clau sobre els orígens cel·lulars, la dinàmica clonal i el potencial metastàtic de diferents 

llinatges epitelials mamaris en models preclínics de TNBC. 

Els experiments de lineage tracing revelen que diferents subtipus de TNBC sorgeixen 

de cèl·lules epitelials mamàries específiques, amb la identitat de llinatge i la plasticitat 

oncogènica modelant la heterogeneïtat tumoral. Les cèl·lules luminals ERα-negatives 

Notch1-positives serveixen com a cèl·lules d'origen per als TNBC amb una histologia 

luminal que s'assemblen als subtipus luminal B i basal-like humans, mentre que les 

cèl·lules basals Acta2-positives generen tumors amb característiques basals que imiten 

els tumors normal-like humans. Cal destacar que les cèl·lules basals mostren plasticitat 

fenotípica, contribuint a l'emergència de tumors híbrids que desdibuixen les fronteres 

convencionals entre subtipus. Els estudis d'expansió clonal destaquen el paper 

fonamental dels progenitors luminals en la progressió dels TNBC luminal B i basal-like. 

En els tumors luminal B, les cèl·lules luminals Notch1-positives experimenten una 

expansió clonal primerenca i robusta, seguida d'un canvi cap a un fenotip més invasiu 

i plàstic en etapes avançades, augmentant així el seu potencial metastàtic. Durant la 

disseminació, aquestes cèl·lules experimenten una transició luminal-a-basal, la qual els 

permet reconstruir l'arquitectura cel·lular del tumor primari en llocs distants. En estadis 

avançats, les cèl·lules Notch1-positives són desplaçades per les cèl·lules luminals 

Prom1-positives, que mostren una resposta proliferativa retardada però significativa, 

mentre que les cèl·lules basals Acta2-positives no contribueixen a l'expansió clonal. Un 

patró similar s'observa en els tumors basal-like, on les cèl·lules Notch1-positives, que 

inclouen cèl·lules luminals ERα-negatives i un petit subconjunt de cèl·lules basals, 

s'expandeixen clonalment i impulsen la heterogeneïtat intratumoral. 

Aquests descobriments ressalten el paper fonamental de les jerarquies cel·lulars 

restringides al llinatge i la plasticitat oncogènica en el modelatge de la heterogeneïtat i 

progressió del TNBC. En identificar orígens cel·lulars específics, la seva dinàmica 

clonal evolutiva i les trajectòries metastàtiques, aquest treball ofereix un marc 

mecanístic per comprendre l'evolució del TNBC. Aquests coneixements podrien guiar 

el desenvolupament d'estratègies terapèutiques personalitzades, adaptades a l’origen 

tumoral i metastàtic específic de cada subtipus, tenint en compte la plasticitat fenotípica 

per prevenir la iniciació tumoral i aturar la disseminació en pacients amb TNBC.  

Paraules clau: Càncer de mama triple negatiu, lineage tracing, cèl·lules epitelials 

mamàries, orígens cel·lulars, plasticitat fenotípica, heterogeneïtat tumoral, dinàmica 

clonal, potencial metastàtic. 
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INTRODUCTION 

 Lineage tracing approaches: tools and applications  

Lineage tracing is a powerful and versatile methodology in biological research, enabling 

the tracking of the origin, development, and fate of cell populations within living 

organisms [1]. By genetically labeling cells and observing their behavior over time, this 

technique provides critical insights into fundamental biological processes, including 

tissue development, regeneration, disease progression, and cancer formation [2-11]. 

The ability to trace cellular dynamics at both single-cell and population levels has made 

lineage tracing indispensable for advancing our understanding of developmental biology 

and pathology. 

Lineage tracing is based on the premise that cells can be permanently labeled in a way 

that the marker is inherited by all their progeny. This allows researchers to map clonal 

expansion and differentiation pathways over time. The technique relies on genetic 

constructs that are specifically designed to label and visualize the targeted cells and 

their descendants, often through a two-component system. 

Several lineage tracing strategies exist, each with distinct advantages and applications. 

This system uses two genetic constructs, typically delivered via two separate genetic 

lines:  

1. The first genetic construct utilizes a lineage-specific promoter to drive the 

expression of an inducible recombinase, such as Cre recombinase or Flippase 

(Flp). The promoter ensures that recombinase activity is restricted to a specific cell 

type or lineage of interest.  

2. The second genetic construct contains a reporter gene that enables the 

visualization of recombined cells and their progeny. This reporter is often designed 

to produce a detectable signal, such as fluorescence or enzymatic activity, which 

can be observed using microscopy, histology, or sequencing techniques. Common 

reporter genes include: 

a. Fluorescent proteins: Green fluorescent protein (GFP) and its derivatives 

(e.g., YFP, CFP, RFP) are widely used for live-cell imaging and spatial 

tracking of labeled cells [12,13]. 

b. LacZ: The LacZ gene encodes β-galactosidase, an enzyme detectable 

through substrates like X-gal that generate a blue color in labeled cells [14]. 

c. Barcoding sequences: Unique DNA sequences can be introduced as labels 

and subsequently analyzed by high-throughput sequencing, providing 

quantitative insights into clonal dynamics and lineage relationships [15,16].  

Lineage tracing remains a cornerstone of modern biological research, providing 

unparalleled insights into the behavior and fate of cells within complex tissues. Its 

applications in understanding cellular hierarchies, tissue regeneration, and disease 

mechanisms continue to expand, driven by ongoing innovations in genetic engineering 

and imaging technologies. 
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1.1. Cre/lox systems for lineage tracing 

The Cre/loxP system is one of the most widely used genetic tools for lineage tracing, 

owing to its precision, flexibility, and ease of application in various biological contexts. 

This system relies on the Cre recombinase enzyme, which catalyzes site-specific 

recombination between two loxP sites (Figure I1), leading to targeted modifications 

such as gene activation, inactivation, or permanent labeling of specific cell populations. 

1.1.1. Tamoxifen-inducible model 

The tamoxifen-inducible Cre system introduces temporal control into lineage tracing 

experiments. This system employs a modified form of the Cre recombinase, fused to a 

mutant ligand-binding domain of the human estrogen receptor (ER) (CreER, CreERT, 

or CreERT2) [17-19]. This ER domain ensures that Cre remains inactive in the cytoplasm 

until activated by synthetic ligands such as tamoxifen or 4-hydroxytamoxifen (4-OHT). 

Once activated, CreERT2 translocates into the nucleus, where it excises or inverts a 

loxP-flanked STOP cassette, thereby inducing permanent expression of a reporter gene 

in the targeted cells (Figure I1A). The recombined locus is stably inherited by the 

progeny of these cells, enabling long-term tracking of cellular lineages. This feature has 

proven invaluable in studies of tissue homeostasis, regeneration, and cancer. 

 

Figure I1. Two inducible Cre systems for gene activation in mouse models. A. In the tamoxifen-inducible 

CreERT2 system, CreERT2 is expressed at the locus of interest and activated by tamoxifen (Tam) injection, 

excising the LoxP-flanked STOP sequence to initiate reporter expression. B. In the doxycycline-inducible rtTA 

system, rtTA expression is triggered by doxycycline (Dox), leading to Cre activation and reporter expression. 

Figure created with BioRender. 

Advantages of the tamoxifen-inducible model include activation at specific time points, 

enabling dynamic lineage tracking; minimal off-target recombination when appropriate 

promoters are used; and broad compatibility with various tissues and experimental 

setups. Practical considerations, such as optimizing tamoxifen concentrations, 

experimental timelines, and induction ages, have been largely resolved, making this 

approach highly versatile and effective for a variety of research applications beyond 

lineage tracing, such as studies involving mutation and gene deletion targeting. 

A B 
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Despite its advantages, the use of tamoxifen presents some challenges. By inhibiting 

ER signaling, tamoxifen can delay the growth and expansion of the mammary gland 

during puberty. While low concentrations (up to 1.5 mg/kg) have minimal impact on 

mammary development [20], studies involving embryonic mammary development must 

account for tamoxifen’s potential interference with natural pup delivery. To address this, 

researchers may opt for alternative methods such as C-sections or progesterone 

administration, though these alternatives carry additional risks to hormonal regulation 

and natural mammary growth [21].  

1.1.2. Doxycycline-dependent models 

The tetracycline-inducible system offers an alternative to tamoxifen-based approaches, 

providing robust temporal control of gene expression using doxycycline (Dox) or 

tetracycline [22,23]. This system utilizes a reverse tetracycline-controlled transactivator 

(rtTA), which, upon Dox administration, binds to tetracycline response elements (TRE), 

such as transcriptional activation elements (TetO), to activate the expression of Cre 

recombinase. Cre then excises the loxP-flanked STOP cassette, enabling lineage 

tracing (Figure I1B).  

Key advantages of Dox-dependent systems include efficient labeling at saturation, as 

long-term Dox administration ensures that nearly all targeted cells within a lineage are 

labeled, overcoming the low recombination rates sometimes observed with tamoxifen-

inducible systems [24]; and non-interference with endogenous ER, making it particularly 

useful in studies where tamoxifen’s partial agonistic effects on ER could pose a 

challenge.  

Moreover, Dox-inducible systems offer tighter control over gene expression than 

tamoxifen-inducible models. This is because tamoxifen has lower binding efficiency to 

CreERT2, leading to variable and less efficient labeling. Consequently, rtTA-based 

systems are especially well-suited for applications requiring uniform labeling across a 

population or lineage, such as clonal dynamics studies or tissue regeneration 

experiments.  

However, the main challenge of this approach lies in the requirement to generate triple-

transgenic mice, which involves additional animals and an extra generation of breeding 

crosses to achieve the desired genotype, making it considerably more expensive and 

time-consuming. 

1.2. Dre/rox systems 

The Dre/rox recombination system is a complementary site-specific recombination 

system similar to Cre/loxP but uses a different recombinase (Dre) and recognition sites 

(rox) [25].  

This system offers advantages in experiments requiring independent genetic 

manipulations in the same organism. For instance, the Dre/rox system can be paired 

with Cre/loxP to achieve dual recombination events, allowing researchers to selectively 

label and modify distinct populations, perform sequential recombination by introducing 
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genetic changes stepwise to study their cumulative effects, and minimize crosstalk by 

ensuring that recombination events driven by Dre do not interfere with those mediated 

by Cre, thereby enhancing experimental flexibility [26-28]. 

By using dual recombinase-activated lineage tracing, researchers can enhance the 

precision of genetic lineage tracing using different strategies [29]:  

▪ The Interleaved Reporter (IR) strategy arranges loxP and rox recombination sites 

in an interleaved manner, such as loxP-rox-STOP-loxP-ZsGreen-STOP-rox-

tdTomato, ensuring sequential and cell-specific recombination. In the first cell type, 

Dre/rox recombination removes the loxP site between rox sites, activating tdTomato 

expression and preventing non-specific Cre/loxP recombination in these cells. 

Similarly, in the second cell type, Cre/loxP recombination removes the rox site 

between loxP sites, activating ZsGreen expression while blocking non-specific 

Dre/rox recombination. By labeling two distinct cell types with different fluorescent 

proteins, this strategy avoids ectopic Cre/loxP or Dre/rox recombination in non-

specific cell types and ensures precise lineage tracing of cells where Dre or Cre 

recombination has occurred. This system was used to investigate the contributions 

of specific stem cells to different cell types. For instance, it clarified the roles of c-

Kitpos cardiac stem cells and Sox9pos hepatic progenitor cells in tissue regeneration, 

enabling detailed insights into lineage fidelity and the occurrence of cell lineage 

conversion events [30]. 

▪ The Nested Reporter (NR) strategy utilizes nested loxP and rox recombination 

sites, such as rox-loxP-STOP-loxP-ZsGreen-STOP-rox-tdTomato, enabling 

simultaneous Cre and Dre recombination within the same cell. Similar to the IR 

system, this approach labels different cell types with distinct fluorescent proteins, 

with Dre recombination excluding Cre activity in non-targeted populations, ensuring 

precise lineage tracing. A key distinction of the NR system is its ability to switch 

fluorescent protein expression within the same cell. For example, a cell initially 

labeled with ZsGreen by Cre recombination can later switch to tdTomato upon Dre-

mediated recombination. This capability makes the NR strategy particularly suited 

for tracking cells that change marker expression over time. An application of this 

strategy was demonstrated by Li et al., who used the NR system to lineage trace 

mammary tumor cells undergoing epithelial-to-mesenchymal transition (EMT). Even 

when EMT gene activity was transient, Dre/rox recombination enabled permanent 

tdTomato labelling, allowing precise tracking of these cells throughout their 

progression [31]. 

▪ The Intersectional strategy facilitates double recombination, expressing a single 

reporter only in cells that undergo both Dre/rox and Cre/loxP recombination events. 

This is useful for studying double-positive cell populations defined by two genetic 

markers. For example, in the Ai66 reporter system, the construct is organized as 

rox-STOP-rox-loxP-STOP-loxP-tdTomato. In this setup, only double-positive cells 

will be labeled with tdTomato when both Dre and Cre recombinase activities occur. 

This system was employed by Liu et al. to specifically track contributions of 

CC10posSPCpos bronchioalveolar stem cells to lung regeneration [32]. 
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In summary, the Dre/rox system has advanced multicolor lineage tracing by enabling, 

precise, cell-specific, and dynamic labeling of distinct or overlapping cell populations. 

These innovations have become invaluable tools in developmental biology, from tissue 

regeneration to cellular transitions and interactions, with unprecedented specificity.  

However, the dual recombinase system has its limitations. One significant drawback is 

the limited availability of Dre-driver mouse lines and rox-flanked reporter lines. This 

constraint has restricted its application in certain tissues, including mammary gland 

studies [21]. Additionally, while effective, the complexity of managing two recombinase 

systems may introduce challenges in experimental design and data interpretation, 

making it less accessible for certain research applications. 

1.3. Flippase/Frt system 

The Flippase/Frt (Flp/Frt) system is a powerful genetic recombination tool that enables 

site-specific modifications within the genome. Originating from yeast, the Flp 

recombinase recognizes engineered Frt sequences to mediate recombination, resulting 

in excision, inversion, or integration of genetic material depending on the orientation of 

the Frt sites [33]. This precise control facilitates targeted manipulation of genomic loci 

in a cell-type or tissue-specific manner, making it a vital tool for lineage tracing, 

conditional gene expression, and functional studies across various biological contexts 

[34,35]. 

One of the key advantages of the Flp/Frt system is its independence from the Cre/loxP 

system, allowing the two to be combined for dual or sequential recombination events. 

This approach has enabled sophisticated genetic modifications, including targeted 

introduction of oncogenes in mammary epithelial cells to drive breast tumor formation 

[36,37], and in pancreatic cells to induce pancreatic cancer [38].  

Additionally, the system offers high specificity due to its unique recognition sites, which 

minimize crosstalk with other recombinase systems. Temporal regulation can also be 

achieved using inducible Flp variants, such as FlpO-ER, which is activated through the 

administration of specific ligands [39]. 

Despite these strengths, the Flp/Frt system has some limitations. Flp recombinase 

exhibits optimal activity at lower temperatures, with recombination efficiency decreasing 

significantly at temperatures above 30ºC, which can be a constraint in mammalian 

systems that operate at 37ºC [40]. This temperature sensitivity, combined with variability 

in recombination efficiency and potential background activity, has positioned the 

Cre/loxP system as a more widely adopted due to its higher efficiency and broader 

range of available tools. Notably, there is compelling evidence indicating that the Flp/Frt 

system possesses considerably lower sensitivity compared to the Cre/loxP system [41]. 

Ongoing advancements, including the development of more efficient Flp variants and 

novel reporter constructs, continue to expand the utility of the Flp/Frt system. When 

integrated with emerging technologies such as CRISPR/Cas9, the Flp/Frt system holds 

promise for increasingly intricate genetic and cellular studies [42]. This flexibility and 
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precision make the Flp/Frt system a valuable addition to the genetic toolbox, applicable 

to a wide range of experimental systems and model organisms. 

1.4. Pulse-chase experiments 

Lineage tracing approaches often utilize pulse-chase experiments to study cellular 

dynamics over time (Figure I2). In a pulse experiment, a short-term recombination event 

(16–24 hours) labels targeted cells, establishing a baseline population for subsequent 

analysis. In contrast, chase experiments track the labeled cells and their progeny over 

an extended period (days to weeks), allowing researchers to study their proliferation, 

differentiation, and long-term fate. 

  

Figure I2. Schematic representation of pulse-chase experiments in lineage tracing. In pulse 

experiments (purple), Cre recombinase is transiently activated (16-24 hours) to label the targeted cells, 

establishing a baseline for subsequent tracking. In chase experiments (yellow), the initial Cre activation is 

followed by an extended observation period (days or weeks), during which the labeled cells and their progeny 

proliferate and differentiate. This method allows for detailed analysis of cellular dynamics over time, offering 

insights into cell lineage, fate, and differentiation processes. Figure created with BioRender. 

Pulse-chase experiments offer invaluable insights into stem cell behavior by assessing 

the self-renewal and differentiation potential of progenitors. They also enhance our 

understanding of how specific cell populations contribute to the maintenance of tissue 

integrity. Furthermore, and particularly relevant to this thesis, these experiments play a 

crucial role in unraveling tumor heterogeneity by exploring the clonal dynamics and 

plasticity of cancer cells, shedding light on the mechanisms underlying their diverse 

behaviors and treatment responses. 

Modern applications often integrate pulse-chase experiments with advanced imaging 

and sequencing technologies, enabling high-resolution tracking of cellular lineages and 

uncovering intricate details of tissue architecture. 
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 Physiology of the mammary gland 

2.1. Cellular architecture of the mammary gland 

The mammary gland is a highly specialized, branched epithelial exocrine organ primarily 

responsible for the production and secretion of milk, a process essential for the 

nourishment and survival of newborn mammals. Its remarkable structural complexity 

and dynamic adaptability enable it to meet the physiological demands of different 

reproductive stages, including puberty, pregnancy, lactation, and involution [43].  

The gland consists of multiple cell types that work together to maintain its functional and 

structural integrity. The epithelial cells form the intricate ductal and alveolar network 

critical for milk transport and secretion. Meanwhile, the stromal compartment provides 

a supportive microenvironment [44]. The stroma is composed of: 

▪ Adipocytes, which contribute to energy storage and secrete adipokines that are 

involved in gland function. 

▪ Fibroblasts, which produce extracellular matrix components and contribute to 

structural support. 

▪ Immune cells, including macrophages, neutrophils, and lymphocytes, which play 

roles in tissue remodeling, immune defense, and involution. 

▪ Vascular endothelial cells, which form blood vessels that supply oxygen, nutrients, 

and hormones to the gland. 

The epithelial compartment of the mammary gland is organized into a bilayer tubular 

structure [45]. This bilayer comprises (Figure I3):  

▪ An outer basal layer, which includes basal progenitor cells, which serve as 

precursors to myoepithelial cells and play a role in epithelial maintenance; and 

myoepithelial cells, which are contractile cells responsible for milk ejection during 

lactation. These cells form a continuous layer adjacent to the basement membrane 

and provide structural support to the luminal cells. 

▪ An inner luminal layer, composed of two distinct populations of luminal cells: 

➢ Hormone-sensing luminal cells, which express estrogen receptor alpha (ERα) 

and/or progesterone receptor (PR). These cells respond to hormonal signals 

and regulate the behavior of surrounding cells through paracrine signaling. 

➢ Hormone-responding luminal cells, which lack ERα/PR expression and include 

luminal progenitors and differentiated alveolar cells involved in milk production 

during lactation. 

Approximately 10-15% of the luminal epithelial cells express ERα (ERα-positive or 

ERαpos), and these cells are essential for glandular function. Through paracrine 

signaling, ERαpos cells influence the proliferation and differentiation of nearby ERα-

negative (ERαneg) luminal cells, particularly during pregnancy and lactation [46,47].  
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Figure I3. Schematic representation of the normal mammary gland architecture. The tissue is organized 

into ducts consisting of basal cells adjacent to the basal membrane, ERαpos luminal cells, and ERαneg luminal 

cells. The dotted black line delineates the cross-section of the mammary duct illustrated in the magnified inset 

on the right. Illustration adapted from Vinuesa-Pitarch et al., 2021 [45]. 

The epithelial and stromal compartments are separated by a specialized extracellular 

matrix structure known as the basement membrane. This thin but robust barrier consists 

of proteins such as laminins, collagen IV, nidogens, and perlecan, providing both 

physical separation and biochemical signaling interfaces [48]. The basement membrane 

plays a critical role in maintaining the structural integrity and spatial organization of the 

gland, as well as in regulating signaling by mediating interactions between epithelial and 

stromal cells that influence gland development, function, and repair [49-51]. 

During lactation, the coordinated activity of the epithelial layers becomes critical. Milk 

synthesis occurs in the alveolar luminal cells, which are specialized for this function. 

Once synthesized, milk is stored in the alveolar lumen and transported through the 

ductal network. The outer myoepithelial cells contract in response to oxytocin, a 

hormone released during nursing, to expel milk from the alveoli into the ductal system 

for delivery to the offspring [52]. 

This highly orchestrated process underscores the importance of cellular coordination 

and structural integrity in maintaining the functionality of the gland during lactation. 

2.2. Development and homeostasis of the mammary gland 

The mammary gland is a highly dynamic organ that begins its development during the 

embryonic stage and completes its morphological and functional maturation postnatally. 

The development of the mammary gland occurs across distinct life stages, including 

puberty, pregnancy, lactation, and involution. Each stage demonstrates the capacity of 

the gland to adapt its structure and function to meet the reproductive requirements of 

the individual [53] (Figure I4).  
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Figure I4. Schematic representation of mammary gland development across life stages. The mammary 

gland undergoes dynamic remodeling from birth through puberty, adulthood, pregnancy, lactation, and 

involution. Below, the structures involved in mammary gland morphogenesis are highlighted: the terminal end 

bud (TEB), responsible for ductal elongation and branching during puberty, and the alveolar bud, which 

clusters to form the milk-secretory alveoli during lactation. Cell types include ductal luminal and myoepithelial 

cells, body cells, cap cells, and alveolar luminal and myoepithelial cells. Illustration adapted from Wu et al., 

2022 [54].  

2.2.1. Embryonic development 

The embryonic development of the mammary gland involves a series of tightly regulated 

stages. It begins with the formation of mammary placodes, localized thickenings of the 

surface ectoderm along the mammary line, a region extending along the flank of the 

embryo. These placodes invaginate into the underlying mesenchyme to form mammary 

buds, which subsequently undergo branching morphogenesis, leading to the formation 

of a primitive ductal system [53,55].  

This process is orchestrated by a complex interplay of signaling pathways, including 

Wnt signaling, which regulates epithelial-mesenchymal interactions and mammary line 

specification [56,57]; FGF (fibroblast growth factor), which drives placode formation and 

early ductal outgrowth [58,59]; and BMP (bone morphogenetic protein), which 

modulates epithelial differentiation and positioning of the mammary buds [60]. Together, 

these pathways ensure proper spatial and temporal organization of the nascent 

mammary gland and establish the framework for postnatal development. 

2.2.2. Postnatal development during puberty 

Puberty marks a period of rapid and extensive development of the mammary gland, 

driven by hormonal and growth factor cues. This stage is characterized by the formation 
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of terminal end buds (TEBs) at the tips of elongating ducts. These highly dynamic, 

bulbous structures are essential for ductal elongation and branching into the mammary 

fat pad [61,62]. TEBs consist of two main cell populations (Figure I4): 

▪ Cap cells, which form the outer layer of TEBs and act as myoepithelial progenitors, 

guiding ductal elongation. 

▪ Body cells, located beneath the cap cells, include rapidly dividing luminal 

progenitor cells responsible for ductal growth.  

Under the influence of growth hormone and estrogen, TEBs invade the mammary fat 

pad, resulting in the development of a complex, tree-like ductal architecture embedded 

within the stromal matrix [63]. This phase establishes the primary ductal network, which 

will later support functional differentiation during pregnancy. 

2.2.3. Development during pregnancy 

The transition to pregnancy triggers extensive remodeling of the mammary gland to 

prepare it for lactation. Repeated estrous cycles prime the ductal system, which 

undergoes side branching to increase its complexity. By mid-to-late pregnancy, 

alveologenesis occurs, characterized by the formation of alveolar buds, which give rise 

to alveoli [64] (Figure I4). These alveoli emerge and aggregate into clusters, forming 

functional units known as terminal duct lobular units (TDLUs) in humans, while 

lobuloalveolar structures are present in mice [65]. Each functional unit consists of 

terminal ducts, which serve as conduct for milk, and associated lobules, which house 

clusters of alveoli that differentiate into milk-secreting units during lactation [66]. 

Hormones such as prolactin, progesterone, and placental lactogen play critical roles 

during this stage, stimulating the growth and differentiation of the alveolar epithelium 

[53]. The result is a mammary gland primed for lactation, with a highly specialized 

architecture optimized for milk production and delivery. 

2.2.4. Lactation 

Lactation is a finely regulated process involving the synthesis, secretion, and ejection 

of milk. This process begins with the preparation of the mammary gland during 

pregnancy, when alveoli, which are expanded during this stage, differentiate into 

specialized milk-producing cells. This differentiation is primarily driven by prolactin, 

which stimulates the maturation of alveolar luminal cells to produce and store milk 

components in readiness for lactation [63].  

Following parturition, lactation is initiated and maintained through a combination of 

hormonal and mechanical stimuli [67]: 

▪ Prolactin ensures the continued production of milk by stimulating mammary 

epithelial cells (MECs) to synthesize essential milk components, including proteins, 

lipids, and carbohydrates. 

▪ Oxytocin, released in response to suckling, induces contraction of myoepithelial 

cells surrounding the alveoli. This action facilitates the ejection of milk from the 

alveoli into the ductal system and out through the nipple. 
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This coordination between milk synthesis and ejection ensures a steady and reliable 

supply of milk to meet the nutritional needs of offspring. Additionally, the mechanical 

stimulation of suckling reinforces milk production through a feedback mechanism, 

sustaining lactation over the nursing period. 

2.2.5. Involution 

After weaning, the mammary gland undergoes involution, a tightly regulated process 

aimed at restoring the gland to a near pre-pregnant state [68]. This process involves: 

1. Apoptosis: Programmed cell death of milk-secreting epithelial cells, leading to 

the regression of glandular tissue.  

2. Tissue remodeling: Reorganization of the extracellular matrix and glandular 

architecture, resulting in the resorption of expanded alveolar structures and 

ductal branches.  

An immune response is integral to this phase, with macrophages clearing apoptotic cells 

and debris to facilitate remodeling. Following these changes, a period of regeneration 

often occurs, during which epithelial cells and stromal components reorganize to restore 

the baseline architecture of the gland, preparing it for future reproductive cycles. 

The cyclical processes of development, functional differentiation, and regression 

underscore the remarkable plasticity of the mammary gland. Its ability to undergo 

extensive structural and functional changes in response to hormonal and physiological 

cues ensures its adaptability to the reproductive status of the individual. These 

processes highlight the mammary gland as a model of tissue plasticity and regeneration, 

offering insights into both normal physiology and pathological conditions, such as 

cancer. 

2.3. Hierarchical organization of the healthy mammary gland 

Numerous transplantation studies have sought to identify mammary stem cell 

populations by isolating MECs and injecting them into cleared mammary fat pads at 

limiting dilutions [4,69-72]. Pioneering research demonstrated that different subsets of 

basal cells (BaCs) efficiently reconstitute the mammary gland, suggesting the presence 

of multipotent mammary stem cells responsible for tissue maintenance [2,70-72]. 

However, despite the higher transplantation efficiency of BaCs, subsequent studies 

revealed that specific subsets of luminal cells (LCs) also contribute to mammary 

reconstitution [4,69]. These experiments setups often involve non-physiological 

conditions that may confer MECs with stem cell-like properties not typically observed in 

normal development, suggesting that they measure cell plasticity rather than inherent 

multipotency [73].   

Over the past decade, lineage tracing has become the preferred method for defining 

and understanding the cellular hierarchies within the mammary gland. This strategy has 

been instrumental in assessing clonal expansion, cell fate, and stem cell potency across 

multiple tissues, such as intestine, prostate, skin, mammary gland, lung, muscle, brain, 

and blood [2,74-80].  
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In the context of the mammary gland, several genetic promoters have been employed 

to address the question about cellular hierarchies (Figure I5): 

 
Figure I5. Hierarchical structure of the mammary gland throughout development. Lineage tracing 

studies using different lineage-specific promoters have provided evidence for the adult mammary gland being 

maintained by different pools of unipotent mammary epithelial progenitors that self-renew within their 

respective lineages, whereas multipotent stem cells, with the ability of giving rise to both luminal and 

myoepithelial cells, have been found exclusively during embryonic development. By embryonic day 15.5 

(E15.5), there is no longer evidence of multipotent stem cells in the mammary gland. Figure created with 

BioRender. 

▪ Ubiquitous promoters: Rosa26-CreERT2 mice, using a ubiquitous promoter, have 

been applied for unbiased labeling of single proliferating cells, enabling broader 

insights into the cellular behavior across all compartments [81,82].  

▪ Basal cell markers: Promoters such as Acta2 (actin alpha 2, smooth muscle, 

aorta), Krt5 (keratin 5), and Krt14 (keratin 14), predominantly label postnatal BaCs 

that contribute to the myoepithelial layer across mammary gland life stages, 

confirming the existence of long-lived unipotent basal progenitors in the virgin state 

and throughout pregnancy [2,83]. Nevertheless, clonal analysis using Dll1 (delta 

like canonical Notch ligand 1)- CreERT2, Lgr5- and Lgr6-CreERT2 lines (leucine rich 

repeat containing G protein coupled receptors 5 and 6, respectively), failed to 

provide a clear consensus on the existence of unipotent or multipotent mammary 

stem cells, as these genes are predominantly expressed in BaCs, but are also 

found in some LCs [7,84,85].  

▪ Luminal cell markers: Lineage tracing studies by Van Keymeulen et al. using the 

Krt8 (keratin 8) promoter identified a luminal population of long-lived unipotent stem 

cells capable of clonal expansion across multiple pregnancy cycles, consistently 

maintaining their luminal identity. Conversely, LCs targeted by Krt18 (keratin 18) 

represent a more committed subset of luminal progenitors, as they fail to persist 

through pregnancy and lactation [2]. Similarly, Rios et al. showed that Elf5 (E74-

like factor 5)-labeled luminal progenitors give rise to alveolar LCs during the first 

pregnancy, although these cells die off during involution and must be replaced with 

a new pool of progenitors for subsequent pregnancies [20]. Moreover, promoters 

for Notch1, Notch3, Sox9 (SRY (sex determining region Y)-box 9), Prom1 (prominin 
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1), and Esr1 (estrogen receptor 1, alpha) have provided valuable insights into 

lineage-specific maintenance. Specifically, Notch3 labels both ERαpos and ERαneg 

LCs, capturing the entirety of the luminal compartment [6]. Esr1 and Prom1 

selectively mark ERαpos LCs, highlighting their unique lineage specificity [86,87]. In 

contrast, Notch1 exclusively targets ERαneg LCs in postnatal glands, emphasizing 

the compartmentalized nature of luminal hierarchies [4]. Of note, Notch1-labeled 

cells represent long-lived unipotent stem cells that could survive multiple 

successive involutions, demonstrating extensive self-renewal capacity. However, 

Sox9-expressing cells contribute to the maintenance of ERαneg LCs even during 

several pregnancies, while also sustaining a subset of BaCs to a lesser extent, 

thus compromising the lineage specificity of the Sox9 promoter [86]. 

Despite the extensive research supporting the unipotency of the three mammary 

epithelial compartments of the mammary gland – BaCs, ERαneg LCs, and ERαpos LCs –

a study revealed rare BaCs capable of generating both basal and luminal progeny in 

the healthy mammary gland, suggesting a potential for multipotency [20]. These 

findings, though intriguing, were subject to discrepancies largely due to variations in the 

regions of the Krt5 promoter used, which altered its specificity for different cell types 

[73]. Moreover, the study faced criticism for its lack of short time periods demonstrating 

clear targeting of BaCs at the initial timepoint. This limitation hindered the ability to draw 

definitive conclusions regarding the dynamic behavior and potential multipotent 

capabilities of BaCs.  

Recent studies clarified these conflicting results using clonal analysis at saturation with 

Krt14rtTA-CreTetO and Krt8rtTA-CreTetO systems, showing no evidence of multipotent stem 

cells in the postnatal mouse mammary gland [24]. In contrast, multipotent stem cells, 

capable of generating both LCs and BaCs, are found exclusively during embryonic 

development [5,88]. This transition from multipotency to unipotency begins as early as 

embryonic day 12.5 (E12.5) and is nearly complete by E15.5, with no significant 

evidence of bipotency persisting beyond this stage [5] (Figure I5). 

Collectively, these studies demonstrate that both BaCs and LCs are self-sustained by 

distinct unipotent progenitors, with limited evidence of interconversion between these 

lineages in the adult homeostatic mouse mammary gland. Within the luminal 

compartment, ERαpos and ERαneg luminal subsets represent two independent lineages, 

consistently maintaining their distinct identities during physiological mammary gland 

development. Importantly, all these populations continue to uphold their respective 

lineages into adulthood, even after hormonal fluctuations and multiple pregnancies, 

demonstrating their capacity for long-term self-renewal. 

2.4. Mammary epithelial cell plasticity 

MECs, despite their lineage commitment under normal physiological conditions, exhibit 

remarkable plasticity in response to various stressors. This plasticity allows MECs to 

adapt and reprogram their fate, challenging the traditional view of strict unipotency 

within adult epithelial lineages. Evidence of this adaptability has been observed under 
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diverse conditions, including transplantation [2,4], cellular ablation [3], hormone 

stimulation [89], ectopic expression of fate-determining factors [5,88], genotoxicity [90], 

and oncogene activation [91-94]. 

2.4.1. Plasticity in transplantation and cellular ablation 

Transplantation assays have been pivotal in demonstrating the plastic potential of 

mammary epithelial cells. Van Keymeulen et al. demonstrated that isolated Krt14-

positive myoepithelial cells, but not Krt8-positive LCs, can regenerate a fully functional 

mammary gland comprising both basal and luminal compartments [2]. This finding 

indicates that under transplantation conditions, BaCs can exhibit bipotent behavior. 

Moreover, subsequent research by Rodilla et al. reported that Notch1-positive LCs 

exhibit low regenerative capacity in virgin females, although their repopulating capacity 

significantly increases in parous females under hormonal stimulation [4]. Conversely, 

co-transplantation of BaCs and LCs preserved their unipotency, indicating that MECs 

retain their lineage-restricted differentiation when both unipotent stem cell types coexist, 

as observed in unperturbed mammary glands [2,4].  

Similarly, in genetic ablation experiments, the removal of LCs promoted a shift in BaC 

fate, enabling them to adopt multipotent behavior. This plasticity was shown to be 

constrained in the presence of LCs, driven by their secretion of TNF (tumor necrosis 

factor), which restricted BaC lineage reprogramming [3]. Notably, during this transition, 

BaCs adopted an intermediate hybrid basal-luminal state before fully differentiating into 

LCs. This process reactivated a genetic program reminiscent of embryonic multipotent 

stem cells, underscoring the ability of BaCs to revert to a more primitive state under 

specific conditions [88].  

2.4.2. Hormonal influence on lineage plasticity 

Hormonal stimulation during pregnancy provides another example of mammary 

epithelial cell plasticity. Endogenous ovarian hormones induced basal-like cell formation 

from Krt8-expressing LCs. Remarkably, these basal-like cells persisted through 

involution and expanded during subsequent pregnancies. This demonstrates the 

profound influence of hormonal signals on lineage reprogramming and highlights the 

dynamic nature of MECs across reproductive cycles [89].  

2.4.3. Ectopic expression of fate-determining factors 

Studies exploring the role of specific transcription factors have further elucidated the 

mechanisms underlying MEC plasticity. Functional studies have identified distinct fate-

specification factors that regulate lineage commitment within the mammary gland: 

▪ Basal specification factors. Overexpression of P63 (tumor protein 63) reprograms 

adult LCs into BaCs by inducing a multipotent embryonic-like hybrid state before 

differentiation into fully functional BaCs [88]. 

▪ Luminal specification factors. Gata3 (GATA binding protein 3) deletion impairs 

the expression of luminal differentiation markers in LCs, disrupting TEB formation 

during puberty and causing improper development of milk-secreting alveoli during 

gestation, ultimately resulting in lactational defects [95]. Loss of C/EBPb 
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(CCAAT/enhancer binding protein beta) in the adult mammary gland disrupts 

luminal progenitor identity and results in aberrant basal marker expression in the 

luminal compartment [96]. Activation of Notch1 dictates the transition of BaCs to 

fully committed LCs during pubertal development [5]. 

These findings underscore the ability of specific molecular cues to override established 

lineage commitments, demonstrating that ectopic expression or suppression of key 

transcription factors can reprogram MECs into alternative cell fates. 

2.4.4. Plasticity induced by genotoxic stress and chemotherapy 

Genotoxic stress and exposure to chemotherapeutic agents have also been shown to 

drive MEC plasticity. Chemotherapy has been associated with the proliferation of 

myoepithelial cells, accompanied by transitions from basal to luminal fates [90]. This 

finding suggests that therapeutic interventions can inadvertently influence cellular 

hierarchies, potentially contributing to altered tissue dynamics or even tumorigenesis. 

The plasticity of mammary epithelial cells challenges traditional hierarchical models of 

unipotent progenitors, highlighting their dynamic nature and ability to adapt under 

various physiological and pathological conditions.  

2.4.5. Lineage infidelity induced by oncogene activation 

In cancer research, two independent groups showed the generation of luminal ERαpos 

tumors upon expression of the oncogenic form of phosphatidylinositol-4,5-bisphosphate 

3-kinase catalytic subunit alpha, Pik3caH1047R, in both BaCs and LCs [92,93]. In the 

same direction, directing Brca1 (breast cancer 1, early onset) and Trp53 (transformation 

related protein 53) deficiency to luminal progenitors enabled these cells to adopt a 

basal-like phenotype, phenocopying human BRCA1  (BRCA1 DNA repair associated)  

loss-of-function breast cancer [91]. Moreover, LCs gave rise to BaCs during 

tumorigenesis when either PyMT (polyoma middle T antigen) or Erbb2 (receptor 

tyrosine-protein kinase erbB-2) signaling was activated [94]. Additional studies 

demonstrated the generation of tumors with hybrid and/or basal phenotypes when 

different oncogenes where overexpressed in LCs, Etv6-Ntrk3 (Ets variant 6 - 

neurotrophic tyrosine kinase, receptor, type 3), Notch1 intracellular domain (N1ICD), 

and KrasG12D, the mutant human form of Kirsten rat sarcoma viral oncogene homolog 

[97-99]. 

Those studies suggested that adult cells can undergo reprogramming to a multipotent 

stem cell state during tumorigenesis, supporting the concept that cancers may arise 

from a reactivation of embryonic developmental programs in postnatal tissues. 
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 Breast cancer 

3.1. Breast cancer classification and therapeutics 

3.1.1. Breast cancer morphological classification 

Breast cancer stands as the most common diagnosed cancer among women and 

accounts for approximately 6.9% of all cancer-related deaths worldwide [100]. Most 

breast carcinomas originate within the TDLU [101], and are classified morphologically 

by their degree of invasion and cohesiveness [102,103]: 

3.1.1.1. Localized breast cancer types 

Breast cancer includes non-invasive forms confined to the ducts or lobules, such as 

ductal carcinoma in situ and lobular carcinoma in situ: 

▪ Ductal carcinoma in situ (DCIS): DCIS represents the most prevalent localized 

breast cancer, comprising approximately 10% of all breast cancers diagnosed [104]. 

This condition involves abnormal cell growth confined to the milk ducts without 

breaching the basement membrane or infiltrating surrounding stromal tissues.  

Frequently identified through mammographic screenings, DCIS typically presents 

as clusters of microcalcifications, which are small clusters of calcium deposits 

serving as early signs of atypical ductal activity, rather than symptomatic 

manifestations such as lumps or nipple discharge [105]. Although DCIS itself is non-

invasive, it is widely regarded as a precursor to invasive ductal carcinoma if left 

untreated [106]. 

▪ Lobular carcinoma in situ (LCIS): LCIS is a less common localized lesion 

originating in the breast lobules, accounting for 1-2% of breast cancer cases. Unlike 

DCIS, LCIS often eludes detection through routine mammographic imaging due to 

its lack of calcifications or distinct masses, making it an incidental finding frequently 

identified during breast biopsies conducted for other reasons. The presence of LCIS 

significantly raises the lifetime risk of developing both invasive ductal and invasive 

lobular carcinomas, necessitating vigilant monitoring and consideration of risk-

reduction strategies [107]. 

3.1.1.2. Invasive breast cancer types 

Invasive breast cancer types are characterized by the ability of tumor cells to invade 

surrounding tissues, comprising a range of distinct histological subtypes with unique 

clinical and pathological features: 

▪ Invasive ductal carcinoma of no special type (IDC-NST): The most common type 

of invasive breast cancer, IDC-NST, constitutes approximately 60% of breast 

cancer cases [108]. The term 'no special type' indicates that it is characterized by a 

diverse range of cell morphology and the presence of tubular or glandular 

structures, with an absence of growth patterns or cytological features typical of 

special histological subtypes [109]. It arises in ductal tissues, invades surrounding 

breast tissue, and typically forms a solid mass, often detectable as a palpable lump. 

IDC-NST is known for its potential to metastasize to regional lymph nodes and 
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distant organs, with common sites of spread including the bones, lungs, liver, and 

brain [110]. 

▪ Special types of invasive breast cancer: Collectively sum up to around 25% of 

cases and include distinct subtypes with varying histopathology [109]: 

➢ Invasive lobular carcinoma (ILC): The most common special type of breast 

cancer, ILC, represents up to 15% of cases [109]. It originates in the lobules, 

the milk-producing glands, and invades surrounding tissues in a less cohesive, 

more dispersed pattern compared to IDC-NST. This diffuse growth pattern 

makes ILC less visible on imaging and more challenging to detect early [111]. 

ILC tends to metastasize to unusual sites like the gastrointestinal tract and 

ovaries, alongside common sites like bones, while showing reduced tendency 

to metastasize to the liver and lungs [112]. ILC is associated with poorer 

prognosis and a less favorable response to chemotherapy compared to IDC-

NST [113,114].  

➢ Rare special subtypes: These subtypes represent a smaller subset of breast 

cancer cases, showcasing unique histological and molecular characteristics 

that contribute to the heterogeneity of breast cancer, each requiring specific 

diagnostic and treatment approaches [109]:  

o Mucinous carcinoma: Features nests of cells in a mucinous matrix, typically 

associated with older women and low incidence of lymph node involvement 

[115]. 

o Mucinous cystadenocarcinoma: Characterized by cystic structures with 

papillae and abundant extracellular mucin. It commonly presents as a 

palpable mass, often detected in post-menopausal women. It typically has 

well-defined margins on imaging and a favorable prognosis, with 

uncommon nodal involvement [116]. 

o Cribriform carcinoma: Features a distinctive cribriform growth pattern with 

well-defined cell nests in a glandular structure. It shows rare axillary 

metastases and has a 10-year survival rate of about 90% [117]. 

o Micropapillary carcinoma: Composed of tumor cells growing in a papillary-

like structure without a central fibrovascular core. It is associated with a 

higher risk of lymph node metastases, despite a relatively favorable 

prognosis [118]. 

o Papillary carcinoma: Features well-defined, finger-like projections into 

cystic spaces with a fibrovascular core. It is often low-grade with a good 

prognosis, rarely metastasizing, and commonly affecting post-menopausal 

women [119]. 

o Tubular carcinoma: Distinguished by its well-formed, tube-like structures 

with excellent prognosis and rare lymph node metastases [120]. 

o Medullary carcinoma: Characterized by a syncytial growth pattern, a dense 

infiltrate of immune cells, and clear tissue boundaries. It often presents as 

a palpable lump and is associated with a favorable prognosis, with a 5-year 

overall survival rate of approximately 89% [121]. 
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o Metaplastic carcinoma: Exhibits mixed differentiation with areas of 

squamous or mesenchymal differentiation, often associated with a more 

aggressive clinical course. Imaging shows large, oval-shaped masses with 

high density and indistinct margins. Prognosis varies, with a 5-year overall 

survival between 64% and 83% [122]. 

o Apocrine carcinoma: Contains cells with distinct apocrine features, 

including abundant eosinophilic cytoplasm and apical snouts. Imaging 

shows irregular masses with poorly defined margins and associated 

microcalcifications. It has a varied prognosis depending on grade [123]. 

o Neuroendocrine carcinoma: Composed of cells with neuroendocrine 

differentiation, often showing a more aggressive behavior, particularly in 

advanced stages. It appears as irregular, poorly defined masses and may 

be associated with skin thickening and swollen lymph nodes [124]. 

➢ Mixed invasive ductal and lobular carcinomas: These tumors combine features 

of both IDC and ILC and generally have a better prognosis than pure ILC 

tumors, accounting for 3-5% of all breast cancers [125,126].  

3.1.2. Breast cancer subtypes and associated therapies 

Therapeutic decision-making for breast cancer relies on the immunophenotypic 

classification, which evaluates the expression of key molecular markers such as ERα, 

PR, and the human epidermal growth factor receptor 2 (HER2) [127,128]. This 

classification categorizes tumors into hormone receptor-positive, HER2-positive and 

triple-negative subtypes, as further detailed below (Figure I6). 

 

Figure I6. Immunohistochemical classification of breast cancer based on receptor status: ERα, PR, 

and HER2. Hormone receptor (HR)-positive subtypes include Luminal A and Luminal B, distinguished by 

differing levels of HER2 and the proliferation marker Ki-67. The HER2-enriched subtype is characterized by 

HER2 overexpression, while triple-negative breast cancer lacks expression of ERα, PR, and HER2. Illustration 

adapted from Vinuesa-Pitarch et al., 2021 [45]. 
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3.1.2.1. Hormone receptor (HR)-positive subtypes 

Luminal A is the most common breast cancer subtype, making up about half of newly 

diagnosed breast cancer cases [103]. It is defined by being ERαpos (≥ 1%), PRpos (≥ 

20%), HER2neg (≤ 10%), and having low levels of proliferation marker protein Ki-67 

(<14%) [129,130]. These tumors are typically low-grade and resemble luminal epithelial 

cells of the normal breast, showing high expression of K7/8/18/19 luminal keratins [103]. 

They generally have a favorable prognosis, a slow progression, and typically they are 

of low-grade with limited lymph node involvement [131]. Patients benefit from hormone 

therapies either with estrogen receptor modulators (tamoxifen) or with aromatase 

inhibitors (anastrozole) [132]. 

The luminal B subtype comprises 20% of invasive breast cases [103]. This subtype 

expresses keratins from the luminal compartment and can be further categorized into 

luminal B HER2-negative: ERαpos (≥ 1%), HER2neg (≤ 10%) and at least one of the 

following: high Ki-67 levels (≥ 20%), PRneg or < 20%, or high recurrence risk based on 

multi-gene expression array, if available; or luminal B HER2-positive; ERαpos (≥ 1%), 

HER2pos (> 10%) or amplified, and any level of PR and Ki-67 [129]. Luminal B subtype 

is considered the most aggressive hormone-dependent breast cancer, requiring 

additional chemotherapy to the hormonal treatment for HERpos/neg cases and additional 

HER2-targeted therapy for HER2pos patients [133-136]. Luminal B tumors present 

higher histological grades and an increased proliferation index rate expressed by Ki-67 

compared to luminal A tumors [131]. They exhibit higher expression of proliferation-

related genes, such as CCND1 (cyclin D1) and CCNE2 (cyclin E2), compared to luminal 

A tumors, which is associated with poorer clinical outcomes in tamoxifen-treated women 

[137,138]. Additionally, these tumors show activation of PI3K (phosphatidylinositol 3-

kinase) [139], a mechanism known to contribute to acquired endocrine resistance [140].  

3.1.2.2. HER2-positive subtypes 

The HER2-positive subtype represents 15% of newly diagnosed breast cancer cases 

[103]. This subtype is defined by HER2 overexpression, ERα and PR negativity, and 

high expression of Ki-67 (>20%) [129], by immunophenotypic characterization, and 

HER2 amplification by fluorescence in situ hybridization (FISH) [141]. These tumors are 

more likely to be high-grade and associated with lymph node metastases [103]. HER2pos 

patients benefit from HER2-targeted therapies that block HER2 activity, such as 

Herceptin (trastuzumab), Perjeta (pertuzumab), Tykerb (lapatinib), and Kadcyla (T-DM1 

or ado-trastuzumab emtansine) [142,143].  

3.1.2.3. Triple-negative breast cancer (TNBC) 

TNBC, accounting for 15% of all breast cancers, is characterized by the lack of ERα, 

PR, and HER2 expression, being more prevalent among younger women and patients 

with BRCA1 mutations [144-146]. This subtype is considered the most aggressive 

subtype, with a high proliferation index rate of Ki-67, a higher grade, and an elevated 

metastatic incidence to the brain, liver and lungs [146-148]. The aggressive nature of 
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TNBC, combined with the lack of targeted therapies, results in a poorer prognosis and 

a higher rate of distant recurrence compared to other breast cancer subtypes [146].  

Non-surgical treatment of TNBC has been extensively limited to chemotherapy, which 

benefits only 30-40% of patients with early-stage TNBC [149]. Common chemotherapy 

combinations include the AC-T regimen, composed of an anthracycline (doxorubicin or 

epirubicin) plus cyclophosphamide, followed by a taxane (paclitaxel or docetaxel), both 

in neoadjuvant and adjuvant settings [150-152]. For patients who are not suitable for 

standard chemotherapy regimens involving anthracyclines and taxanes, or those who 

refuse treatment involving alopecia, a non-anthracycline regimen, including paclitaxel 

plus carboplatin, may offer a viable alternative [153].  

The evolving understanding of TNBC biology has spurred the development of innovative 

therapies, such as poly (ADP-ribose) polymerase (PARP) inhibitors, antibody-drug 

conjugates (ADCs), and immunotherapy agents. These advancements are transforming 

the treatment landscape, offering new possibilities for both early- and late-stage patients 

with TNBC. Specifically, PARP inhibitors, such as olaparib, have been approved for 

patients with BRCA1 and BRCA2 (BRCA2 DNA repair associated) mutations, either as 

monotherapy or in combination with a carboplatin/paclitaxel regimen [154,155]. 

Additionally, immune-checkpoint inhibitors, such as atezolizumab and pembrolizumab 

have been authorized for use in combination with chemotherapy [156,157]. Another 

important addition is sacituzumab govitecan, an ADC targeting human Trop-2 

(trophoblast cell-surface antigen 2), granted for patients with metastatic TNBC who have 

received at least two lines of therapy [132]. Trop-2 is overexpressed in TNBC, and its 

linkage to SN-38 enhances the drug’s ability to deliver chemotherapy specifically to 

cancer cells. 

While this classification provides a practical framework for treatment, it does not fully 

capture the molecular heterogeneity of breast cancer. Variations in tumor biology, even 

within the same subtype, contribute to diverse clinical outcomes, underscoring the need 

to integrate additional molecular and genomic insights to refine treatment strategies and 

improve prognostic accuracy. 

3.1.3. Advances in molecular subtyping 

Recent advances in gene expression profiling have significantly refined breast cancer 

classification. Using complementary DNA (cDNA) microarrays, Perou et al. identified 

five intrinsic molecular subtypes of breast tumors: luminal A, luminal B, HER2-enriched, 

basal-like, and normal. These molecular subtypes exhibit distinct gene expression 

profiles and correlate with varying clinical outcomes, with basal-like and HER2-enriched 

subtypes generally associated with poorer prognoses [158,159]:  

▪ Luminal tumors: This category is characterized by gene clusters associated with 

ERα and luminal-specific genes [158]. Luminal tumors exhibit considerable 

heterogeneity and are further divided into two subgroups: 

o Luminal A tumors: Distinguished by high ERα protein expression and low 

proliferation rates, these tumors are associated with favorable clinical outcomes 
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and strong responses to hormone therapy [130,160]. They generally exhibit low 

Erbb2 (erb-b2 receptor tyrosine kinase 2) expression and more homogeneous 

gene expression profiles compared to other subtypes [159]. 

o Luminal B tumors: These tumors display lower ERα expression and higher 

proliferation rates compared to luminal A tumors, contributing to worse clinical 

outcomes and increased endocrine resistance [130,161,162]. Their gene 

expression profiles overlap with HER2-positive and basal-like subtypes, 

reflecting a more aggressive biological phenotype [159].  

▪ HER2-enriched tumors: Defined by low ERα expression and overexpression of 

HER2/ERBB2, HER2-enriched tumors are known for their aggressive nature and 

high proliferation rates, often associated with a poor prognosis [159]. Notably, this 

subtype encompasses a diverse range of molecular characteristics, including 

varying levels of hormone receptor expression (ERα and PR) and distinct genetic 

alterations [163]. This heterogeneity results in a spectrum of biological behaviors, 

making them complex in terms of clinical management. While HER2-targeted 

therapies are central to treatment, additional molecular features often influence 

therapeutic strategies and outcomes [164-168].  

▪ Basal-like tumors: Characterized by the expression of basal-specific genes, 

including keratin 5, keratin 17, integrin-β4, and laminin [158], basal-like tumors are 

associated with high-grade features and an aggressive clinical course [169]. These 

tumors are frequently triple-negative, lacking ERα, PR, and HER2 expression. The 

absence of effective targeted therapies contributes to their poor prognosis and 

elevated risk of metastasis [159,170].  

▪ Normal-like tumors: This rare subtype is characterized by high expression of basal 

epithelial and adipose cell genes but lower expression of luminal epithelial markers. 

Normal-like tumors generally present a more favorable prognosis compared to 

basal-like or HER2-enriched subtypes [158,159].  

Building on these intrinsic molecular subtypes, Parker et al. developed Prosigna, a 

powerful tool for breast cancer classification based on the prediction analysis of 

microarray 50 (PAM50) classifier [171]. This gene expression-based assay leverages 

the expression levels of 50 key genes to categorize breast cancers into four intrinsic 

subtypes and calculate a risk of recurrence score, a valuable prognostic indicator 

estimating the likelihood of distant recurrence. By integrating subtype-specific gene 

expression and recurrence risk, PAM50 profiling tool has become invaluable in guiding 

treatment decisions. Notably, it is particularly effective in identifying low-risk luminal A 

patients with node-negative disease, for whom adjuvant endocrine therapy alone is 

recommended, sparing these patients the need for chemotherapy [172,173]. This 

underscores the utility of PAM50 algorithm in guiding personalized treatment strategies 

tailored to molecular subtype and individual risk profiles. 

Further advancing molecular characterization, Prat et al. identified the claudin-low 

subtype, characterized by low expression of cell adhesion genes, including claudins, 

and enrichment in EMT and cancer stem cell features [174]. This subtype is associated 

with poor clinical outcomes and displays intermediate sensitivity to conventional 
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chemotherapy, bridging the therapeutic responses of basal-like and luminal tumors 

[174-176]. Most claudin-low tumors are triple-negative (61 to 71%) and frequently 

exhibit metaplastic and medullary differentiation, contributing to their aggressive 

biological behavior. Unique molecular pathways, such as Wnt/β-catenin, Notch, and 

TGF-β (transforming growth factor beta), play central roles in driving the invasive and 

metastatic potential of these tumors [177]. These insights emphasize the importance of 

understanding subtype-specific features to develop more effective treatment strategies 

tailored to this challenging subtype. Claudin-low tumors are identified using a specific 

claudin-low predictor and not explicitly by the PAM50 classifier, which often 

misclassifies them as basal-like or normal-like, with a smaller proportion falling into 

luminal A, HER2-enriched, and luminal B categories [176,178]. 

3.1.4. Molecular heterogeneity in breast cancer 

In clinical practice, pathological markers such as ERα, PR, and HER2 fail to 

comprehensively capture the complexity of breast cancer. To address this limitation, 

gene expression profiling tests based on microarrays have become valuable tools in 

breast cancer management, providing critical insights into tumor biology and guiding 

treatment decisions. Notable examples include Oncotype DX [179], which predicts the 

risk of recurrence in HR-positive breast cancer, and MammaPrint [180], which assesses 

a 70-gene signature to determine the need for adjuvant chemotherapy in early-stage 

breast cancer. Additionally, Prosigna [171], described in Section 3.1.3, integrates the 

PAM50 gene expression signature to classify tumors into intrinsic subtypes while 

providing a risk or recurrence score.  

Despite their utility, the high cost of these tests, along which technical limitations and 

the complexity of data management, may restrict their widespread use. Moreover, the 

inherent heterogeneity of each breast cancer subtype poses considerable challenges 

for diagnostic tools, hindering their ability to fully encapsulate the diverse and 

multifaceted nature of the disease. The following sections will explore how the 

heterogeneity across different breast cancer subtypes impacts the effectiveness of 

these tools in accurately diagnosing and personalizing treatment strategies. 

3.1.4.1. Luminal breast cancer heterogeneity 

Luminal subtypes of breast cancer exhibit significant heterogeneity, primarily 

categorized into luminal A and luminal B, both of which are HR-positive [159]. The 

distinction between these subtypes is crucial for clinical decision-making, as luminal B 

tumors show elevated expression of proliferation-related genes such as MKI67 (marker 

of proliferation Ki-67) and CCNB1 (cyclin B1), key components in genomic predictors 

like Oncotype DX [179]. The use of Ki-67 as an IHC marker further supports the 

classification of luminal subtypes, with high Ki-67 expression indicating luminal B and 

low expression suggesting luminal A [130].  

Despite these advancements, challenges remain, as luminal B tumors are not easily 

categorized based on HR and HER2 statuses, with up to 72% classified as 

ERpos/HER2neg, 20% as ERpos/HER2pos, 7% as ERneg/HER2neg, and 1% as 



INTRODUCTION 

47 

 

ERneg/HER2pos [181]. Additionally, luminal B breast cancers also demonstrate significant 

heterogeneity in relation to PR expression. Specifically, PR-positive luminal B tumors 

are associated with a better prognosis and increased tamoxifen sensitivity compared to 

PR-negative counterparts [182-184]. Moreover, researchers have identified distinct 

subgroups within PR-negative luminal B tumors based on PIK3CA and TP53 (tumor 

protein p53) status, each exhibiting differing prognostic outcomes. This highlights the 

need for refined classification methods to differentiate these subtypes and tailor 

therapeutic approaches accordingly [185]. 

3.1.4.2. HER2-positive breast cancer heterogeneity 

Importantly, the clinical HER2-positive subtype is not synonym of the molecular HER2-

enriched subtype in the PAM50 classification. Approximately 50% of the clinical HER2-

positive breast cancers are HER2-enriched, while the remaining 50% predominantly 

consist of luminal B tumors, followed by basal-like and luminal A subtypes, with the 

HER2-enriched subtype benefiting the most from HER2-targeted agents [186,187].  

Notably, HER2-positive tumors exhibit varying sensitivity to standard treatments based 

on HR status, with HRposHER2pos tumors showing lower pathological complete response 

(pCR) rates compared to HRnegHER2pos tumors after neoadjuvant anti-HER2 therapy 

combined with chemotherapy [188].  

Furthermore, about 30% of HER2-enriched tumors are HER2-negative in the clinical 

setting [181]. Remarkably, integrating HER2-eriched and ERBB2 mRNA into a single 

assay can accurately identify tumors with strong responsiveness to HER2-targeted 

therapies. This approach could potentially reduce chemotherapy use in around 40% of 

HER2-positive patients who harbored HER2-enriched/ERBB2high tumors, optimizing 

treatment strategies while minimizing unnecessary toxicity [167]. 

3.1.4.3. TNBC heterogeneity 

TNBCs exhibit significant heterogeneity, encompassing various molecular subtypes at 

the transcriptomic level [189]. Using the PAM50 molecular assay, combined with a 

claudin-low classifier, these tumors can be categorized into several subtypes, including 

basal-like (49%), claudin-low (30%), HER2-enriched (9%), luminal B (6%), luminal A 

(5%), and normal-breast like (1%) [174,181,190] (Figure I7A).  

In the clinical setting, a significant portion of basal-like tumors are mistakenly classified 

as triple-negative, leading to inaccuracies in identifying true basal-like tumors. 

Specifically, 6-29% and 9-13% of basal-like tumors exhibit ERα or HER2 positivity, 

respectively [159,191], demonstrating that triple-negative tumors can inaccurately 

include cases that are not truly basal-like. However, these tumors, while not strictly 

triple-negative, may respond to targeted therapies traditionally used for HR-positive or 

HER2-positive tumors, emphasizing the need for refined classification methods that 

account for ERαpos and HER2pos statuses. 
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Figure I7. TNBC subtype distribution by PAM50 (combined with claudin-low classifier) and Lehmann 

classifications. A. Classification by PAM50 and the claudin-low centroid-based predictor highlights TNBC 

heterogeneity, with the majority of tumors classified as basal-like (49%), followed by claudin-low (30%), HER2-

enriched (9%), luminal B (6%), luminal A (5%), and normal-like (1%). B. Lehmann’s classification further 

subdivides TNBC into basal-like 1 (35%), basal-like 2 (22%), LAR (16%), mesenchymal (25%), and an 

unclassified cluster (2%). References: Prat et al., 2011; Lehmann et al., 2016. Graphs were created with 

GraphPad Prism. 

Importantly, the presence of basal markers is associated with significantly worse 

prognosis [192-195]. Not all TNBC tumors, however, express these markers in clinical 

practice. To address this issue, Nielsen et al. proposed an immunohistochemical 

surrogate for basal-like cancers, defining these tumors by ERα, PR and HER2 

negativity, along with expression of K5/6 basal keratins and EGFR (epidermal growth 

factor receptor) [191]. This highlights the need for nuanced classification methods that 

better capture the molecular heterogeneity of TNBC. 

Further gene expression cluster analysis by Lehmann et al. identified several TNBC 

subtypes, each differing in their response to standard treatments [196,197] (Figure 

I7B): 

▪ Basal-like 1 (BL1), representing approximately 35% of TNBCs, is characterized by 

high expression of genes involved in cell cycle regulation and DNA damage 

response pathways. BL1 tumors are particularly sensitive to DNA-damaging agents, 

such as cisplatin, highlighting their vulnerability to therapies targeting genomic 

instability. 

▪ Basal-like 2 (BL2), accounting for 22% of TNBCs, exhibits enriched expression of 

genes associated with growth factor signaling and metabolic pathways. While BL2 

tumors share some similarities with BL1 in terms of aggressiveness, their 

chemosensitivity is lower. Their unique molecular profile may necessitate tailored 

therapeutic strategies to target the specific pathways involved in their pathogenesis. 

▪ Mesenchymal (M), comprising 25% of TNBCs, is enriched for genes involved in 

EMT and growth factor signaling pathways, such as those involving PI3K/mTOR 

(mammalian target of rapamycin) and Abl (abelson tyrosine-protein kinase 1)/Src 

(proto-oncogene tyrosine-protein kinase Src). These tumors are characterized by 

their invasive nature and show sensitivity to inhibitors targeting these signaling 

pathways, such as the Src inhibitor dasatinib and the dual PI3K/mTOR inhibitor 

NVP-BEZ235. 
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▪ Luminal androgen receptor (LAR), representing 16% of TNBCs, is driven by 

androgen receptor (AR) signaling and highly expresses luminal epithelial markers. 

Their dependency on AR signaling renders them responsive to AR antagonists, 

such as bicalutamide, offering a targeted treatment approach for this unique TNBC 

subset. 

Based on PAM50 classification, the distribution of these TNBC subtypes reveals that 

most BL1, BL2, and M tumors are basal-like, while LAR tumors exhibit higher 

frequencies of HER2 and luminal subtypes [196]. 

Comparisons among BL1, BL2, M, and LAR subtypes reveal significant differences 

across various clinical variables [196]. BL1 tumors demonstrate the strongest response 

to standard neoadjuvant chemotherapy, with 41% achieving pCR, compared to 18% for 

BL2 and 29% for LAR. BL1 patients exhibit better relapse-free survival, with nearly 60% 

surviving beyond 10 years. Despite being of histologically higher grade, BL1 tumors  

present at a lower clinical stage (6% stage 3) compared to BL2 (30% stage 3) and LAR 

(22% stage 3). LAR shows the highest rate of bone metastasis (46%), while BL1 and 

BL2 show lower incidences (16% and 30%, respectively), consistent with the tropism of 

hormone-sensitive cancers for bone metastasis. The LAR subtype also exhibits a 

substantial enrichment of regional lymph node metastases (47%), compared to BL2 

(30%). In contrast, the M subtype demonstrates the lowest lymph node involvement 

(21%) and the highest lung metastasis frequency (46%).  

These findings collectively highlight the substantial molecular heterogeneity of TNBC, 

with distinct subtypes such as BL1, BL2, M, and LAR demonstrating varying responses 

to treatment [196,197]. Each subtype requires a personalized therapeutic approach, 

with BL1 showing strong sensitivity to DNA-damaging agents, while BL2, M, and LAR 

necessitate targeted strategies to address their specific biological characteristics. 

In summary, the molecular classification of breast cancer continues to evolve, offering 

critical insights into tumor heterogeneity and guiding the development of more targeted 

and effective therapies. 

3.2. In vivo breast cancer models  

There are several in vivo models available for studying human breast tumors, including 

cell line-derived xenografts (CDX), patient-derived xenografts (PDX), and genetically 

engineered mouse models (GEMMs) [198]. These models are essential tools in cancer 

research, facilitating the study of tumor biology, progression, metastasis, and 

therapeutic responses within a living organism. 

3.2.1. Cell line-derived xenografts 

CDX models involve culturing tumor cell lines in vitro, which can introduce significant 

biases, influencing which cell types ultimately thrive. There are well-characterized cell 

lines representing the major clinical subtypes, such as MCF7 and T47D, resembling the 

luminal A subtype, BT474 and MDA-MB-361, sharing the gene expression profile of the 

luminal B subtype, SKB43 and HCC202, recapitulating the features of HER2-positive 
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tumors, and BT20, MDA-MB-231, MDA-MB-468, resembling the triple-negative human 

tumors [198,199].  

However, not all these cell lines can be successfully established in vivo and can result 

in aberrant clonal selection, where only a subset of cells from the original tumor 

dominate, leading to the loss of important molecular features that define the 

heterogeneity and complexity of the original tumor. The clonal nature of CDX models 

often fails to capture the full spectrum of genetic and phenotypic diversity seen in human 

tumors, reducing their ability to accurately mimic clinical responses to therapy. 

Furthermore, CDX models are typically established by subcutaneous implantation of 

these cell lines into the flank of mice, which can hinder natural tumor-stromal 

interactions critical for tumor progression, metastasis, and treatment responses [199]. 

Additionally, the use of immunodeficient mice eliminates the host immune system, 

posing challenges for immunotherapy research.  

3.2.2. Patient-derived xenografts 

PDX models provide a more physiologically relevant approach compared to CDX 

models, as they involve direct transplantation of patient-derived tumor cells or tumor 

pieces into host mice, bypassing in vitro culture [200]. This preserves the original 

tumor’s diversity, including its genetic and phenotypic heterogeneity, which is often lost 

in cell line-based models. Consequently, PDX models can more accurately reflect the 

complexity of human cancers, including the diversity in treatment responses [201-204]. 

They offer a valuable platform for studying drug efficacy, resistance mechanisms, and 

disease progression.  

However, their development and maintenance are time-consuming and require 

significant infrastructure and financial resources, limiting their scalability in routine 

research settings. Additionally, modelling luminal ERα-positive subtypes, which 

represent over 70% of diagnosed breast cancers, has proven especially difficult in part 

because xenotransplantation tends to favor the most aggressive cancer forms, leading 

to a bias in both CDX and PDX models toward the triple-negative subtype [203,205]. 

Moreover, PDX models still rely on immunodeficient mice, limiting their applicability for 

immunotherapy studies.  

3.2.3. Genetically engineered mouse models 

GEMMs provide a versatile platform to investigate breast cancer biology, progression, 

and therapeutic responses [206]. These models closely replicate the spontaneous 

development of breast cancer, capturing the stepwise progression observed in human 

disease, enabling the study of tumor initiation, progression, and metastasis in a 

controlled environment. GEMMs are specifically engineered with conditional and/or 

constitutively active mutant alleles to mimic the genetic alterations found in human 

breast cancers. Unlike cell culture or xenograft models, GEMMs develop tumors within 

an intact immune system and a native tumor microenvironment.  

Importantly, many GEEMs are engineered to model specific molecular subtypes of 

breast cancer, allowing the investigation of subtype-specific mechanisms of 
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tumorigenesis and treatment response. Researchers typically use different promoters 

to drive oncogene expression in a broad range of cells or in a subset of cells, depending 

on the purpose of the study: 

▪ Tissue-specific promoters: Examples include the MMTV (mouse mammary tumor 

virus) and C3(1) (rat prostatic steroid binding protein gene) promoters, which are 

specifically activated in the mammary epithelium. These promoters induce 

widespread expression across all MECs, providing robust models for studying 

breast tumorigenesis [207-215].  

▪ Lineage-specific promoters: Oncogene expression is selectively driven in specific 

cell subsets. In the adult mammary gland, promoters such as Lgr5, Krt5, and Krt14 

are activated in BaCs, while Krt8 and Blg (beta-lactoglobulin) drive expression in 

LCs [91-93]. The WAP (whey acidic protein) promoter specifically drives expression 

in alveolar ERαneg luminal progenitors during pregnancy and lactation [99,216-220], 

and is also transiently activated in a subset of alveolar luminal cells during estrus in 

virgin female mice [221]. This approach provides a more nuanced understanding of 

breast cancer initiation and progression in defined cellular contexts. 

These promoters often use the Cre/loxP recombination system to enable precise spatial 

control over oncogene expression, targeting specific cell lineages while minimizing off-

target expression in unintended cell types [91-93,99,210,221]. 

Comparative genomic analyses between various mouse models and human cancer 

datasets have enabled researchers to identify the molecular subtypes in humans that 

align closely with different mouse models [91-93,99,222,223] (Table I1): 

▪ Basal-like tumors: Captured by models such as MMTV-Wnt1 [207], WAP-TAg 

[217], Blg-Cre/Brca1f/f/p53+/- [91], Krt14-Cre/Brca1f/f/p53+/- [91], MMTV-Myc [208], 

WAP-Myc [218], C3(1)-TAg [215], MMTV-Cre/Brca1Co/Co/p53+/- [210], Krt8-

Cre/Pik3caH1047R [92,93], and MMTV-Aib1 [209]. 

▪ Luminal tumors: Exemplified by MMTV-Myc, WAP-Myc, Krt8-Cre/Pik3caH1047R, 

WAP-Int3 [219], MMTV-Hras [208], Lgr5-Cre/Pik3caH1047R [92], MMTV-Neu [212], 

Krt5-Cre/Pik3caH1047R [93], MMTV-PyMT [211], Rb-/- [224], and MMTV-Aib1. 

▪ HER2-enriched tumors: Modeled by Krt8-Cre/Pik3caH1047R, WAP-Cre/Etv6 [221], 

Rb-/-, MMTV-Fgf3 [213], WAP-T121 [220], MMTV-Aib1, p18-/- [225], and Brg1+/- [226]. 

▪ Normal-like tumors: Reflected in models such as MMTV-Neu, MMTV-Fgf3, p18-/-, 

and MMTV-Lpa [214]. 

▪ Claudin-low tumors: Defined by mesenchymal traits, these tumors are 

represented by a subset of tumors within the C3(1)-TAg model, along with those 

from MMTV-Cre/Brca1Co/Co/p53+/-, WAP-T121, p18-/-, MMTV-Lpa, WAP-Cre/KrasG12D 

[99], and Brg1+/-. 
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Mouse model Oncogene status and targeted cells Human breast cancer subtype 

MMTV-Wnt1 Wnt1 overexpression in MECs Basal-like 

WAP-TAg TAg overexpression in LCs Basal-like 

Blg-Cre/Brca1f/f/p53+/- Trp53 heterozygous and Brca1 loss in 
BaCs 

Basal-like 

Krt14-Cre/Brca1f/fp53+/- Trp53 heterozygous and Brca1 loss in 
BaCs 

Basal-like 

MMTV-Myc Myc overexpression in MECs Basal-like, Luminal B 

WAP-Myc Myc overexpression in LCs Basal-like, Luminal B 

C3(1)-TAg TAg overexpression in MECs  Basal-like, Claudin-low 

MMTV-
Cre/Brca1Co/Co/p53+/- 

Trp53 heterozygous and Brca1 loss in 
MECs 

Basal-like, Claudin-low 

p53+/- irradiated Trp53 heterozygous and irradiated Basal-like, Claudin-low 

Krt8-Cre/Pik3caH1047R Pik3caH1047R overexpression in LCs Basal-like, HER2-enriched, 
Luminal B 

WAP-Int3 Notch4 overexpression in LCs Luminal-like 

DMBA-induced Random mutations in MECs Luminal-like, Basal-like 

MMTV-Hras Hras overexpression in MECs Luminal A 

Lgr5-Cre/Pik3caH1047R Pik3caH1047R overexpression in BaCs Luminal A, Luminal B 

MMTV-Neu Neu/Erbb2 overexpression in MECs Luminal A, Normal-like 

Krt5-Cre/Pik3caH1047R Pik3caH1047R overexpression in BaCs Luminal B 

MMTV-PyMT PyMT overexpression in MECs Luminal B 

WAP-Cre/Etv6 Etv6-Ntrk3 overexpression in LCs HER2-enriched 

Rb-/- Rb homozygous null HER2-enriched, Luminal A 

MMTV-Fgf3 Fgf3 overexpression in MECs HER2-enriched, Normal-like 

WAP-T121 T121 overexpression in LCs HER2-enriched, Claudin-low 

MMTV-Aib1 Aib overexpression in MECs HER2-enriched, Basal-like, 
Luminal B 

p18-/- Cdkn2c homozygous null HER2-enriched, Normal-like, 
Claudin-low 

MMTV-Lpa Lpa overexpression in MECs Normal-like, Claudin-low 

WAP-Cre/KrasG12D KrasG12D overexpression in LCs Claudin-low 

Brg1+/- Brg1 heterozygous deletion Claudin-low, HER2-enriched 

MPA+DMBA-induced Random mutations in MECs Claudin-low, Normal-like, Basal-
like, HER2-enriched 

Table I1. Overview of genetically engineered and chemically induced mouse models of mammary 

tumors, specifying oncogene or tumor suppressor gene alterations, targeted MECs, and 

corresponding human breast cancer subtypes. Subtypes are based on PAM50 gene profiling by Parker 

et al., 2009 [171] and the intrinsic gene list by Hu et al., 2006 [227], including basal-like, luminal A, luminal B, 

HER2-enriched, normal-like, and claudin-low subtypes. References: Herschkowitz et al., 2007; Molyneux et 

al., 2010; Pfefferle et al., 2013; Koren et al., 2015; Van Keymeulen et al. 2015; Abba et al., 2016; Radler et 

al., 2021.  Table adapted from Vinuesa-Pitarch et al., 2021 [45]. 
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3.2.4. Inducible breast cancer models 

Inducible breast cancer models utilize chemical, physical, and biological approaches to 

induce carcinogenesis, each offering unique advantages for studying specific aspects 

of tumor biology. 

▪ Chemically induced breast cancer models: Relying on chemical treatments to 

induce DNA damage and mutations, these models are valuable for studying the 

mutagenic processes involved in breast cancer initiation and progression. 

o DMBA (7,12-dimethylbenz[a]anthracene) model: Exposure to DMBA, either 

alone or in combination with medroxyprogesterone acetate (MPA), induces a 

diverse array of tumor subtypes [222,223,228,229] (Table I1). This model, used 

in this thesis, will be further described in the Methods section. 

o NMU (N-nitroso-N-methylurea) model: Exposure to NMU predominantly leads 

to mammary tumors with a gene expression profile similar to HR-positive 

human breast tumors [230,231].  

▪ Radiation-induced breast cancer models: Physical agents, such as ionizing 

radiation, are widely used in breast cancer models to induce DNA damage and 

genomic instability, leading to breast cancer development [232]. Bagg Albino 

(BALB/c) mice are commonly used in radiation carcinogenesis studies due to a 

unique polymorphism in the Prkdc gene. This gene encodes the DNA-dependent 

protein kinase catalytic subunit, which plays a key role in DNA repair processes. 

The polymorphism in Prkdc increases susceptibility to cancer, particularly following 

radiation exposure, making BALB/c mice an ideal model for exploring how 

deficiencies in DNA repair mechanisms contribute to breast cancer development 

[233]. Mice harboring mutations in Trp53 show a significantly higher incidence of 

mammary tumors after irradiation. These tumors molecularly resemble human 

basal-like and claudin-low tumors (Table I1), making these models particularly 

useful for studying aggressive breast cancer subtypes [234]. Combined mutations 

further enhance radiation-induced carcinogenesis in murine models. Trp53+/- 

irradiated mice exhibit heightened breast cancer susceptibility, especially when 

combined with mutations in Atm (ataxia telangiectasia mutated) or Brca1, both of 

which are critical for maintaining genomic integrity [235,236]. Similarly, mutations in 

Apc (adenomatous polyposis coli) significantly increase breast cancer risk following 

radiation exposure. These combined genetic and environmental perturbations 

closely mimic the complex interactions that contribute to human breast cancer [237]. 

Radiation-induced breast cancer models are particularly valuable for understanding 

how environmental factors, such as radiation from medical treatments or 

environmental sources, contribute to the initiation and progression of breast cancer. 

By replicating these processes in vivo, researchers can investigate the mechanisms 

of radiation-induced malignancy and identify potential strategies for prevention and 

intervention.  

▪ Biologically-induced breast cancer models: Biological approaches, such as 

lentiviral infections, provide precise methods for investigating gene-specific 

contributions to breast cancer [238]. Lentiviral vectors are engineered to introduce 
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oncogenes or silence tumor suppressor genes, enabling targeted modifications in 

specific mammary epithelial cells. This approach offers researchers the ability to 

activate or suppress gene expression after birth, providing greater flexibility 

compared to the permanent genetic alterations used in GEMMs. The RCAS-TVA 

(replication-competent avian sarcoma-leukosis virus long-terminal repeat with 

splice acceptor - tumor virus A) system is a notable example of a biologically 

induced breast cancer model. In this system, the TVA receptor is expressed on 

target cells, enabling them to be selectively infected by RCAS viral vectors carrying 

genes of interest [239]. For instance, Ding et al. used this system to infect MMTV-

TVA mice with RCAS-Erbb2, inducing Erbb2 expression in both ERαpos and ERαneg 

LCs, leading to the transformation of these cells and the formation of HER2-positive 

tumors [9]. 

3.3. Lineage tracing as the gold-standard approach for exploring cellular hierarchies 

and heterogeneity in breast cancer 

3.3.1. Unraveling the cell of origin in different breast cancer subtypes  

The cell of origin for breast cancer remains one of the most debated topics in cancer 

biology, with ongoing discussions regarding the factors that influence tumor initiation. 

Over the years, comparative expression profiling has been widely used to identify 

shared expression patterns among normal human MECs and various breast cancer 

subtypes, providing clues about a plausible cell of origin. In this direction, several 

studies have pointed to luminal progenitors (ERαneg LCs) as a potential target population 

for the initiation of basal-like breast cancer, given their similar gene expression profiles 

[240-242]. Conversely, the BaC-associated signature showed the greatest similarity to 

the claudin-low subtype. Meanwhile, the ERαpos LC-associated (mature luminal) 

signature was predominantly upregulated in luminal A and B breast cancer subtypes. 

These findings highlight the utility of comparative expression profiling in pinpointing the 

cell of origin across diverse breast cancer subtypes and suggest that both progenitor 

and differentiated MECs may serve as potential targets for oncogenic events. 

Compelling in vivo evidence has shown that distinct breast cancer subtypes can emerge 

from oncogenic expression or tumor suppressor depletion in any mammary cell lineage. 

Both luminal and basal progenitors are susceptible to transformation, with basal-like 

breast cancers more likely to originate from LCs rather than BaCs [91-93] (Figure I8). 

For instance, Pik3caH1047R expression in Lgr5-expressing BaCs generated luminal A and 

luminal B tumors, while its expression in Krt8-expressing LCs resulted in luminal B, 

HER2-enriched, and basal-like tumors [92]. Similarly, Pik3caH1047R expression in Krt5-

expressing BaCs induced luminal B tumors, whereas expression in Krt8-positive LCs 

generated luminal B and basal-like tumors [93]. In a separate study using Trp53 

heterozygous mice, Brca1 deficiency was directed to either Krt14-expressing BaCs or 

Blg-expressing LCs, primarily targeting ERαneg progenitors. Both models produced 

mammary tumors resembling the genetic profile of human basal-like tumors [91], 

although only luminal-derived tumors shared histologic similarities with human BRCA1 

loss-of-function breast cancers. Furthermore, oncogenic activation in ERαneg LCs 



INTRODUCTION 

55 

 

through the WAP promoter yielded a broad spectrum of tumor subtypes [99,222,223] 

(Table I1). Specifically, Myc (myelocytomatosis oncogene) overexpression led to both 

luminal B and basal-like tumors, while large T antigen (TAg) overexpression 

predominantly produced basal-like tumors. Introduction of the Etv6-Ntrk3 fusion gene 

or the truncated form of TAg (T121) that inactivates Rb (retinoblastoma-associated 

protein), resulted in HER2-enriched tumors. Lastly, expression of KrasG12D or T121 

overexpression induced claudin-low tumors (Figure I8). 

 

Figure I8. Tumor subtype specification in BaCs and LCs using distinct oncogenic drivers. This figure 

illustrates different breast tumors resulting from oncogenic activation or tumor suppressor deletion in BaCs 

using Lgr5, Krt5, and Krt14 promoters; in ERαneg LCs using WAP promoter; and in both ERαpos and ERαneg 

LCs using Krt8 and Blg promoters. Each oncogenic murine model aligns with specific human breast cancer 

subtypes: luminal A, luminal B, basal-like, HER2-enriched, and claudin-low. References:  Herschkowitz et al., 

2007; Molyneux et al., 2010; Pfefferle et al., 2013; Koren et al., 2015; Van Keymeulen et al. 2015; Radler et 

al., 2021. Figure created with BioRender. 

Collectively, these findings suggest that the oncogene itself can initiate the tumorigenic 

process in any cell type, regardless of its lineage. However, the cell of origin appears to 

play a critical role in determining the aggressiveness of the resulting tumor. The ongoing 

debate centers on whether tumor development is predominantly driven by the cell of 

origin, the specific oncogenic mutations, or an interplay between these two factors. It is 

important to note that traditional lineage-specific oncogenic models may hinder the 

accurate identification of the true tumor cell of origin. These models often artificially 

induce tumorigenesis through the forced expression of oncogenes, which can 

misrepresent the natural course of disease development. Moreover, breast cancer cells 

exhibit substantial plasticity upon oncogenic activation [91-94], adding another layer of 

complexity to identifying a specific cell of origin. To address these challenges, 

combining lineage tracing tools with genetic and inducible breast cancer models 

provides a more authentic representation of cancer development. This approach 

enables researchers to trace the natural origins and progression of the disease, offering 

valuable insights into tumor biology. This methodology constitutes the primary 

focus of this thesis. 

Lineage tracing has emerged as a powerful tool for investigating the cell of origin in 

breast cancer, although relatively few studies have utilized this approach. One notable 

study used lineage tracing to track a subset of BaCs expressing Lgr5 in C3(1)-TAg mice, 

a murine model of TNBC that shares a basal-like genetic profile with its human 
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counterpart [215,222] (Table I1). The study demonstrated that hyperplastic lesions 

predominantly arose from Lgr5-derived progeny, identifying Lgr5-positive BaCs as the 

cell of origin of basal-like breast tumors [8]. In contrast, lineage tracing studies in the 

MMTV-PyMT breast cancer model, which transcriptomically resembles human luminal 

B tumors [211,223] (Table I1), revealed that these luminal tumors originated from Krt8-

positive LCs rather than Krt5-positive BaCs [243]. Conversely, Rios et al., using the 

MPA+DMBA-induced breast cancer model, showed that Krt5-positive BaCs give rise to 

luminal-enriched clones that expand during tumor progression [244], supporting a basal 

origin for luminal tumors. 

An innovative study combined lineage tracing with the RCAS-TVA biological tool (see 

Section 3.2.4) to investigate the role of ERα in the development and progression of 

HER2-positive tumors [9]. Researchers utilized Esr1-Cre/MMTV-TVA/Rosa26-tdRFP 

mice infected with an RCAS-Erbb2 viral vector, enabling the transformation of both 

ERαpos and ERαneg LCs. This approach allowed effective lineage tracing of both cell 

populations, with ERαpos-derived cells labeled in red, while ERαneg-derived progeny 

remained unlabeled. The study revealed that HER2-positive tumors originating from 

ERαpos LCs are more aggressive compared to those arising from ERαneg LCs. 

Remarkably, ERα-positive cells were required to lose Esr1 expression in order to 

expand and metastasize, underscoring the critical influence of the cell of origin in 

shaping tumor behavior and determining breast cancer outcomes. 

3.3.2. Exploring clonal dynamics during tumor progression and 

dissemination using combinatorial approaches 

Recent advancements in microscopy techniques, such as intravital imaging and 3D 

whole-mount imaging, combined with multicolor lineage tracing and single-cell lineage 

tracing via cellular barcoding, have transformed our understanding of mammary tumor 

progression and tumor cell population dynamics [10,244]. These cutting-edge 

approaches provide unprecedented resolution in tracking the behavior and interactions 

of individual tumor clones throughout tumorigenesis. 

3.3.2.1. 3D-whole mount imaging to explore tumor dynamics at high resolution  

Rios et al. advanced multicolor lineage tracing by the developing a novel tissue clearing 

technique called FUnGI (Fructose, Urea, and Glycerol for Imaging). This method 

enabled the efficient clearing of mammary tissue within two hours at room temperature, 

while preserving structural integrity and achieving high transparency for high-resolution 

imaging. FUnGI was integrated with a large-scale, single-cell resolution 3D imaging 

protocol [20], creating a powerful platform for analyzing clonal expansion dynamics in 

mammary tumors. This innovative approach allowed whole-mammary gland 

visualization with minimal light scattering and no fluorescence loss, facilitating the 

effective visualization of fluorescent reporter genes across various tissues. As a result, 

it permitted precise tracking of clonal populations, yielding valuable insights into tumor 

progression and cellular plasticity within the mammary gland. By allowing high-

resolution monitoring of multiple clonal populations within the same tissue, this imaging 
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technology offered an unprecedented view of clonal interactions, evolution, and their 

contribution to breast cancer development. 

3.3.2.2. Intravital imaging for real-time monitoring of tumor cell dynamics 

Intravital imaging, which involves the real-time visualization of living tissues within an 

organism, is a powerful tool for studying cellular processes in their native 

microenvironment [245]. This technique enables dynamic monitoring of tumor cell 

behaviors, including proliferation, migration, and interaction with surrounding cells, in 

live animals. A key feature of intravital imaging is the use of surgically implanted imaging 

windows, which provide repeated, non-invasive access to tissues over extended 

periods. These windows facilitate longitudinal studies, offering valuable insights into the 

temporal progression of tumor development and metastatic spread. By capturing these 

processes in vivo, intravital imaging reveals a more nuanced and complex 

understanding of tumor cell behavior than was previously possible. 

The Rosa26-Confetti reporter system, which randomly activates one of four distinct 

fluorescent proteins (GFP, YFP, RFP, and CFP) in the targeted compartment, enables 

precise tracking of individual clones within a tumor using multiple color markers [246] 

(Figure I9). Unlike traditional single-color lineage tracing, this multicolor system allows 

researchers to differentiate and monitor multiple clonal populations within the same 

tissue.  

 

Figure I9. Schematic model of clonal dynamics in MMTV-PyMT tumors, derived from multi-color 

lineage tracing studies using real-time intravital imaging. The CreERT2 system allows temporal control of 

recombination in neoplastic cells, leading to the random expression of different fluorescent proteins (GFP, 

YFP, RFP, and CFP). The model depicts the progression of tumor growth from neoplasia to adenoma and 

carcinoma, with colors indicating different clonal populations. Growth patterns of these clones are intravitally 

imaged over time through an imaging window, showing continuous growth, delayed onset, regression, and 

disappearance, each represented by a specific color and growth curve in the graph on the right. Reference: 

Zomer et al. 2013. Figure created with BioRender. 

In a pioneering study by Zomer et al., intravital imaging was combined with random 

multi-labeling using Rosa26-CreERT2/Rosa26-Confetti mice, allowing real-time tracing of 

individual tumor cells within the mammary gland [10] (Figure I9). The study uncovered 
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surprising findings that challenged conventional assumptions about tumor cell 

proliferation. Contrary to the prevailing notion that most tumor cells proliferate during 

cancer progression, only a small subset of cells underwent clonal expansion. This highly 

proliferative subset plays a critical role in driving tumor growth and progression, while 

most cells within the primary tumor exhibit limited proliferative capacity. Many tumor 

cells either disappear, grow at a slower rate, or partially expand before eventually 

regressing. These observations suggest that the aggressive behavior of a tumor may 

be driven by a minority of highly proliferative cells, whereas most tumor cells remain 

relatively dormant or non-contributive.  

In a related study, Scheele et al. also demonstrated that protective mechanisms within 

mammary tissues, such as tissue remodeling and the stochastic loss of self-renewing 

cells, limit the spread of mutations and ensure that only a subset of mutant clones 

expand, providing further insights into the selective clonal dynamics underlying 

tumorigenesis [247]. Together, these studies underscore the importance of focusing on 

specific clonal populations to understand cancer progression and metastasis. Such 

insights underscore the importance of focusing on specific clonal populations to better 

understand the mechanisms underlying cancer progression and metastasis. 

3.3.2.1. Single-cell lineage tracing through cellular barcoding for mapping tumor 

subclonal dynamics 

Single-cell lineage tracing, which combines genetic barcoding with single-cell RNA 

sequencing (scRNA-seq), has emerged as a transformative technique for studying 

cellular hierarchies and tumor heterogeneity [248]. Genetic barcoding involves labeling 

individual cells or cell populations with unique DNA sequences or fluorescent tags, 

enabling researchers to track these cells over time. By linking these barcodes to gene 

expression profiles at single-cell resolution, this approach provides a powerful 

framework for mapping cellular trajectories and identifying the functional roles of distinct 

subpopulations in various biological processes, including tumor progression and 

therapy resistance. 

In breast cancer research, single-cell lineage tracing has proven invaluable for 

unraveling the clonal dynamics of tumor cells. For example, one study utilized cellular 

barcoding combined with single-cell transcriptomics to reconstruct the subclonal 

dynamics of EGFR-amplified TNBC cells during treatment with afatinib, a tyrosine 

kinase inhibitor that irreversibly blocks EGFR [249]. This method revealed how distinct 

subclones within a tumor respond differently to targeted therapy, highlighting the 

complexity of tumor evolution and resistance mechanisms. In another example, Ginzel 

et al. applied this approach to investigate the tumorigenic potential of distinct HER2 

isoforms, including wild-type HER2 (WTHER2), d16HER2, and p95HER2, within the same 

mammary gland environment [250]. These researchers used MMTV-Cre mice crossed 

with HER2-Crainbow mice, a model engineered to express three HER2 variants, each 

uniquely fluorescently barcoded and flanked by LoxP sites. By combining fluorescence 

imaging with scRNA-seq, they were able to delineate tumor phenotypes associated with 

each isoform. Their findings demonstrated that WTHER2 infrequently induced indolent 
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tumors, while d16HER2 led to the formation of luminal-like proliferative in situ lesions that 

eventually progressed. In contrast, p95HER2 was linked to the early onset of invasive 

cancers characterized by the co-expression of luminal and basal epithelial markers. 

These results underscore the complexity of HER2-driven tumorigenesis and emphasize 

the importance of subclassifying HER2-positive breast cancer patients based on isoform 

expression; such subclassification could guide personalized treatment strategies, 

optimize clinical outcomes, and improve therapeutic precision. 

By enabling the reconstruction of subclonal dynamics and uncovering mechanisms of 

tumor progression, single-cell lineage tracing through cellular barcoding has 

significantly advanced our understanding of breast cancer biology. This methodology 

continues to offer unparalleled insights into the molecular and cellular processes driving 

tumor heterogeneity and therapeutic resistance. 

3.3.3. EMT heterogeneity and its role in tumor evolution 

Lineage tracing has become an invaluable tool for studying the role of EMT in cancer 

progression and metastasis, shedding light on the intricate dynamics between epithelial 

and mesenchymal states. EMT is a biological process in which epithelial cells lose their 

polarity and adhesion properties, adopting mesenchymal traits such as enhanced 

motility, invasiveness, and resistance to apoptosis. These changes enable tumor cells 

to detach from the primary tumor and migrate to distant organs [251,252].  

Studies using breast cancer models, such as MMTV-PyMT and MMTV-Neu, have 

monitored mesenchymal markers like FSP1 (fibroblast-specific protein 1) and vimentin 

to explore the role of EMT in metastasis. Surprisingly, these studies suggested that EMT 

does not directly contribute to lung metastasis, as the metastases formed were not 

derived from Fsp1- or Vim-positive cells [253,254]. However, these findings were limited 

by the small fraction of cells undergoing EMT that were studied. For example, 

mesenchymal cells marked by low E-Cadherin levels constituted only 5% of the 

population, whereas Fsp1-positive cells accounted for just 0.3% [254]. Notably, E-

Cadherin-low cells demonstrate metastatic potential when injected into circulation [254], 

yet whether this transition naturally occurs in vivo during disease progression remains 

unclear. Despite the unclear link between EMT and metastasis, EMT significantly 

enhances cancer cell survival under chemotherapy, rendering these cells more resilient 

and difficult to eliminate. This resilience contributes to the development of recurrent lung 

metastases, underscoring EMT’s role in therapy resistance [253].  

Interestingly, Li et al. developed a sophisticated lineage tracing tool called EMTracer, 

which utilizes the Cre and Dre combinatorial systems to precisely trace Kit-positive LCs 

transitioning through EMT states during tumor progression [31]. EMTracer is a triple 

transgenic mouse model comprising Kit-CreER, EMT gene-LSL-Dre, and an NR1-

reporter (see Section 1.2). By integrating EMTracer with the MMTV-PyMT breast 

cancer model, the authors investigated EMT dynamics throughout tumor development. 

In this system, tamoxifen administration induced Cre/LoxP recombination, labeling 

luminal Kit-positive cells with zsGreen. Simultaneously, cells expressing EMT markers 

like vimentin or N-cadherin activated Dre expression, triggering Dre/rox recombination, 
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which switched the fluorescent label from zsGreen to tdTomato. This dual-reporter 

approach enabled precise tracking of cells transitioning through EMT states during 

tumor progression. Functional studies revealed that vimentin was dispensable for 

metastasis, whereas N-cadherin activation was critical for successful lung colonization. 

The findings also demonstrated that breast cancer cells initiate the EMT program during 

the early stages of primary tumor growth, rather than later during dissemination or 

metastatic colonization. This discovery challenges the widely held notion that EMT 

predominantly occurs in advanced tumor stages and underscores the importance of 

investigating EMT across all stages of tumor progression. 

Overall, these findings highlight EMT as a heterogeneous and dynamic process, where 

tumor cells often undergo partial transitions rather than a complete EMT, resulting in 

hybrid states that exhibit both epithelial and mesenchymal traits. Such hybrid states are 

thought to contribute to tumor plasticity, invasiveness, and therapy resistance. Future 

research could benefit from employing combinatorial lineage tracing systems to label 

and track cells expressing various mesenchymal markers. Additionally, integrating 

lineage tracing with scRNA-seq at different tumor stages could provide deeper insights 

into intermediate EMT states, helping to unravel their functional roles in tumor 

progression and metastasis. These advancements emphasize the need to investigate 

EMT as a continuum of states, rather than a binary process, to fully understand its 

implications for cancer biology and therapeutic intervention. 

3.3.4. Metastatic dynamics revealed by multicolor lineage tracing 

Multicolor fluorescent lineage tracing in the MMTV-PyMT model provided critical 

insights into the mechanisms of metastasis, revealing that cancer cells spread as 

cohesive clusters rather than through the sequential seeding of individual cells [11]. 

Following the orthotopic implantation of mammary tumors composed of cells labeled 

with distinct fluorescent proteins, lung metastases were found to contain cells of multiple 

colors, indicating that metastases originated from multicellular clusters rather than 

single cells. This study outlined metastatic progression through five distinct stages, each 

characterized by the presence of multicolored tumor cell clusters. These stages include 

collective invasion, local dissemination into the adjacent stroma, extravasation into 

tumor emboli, circulation of tumor cell clusters, and the formation of distant micro- and 

macro-metastases. By identifying these stages, the research underscores the critical 

role of collective cell behavior in metastatic progression, offering valuable insights into 

potential therapeutic targets aimed at disrupting cluster-based dissemination. 
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HYPOTHESIS AND OBJECTIVES 

Lineage tracing has emerged as a powerful tool for unraveling the intricate cellular 

hierarchies in both healthy and malignant tissues. Despite significant advancements in 

breast cancer research, critical gaps persist in literature. Most studies have narrowly 

focused on specific mammary epithelial cell subpopulations, failing to provide a 

comprehensive overview of the diverse cellular hierarchies within the mammary gland. 

Moreover, there is limited understanding of how clonal dynamics evolve across different 

tumor stages and breast cancer subtypes, particularly in aggressive forms such as 

triple-negative breast cancer. These gaps underscore the need for an integrated and 

thorough exploration of cellular behaviors across diverse contexts in breast cancer 

biology. 

This study hypothesizes that the application of lineage tracing technology will provide 

critical insights into the cellular origins, clonal dynamics, and metastatic behavior of 

distinct mammary epithelial cell types in preclinical models that closely mimic clinical 

TNBC. By deciphering cellular hierarchies across different tumor stages and subtypes, 

this research aims to deepen our understanding of tumor heterogeneity and identify 

potential biomarkers for diagnosis and prognosis. These insights may ultimately guide 

the development of personalized therapeutic strategies, improving treatment efficacy 

and outcomes for women with TNBC. 

This thesis is structured around four primary objectives: 

▪ Objective 1: To histologically and transcriptomically characterize different 

preclinical models of triple-negative breast cancer. 

▪ Objective 2: To elucidate the cellular origins in multiple subtypes of triple-negative 

breast cancer.  

▪ Objective 3: To investigate the clonal dynamics of distinct mammary epithelial cell 

types across transcriptomically diverse triple-negative breast cancer subtypes. 

▪ Objective 4: To determine the metastatic potential of different mammary epithelial 

cell populations in triple-negative breast tumors. 

This thesis aims to address fundamental questions in breast cancer biology, with a 

focus on advancing our understanding of tumor heterogeneity. 
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MATERIALS AND METHODS 

 Mice 

1.1. Maintenance and welfare of the animal colony 

The animals used in this project were housed in individual, ventilated, and autoclavable 

cages within specific pathogen-free facilities, ensuring a controlled environment free 

from known infectious agents. To support animal welfare and maintain the 

reproducibility of experimental results, the colony had ad libitum access to water and 

was kept at a stable temperature of 20 to 22 ºC under a 12-hour light/dark cycle. 

The experimental protocols used in this study were carefully designed and approved in 

accordance with the regulations and legal requirements established by the Department 

of Agriculture, Livestock, and Fisheries of the Catalonia Government (Approval num. 

11195). Additionally, all protocols adhered to the guidelines of the Animal 

Experimentation Ethics Committee of the Germans Trias i Pujol Research Institute and 

the Comparative Medicine and Bioimage Centre of Catalonia (FUE-2020-01747689; ID-

9HSW349C9). These procedures complied with the international standards set by the 

Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC), 

ensuring the highest levels of ethical and scientific rigor in animal research. 

1.2. Murine models 

1.2.1. Breast cancer models 

This study utilized three distinct commercially available murine models of breast cancer: 

two genetically engineered models (MMTV-PyMT and C3(1)-TAg) and one chemically 

induced model (DMBA). These mouse models induce tumorigenesis trough different 

mechanisms, effectively representing the diverse range of molecular subtypes observed 

in clinical settings (Table M1). 

Model Induction  Oncogenic events Subtype 

MMTV-
PyMT 

Genetically 
Engineered 

PyMT oncogene drives ShcA, PI3K, 
PLCγ, and STAT3 activation 

Luminal B [222,223] 

C3(1)-TAg Genetically 
Engineered 

TAg oncogene induces p53 and Rb 
inactivation, and Kras amplification 

Basal-like, Claudin-low [222,223] 

DMBA-
induced 

Chemical 
treatment 

DMBA-induced random mutagenesis 
promotes PI3K, COX-2, and PD-L1 
activation, Pten and Rb inactivation, 
AhR, Ccnd1 and Myc overexpression 

Claudin-low, Basal-like, Normal-
like, HER2-enriched, Luminal-
like [222,223,228,229] 

Table M1. Summary of the breast cancer models used in this study. The table outlines the induction 

methods, key oncogenic events, and corresponding human breast cancer subtypes represented by the three 

murine models utilized.  

1.2.1.1. MMTV-PyMT  

The Tg(MMTV-PyVT)634Mul/J transgenic strain (Jackson Laboratory, #002374) is 

among the most widely used genetically engineered mouse models for cancer research. 
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Introduced in 1992 [211], this model carries the PyMT antigen under the control of the 

MMTV promoter, resulting in the spontaneous development of highly fibrotic, multifocal 

tumors in 100% of female mice. Tumors progress through distinct stages: hyperplasia 

(~4 weeks), mammary intraepithelial neoplasia (MIN) or adenoma (~9 weeks), and 

carcinoma (~14 weeks), with lung metastases occurring in 80–90% of tumor-bearing 

females [211,255].  

PyMT tumors typically exhibit a  microacinar histology, featured by small, less organized 

glandular-like structures, but they can also progress to more advanced forms, such as 

papillary formations, which display more organized and well-differentiated glandular-like 

projections [256]. Gene expression profiling clustered PyMT tumors with luminal B 

human breast cancers [222,223]. Although molecularly classified as luminal-like, these 

tumors are negative for ERα and PR, limiting their utility for studying hormone-

dependent breast cancers [257]. Nevertheless, they express abundant levels of AR, 

with a genetic profile resembling that of the LAR TNBC subtype, which is characterized 

by high AR expression [257].  

Although the PyMT oncogene is not found in human breast cancers, it is highly potent 

and activates multiple signaling pathways that are critical to human breast cancer 

progression. PyMT oncogene activation occurs through a stepwise process. PyMT 

binds PP2A (protein phosphatase 2A), forming a complex that recruits and activates c-

Src. This interaction leads to the phosphorylation of PyMT at specific tyrosine residues: 

Tyr250, binding ShcA (SHC-transforming protein 1); Tyr315, binding PI3K; and Tyr322, 

binding PLCγ1 (phospholipase C gamma 1). These interactions activate critical 

signaling pathways, including Ras/Raf/MEK/MAPK, PI3K/PDK1/Akt, and PLCγ/PKC, 

which drive tumor transformation [258]. Additionally, the activation of STAT3 (signal 

transducer and activator of transcription 3) via Tyr705 phosphorylation, mediated by c-

Src or JAK (Janus kinase), plays a crucial role in PyMT-driven progression [259-264].  

The genetic background of MMTV-PyMT mice affects tumor onset and metastasis rates. 

Tumors develop faster in Friend Virus B-type (FVB) mice compared to the C57 Black 6 

(C57BL/6) strain [265]. For this study, the FVB background was selected to ensure 

accelerated tumor development and facilitate research objectives. 

1.2.1.2. C3(1)-TAg 

The Tg(C3-1-TAg)cJeg/JegJ mouse model (Jackson Laboratory, #013591) expresses 

SV40-TAg (simian virus 40 large T antigen) under the control of the C3(1) promoter, 

resulting in prostate cancer in males and mammary tumors in females [215]. Female 

hemizygous mice develop multifocal mammary tumors, progressing from low-grade 

MIN (8 weeks) to high-grade MIN (12 weeks), and adenocarcinomas (21 weeks), with 

penetrance exceeding 90%, and an average latency of palpable tumors of 19 weeks 

[206,266]. The lung is the primary site for metastasis, although they have also been 

detected in the liver, adrenal glands, and heart [266]. FVB females present a 15-30% 

incidence of pulmonary metastases and typically require euthanasia by 7 months of age 

due to the development of large mammary adenocarcinomas [266].  
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Histologically, C3(1)-TAg tumors are characterized by irregular, poorly differentiated 

glandular structures [215]. These tumors are triple-negative (ERα, PR, and HER2-

negative), resembling aggressive human basal-like cancers, often with TP53 and RB1 

(RB transcriptional corepressor 1) loss of function, and a minor proportion resembling 

claudin-low tumors [222,223]. C3(1)-TAg-driven tumorigenesis results from p53 (cellular 

tumor antigen p53) and Rb inactivation through TAg, mirroring gene disruptions in 

human cancers [267,268] (Table I1). Additional oncogenic drivers include Kras 

amplification and MAPK (mitogen-activated protein kinase) activation, accelerating 

tumor development [269].  

Similar to the PyMT model, tumor progression is faster in FVB mice than in C57BL/6 

mice, making FVB the preferred strain for this study [266]. 

1.2.1.1. DMBA-induced breast cancer model 

The DMBA-induced model involves weekly oral administration of 1 mg/mouse DMBA 

(10 mg/ml in sunflower oil) for six consecutive weeks. In FVB mice, this protocol 

achieves a 75% tumor penetrance by 34 weeks of age [270]. Importantly, DMBA can 

also lead to the development of tumors in other organs, including the lungs, bone, lymph 

nodes, and skin, all of which can adversely affect survival.  

DMBA tumors are highly heterogeneous, varying in location, histology, and molecular 

subtype. Long-latency tumors generated by DMBA alone predominantly align with 

luminal-like subtype and, less frequently, basal-like subtype [228] (Table I1). When 

combined with hormone treatments such as MPA, DMBA shortens tumor latency and 

primarily promotes the development of normal-like and claudin-low subtypes 

[222,223,229], although basal-like and HER2-enriched subtypes can also emerge under 

these conditions [228].  

DMBA is a polycyclic aromatic hydrocarbon that activates the aryl hydrocarbon receptor 

(AhR), triggering transcription of AhR-responsive genes. Metabolism of DMBA by 

cytochrome P450 enzymes generates mutagenic epoxide intermediates that form DNA 

adducts, driving tumorigenesis [271]. Long-latency tumors often harbor Pik3ca and/or 

Pten (phosphatase and tensin homolog) mutations, with 82% carrying the Pik3ca 

H1047R/L mutation, the most frequent mutation in human breast cancers [228]. In 

contrast, short-latency tumors exhibit mutations in drivers like Hras (Harvey rat sarcoma 

virus oncogene) and Apc, rarely observed in human cancers. DMBA tumors display 

AhR, Ccnd1 (cyclin D1), and Myc overexpression, Rb inactivation, and upregulation of 

NF-kB and Wnt signaling pathways, contributing to tumorigenesis [270]. MPA+DMBA-

induced mutations also activate immunosuppressive genes like Ptgs2 (COX-2) and the 

immune checkpoint gene Cd274 (PD-L1), fostering a pro-tumorigenic microenvironment 

[229]. These features are characteristic of claudin-low tumors in the human METABRIC 

(Molecular Taxonomy of Breast Cancer International Consortium) dataset [272]. 
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1.2.2. Murine transgenic lines for lineage tracing experiments in breast 

tumors 

1.2.2.1. Inducible Cre transgenic lines 

The different preclinical breast cancer models were mated with various tamoxifen-

inducible Cre lines, where Cre recombinase activity is driven by either the ubiquitin C 

(Ubc) promoter, which indiscriminately tags all cell types, or by lineage-specific 

promoters, each labeling a distinct mammary epithelial cell population.  These Cre lines 

include:  

▪ Ubc-CreERT2 (B6.Cg-Ndor1Tg(UBC-cre/ERT2)1Ejb/1J) transgenic mice [273], generously  

provided by Dr M. Graupera (IJC), for random labeling of all cell types.  

▪ Acta2-CreERT2 (Tg(Acta2-cre/ERT2)12Pcn) transgenic mice [274], kindly provided 

by Prof P. Chambon (IGBMC), for labeling and tracing BaCs [83]. 

▪ Notch1-CreERT2 (Notch1tm1.1(cre/ERT2)Sat) knock-in mice [275], gifted by Dr S. Fre 

(Institut Curie), for labeling and tracing ERαneg LCs [4]. 

▪ Prom1-CreERT2 (129S-Prom1tm1(cre/ERT2)Gilb/J) knock-in mice [276], obtained from 

Jackson Laboratory (#017743), for labeling and tracing ERαpos LCs [86].  

1.2.2.2. Rosa26mTmG reporter line 

The Cre lines were crossed with the Rosa26mTmG (Gt(ROSA)26Sortm4(ACTB-

tdTomato,-EGFP)Luo/J) double fluorescent reporter mouse strain (Jackson Laboratory, 

#007676) [277].  This reporter line enables the fluorescent visualization and long-term 

tracing of targeted cellular populations. The Rosa26 gene in this line is engineered to 

express two fluorescent proteins: mTomato (membrane-localized tdTomato) and mGFP 

(membrane-localized EGFP). Initially, mTomato is constitutively expressed in all cells, 

providing a baseline fluorescence. Cre-mediated recombination switches the 

expression from mTomato (red) to mGFP (green), specifically in cells where Cre is 

active. This transition allows for precise tracking of clonal expansion and differentiation 

in mGFP-positive cells, facilitating comprehensive investigations of cellular dynamics 

within each experimental framework. 

1.2.2.3. Establishment of murine transgenic lines for lineage tracing 

The three breast cancer models were crossed with the inducible CreERT2 lines and the 

Rosa26mTmG reporter line to conduct lineage tracing experiments. Figure M1 outlines 

the breeding strategy used to generate transgenic murine lines. These models enabled 

the specific labeling and tracing of the three mammary epithelial cell compartments 

throughout tumor progression. 
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Figure M1. Schematic representation of the breeding strategy used to generate transgenic murine 

lines for lineage tracing. The genetically engineered (MMTV-PyMT and C3(1)-TAg) and chemically induced 

(DMBA) breast cancer models were crossed with Ubc-, Acta2-, Notch1-, and Prom1-CreERT2 lines and the 

Rosa26mTmG reporter line. This approach enabled the specific labeling and tracking of distinct mammary 

epithelial cell populations throughout tumor progression. Figure created with BioRender. 

 Polymerase chain reaction (PCR)-based genotyping of transgenic mice 

2.1. Weaning and ear punching 

Mouse offspring were housed with their parents for three weeks after birth. At this point, 

they were sexed, labeled, and biopsied for genotyping. Ear punches were collected to 

identify mice carrying the Rosa26mTmG reporter construct through fluorescence 

microscopy. Positive identification was based on the emission of red fluorescence. Ear 

biopsies displaying red fluorescence were selected for further DNA extraction to detect 

the non-fluorescent transgenes by PCR. 

2.2. DNA extraction from ear biopsies 

DNA extractions from ear punches were performed using the Hot Sodium Hydroxide 

and Tris (HotSHOT) method described by Truett et al. [278], a rapid and cost-effective 

protocol. Ear tissue samples were placed into individual Eppendorf tubes containing 75 

µL of alkaline lysis buffer (Solution A), composed of 25 mM sodium hydroxide (NaOH) 

and 0.2 mM ethylenediaminetetraacetic acid (EDTA). The samples were incubated in a 

thermocycler at 98ºC for 1 hour to facilitate tissue lysis, then cooled to 15ºC. Next, 75 

µL of neutralizing reagent (Solution B), containing 40 mM Tris-HCl at pH 5.5, was added 

to neutralize the reaction. Samples were centrifuged at 4000 rpm for 3 minutes to pellet 

debris, and 2 µL of the supernatant was used as a template for PCR amplification. This 

efficient DNA extraction method was well-suited for routine genotyping. 
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2.3. PCR genotyping 

Genotyping of transgenic mice was performed using PCR with specific primers 

designed to amplify the targeted DNA sequences. Two separate PCR assays were 

conducted to identify the mutant (mut) and wild-type (wt) versions of the PyMT and 

SV40 TAg transgenes in the MMTV-PyMT and C3(1)-TAg models, respectively.  For 

the four CreERT2 lines (Ubc, Acta2, Notch1, and Prom1), a PCR was conducted to 

detect the Cre transgene, using the Rosa26 gene as an internal positive control.  

PCR reactions were prepared using the 2x PCRBIO HS Taq Mix Red, containing 

PCRBIO HS Taq DNA polymerase, 6 mM MgCl2, 2 mM dNTPs, enhancers, stabilizers, 

and a tracking dye for gel electrophoresis. Each 50 μL reaction included 2 μL of DNA 

template and forward and reverse primers designed by Integrated DNA Technologies 

(IDT) for each target sequence (Table M2). PCR-grade distilled water (dH₂O) was used 

to adjust the final volume. Negative controls were included in each PCR run to monitor 

contamination or non-specific amplification. 

Target 
gene 

Forward primer sequence 5' → 
3' 

Reverse primer sequence 5' → 3' Size 
product   

PyMT wt CAAATGTTGCTTGTCTGGTG GTCAGTCGAGTGCACAGTTT 205 bp 

PyMT 
mut 

CGCACATACTGCTGGAAGAA TGCCGGGAACGTTTTATTAG 453 bp 

SV40 TAg 
wt 

CTCCCAACCCCAGAGGTAGT AGACCCCAGATCCAGAAAGG 320 bp 

SV40 TAg 
mut 

CAGAGCAGAATTGTGGAGTGG GGACAAACCACAACTAGAATGCAGTG 500 bp 

Rosa26 CTTTAAGCCTGCCCAGAAGA AGGGAGCTGCAGTGGAGTAG 211 bp 

Cre GTAGTTATTCGGATCATCAGCT GCTGCCACGACCAAGTGACAGC 402 bp 

Table M2. Primer sequences used for PCR-based genotyping of transgenic murine lines. The table 

includes the forward and reverse primer sequences (5' → 3'), and the size of the resulting PCR product in 

base pairs (bp).  

The specific reagents, volumes, and conditions for each PCR are outlined in Table M3. 

Agarose gel electrophoresis was performed to separate and visualize PCR products by 

size. A 2% agarose gel was prepared by dissolving 1 g of agarose in 50 mL of 1x Tris-

Acetate-EDTA (TAE) buffer, followed by heating until fully dissolved. After cooling 

slightly, GelRed dye was added, and the solution was poured into a gel tray. Once 

solidified, the gel was placed in an electrophoresis chamber filled with 1x TAE buffer. 

PCR samples (15 μL) and DNA ladder (2 μL) were loaded into the wells. Electrophoresis 

was conducted at 130 volts for 20-30 minutes, and DNA bands were visualized using 

UV light. 

 

 

 



MATERIALS AND METHODS 

69 

 

PCR  Reagents Volume  Concentration PCR conditions 

PyMT wt / PyMT 
mut 

2x PCRBIO HS Taq Mix Red 25 μL 1x 94ºC 2 min 
94ºC 20 sec 
62ºC 30 sec        28x 
72ºC 30 sec 
72ºC 7 min 

5 μM PyMT wt primers  1.5 μL 150 nM 

5 μM PyMT mut primers  5 μL 500 nM 

Template DNA 2 μL 5-500 ng 

PCR grade dH20 16.5 μL 

SV40 TAg wt / 
SV40 TAg mut 

2x PCRBIO HS Taq Mix Red 25 μL 1x 94ºC 2 min 
94ºC 20 sec 
60.5ºC 25 sec     28x 
72ºC 30 sec 
72ºC 7 min  

5 μM SV40 TAg wt primers  5 μL 500 nM 

5 μM SV40 TAg mut primers 5 μL 500 nM 

Template DNA 2 μL 5-500 ng 

PCR grade dH20 13 μL 

Rosa 26 / Cre 2x PCRBIO HS Taq Mix Red 25 μL 1x 95ºC 2 min 
95ºC 20 sec 
60ºC 30 sec        30x 
72ºC 30 sec 
72ºC 7 min 

5 μM Rosa 26 primers  1 μL 100 nM 

5 μM Cre primers 2 μL 200 nM 

Template DNA 2 μL 5-500 ng 

PCR grade dH20 20 μL  

Table M3. Reagents, volumes, and PCR conditions for genotyping transgenic murine lines. This table 

summarizes the reagents, their respective volumes, and final concentrations used in each 50 µL PCR reaction 

to genotype transgenic mice for the PyMT (wild-type and mutant), SV40 TAg (wild-type and mutant), Rosa26, 

and Cre genes. It also outlines the specific PCR cycling conditions, including denaturation, annealing, and 

elongation steps, for each target gene. 

 Bulk RNA sequencing 

Bulk RNA sequencing was conducted to characterize the transcriptomic profiles of the 

preclinical breast cancer models used in this thesis. This approach provided a 

comprehensive analysis of gene expression patterns, allowing for the classification of 

molecular subtypes and alignment with established breast cancer classifications. 

Total RNA was extracted from tumor samples using the NZY miRNA Isolation & RNA 

Clean-up Kit (NZYtech), a method optimized to isolate high-quality RNA while removing 

impurities such as genomic DNA and contaminants. RNA purity and concentration were 

assessed using the Agilent TapeStation with the RNA ScreenTape Analysis Kit (Agilent 

Technologies). This quality control step ensured that only RNA of sufficient integrity and 

purity was used for subsequent mRNA enrichment and sequencing. 

The cDNA libraries and RNA sequencing were outsourced to BGI Genomics, which 

utilizes next-generation sequencing technology based on DNA nanoballs for high-

throughput sequencing. Following sequencing, the raw data were preprocessed using 

SOAPnuke software, also developed by BGI Genomics, to ensure high-quality datasets 

for downstream analysis. RNA sequencing data were analyzed using the Galaxy 

workbench platform [279], following standard bioinformatic protocols [280]. Quality 

control and read trimming were performed using MultiQC to summarize quality metrics 

[281], and Cutadapt to remove adapter sequences [282]. The cleaned reads were 

aligned to the Grcm38 (mm10) mouse reference genome using STAR [283], which 

efficiently handles splicing events. Gene-level read counts were obtained with 

featureCounts [284], which quantifies the number of reads aligned to each gene, 

providing gene expression levels. Finally, differential gene expression analysis was 

performed using DESeq2 [285], which normalized the read counts and identified 

differentially expressed genes.  
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 Lineage tracing experiments 

Postnatal recombination of the inducible Cre recombinase was achieved in each breast 

cancer model through intraperitoneal injection of tamoxifen (10 mg/mL). Tamoxifen was 

dissolved in a 1:9 mixture of absolute ethanol and sunflower oil and administered at a 

dose of 0.1 mg/g of body weight using 26G needles. Pulse and chase experiments were 

designed with tailored injection timings to address the specific objectives of each study. 

At each experimental endpoint, mammary glands and/or lungs were harvested and 

processed for flow cytometry and/or immunohistochemical analysis, depending on the 

specific objectives of the study. This comprehensive approach enabled the 

characterization of recombination efficiency, clonal expansion, and metastatic behavior 

across the different models and experimental conditions. 

 Flow cytometry (FC) 

Dissected mammary glands were finely chopped into 2 mm³ tissue fragments using a 

scalpel. The tissue was then placed into GentleMACS C Tubes containing Gibco™ 

Dulbecco's Modified Eagle Medium F12 (DMEM/F12) without red phenol, supplemented 

with L-glutamine, 15 mM HEPES, and an enzymatic cocktail (600 U/mL collagenase 

and 200 U/mL hyaluronidase). The tubes were processed in a GentleMACS Octo 

Dissociator with Heaters, running the 37C_m_TDK_2 program for 40 minutes at 37°C 

to achieve mechanical and enzymatic digestion. Following dissociation, red blood cells 

were lysed using eBioscience™ 1X RBC Lysis Buffer to enrich the epithelial population. 

The resulting cell suspension was filtered through a 70 μm cell strainer to obtain a 

single-cell preparation for flow cytometry. 

Single cells were isolated and stained with fluorochrome-conjugated antibodies 

targeting established markers to identify distinct mammary epithelial populations by FC 

[4]. Specifically, CD24 (cluster of differentiation 24), CD29 (integrin β1), EpCAM 

(epithelial cell adhesion molecule), CD49f (integrin α6), and Sca-1 (stem cell antigen-

1). BaCs were defined as CD24lowCD29high and EpCAMlowCD49fhigh, while LCs were 

defined as CD24highCD29low and EpCAMhighCD49flow. ERαpos and ERαneg LCs were 

further identified by Sca-1 expression, being Sca-1high and Sca-1neg [242], respectively.  

Additionally, a biotinylated lineage (Lin) antibody panel was used to exclude 

hematopoietic cells (Linpos). Cells were further stained with Brilliant Violet 510™ (BV510) 

Streptavidin as a secondary antibody. Dead cells were excluded using DAPI (4',6-

diamidino-2-phenylindole), a DNA-binding dye, and the samples were transferred to 

flow cytometry tubes with 35 μm strainer caps for analysis. 

Cells were incubated with primary antibodies for 20 minutes at 4°C in flow buffer, 

composed of DMEM/F12 without red phenol, 1% bovine serum albumin (BSA), 1% fetal 

bovine serum (FBS), and 5 mM EDTA. The specific antibodies and their properties are 

listed in Table M4. 
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Antibody Reference Supplier Specie Dilution 

Anti-mouse CD24 PerCP/Cyanine5.5 101824 BioLegend  Rat 1:300 

Anti-mouse CD326 (Ep-CAM) PerCP/Cyanine5.5 118220 BioLegend  Rat 1:300 

Anti-mouse/rat CD29 APC 102216 BioLegend  Armenian 
Hamster 

1:300 

Anti-human/mouse CD49f APC 313616 BioLegend  Rat 1:300 

Anti-mouse Ly-6A/E (Sca-1) APC/Cyanine7 108126 BioLegend  Rat 1:300 

Anti-mouse TER-119/Erythroid cells Biotin 133307 BioLegend  Armenian 
Hamster 

1:300 

Anti-mouse Ly-6G/Ly-6C (Gr-1) Biotin 133307 BioLegend  Armenian 
Hamster 

1:300 

Anti-mouse CD3ε Biotin 133307 BioLegend  Armenian 
Hamster 

1:300 

Anti-mouse CD45R/B220 Biotin 133307 BioLegend  Armenian 
Hamster 

1:300 

Brilliant Violet 510 Streptavidin 405233 BioLegend  N/A 1:300 

Table M4. Flow cytometric antibodies used to identify mouse cell surface markers. This table includes 

fluorochrome-conjugated and biotinylated primary antibodies, along with the corresponding streptavidin 

secondary antibody used for detection. The table provides antibody references, species of origin, and dilution 

factors for each reagent. 

Compensation controls were established to correct for spectral overlap between 

fluorochromes. Bead-based controls were prepared using compensation beads stained 

with isotype control antibodies conjugated to each fluorochrome, while cell-based 

controls accounted for autofluorescence. Table M5 details the isotype controls used. 

Antibody Reference Supplier Specie Dilution 

κ Isotype Ctrl PerCP/Cyanine5.5 400426 BioLegend Rat 1:60 

κ Isotype Ctrl APC 400412 BioLegend Rat 1:60 

κ Isotype Ctrl APC/Cyanine7  400422 BioLegend Rat 1:60 

κ Isotype Ctrl FITC 400634 BioLegend Rat 1:60 

κ Isotype Ctrl BV510 400435 BioLegend Rat 1:60 

Table M5. Isotype controls used in flow cytometry. This table lists the isotype control antibodies utilized 

for flow cytometry experiments, including their references, suppliers, species of origin, and dilution factors. 

All fluorophores used in this study, including fluorescent dyes, conjugated antibodies, 

and endogenous reporter proteins, along with their excitation and emission peaks, 

labeled markers, targeted cell populations, and corresponding compensation controls, 

are summarized in Table M6. 
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Fluorophore Excitation 
peak (nm) 

Emission 
peak (nm) 

Labeled 
marker(s) 

Targeted cell 
population(s) 

Compensation 
control 

DAPI dye 405 455 DNA Dead cells  DAPI-stained cells 

BV510-conjugated 
antibody 

405 510 CD3ε, Ly-
6G/Ly-6C, 
CD45R/B2
20, TER-
119 

Hematopoietic 
(Linpos) cells  

Isotype control 
beads conjugated 
to BV510 

GFP endogenous 
protein 

488 525 - GFPpos cells Isotype control 
beads conjugated 
to FITC 

PerCP/Cyanine5.5-
conjugated antibody 

488 695  CD24, 
CD326 
(EpCAM) 

BaCs (low 
expression) 
and LCs (high 
expression) 

Isotype control 
beads conjugated 
to PerCP/Cy5.5 

tdTomato 
endogenous protein 

488 575-595 - tdTomatopos 
cells 

tdTomatopos cells 

APC-conjugated 
antibody 

633 660 CD29, 
CD49f 

BaCs (high 
expression) 
and LCs (low 
expression) 

Isotype control 
beads conjugated 
to APC 

APC/Cyanine7-
conjugated antibody 

633 780 Ly-6A/E 
(Sca-1) 

ERαpos LCs Isotype control 
beads conjugated 
to APC/Cy7 

Table M6. Summary of fluorophores used in flow cytometry analysis. This table includes their excitation 

and emission wavelengths (nm), associated labeled markers, targeted cell populations, and corresponding 

compensation controls. 

Samples were analyzed using a BD FACSCanto II cytometer. Data was processed in 

FlowJo for gating and population identification and visualized in GraphPad Prism. Key 

gating steps included (Figure M2): 

▪ SSC-A vs FSC-A (Side Scatter Area vs Forward Scatter Area): This gating step 

distinguished larger cells from smaller debris or cellular fragments. FSC-A 

correlates with cell size, while SSC-A reflects cell complexity or internal granularity. 

▪ SSC-W vs SSC-A (Side Scatter Width vs Side Scatter Area): This gate was used to 

isolate single cells from clumps or doublets. SSC-W measures the width of the 

scatter signal, and SSC-A measures the overall intensity of side scatter. By 

comparing these parameters, doublets (two cells stuck together) were effectively 

excluded from the analysis. 

▪ Pacific blue (DAPI) vs FSC-A: Dead cells were excluded by gating on DAPI-

negative cells, ensuring that only live cells were included in the subsequent 

analysis. 

▪ FSC-A vs BV510 (Lin): The BV510 signal, labeling the lineage panel, was used to 

exclude cells positive for hematopoietic markers, thereby selecting for the non-

lineage population (Linneg), which is enriched for MECs. 

▪ PerCP-Cyanine5.5 (CD24 or EpCAM) vs APC (CD29 or CD49f): This gating 

strategy differentiated stromal cells from MECs within the Linneg population. Among 
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MECs, BaCs were identified as CD24lowCD29high or EpCAMlowCD49fhigh, while LCs 

were classified as CD24highCD29low or EpCAMhighCD49flow. 

▪ PE (tdTomato) vs FITC (GFP): Endogenous tdTomato (TOM) and GFP 

fluorescence were analyzed within the MEC population to determine recombination 

efficiency for each lineage-specific promoter either across the total epithelial fraction 

or within specific MEC types (BaCs, Sca-1pos LCs, and Sca-1neg LCs). Through this 

gating, TOMpos GFPpos cells were identified in pulse experiments, as exemplified in 

Figure M2, while TOMneg GFPpos cells were detected in chase experiments. For 

lineage specificity assessments, BaCs and LCs were further plotted within the 

GFPpos cells.  

▪ FITC (GFP) vs APC-Cyanine7 (Ly-6A/E): Ly-6A/E (Sca-1) expression was used to 

identify ERαpos cells, while the absence of Sca-1 identified ERαneg cells within the 

luminal compartment. These populations were analyzed alongside GFP expression 

to determine the proportions of Sca-1pos and Sca-1neg LCs that were recombined 

(GFPpos) or non-recombined (GFPneg). 

 

Figure M2. Flow cytometry gating strategy illustrating recombination efficiency and lineage specificity 

during pulse experiments. The gating steps used to identify specific cell populations are as follows: (1) SSC-

A vs FSC-A to select larger (all) cells; (2) SSC-W vs SSC-A within all cells to isolate single cells; (3) DAPI vs 

SSC-A within single cells to select alive cells (4) SSC-A vs Lin within alive cells to identify Linneg cells (5) 

EpCAM vs CD49f within Linneg cells to separate stromal cells from total MECs, including BaCs and LCs; (6) 

TOM vs GFP within MECs to detect TOMpos GFPpos cells, (7) EpCAM vs CD49f within GFPpos MECs to identify 

recombined BaCs and LCs; and (8) GFP vs Sca-1 within LCs to distinguish non-recombined and recombined 

ERαpos (Sca-1pos) and ERαneg (Sca-1neg) subpopulations. 

 Histological immunostainings 

Mammary glands and/or lungs were dissected and fixed in 4% formaldehyde for 2–4 

hours, depending on tumor size. Tissues were washed with PBS (phosphate-buffered 

saline) and processed in an automated tissue processor, employing an ethanol gradient 

for dehydration over 11 hours. Clearing was performed with xylene, followed by paraffin 
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infiltration and embedding. Paraffin-embedded tissues were sectioned into 4 μm slices 

using a microtome, mounted onto glass slides, and dried at 37°C. These slides were 

subsequently used for immunostaining procedures, including immunohistochemistry 

and immunofluorescence. 

6.1. Immunohistochemistry (IHC) 

IHC visualizes antigens in formaldehyde-fixed, paraffin-embedded tissue using antigen-

specific primary antibodies and enzyme-conjugated secondary antibodies. The 

secondary antibody is typically conjugated to horseradish peroxidase (HRP), which 

reacts with DAB (3,3'-diaminobenzidine) to produce a brown precipitate indicating 

antigen localization. The process includes: 

▪ Dewaxing and hydration: tissue sections were incubated at 65ºC for 1 hour to soften 

the paraffin wax. Dewaxing was performed using xylol (a hydrophobic solvent), 

which effectively dissolved the paraffin to expose the tissue. Following xylol 

treatment, the samples were rehydrated through a graded ethanol (EtOH) series to 

gradually replace the xylol with water, necessary for subsequent aqueous staining 

steps. The rehydration sequence was as follows: Xylol (x4) → EtOH-100% (x3) → 

EtOH-96% (x3) → EtOH-70% → dH2O. 

▪ Antigen retrieval: Tissue samples underwent heat-induced epitope retrieval in 1x 

citrate buffer at pH 6. They were heated to boiling for 20 minutes to unmask epitopes 

by breaking formaldehyde cross-links formed during fixation, enhancing antibody 

binding. After boiling, the samples were cooled for 1 hour at room temperature (RT). 

▪ Endogenous peroxidase activity blockage: To prevent non-specific staining from 

endogenous peroxidase activity, sections were incubated with 3% hydrogen 

peroxide in methanol for 10 minutes. This step deactivates endogenous 

peroxidases, which could otherwise cause background staining upon DAB 

incubation. 

▪ Permeabilization: Tissues were permeabilized with 0.3% Triton X-100, diluted in 

blocking buffer (5% FBS and 2% BSA in PBS), to enhance antibody penetration 

and block non-specific binding sites. 

▪ Primary antibody incubation: Samples were incubated overnight at 4ºC with primary 

antibodies, diluted in blocking buffer, specifically binding the proteins indicated in 

Table M7. 

▪ Secondary antibody incubation: After washing the primary antibody, samples were 

incubated with HRP-conjugated secondary antibodies detailed in Table M8. This 

enzyme-linked antibody allows for visualization of the GFP through the subsequent 

DAB reaction. 

▪ DAB precipitation: Using the SignalStain® DAB Substrate Kit, 300 μl of DAB 

working solution (30 μl DAB Chromogen Concentrate in 1 mL DAB Diluent) was 

applied to each slide for 1 to 5 minutes. The HRP enzyme catalyzed a colorimetric 

reaction with the DAB substrate, producing a brown precipitate at the site of the 

protein expression, facilitating accurate localization of target cells within the tissue 
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sections. The incubation time for the DAB reaction was optimized for each protein 

to ensure optimal staining intensity and specificity. 

▪ Hematoxylin counterstaining: Harris hematoxylin was used to counterstain cell 

nuclei in purple, distinguishing nuclear structures from the DAB-stained areas. 

▪ Dehydration: To prepare for permanent mounting, samples were dehydrated though 

a graded ethanol series, followed by xylol incubation to completely remove hydrous 

compounds from the slides, following this sequence: EtOH-25 → EtOH-50 → EtOH-

70 → EtOH-96 (×2) → EtOH-Abs (x2) →Xylol (x3) (2' each step). 

▪ Mounting: Tumor sections were mounted with DPX mounting medium, covered with 

coverslips, and left to dry overnight at RT in a fume hood. This process permanently 

preserves the sections for imaging and analysis. 

▪ Image acquisition: IHC-stained slides were scanned using the Pannoramic SCAN 

II and ZEISS Axioscan 7 scanners. Images were visualized and navigated in 

SlideViewer and ZEISS ZEN Lite software, respectively. 

Antibody Reference Supplier Specie Dilution 

GFP ab13970 Abcam Chicken 1:1000 

Claudin 3 34-1700 Thermo Fisher Scientific Rabbit 1:250 

Claudin 7 PA5-32356 Thermo Fisher Scientific Rabbit 1:250 

Table M7. Primary antibodies used in IHC, with corresponding references, companies, species, and 

dilutions. 

 

Antibody Reference Supplier Specie Dilution 

Anti-chicken HRP 31401 Thermo Fisher Scientific Rabbit 1:500 

Anti-rabbit HRP 7074 Cell Signaling Technology Goat 1:500 

Table M8. Secondary antibodies used in IHC, with corresponding references, companies, species, and 

dilutions. 

Quantification of DAB-positive staining, corresponding to GFP-expressing cells, was 

performed using QuPath software, and different approaches were followed depending 

on the purpose of each experiment:  

▪ Quantification of GFP-positive tumor cells per mammary gland: Regions of interest 

(ROIs) within the mammary glands were defined by selecting the tumor areas, and 

the positive cell detection algorithm was applied to identify DAB-positive and total 

cells within each area. The percentage of GFP-positive cells was calculated by 

dividing the number of DAB-positive cells by the total number of cells in the ROI. 

Subsequently, the total GFP value for each mammary gland was calculated by 

merging the different ROIs within each gland.  

▪ Quantification of GFP-positive tumor clone sizes within mammary glands: ROIs 

corresponding to individual clones were defined in each mammary gland, and the 

positive cell detection algorithm was applied to quantify the percentage of GFP-

positive cells within each clone. Clones were then categorized based on size: single 
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cells, 2-10 cells, and ≥ 11 cells. The data were exported to excel for analysis of the 

distribution of clone sizes across the mammary glands. 

▪ Quantification of GFP-positive tumors cells per metastasis: ROIs were defined 

within the lungs by selecting metastatic nodules, and the positive cell detection 

algorithm was applied to quantify the percentage of GFP-positive cells within each 

metastasis. 

▪ Quantification of metastases containing GFP-positive tumor cells: ROIs 

corresponding to individual metastatic nodules in the lungs were defined and 

categorized as either positive or negative for GFP-positive cells. The data were then 

exported to Excel to calculate the percentage of GFP-positive metastases. 

Results were analyzed and visualized using GraphPad Prism. 

6.2. Immunofluorescence (IF)  

IF is a technique used to detect specific proteins in tissue samples using antibodies 

conjugated to fluorescent dyes. Multiple primary antibodies can be combined, each with 

a different fluorochrome, allowing the simultaneous detection of several targets on the 

same slide. Fluorescence emitted by the labels is captured using a fluorescence 

microscope, enabling the analysis of protein distribution and cellular localization. The 

following steps outline the procedure: 

▪ Dewaxing and hydration: Sections were de-waxed with xylene and rehydrated 

through a decreasing ethanol gradient to prepare for staining: Xylol (x4) → EtOH-

100% (x3) → EtOH-96% (x3) → EtOH-70% → dH2O. 

▪ Antigen retrieval: Sections were subjected to antigen retrieval in boiling citrate buffer 

for 20 minutes to unmask antigen epitopes. 

▪ Permeabilization: Tissue was permeabilized with 0.3% Triton X-100, diluted in 

blocking buffer (5% FBS and 2% BSA in PBS), to allow antibody penetration and 

block non-specific binding sites. 

▪ Primary antibody incubation: Samples were incubated overnight at 4ºC with the 

chicken anti-GFP antibody, in combination with different lineage markers, which are 

summarized in Table M9.   

▪ Secondary antibody incubation: After washing the primary antibody, sections were 

incubated with Alexa Fluor 488-conjugated anti-chicken secondary antibody to label 

GFP in green, combined with anti-mouse and anti-rabbit Cyanine 3 (Cy3) and/or 

Cyanine 5 (Cy5)-conjugated secondary antibodies recognizing the different lineage 

markers, also being detailed in Table M10. 

▪ Mounting: Sections were mounted using Fluoroshield™ mounting medium with 

DAPI to counterstain nuclei. 

▪ Imaging and Processing: Fluorescent images were acquired with a Leica 

STELLARIS 8 confocal fluorescence microscope, and images were processed with 

ImageJ software for analysis. 
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Antibody Reference Supplier Specie Dilution 

GFP ab13970 Abcam Chicken 1:1000 

ERα sc-8005 Santa Cruz Biotechnology Mouse 1:100 

ERα HPA000449 Sigma-Aldrich Rabbit 1:100 

K8 ab53280 Abcam Rabbit 1:300 

K14 HPA023040 Sigma-Aldrich Mouse 1:500 

K5 ab13970 Abcam Rabbit 1:250 

P63 ab735 Abcam Mouse 1:250 

αSMA-Cy3 C6198 Sigma-Aldrich Mouse 1:250 

SV40 T-Antigen MA1-90661 Thermo Fisher Scientific Mouse 1:250 

Table M9. Primary antibodies used in IF, with corresponding references, companies, species, and dilutions. 

 

Antibody Reference Supplier Specie Dilution 

Anti-chicken Alexa Fluor 488  ab150169 Abcam Goat 1:2000 

Anti-mouse Cyanine Cy™3 715-165-150 Jackson ImmunoResearch Donkey 1:500 

Anti-rabbit Cyanine Cy™3 711-167-003 Jackson ImmunoResearch Donkey 1:500 

Anti-mouse Cyanine Cy™5 715-175-151 Jackson ImmunoResearch Donkey 1:500 

Anti-rabbit Cyanine Cy™5 711-175-152 Jackson ImmunoResearch Donkey 1:500 

Table M10. Secondary antibodies used in IF, with corresponding references, companies, species, and 

dilutions. 

 Statistical analysis 

All graphical representations and statistical analyses were conducted using GraphPad 

Prism software. Normality of the data was assessed using the Shapiro-Wilk test. For 

non-parametric data, the Kruskal-Wallis test was used for comparisons involving three 

or more groups, while the Mann-Whitney U test was applied for pairwise comparisons 

between two groups. One-way ANOVA was used when the data met parametric 

assumptions, comparing the means of multiple groups within a single factor. Two-way 

ANOVA was employed for analyses incorporating both categorical and continuous 

variables, accounting for interactions between factors. Statistical significance was 

interpreted using the following p-value thresholds: ns (not significant) for p > 0.05, * for 

p ≤ 0.05, ** for p ≤ 0.01, *** for p ≤ 0.001, and **** for p ≤ 0.0001. 
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 Tables of reagents, materials, and equipment 

 

Reagent Reference Supplier 

2x PCRBIO HS Taq Mix Red PB10.23-02 PCR Biosystems 

100 bp DNA Ladder  LR100-5 AttendBio Research 

AgaPure™ Agarose LE (Low EEO)  AG006 SG Servicios Hospitalarios 

BSA 821006 Sigma-Aldrich 

Citrate Buffer, pH 6.0, 10× C9999 Sigma-Aldrich 

Collagenase A from Clostridium histolyticum 10103586001 Sigma-Aldrich 

DAPI D9542 Sigma-Aldrich 

DMBA 408181000 Thermo Fisher Scientific 

DMEM/F-12, HEPES, without red phenol 11039047 Thermo Fisher Scientific 

DPX mounting medium 06522 Sigma-Aldrich 

eBioscience™ 1X RBC Lysis Buffer 00-4333-57 Thermo Fisher Scientific 

EDTA E5134 Sigma-Aldrich 

Ethyl alcohol, pure 51976 Sigma-Aldrich 

FBS 91S1810-500 Cultek 

Fluoroshield™ with DAPI F6057 Sigma-Aldrich 

Formaldehyde 3.4-4 % 2.529.311.315 Suministros Generales para 
Laboratorio 

GelRed dye BT-41003 LabNet Biotecnica 

Harris Hematoxylin Solution, Modified HHS32 Sigma-Aldrich 

Hyaluronidase from bovine testes H3506 Sigma-Aldrich 

Hydrogen peroxide 30% 108597 Sigma-Aldrich 

NaOH 10396240 Thermo Fisher Scientific 

SignalStain® DAB Substrate Kit 8059 Cell Signaling Technology 

TAE buffer 50X 1610743 Bio-Rad 

Tamoxifen T5648 Sigma-Aldrich 

Tris-HCl 108315 Sigma-Aldrich 

Triton™ X-100 108603 Sigma-Aldrich 

Xylenes histological grade 534056 Sigma-Aldrich 

Table M11. Reagents used in this thesis, with corresponding references and suppliers. 
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Materials Reference Supplier 

ClearLine® RNase/DNase-free microtube 1.5 mL 390690 dDBioLab 

15 mL centrifuge tubes 352095 Corning 

50 mL centrifuge tubes 352070 Corning 

70 μm strainers 141379C dDBioLab 

2000 mL Beaker, low form 213-0469 VWR International 

Adhesive Slides, SuperFrost® Plus 75 x 25 mm 631-0108 VWR International 

Bacteriological Petri Dishes P101 Bellés Diagnòstic 

BD Microlance 26G Hypodermic Needles, 13 mm, Sterile 303800 Becton Dickinson  

BD Plastipak™ 1 mL Syringe  303172 Becton Dickinson 

Cover Slips 24 x 50 mm 631-1574 VWR International 

Disposable Cover Plates™ 97091 Electron Microscopy 
Sciences 

Flow cytometry tubes 352235 Cultek 

GentleMACS C Tubes 130-096-334 Miltenyi Biotec 

Holder for 20 slides 391058 dDBioLab 

Pasteur Pipettes High-Performance 7 mL 612-1681 VWR International 

PCR Tubes & Caps, RNase-free, 0.2 mL AM12230 Thermo Fisher Scientific 

Student Anatomical Standard Pattern Forceps 91100-12 Fine Science Tools 

Student Fine Scissors  91460-11 Fine Science Tools 

Swann-Morton™ Stainless Steel Surgical Scalpels 11748353 Thermo Fisher Scientific 

Table M12. Materials used in this thesis, with corresponding references and suppliers. 

 

 

 

 

 

 

 

 

 

 

 

 

 



MATERIALS AND METHODS 

80 

 

Equipment Manufacturer 

BD FACSCanto II flow cytometer BD Biosciences 

Cover Plate™ Slide Rack Electron Microscopy Sciences 

GentleMACS Octo Dissociator with Heaters Miltenyi Biotec 

Centrifuge 5427 R Eppendorf 

Confocal Microscope Stellaris 8 Leica Microsystems 

Electronic Balance BJ610C Precisa 

Histo bath HIER-3D Kunz Instruments 

HistoStar™ Embedding Workstation Epredia 

HM 340E Rotary Microtome Epredia  

Hot plate PC800 Bio Optica 

Incubat bacteriological and culture ovens J.P. Selecta 

LifeECO Thermal Cycler TC-96/G/H(b)C Bioer Technology 

Manual slide staining set, 300 ml capacity Bio Optica 

Pannoramic SCAN II 3DHISTECH 

Refrigerated centrifuge 5810R Eppendorf 

Cole-Parmer™ Stuart™ Hot Plate Stirrer Thermo Fisher Scientific 

Syngene™ Gbox Chemi XRQ Syngene 

STP 120 Centrifugal Tissue Processor Epredia  

ZEISS Axioscan 7 ZEISS 

Table M13. Equipment used in this thesis, with corresponding manufacturers. 
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RESULTS 

Objective 1:  To histologically and molecularly characterize different 

preclinical models of tr iple-negative breast cancer.  

 Distinct murine TNBC preclinical models reflect diverse human breast cancer 

subtypes 

This study employed three distinct preclinical breast cancer models (MMTV-PyMT, 

C3(1)-TAg, and DMBA-induced tumors), each characterized by unique biological traits 

and tumor progression dynamics (Table M1). Comprehensive histological and 

transcriptomic analyses were conducted to classify murine tumor profiles and assess 

their alignment with human breast cancer subtypes. 

1.1. Histological characterization of TNBC preclinical models 

Histological analysis used IF staining of established cell identity markers [4], including 

P63, K5 (keratin 5), SMA (smooth muscle actin) and K14 (keratin 14) for BaCs, and K8 

(keratin 8) and ERα for different luminal populations, to classify tumors into distinct 

subtypes (Figure R1.1). 

The MMTV-PyMT and C3(1)-TAg models were found to develop ERαneg luminal breast 

tumors characterized by K8 expression (Figure R1.2). Typically restricted to the basal 

compartment in the healthy mammary gland, K14 was aberrantly expressed in luminal 

lineages in these tumor models, consistent with previously published data [243,286]. 

These observations underscore the promiscuous nature of K14 expression across 

different tumorigenic contexts. 

In contrast, the DMBA-induced model displayed a high degree of heterogeneity, 

resulting in the formation of three distinct histological subtypes (Figure R1.2). The first, 

referred to as Type I, constituted approximately 50% of all DMBA tumors and was 

defined as ERαneg luminal. These tumors exclusively express K8, with basal markers 

limited to the adjacent healthy basal layer. The second subtype, Type II, accounted for 

25% of tumors and exhibited a basal phenotype characterized by exclusive expression 

of P63, K5, and K14, with SMA confined to stromal fibroblasts. The third subtype, Type 

III, made up 25% of tumors and displayed a hybrid basal-luminal phenotype with co-

expression of K8 and P63. These patterns were particularly evident in merged IF images 

(Figure R1.1). 
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Figure R1.1. Histological characterization of different preclinical breast cancer models. Representative 

IF images of tumor sections from MMTV-PyMT, C3(1)-TAg and DMBA-induced models, all classified as 

TNBC. Basal markers (P63, K5, SMA, and K14) are displayed in red, while luminal markers (K8 and ERα) are 

shown in cyan. The final row presents merged images of K8 and P63 staining. DNA is counterstained with 

DAPI in blue. Scale bars represent 10 μm. 
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Figure R1.2. Distribution of tumor subtypes across preclinical models. The MMTV-PyMT and C3(1)-TAg 

models exclusively generated homogeneous ERαneg luminal tumors (n=24 and 27, respectively). In contrast, 

the DMBA-induced model exhibited a more diverse distribution of tumor subtypes: 50% ERαneg luminal (n=22), 

25% basal (n=11), and 25% hybrid (n=11). Tumor subtypes were classified based on the expression of 

specific cell identity markers, as described in the text.  

1.2. Transcriptomic characterization of TNBC preclinical models 

To further characterize the models, bulk RNA sequencing was performed on tumors 

from the MMTV-PyMT, C3(1)-TAg, DMBA-Type I, and DMBA-Type II subtypes. The 

PAM50 gene signature was used to classify tumors into intrinsic molecular subtypes 

commonly observed in human breast cancers, including luminal A, luminal B, basal-like, 

HER2-enriched, and normal-like. 

The transcriptomic profiles revealed that MMTV-PyMT tumors were closely aligned with 

the luminal B subtype, while C3(1)-TAg tumors exhibited a basal-like profile (Figure 

R1.3), consistent with prior studies [222,223]. On the other hand, DMBA-induced tumors 

exhibited notable molecular heterogeneity reflective of their diverse histological 

features. Specifically, DMBA-Type I tumors displayed gene expression patterns 

associated with the basal-like subtype, whereas DMBA-Type II tumors showed profiles 

characteristic of the normal-like subtype. These findings are consistent with previously 

reported molecular subtypes for the DMBA model [222,228] (Figure R1.3).  

 

Figure R1.3. Molecular characterization of preclinical breast cancer models. Heatmap showing the 

transcriptomic profiles of MMTV-PyMT, C3(1)-TAg, DMBA-Type I, and DMBA-Type II tumors, classified 

according to the PAM50-associated genes. Gene expression levels are represented on a red-to-blue scale, 

with red indicating the highest expression and blue indicating the lowest. The intrinsic breast cancer subtypes 

associated with each model are indicated in the legend. 
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Overall, these models successfully mimic the diversity of molecular subtypes 

observed in clinical settings, providing valuable platforms for studying subtype-

specific mechanisms of tumorigenesis and progression. 

1.3. Claudin-low phenotype in basal and hybrid tumors  

About 15% of basal-like and normal-like tumors classified by PAM50 have been 

previously linked to the claudin-low subtype [178]. To investigate this connection further, 

we analyzed claudin protein expression in the different models, aiming to explore the 

molecular overlap between intrinsic subtypes and claudin-low tumors and provide a 

deeper understanding of their shared phenotypic characteristics. 

Claudins are key tight junction proteins involved in maintaining cell-cell adhesion and 

tissue integrity. Dysregulation of claudins has been implicated in increased tumor 

invasiveness, EMT, and poor clinical prognosis [99,174,177,287]. To assess their 

expression in our tumor models, we performed immunohistochemical staining of 

Claudin-3 and Claudin-7. 

 

Figure R1.4. Immunohistochemical staining of claudins in MMTV-PyMT, C3(1)-TAg, and DMBA tumors. 

Strong expression of both Claudin-3 (top row) and Claudin-7 (bottom row) is evident in MMTV-PyMT, C3(1)-

TAg, and DMBA-Type I tumors (ERα-negative luminal), whereas no detectable staining is observed in DMBA-

Type II (true basal) and DMBA-Type III (hybrid) tumors. Scale bars: 50 μm. 

The analysis demonstrated that histologically luminal tumors across all three models 

exhibited high claudin expression (claudin-high), while histologically basal (DMBA-Type 

II) and hybrid (DMBA-Type III) tumors showed reduced or absent claudin expression 

(claudin-low) (Figure R1.4). Remarkably, the claudin-low profile of hybrid tumors closely 

resembled that of basal tumors, suggesting a potential shared molecular signature. 

These findings further reinforce the correlation between claudin expression and tumor 

subtype, emphasizing its potential as a biomarker of tumor aggressiveness. 

Through comprehensive histological and transcriptomic analyses, this study revealed 

that the MMTV-PyMT, C3(1)-TAg, and DMBA-induced models generate triple-negative 

breast cancers with distinct and diverse profiles. Notably, tumors transcriptomically 

classified as “basal-like” demonstrated luminal characteristics at the histological level. 
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Conversely, tumors exhibiting basal and claudin-low histological features were found to 

transcriptomically align with the normal-like subtype. To clarify this distinction, tumors 

with histological basal features will henceforth be referred to as “true basal” tumors, 

emphasizing their unique characteristics within the broader TNBC landscape. 
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Objective 2: To elucidate the cellular origins in multiple subtypes of triple -

negative breast cancer.  

 Lineage tracing studies unravel divergent origins in TNBC subtypes 

This objective aimed to determine whether distinct TNBC subtypes originate from 

specific MEC populations. Using tamoxifen-inducible Cre lines (Figure R2.1), lineage 

tracing experiments were conducted in MMTV-PyMT, C3(1)-TAg, and DMBA-induced 

TNBC models to label Acta2-expressing BaCs, Notch1-positive ERαneg LCs, Prom1-

positive ERαpos LCs, and Ubc-positive cells for random labeling.  

 

Figure R2.1. Lineage tracing of mammary epithelial cell populations using lineage-specific promoters. 

Representative crossed-sections showing GFP-labeled epithelial cell subtypes (depicted in green) across 

different CreERT2 lines following tamoxifen administration. Ubc-CreERT2 randomly labels all cell types, Acta2-

CreERT2 labels BaCs, Notch1-CreERT2 targets ERαneg LCs, and Prom1-CreERT2 marks ERαpos LCs. Figure 

created with BioRender. 

First, to evaluate the baseline recombination efficiency of each Cre line, non-

transformed mammary glands subjected to three consecutive tamoxifen injections were 

analyzed 24 hours after the final administration. MEC populations were identified 

through FC using well-established markers (Figure M2). The analysis revealed 

recombination rates of 46.65 ± 1.55% for UbcmTmG, 16.10 ± 1.30% for Acta2mTmG, 59.10 

± 5.15% for Notch1mTmG, and 18.95 ± 4.35%, for Prom1mTmG mammary glands (Figure 

R2.2A). However, when assessing the efficiency of the selected promoters in labeling 

specific MEC populations, these differences became less pronounced: in Acta2mTmG 

mice, 67.25 ± 1.65% of BaCs were successfully labeled, while Notch1mTmG exhibited 

labeling of 76.53 ± 4.12% of Sca-1neg LCs, and Prom1mTmG mice marked 47.25 ± 1.25% 

of Sca-1pos LCs (Figure R2.2B). Using the UbcmTmG line, all three MEC lineages were 

labeled in similar proportions: 30.00 ± 0.00% of BaCs, 49.95 ± 1.15% of Sca-1neg LCs, 

and 41.05 ± 0.15% of Sca-1pos LCs (Figure R2.2B). 

These results highlight the promoter-specific recombination efficiencies, 

demonstrating that each Cre line targets its specific MEC subpopulation with 

comparable precision. This precise labeling lays the foundation for exploring how 

these distinct MEC subpopulations contribute to TNBC initiation, progression, and 

heterogeneity, shedding light on the cellular dynamics driving tumor evolution. 
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Figure R2.2. Recombination efficiency in total and specific MECs. Females were injected with three 

consecutive daily doses of tamoxifen at 6 weeks of age and analyzed 72 hours later using FC.  A. 

Recombination rates were calculated by determining the percentage of GFPpos cells within the MEC population 

for each Cre line. B. The efficiency of specific MEC type labeling (BaCs, Sca-1pos LCs, and Sca-1neg LCs) was 

assessed for each Cre line. At least two animals per genotype were analyzed. Data are presented as mean 

± standard error of the mean (S.E.M). 

Thus, we aimed to investigate whether distinct breast cancer subtypes arise from 

specific MECs. To ensure precise recombination prior to tumor onset, the timing and 

dosage of tamoxifen administration were meticulously adjusted to align with the tumor 

latency of each model (Figure R2.3). 

 

Figure R2.3. Summary of the experimental design for the MMTV-PyMT, C3(1)-TAg, and DMBA-induced 

breast cancer models to investigate their cell of origin. (T) indicates the time point of tamoxifen-induced 

recombination prior to tumor onset, (D) marks the six consecutive weekly DMBA injections, and (A) represents 

when tumors became palpable and were analyzed (at specific weeks of age). Figure created with BioRender. 

In the MMTV-PyMT model, where malignant transformation occurs early (around 4 

weeks of age), recombination was induced in neonates by administering a single dose 

of tamoxifen to lactating mothers shortly after delivery. This approach facilitated 

tamoxifen transfer through maternal milk to neonates during postnatal days P0–P3. This 

widely adopted strategy for Cre/loxP recombination in neonates ensures uniform and 

efficient recombination across the litter while minimizing stress and potential harm to 

the pups. Recombination was thus initiated at birth, a developmental stage when the 

three distinct mammary epithelial lineages had already segregated, with each lineage 

independently self-renewing throughout postnatal mammary gland development 

[4,83,86]. 
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In the C3(1)-TAg model, which is characterized by a longer tumor latency with 

hyperplasia appearing at around 8 weeks of age, we administered three consecutive 

daily doses of tamoxifen at 6 weeks of age, prior to malignant transformation. This triple-

dose regimen ensured efficient labeling without significantly altering tumor latency or 

the natural progression of tumorigenesis. 

In the DMBA model, a single tamoxifen dose was administered at 10 weeks of age, 

followed by weekly oral injections of the DMBA carcinogen for six consecutive weeks 

[270], beginning three days after tamoxifen exposure. Attempts to use a triple-dose 

tamoxifen regimen resulted in significantly delayed tumor development and increased 

off-target tumorigenesis in tissues such as the skin, lungs, and digestive tract, often 

leading to animal mortality before mammary tumors could develop. 

2.1. TNBC tumors with luminal B and basal-like gene expression profiles share a 

common ERα-negative luminal origin 

We start by investigating tumors with a luminal ERα-negative phenotype generated by 

the three preclinical models: MMTV-PyTMT tumors, resembling the luminal B subtype, 

and C3(1)-Tag and DMBA-Type I tumors, which mimic human basal-like breast cancer. 

The experimental design outlined in Figure R2.3 was followed for each model, and at 

the specified endpoints, tumor sections were stained for GFP protein using IHC to 

quantify the percentage of mammary glands with GFPpos tumor clones. 

Immunohistochemical analysis revealed a high prevalence of GFPpos tumor clones in 

Notch1mTmG mammary glands from both MMTV-PyMT and C3(1)-TAg mice, with 

detection rates of 72.22 ± 14.70% and 93.33 ± 3.69%, respectively. These results were 

consistent with the findings in UbcmTmG line, where 88.57 ± 8.57% and 72.67 ± 15.36% 

of mammary glands contained GFPpos clones, respectively (Figure R2.4). 

Approximately 2% of the Acta2mTmG-analyzed mammary glands exhibited GFPpos clones 

in both models. In the MMTV-PyMT model, this phenomenon can be attributed to the 

presence of a small population of undifferentiated stem cells that co-express both 

luminal and basal lineage markers during the early postnatal period (P0 to P3). 

Conversely, in the C3(1)-TAg model, this event was observed only once and was 

restricted to a dysplastic lesion, suggesting that Acta2-expressing cells rarely contribute 

to neoplastic transformation. These findings indicate that while Acta2-positive cells may 

play a role in early-stage cellular processes, their contribution to tumor development 

appears limited. 

DMBA-Type I breast tumors, which constituted 50% of DMBA-induced tumors, were 

characterized by K8 positivity and exclusively originated from Notch1-positive cells, with 

GFP-positive clones detected in 100% of analyzed Notch1mTmG tumors (n=4) (Figure 

R2.5). In contrast, no GFPpos clones were ever detected in six DMBA-Type I tumors 

analyzed in the Acta2mTmG line, reinforcing the conclusion that luminal ERα-negative 

tumors arise exclusively from ERαneg LCs. 
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Figure R2.4. ERαneg LCs as the origin of TNBC tumors with luminal traits. A. IHC analysis of GFP 

expression in tumor sections from MMTV-PyMT and C3(1)-TAg models several weeks after tamoxifen 

injection prior tumor onset. Transformed clones derived from the initially labeled cells in the indicated Cre 

lines are visualized. GFP staining appears brown, while nuclei are counterstained in blue. Scale bars 

represent 50 μm.  B. Quantification of the percentage of mammary glands containing GFPpos tumor clones in 

the indicated Cre/MMTV-PyMT models (n=36, 59, 28, 55) and the Cre/C3(1)-TAg models (n=29, 51, 52, 38). 

Each dot represents an individual animal, with at least three animals analyzed per time point and genotype. 

“n” refers to the total number of mammary glands analyzed. Data are presented as mean ± S.E.M. Statistical 

significance was determined using the Kruskal-Wallis test (p < 0.05). 

 

Figure R2.5. TNBC tumors with luminal traits in the DMBA-induced model originate from ERαneg LCs.  

Representative IF images of DMBA-Type I tumors from Acta2mTmG and Notch1mTmG mice. GFP is depicted in 

green, while basal markers (P63, K5, and SMA), and luminal markers (K8 and ERα) are shown in red. DNA 

is counterstained with DAPI in blue. Scale bars represent 10 μm.  
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These findings confirm that TNBC tumors with histological luminal traits arise 

from ERαneg LCs, regardless of their transcriptomic classification. These results 

highlight the intricate relationship between cellular origin and tumor subtype, 

emphasizing the complexity of breast cancer pathogenesis and the limitations of 

traditional molecular classifications in fully capturing tumor heterogeneity. 

2.2. TNBC tumors with a normal-like gene expression profile have a basal origin 

“True basal” tumors (DMBA-Type II), accounting for 25% of DMBA-induced tumors, 

were transcriptomically classified as normal-like. Lineage tracing revealed that these 

tumors exclusively originated from Acta2-expressing BaCs, with the only true basal 

tumor observed in the Acta2mTmG line largely composed of GFP-positive clones (Figure 

R2.6). Conversely, no GFP-positive clones were detected in DMBA-Type II tumors from 

Notch1mTmG and Prom1mTmG mice (n=3 and 1, respectively), excluding a luminal origin.  

 

Figure R2.6. Triple-negative tumors with histological basal traits in the DMBA-induced model originate 

from BaCs. Representative IF images of DMBA-Type II tumors from Acta2mTmG, Notch1mTmG, and Prom1mTmG 

mice. GFP is depicted in green, while basal markers (P63, K5, and SMA), and luminal markers (K8 and ERα) 

are shown in red. DNA is counterstained with DAPI in blue. Scale bars represent 10 μm. 

2.3. Investigating the cellular origins of TNBC tumors with hybrid features 

DMBA-Type III tumors, characterized by the co-expression of luminal and basal 

markers, represented 25% of all DMBA-induced tumors. This unique phenotype poses 

critical questions regarding their cellular origins: do these tumors arise from BaCs 

acquiring luminal traits, or from LCs adopting basal characteristics? 

Lineage tracing experiments in Acta2mTmG, Notch1mTmG and Prom1mTmG mice (n=2, 3, 

and 1, respectively) did not reveal GFPpos clones in any of the Cre lines (Figure R2.7), 
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leaving their cellular origin unresolved. However, these findings do not conclusively 

exclude the involvement of these lineages, as recombination efficiencies for BaCs and 

ERαneg LCs were not 100% at the early time points analyzed (Figure R2.2).  

 

Figure R2.7. Investigating the cellular origins of hybrid triple-negative tumors in the DMBA-induced 

model.  Representative IF images of DMBA-Type III tumors from Acta2mTmG, Notch1mTmG, and Prom1mTmG 

mice. GFP is depicted in green, while basal markers (P63, K5, and SMA), and luminal markers (K8 and ERα) 

are shown in red. The final row presents merged images of P63 (red) and K8 (gray) staining. DNA is 

counterstained with DAPI in blue. Scale bars represent 10 μm. 

Although inconclusive, these observations underscore the phenotypic plasticity 

observed in DMBA models and suggest that hybrid tumors may arise from untraced 

progenitors or through transdifferentiation events. Further research is essential to 

unravel the precise mechanisms driving the development of this intriguing tumor 

subtype. 

2.4. Distinct lineage origins and variable latencies across DMBA-induced tumor 

subtypes 

To gain deeper insights into how cellular origins shape the development of diverse 

breast cancer subtypes, we combined lineage tracing with latency analyses to examine 

the developmental trajectories and temporal dynamics of tumors arising from distinct 

progenitor cells. Lineage tracing of different MEC types revealed that ERαneg luminal 

DMBA-Type I tumors consistently arose from Notch1-positive cells (ERαneg LCs), while 

basal DMBA-Type II tumors exclusively derived from Acta2-positive BaCs, 

strengthening the evidence for their lineage-specific origins (Figure R2.8A). 
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Figure R2.8. Summary of cellular origins and tumor latency in DMBA-induced tumors. A. Quantification 

of the percentage of DMBA-induced tumors containing GFPpos tumor clones in Acta2mTmG, Notch1mTmG and 

Prom1mTmG mice across different types: DMBA-Type I (luminal) (n= 6, 4, 0), DMBA-Type II (basal) (n= 1, 3, 

1), and DMBA-Type III (hybrid) (n= 2, 3, 1). Each dot represents the average percentage of tumors with GFPpos 

clones per animal.  B. Distribution of latencies across DMBA-Type I, DMBA-Type II, and DMBA-Type III 

tumors (n=7, 5, and 7). “n” refers to the total number of tumors analyzed. All data are presented as mean ± 

S.E.M. Significance was determined using the one-way ANOVA test with p < 0.05 considered significant. 

Latencies, reflecting the time required for tumors to emerge after carcinogen exposure, 

provided additional insights into subtype-specific differences. Luminal DMBA-Type I 

tumors exhibited shorter latencies (12.57 ± 0.69 weeks), consistent with their higher 

proliferative potential and activation of pathways that drive rapid tumor initiation. In 

contrast, basal (Type II) and hybrid (Type III) tumors developed more slowly and with 

greater variability (18.60 ± 2.87 weeks and 19.57 ± 2.42 weeks, respectively), 

suggesting distinct molecular or biological constraints shaping their progression. 

Notably, the similarity in latency between hybrid and basal tumors hints at shared 

mechanisms, possibly implicating a common cellular BaC origin (Figure R2.8B). 

These findings underscore the divergent trajectories of TNBC subtypes, from their 

cellular beginnings to the dynamics of tumor growth. By linking tumor latency with 

cellular origin, this work illuminates how intrinsic properties of progenitor cells and their 

responses to carcinogenic insults contribute to the heterogeneity of breast cancer. 

Further exploration of hybrid tumor origins and the molecular drivers of subtype-specific 

latencies is essential to unravel the complexity of TNBC pathogenesis. 

2.5. Oncogenic plasticity drives heterogeneous TNBC subtypes in the DMBA model 

MECs exhibit remarkable plasticity under oncogenic stress, which can blur their lineage 

identities and contribute to intra-tumoral heterogeneity [91-94]. This section explores 

how cellular plasticity influences tumor outcomes, challenging the conventional 

paradigm of a fixed cell of origin. Indeed, the DMBA model provided compelling 

evidence of this plasticity.  
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Tumors induced in Acta2mTmG mice, which were expected to primarily reflect basal 

origins, exhibited unexpected heterogeneity. Some clones consisted of K8-positive LCs 

that had lost P63 expression (marked with an asterisk), indicating a complete basal-to-

luminal transition. Others co-expressed both basal (P63) and luminal (K8) markers 

(marked with an arrow), suggesting an intermediate hybrid state during this transition 

(Figure R2.9). These findings suggest that DMBA-Type III tumors, characterized by a 

hybrid phenotype, may arise from BaCs undergoing lineage plasticity. However, further 

investigation is required to confirm this hypothesis and to determine the molecular 

drivers underlying this phenotypic shift. 

 

Figure R2.9. Basal-to-luminal transitions contribute to heterogeneity in DMBA-induced tumors. 

Representative IF images of GFPpos clones in a DMBA Type I (basal) tumor from Acta2mTmG mice. Merged 

images highlight the basal marker P63 in red and the luminal marker K8 in gray, with insets providing 

magnified views of framed luminal clones. GFP is shown in green, and DNA is counterstained with DAPI in 

blue. White arrows indicate cells co-expressing luminal and basal markers, while white asterisks highlight 

cells with a fully luminal identity. Scale bars: 10 μm for both the main images and insets. 

Notably, LCs exhibited their own intriguing behaviors under oncogenic pressure. In the 

DMBA model, Notch1-positive LCs consistently gave rise to K8-positive luminal clones, 

even within mixed tumors that appeared to result from the fusion of basal (Type II) and 

luminal (Type I) tumor clones (Figure R2.10A). This observation, aligned with our 

previous revelations in the MMTV-PyMT and C3(1)-TAg models, reinforces the idea that 

luminal progenitors are predominantly unipotent, retaining their identity even in the face 

of significant oncogenic challenges.  

Nevertheless, exceptions to the presumed unipotency of Notch1-positive cells were 

observed. In one of the eleven tumors analyzed, Notch1-positive luminal tumors 

exhibited a scattered SMA expression pattern (Figure R2.10B). The presence of SMA, 

in the absence of other basal markers, suggests that this transition is more indicative of 

EMT rather than a direct shift to a basal identity. Indeed, SMA has been previously 

recognized as an EMT marker associated with increased invasiveness and metastatic 

potential [288]. This observation raises the possibility that, under certain oncogenic 

pressures, Notch1-positive LCs may undergo partial EMT, enhancing their capacity for 

tumor progression and dissemination. Further research is required to elucidate the 

molecular mechanisms underlying this phenotypic shift and its broader implications for 

TNBC progression. 
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Figure R2.10. ERα-negative luminal progenitors largely preserve unipotency, yet may occasionally 

transition to an EMT-like state under oncogenic stress. Representative IF images of Notch1mTmG tumors 

in the DMBA model are shown. A. Mixed tumor consisting of fused luminal (DMBA Type I) and basal (DMBA 

Type II) clones, where only the luminal portion consists of GFPpos Notch1-derived cells. B. Tumor composed 

entirely of GFPpos clones, positive for both K8 and SMA. GFP is depicted in green, while basal markers (P63, 

K5, and SMA), and luminal markers (K8 and ERα) are shown in red. DNA is counterstained with DAPI in blue. 

Scale bars represent 10 μm. 

Together, these findings highlight the plastic nature of Acta2- and Notch1-positive cells 

during tumorigenesis. While the initial cellular origins of distinct TNBC subtypes 

can be traced to specific MEC populations, the final tumor identity is shaped by 

the interplay of oncogenic events and cellular plasticity. This dynamic process not 

only contributes to the heterogeneity observed within tumors but also underscores the 

complexity of breast cancer pathogenesis. Understanding these plasticity-driven shifts 

is crucial for developing targeted therapies capable of addressing the multifaceted 

nature of TNBC. 
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Objective 3:  To investigate the clonal dynamics of distinct mammary 

epithelial cell types across transcriptomically diverse tr iple-negative breast 

cancer subtypes.  

 Luminal progenitors drive tumor evolution in the luminal TNBC models 

The development of TNBC involves dynamic changes in MEC populations as tumors 

progress. To investigate how different MEC populations contribute to clonal expansion 

in histological luminal TNBC subtypes, we used the MMTV-PyMT and C3(1)-TAg 

models. By leveraging tamoxifen-inducible Cre lines, we aimed to trace the fate of 

specific MEC populations and uncover their roles at distinct tumor stages, from early 

hyperplasia to advanced carcinoma. 

3.1. Distribution of MEC populations across tumor stages in the MMTV-PyMT model 

To assess the persistence of MEC populations throughout tumor progression, we 

analyzed tumors at three stages: hyperplasia (4 weeks), adenoma (9 weeks), and 

carcinoma (14 weeks) (Figure R3.1A).  

 

Figure R3.1. Distribution of mammary epithelial populations across tumor stages in the MMTV-PyMT 

model. A. Experimental design followed in 24-hour experiments in the MMTV-PyMT TNBC model. Tumors 

were analyzed 24 hours after tamoxifen injection at the hyperplasia (4w), adenoma (9w), or carcinoma (14w) 

stages. B. Percentage of GFPpos mammary epithelial cells in MMTV-PyMT tumors from Acta2mTmG, 

Notch1mTmG and Prom1mTmG mice following a 24-hour pulse at hyperplasia (n=9, 7, 6), adenoma (n=25, 16, 

13), and carcinoma (n=21, 25, 24), obtained by FC. At least three animals per time point and genotype were 

analyzed. “n” refers to the total number of mammary glands analyzed. Data are presented as mean ± S.E.M. 

Significance was determined using the Kruskal-Wallis test with p < 0.05 considered significant. 

We quantified GFPpos cells within MECs 24 hours post-recombination using FC. Results 

revealed that the proportion of GFPpos LCs labeled by Notch1 and Prom1 remained 

consistent across all stages, indicating a sustained contribution of luminal lineages. In 

contrast, GFPpos BaCs labeled by Acta2 significantly declined in advanced tumors, 

consistent with the gradual loss of the basal layer during tumor progression (Figure 

R3.1B). Specifically, at the hyperplasia stage, 4.04 ± 1.07% of cells in Acta2mTmG tumors 

were GFPpos, but this proportion decreased to 1.33 ± 0.33% at the adenoma stage and 

nearly disappeared (0.10 ± 0.03%) by the carcinoma stage. Meanwhile, the percentage 

of GFPpos cells in Notch1mTmG tumors remained stable at 16.56 ± 0.81% (hyperplasia), 

18.45 ± 0.79% (adenoma), and 16.30 ± 0.82% (carcinoma). Similarly, Prom1mTmG 
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tumors maintained a low but consistent contribution of GFPpos cells: 0.12 ± 0.01% 

(hyperplasia), 0.12 ± 0.03% (adenoma), and 0.18 ± 0.04% (carcinoma) (Figure R3.1B). 

To further explore the lineage-specific contributions, we examined the distribution of 

distinct MEC subtypes (BaCs and LCs) within the GFP-positive population at each 

tumor stage. FC analysis showed that Acta2-positive cells in Acta2mTmG tumors were 

exclusively basal, with 99.75 ± 0.12% and 99.89 ± 0.07% of GFPpos cells identified as 

BaCs at the hyperplasia and adenoma stages, respectively. Notch1-positive cells in 

Notch1mTmG tumors were confined to the luminal lineage, comprising 99.89 ± 0.05% of 

GFPpos cells at hyperplasia and 99.13 ± 0.32% at adenoma. Similarly, Prom1-positive 

cells in Prom1mTmG tumors were almost exclusively luminal, with 99.92 ± 0.04% of 

GFPpos cells at hyperplasia and 99.89 ± 0.11% at adenoma (Figure R3.2A). 

 

Figure R3.2. Flow cytometry-based cell fate analysis of mammary epithelial populations across tumor 

stages in the MMTV-PyMT model. A. Distribution of LCs and BaCs within GFPpos MECs in Acta2mTmG, 

Notch1mTmG, and Prom1mTmG after 24-hour pulses at hyperplasia (n=4, 7, 6) and adenoma (n=15, 8, 13) stages. 

B. Sca-1 expression in GFPpos LCs after 24-hour pulses at hyperplasia (4w), adenoma (9w), and carcinoma 

(14w) in Notch1mTmG (n=7, 16, 25) and Prom1mTmG (n=6, 13, 24) tumors. At least three animals per time point 

and genotype were analyzed. “n” refers to the total number of mammary glands analyzed. Data are presented 

as mean ± S.E.M. 

We also analyzed Sca-1 expression in GFPpos LCs in Notch1mTmG and Prom1mTmG 

tumors to distinguish ERα-positive and ERα-negative LC subsets. In Notch1mTmG, 

recombination exclusively targeted Sca-1neg ERα-negative LCs, which persisted across 

all tumor stages (99.97 ± 0.02% at hyperplasia, 99.68 ± 0.11% at adenoma, and 99.75 

± 0.05% at carcinoma). In contrast, in Prom1mTmG, recombination initially labeled a 

subset of Sca-1pos ERα-positive LCs (20.57 ± 7.57% at hyperplasia and 21.00 ± 6.71% 

at adenoma), but this population declined to 6.31 ± 1.82% by the carcinoma stage, 

leaving most GFPpos LCs in Prom1mTmG tumors as Sca-1neg LCs (Figure R3.2B). These 

findings suggest that, unlike in the healthy mammary gland, Prom1 expression in tumors 

is not restricted to ERα-positive LCs but also marks an ERα-negative luminal 

subpopulation with stem-like traits, as previously reported [289-293]. 

To validate these findings, we performed IF analysis on hyperplastic tumor sections, 

staining for lineage-specific markers. Acta2-positive cells corresponded to P63-positive 

BaCs, while Notch1-positive cells were K8-positive and confined to the ERα-negative 



RESULTS: OBJECTIVE 3 

97 

 

luminal lineage. Prom1 expression labeled K8-positive LCs, with a small proportion co-

expressing ERα (Figure R3.3), confirming the results obtained by FC.  

 

Figure R.3.3. Immunofluorescence-based cell fate analysis of mammary epithelial populations in 

MMTV-PyMT hyperplastic lesions 24 hours post-tamoxifen injection. GFPpos cells label Acta2-expressing 

BaCs (K8neg, ERαneg, P63pos) in the Acta2mTmG line, Notch1-expressing ERαneg LCs (K8pos, ERαneg, P63neg) in 

the Notch1mTmG line, and Prom1-expressing ERαpos (upper panel) or ERαneg (bottom panel) LCs (K8pos, 

ERαpos/neg, P63neg) in the Prom1mTmG line. GFP is depicted in green, while the basal marker P63, and the luminal 

markers K8 and ERα are shown in red. DNA is counterstained with DAPI in blue. Scale bars represent 10 μm. 

Together, these results highlight the differential contributions of MEC populations to the 

luminal B subtype of TNBC in the MMTV-PyMT model. Luminal progenitors, marked by 

Notch1 and Prom1 expression, persist throughout tumor progression and likely play a 

central role in driving tumor growth. In contrast, the basal population, labeled by Acta2, 

diminishes as tumors progress, reflecting its limited role in advanced stages. These 

findings underscore the importance of LCs in tumor evolution and provide insight into 

the the cellular dynamics underlying TNBC heterogeneity. 

3.2. Notch1-expressing cells drive clonal expansion in early tumor stages in the 

MMTV-PyMT model 

To dissect how distinct MEC lineages contribute to clonal expansion during breast tumor 

progression, we targeted specific MEC populations at the hyperplasia stage in the 

MMTV-PyMT model. Tamoxifen was administered to triple transgenic females, and their 

mammary glands were analyzed after either 5- or 10-week chase periods, 

corresponding to the adenoma and carcinoma stages, respectively (Figure R3.4A). 
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This approach enabled us to trace the clonal dynamics of Acta2-, Notch1-, and Prom1-

expressing populations, revealing lineage-specific contributions to tumor development. 

 

Figure R3.4. Early-stage targeting of MEC types reveals sustained contribution of Notch1-positive 

ERα-negative luminal progenitors to MMTV-PyMT tumor progression. A. Experimental design for clonal 

expansion analysis in the MMTV-PyMT model from hyperplasia. Tumors were analyzed 24 hours after 

tamoxifen injection at the hyperplasia stage and following 5- and 10-week chase periods. B. Percentage of 

GFPpos mammary epithelial cells in MMTV-PyMT tumors from UbcmTmG, Acta2mTmG, Notch1mTmG, and 

Prom1mTmG mice after a 24-hour pulse (24h) at hyperplasia (n=3, 9, 7, 6), following a 5-week chase (5w) 

(n=10, 11, 12, 15), or a 10-week chase (10w) (n=22, 13, 26, 41), obtained by FC. At least three animals per 

time point and genotype were analyzed.  “n” refers to the total number of mammary glands analyzed. Data 

are presented as mean ± S.E.M. Significance was determined using the Kruskal-Wallis test with p < 0.05 

considered significant. 

Initial FC analysis uncovered striking differences in the clonal expansion potential of the 

different MEC populations, providing quantitative insights into these lineage dynamics. 

After 24 hours of tamoxifen administration at hyperplasia, GFPpos cells accounted for 

16.56 ± 0.81% of the MEC population in Notch1mTmG tumors. This proportion remained 

stable after a 5-week chase (15.26 ± 2.19%) and declined only slightly after 10 weeks 

(9.37 ± 1.49%) (Figure R3.4B). These results indicate that Notch1-derived progeny 

persists and expands throughout tumor progression. 

In contrast, the Acta2mTmG and Prom1mTmG lines exhibited sharp declines in GFPpos cells 

following the chase periods. At 24 hours, GFPpos cells made up 4.04 ± 1.07% and 0.12 

± 0.01% of the MEC population in Acta2mTmG and Prom1mTmG tumors, respectively. 

However, by the 5-week chase, these proportions fell to 0.10 ± 0.02% (Acta2mTmG) and 

0.01 ± 0.00% (Prom1mTmG). By 10 weeks, no detectable GFPpos cells remained in 

Prom1mTmG tumors (0.00 ± 0.00%), and only 0.09 ± 0.02% persisted in Acta2mTmG tumors 

(Figure R3.4B). These findings suggest that Prom1- and Acta2-expressing populations 

play a minimal role in early tumor development.  

Interestingly, the UbcmTmG line, which targets all MEC subpopulations, exhibited a 

marked decline in GFPpos cells at the adenoma stage, dropping from 64.03 ± 1.19% at 

24 hours to 29.72 ± 6.60% after 5 weeks. This reduction likely reflects the lower 

proliferative potential of Notch1-negative luminal cells. However, by the carcinoma 

stage, the proportion of GFPpos cells in the UbcmTmG line rebounded to 50.34 ± 3.99% 

(Figure R3.4B), suggesting selective survival and expansion of highly proliferative 

subpopulations. 
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IF analysis further showcased the striking differences in the clonal expansion potential 

of the different MEC populations. Large GFPpos clones were observed exclusively in 

tumors derived from Notch1mTmG mice. These clones were comparable in size to those 

seen in the control UbcmTmG line, suggesting that Notch1-positive cells play a prominent 

role in driving clonal expansion during early tumorigenesis. In contrast, Prom1mTmG 

tumors exhibited rare and small GFPpos clones, while Acta2-derived cells remained 

confined to the basal layer without evidence of clonal expansion. These findings 

underscore the limited proliferative potential of Prom1- and Acta2-expressing 

populations during early tumor progression compared to Notch1-positive cells (Figure 

R3.5). 

 

Figure R3.5. Notch1-positive cells targeted at hyperplasia stage exhibit clonal expansion during 

MMTV-PyMT tumor progression. Representative IF images from MMTV-PyMT tumor sections 10 weeks 

post-tamoxifen injection at the hyperplasia stage in the indicated Cre lines. GFP is depicted in green, and 

DNA is counterstained with DAPI in blue. Scale bars represent 40 μm for both the main images and insets. 

Moreover, cell fate characterization of GFP-positive clones in the Notch1mTmG line 

revealed that Notch1-derived cells preserved their luminal identity during clonal 

expansion in the MMTV-PyMT model, exhibiting K8 positivity and ER negativity, while 

lacking expression of the basal marker P63, thereby highlighting their unipotent potential 

in luminal B tumorigenesis (Figure R3.6). 

These results unequivocally identify Notch1-positive cells as the primary drivers 

of early breast tumorigenesis in the MMTV-PyMT model. Their sustained 

contribution to clonal expansion highlights their dominant role in tumor progression. In 

contrast, Prom1- and Acta2-expressing populations exhibit limited clonal expansion 

potential, suggesting that their involvement in tumor progression is restricted. The 

observed dynamics underscore the hierarchical contributions of distinct MEC lineages 

to tumor evolution, with Notch1-positive cells emerging as a critical target population in 

luminal B-like TNBC tumors. 
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Figure R3.6. Notch1-derived cells retain luminal identity during clonal expansion in the MMTV-PyMT 

model. Representative IF images from MMTV-PyMT tumor sections 10 weeks post-tamoxifen injection at the 

hyperplasia stage in the Notch1mTmG line. GFP is depicted in green, while the basal marker P63, and the 

luminal markers K8 and ERα are shown in red. Insets provide magnified views of the highlighted regions. 

DNA is counterstained with DAPI in blue. Scale bars represent 10 μm for both the main images and insets. 

3.3. Differential clonal dynamics of luminal progenitors during tumor progression 

To investigate how clonal dynamics of distinct MEC populations vary during advanced 

tumor progression, we analyzed their proliferative potential when targeted at later 

stages of tumorigenesis. MECs were labeled at the adenoma stage (9 weeks), and their 

clonal expansion was assessed after a 5-week chase at the carcinoma stage (Figure 

R3.7A). 

 

Figure R3.7. Clonal expansion of Notch1- and Prom1-positive luminal populations varies with 

tumorigenic stage in the MMTV-PyMT model. A. Experimental design for clonal expansion analysis in the 

MMTV-PyMT model, with tumors analyzed 24 hours post-tamoxifen at hyperplasia (dark brown) or adenoma 

(light brown) stages, followed by a 5-week chase period. B. Percentage of GFPpos MECs in MMTV-PyMT 

tumors from Acta2mTmG, Notch1mTmG, and Prom1mTmG mice after a 24-hour pulse (24h) at hyperplasia (n=9, 7, 

6), following a 5-week chase (5w) from hyperplasia (n=11, 12, 15), after a 24-hour pulse at adenoma (n=25, 

16, 13), and following a 5-week chase from adenoma (n=16, 20, 33), obtained by FC. At least three animals 

per time point and genotype were analyzed. “n” refers to the total number of mammary glands analyzed. Data 

are presented as mean ± S.E.M. Significance was determined using the Kruskal-Wallis test with p < 0.05 

considered significant. 
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Our analyses revealed that Notch1- and Prom1-expressing cells exhibited distinct 

behaviors influenced by tumor stage, reflecting their unique roles in tumor progression. 

Notch1-positive cells demonstrated robust clonal expansion at earlier stages but 

exhibited restricted behavior as tumors advanced. When targeted at the adenoma 

stage, Notch1-positive cells initially accounted for 18.45 ± 0.79% of GFPpos cells; 

however, this proportion significantly declined to 4.50 ± 0.61% after the 5-week chase.  

This reduction suggests that while some Notch1-positive cells continued to expand, a 

substantial fraction experienced cell death, reduced growth, or entered a non-dividing 

state (Figure R3.7B).  

In contrast, Prom1-positive cells showed a delayed but consistent clonal response.  

Following a 24-hour pulse at the adenoma stage, GFPpos cells comprised 0.12 ± 0.03% 

of the total population. This proportion remained stable at 0.11 ± 0.05% after the 5-week 

chase, suggesting a steady contribution to tumor growth despite their relatively late 

activation compared to Notch1-positive cells (Figure R3.7B). 

Acta2-positive cells, however, maintained a stable, non-proliferative phenotype 

throughout tumor progression. At the adenoma stage, GFPpos cells accounted for 1.33 

± 0.33% after a 24-hour pulse, dropping further to 0.06 ± 0.01% after the 5-week chase 

(Figure R3.7B). These findings underscore the limited contribution of Acta2-positive 

BaCs to tumor progression, as they consistently remained confined to the healthy basal 

layer without evidence of clonal expansion. 

To further characterize clonal growth patterns, we examined GFPpos clone sizes 

following 5-week chase periods in tumors from Notch1mTmG and Prom1mTmG mice. 

Clones were categorized as single cells (1 cell), small clones (2–10 cells), or large 

clones (≥11 cells) (Figure R3.8A).  

 

Figure R3.8. Tumor stage-dependent changes in the size of GFP-positive tumor clones in Notch1mTmG 

and Prom1mTmG MMTV-PyMT tumors. A. Representative IHC images of GFPpos tumor clones categorized 

as single cells (1 cell), small clones (2–10 cells), or large clones (≥11 cells). Scale bars: 50 µm. B. 

Quantification of GFPpos tumor clones categorized by size as single cells (gray), small clones (purple), and 

large clones (pink) in Notch1mTmG and Prom1mTmG lines after a 5-week chase from hyperplasia (4w) (n=5, 2109 

clones and n=3, 48 clones) and adenoma (9w) (n=3, 3708 clones and n=3, 434 clones). At least three animals 

per time point and genotype were analyzed. “n” refers to the total number of mammary glands analyzed. Data 

are presented as mean ± S.E.M.  

Notch1-positive cells displayed a shift in clonal dynamics as tumors progressed, with 

large clones diminishing in prevalence at later stages. At 4 weeks, GFPpos clones from 
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Notch1mTmG tumors included 18.41 ± 5.47% single cells, 41.46 ± 1.81% small clones, 

and 40.13 ± 6.82% large clones. By 9 weeks, the percentage of large clones sharply 

declined to 9.15 ± 2.40%, while single cells increased to 45.85 ± 4.62% and small clones 

remained relatively stable at 45.01 ± 2.28% (Figure R3.8B). This pattern suggests a 

shift toward reduced expansion potential and increased cell attrition at advanced stages. 

Conversely, Prom1-positive cells demonstrated an opposite trend, reflecting a delayed 

activation of clonal expansion. At 4 weeks, clones were predominantly single cells 

(70.01 ± 4.39%), with small clones comprising 29.92 ± 4.39% and no large clones 

observed. By 9 weeks, single cells decreased significantly to 19.32 ± 2.65%, small 

clones rose to 74.08 ± 1.96%, and large clones emerged at 6.61 ± 0.86% (Figure 

R3.8B), indicating a late-stage proliferative response. 

These observations highlight the interplay of biological processes shaping clonal 

dynamics, including expansion, delayed growth, cell cycle arrest, and cell death, as 

previously proposed by other research groups (Figure I9) [10]. Notch1-positive cells 

dominate early-stage clonal expansion, while Prom1-positive cells activate their 

proliferative potential later. Acta2-positive cells, by contrast, remain confined to a basal, 

non-proliferative role throughout tumor progression. 

Collectively, these results emphasize the divergent contributions of MEC types to 

tumorigenesis, with distinct temporal and clonal behaviors that shape the 

heterogeneity observed in TNBC. 

3.4. Cell fate and transformation potential of mammary epithelial populations in the 

C3(1)-TAg model 

To investigate how different MEC lineages contribute to basal-like tumors, we began by 

evaluating the fate and susceptibility of Acta2-, Notch1-, and Prom1-expressing cells to 

transformation in the C3(1)-TAg model. Through 24-hour pulse experiments at the 

hyperplasia stage (16 weeks), we used immunofluorescence to analyze cell fates and 

lineage-specific transformation. 

When evaluating the expression of SV40-TAg oncogene, we found that all three 

epithelial lineages were susceptible to transformation, though with varying efficiencies 

(Figure R3.9). Notch1-positive cells exhibited the highest transformation rate, with 

99.09% of 692 cells analyzed across 34 fields undergoing transformation. In contrast, 

transformation was significantly less frequent in Acta2-positive (0.89% of 445 cells 

analyzed across 30 fields) and Prom1-positive (7.22% of 376 cells analyzed across 35 

fields) populations. This discrepancy suggests that Acta2- and Prom1-expressing 

populations may exhibit inherent resistance to transformation or undergo increased cell 

death following SV40-TAg expression. 

Cell fate analysis confirmed that Acta2 expression remained exclusively confined to the 

P63-positive BaCs, while Notch1 and Prom1 labeled distinct luminal populations 

(Figure R3.10). Notch1 was predominantly expressed in ERαneg LCs (K8-positive), but 

also labeled a small subset of BaCs, with 2.15% of Notch1-positive cells (810 cells 

analyzed across 32 fields) expressing the P63 basal marker. In contrast, Prom1 
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primarily targeted ERαneg LCs, with only 23.92% of Prom1-positive cells expressing ERα 

(291 cells analyzed across 26 fields).  

 

Figure R3.9. Differential susceptibility of mammary epithelial cells to SV40-TAg-driven transformation. 

IF images of C3(1)-TAg tumor sections 24 hours post-tamoxifen injection at hyperplasia stage (16 weeks). 

GFP is depicted in green and SV40 in red. Insets provide magnified views of the highlighted regions. DNA is 

counterstained with DAPI in blue. Scale bars represent 10 μm for both the main images and insets. 

 

Figure R3.10. Immunofluorescence-based cell fate analysis of mammary epithelial populations in 

C3(1)-TAg hyperplastic lesions 24 hours post-tamoxifen injection. GFP is depicted in green, while the 

basal marker P63, and the luminal markers K8 and ERα are shown in red. Insets provide magnified views of 

the highlighted regions. DNA is counterstained with DAPI in blue. Scale bars represent 10 μm for both the 

main images and insets. 

In summary, our findings reveal that distinct MECs exhibit differential 

transformation potential in the C3(1)-TAg model, with Notch1-positive luminal 

cells being the most susceptible to SV40-TAg-driven oncogenesis. Interestingly, a 

subset of Notch1-expressing cells was identified as BaCs, suggesting that Notch1 

marks a broader epithelial population under oncogenic pressure.  
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3.5. Luminal progenitors drive basal-like tumor development in the C3(1)-TAg model 

To assess how distinct MEC populations contribute to tumor growth, we performed 

clonal expansion experiments targeting Acta2-, Notch1-, and Prom1-positive cells at the 

hyperplasia stage, followed by 5- and 10-week chase periods (Figure R3.10A). This 

allowed us to evaluate clonal dynamics as tumors progressed from hyperplasia to 

carcinoma. 

 

Figure R3.11. Early-stage targeting of MEC types reveals sustained contribution of Notch1-positive 

ERα-negative luminal progenitors to C3(1)-TAg tumor progression. A. Experimental design for clonal 

expansion analysis in the C3(1)-TAg model from hyperplasia. Tumors were analyzed 24 hours after tamoxifen 

injection at the hyperplasia stage and following 5- and 10-week chase periods. B. Percentage of GFPpos MECs 

in C3(1)-TAg tumors from Acta2mTmG, Notch1mTmG, and Prom1mTmG mice after a 24-hour pulse at the 

hyperplasia stage (n=10, 21, 9), after a 5-week chase (n=26, 15, 22), or a 10-week chase (n=24, 24, 23), 

based on IHC quantification. At least two animals per time point and genotype were analyzed. “n” refers to 

the total number of mammary glands analyzed. Data are presented as mean ± S.E.M. Significance was 

determined using the Kruskal-Wallis test with p < 0.05 considered significant. C. Representative IHC images 

of C3(1)-TAg tumor sections 10 weeks post-tamoxifen injection at the hyperplasia stage in the indicated Cre 

lines. Brown indicates positive GFP staining, and blue represents nuclear counterstaining. Scale bars 

represent 200 μm in the main images and 50 μm in the insets.  

Immunohistochemical analysis revealed that Notch1-positive cells exhibited robust 

clonal expansion throughout tumor development, forming large GFP-positive clones. In 

contrast, Prom1-positive cells contributed minimally to tumor growth, with GFPpos cells 

declining significantly over time. Acta2-positive cells remained restricted to the basal 

layer, showing no evidence of clonal expansion during tumorigenesis (Figures R3.11B-

C).  
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Quantitative analyses of GFPpos tumor cells confirmed these observations. Notch1-

derived progeny steadily increased their contribution, from 14.43 ± 2.64% at the 24-hour 

pluses to 20.91 ± 4.22% after 5 weeks and 29.62 ± 5.49% after 10-weeks. Prom1-

derived progeny decline sharply, from 2.24 ± 0.93% at the 24-hour pulse to 0.21 ± 0.13% 

after 5 weeks and 0.07 ± 0.04% after 10 weeks, reflecting a reduced contribution to the 

tumor bulk as the tumor advances. Acta2-derived progeny remained stable over time, 

representing 1.57 ± 0.25% at the 24-hour pulse, 3.18 ± 0.73% after 5 weeks, and 0.79 

± 0.19% after 10 weeks (Figure R3.11B). These data indicate a more gradual loss of 

the healthy basal layer in this model, aligning with its significantly slower tumor 

progression compared to the MMTV-PyMT model.  

Cell fate analysis of GFP-positive clones in the Notch1mTmG line revealed that, while 

most tumors contained GFP-positive clones with a K8-positive luminal identity, 24.32% 

of the 37 tumors analyzed exhibited GFP-positive basal clones characterized by P63 

expression (Figure R3.12). This finding suggests that a subset of Notch1-positive BaCs, 

targeted early in tumorigenesis, can clonally expand and contribute to tumor 

progression. However, these clones remained small and sparsely distributed within 

larger tumors, indicating that while they may play a role in early tumor development, 

their influence diminishes as the tumor advances. 

 

Figure R3.12. A specific subset of Notch1-positive basal cells undergoes clonal expansion during 

basal-like tumorigenesis in the C3(1)-TAg model. Representative IF images from C3(1)-TAg tumor 

sections 10 weeks post-tamoxifen injection at the hyperplasia stage in the Notch1mTmG line. Merged images 

show GFP in green, the luminal marker K8 in red, and the basal marker P63 in gray. Insets provide magnified 

views of the highlighted regions. DNA is counterstained with DAPI in blue. Scale bars represent 10 μm for 

both the main images and insets. 

Lastly, we investigated whether the clonal potential of Notch1-positive cells varies with 

tumor stage, by targeting them at the adenoma stage and analyzing them after a 5-

week chase (Figure R3.13A). The quantification of GFPpos cells showed stable 

proportions, with 11.13 ± 2.29% at the 24-hour pulse and 9.50 ± 1.46% after 5 weeks 

(Figure R3.13B).  
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Figure R3.13. Late-stage targeting of Notch1-positive cells reveals continuous clonal growth. A. 

Experimental design for clonal expansion analysis in the C3(1)-TAg model from adenoma, with tumors 

analyzed 24 hours after tamoxifen injection at the adenoma stage and following a 5-week chase period. B. 

Percentage of GFPpos MECs in C3(1)-TAg tumors from Notch1mTmG mice after a 24-hour pulse (24h) at the 

adenoma stage (n=7), or after a 5-week chase (5w) (n=26), based on IHC quantification. At least two animals 

per time point and genotype were analyzed. “n” refers to the total number of mammary glands analyzed. Data 

are presented as mean ± S.E.M. Significance was determined using the Mann-Whitney test with p < 0.05 

considered significant. 

These findings underscore the dominant role of Notch1-positive LCs in driving 

basal-like TNBC, while Prom1- and Acta2-positive populations contribute minimally, 

mirroring observations in the MMTV-PyMT model. Further clonal expansion studies 

using additional Cre lines and extended time points could help determine whether other 

cell populations have the potential to outcompete Notch1-positive cells over time. 
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Objective 4:  To determine the metastatic potential of different mammary 

epithelial cell populations in breast tumors.  

 Notch1-positive cells exhibit cellular plasticity during metastatic spread  

4.1. Lung metastases reflect primary tumor heterogeneity in MEC composition 

To investigate the metastatic potential of distinct MEC populations, we utilized the 

MMTV-PyMT model, renowned for its high incidence of lung metastases (80–90%) at 

the carcinoma stage. This model provided an ideal platform to trace the contribution of 

Acta2-, Notch1-, and Prom1-expressing MECs to tumor spread and metastasis. 

As an initial step, we compared the cellular composition of metastatic lung nodules with 

that of primary tumors at the hyperplasia stage after similar pulses (Figure R4.1A).  

 

Figure R4.1. Lung metastases recapitulate the cellular architecture of the primary tumor. A. 

Experimental design in the MMTV-PyMT model to analyze MEC distribution in hyperplastic tumors and lung 

metastases following 24-hour tamoxifen pulses at the hyperplasia and carcinoma stages in Acta2mTmG, 

Notch1mTmG, and Prom1mTmG mice. B. Percentage of GFPpos tumor cells in lung metastases (pink) (n=24, 30, 

11) and primary tumors (gray) (n= 9, 7, 6) after a 24-hour pulse for each Cre line. Each dot represents an 

individual tumor or metastasis. At least three animals per genotype and timepoint were analyzed. Data are 

presented as mean ± S.E.M. Significance was determined using the two-way ANOVA test, with p < 0.05 

considered significant. C. Representative IHC images illustrate GFPpos cells in lung metastases from indicated 

Cre lines after a 24-hour tamoxifen pulse at carcinoma stage. Brown indicates positive GFP staining, and blue 

represents nuclear counterstaining. Scales bars correspond to 100 μm. Enlarged views of the highlighted 

regions are displayed in the magnified panels.  
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Remarkably, lung metastases retained three distinct MEC lineages present in primary 

tumors at the hyperplasia stage. GFPpos cells derived from Acta2-, Notch1-, and Prom1-

expressing MECs were identified in metastases, suggesting that metastatic cells 

attempt to replicate the primary tumor's cellular architecture within the lung environment 

(Figures R4.1B-C).  

Quantitative analysis revealed consistent proportions of GFPpos cells in both the primary 

tumors and metastases (Figure R4.1B). Acta2-positive cells accounted for 4.04 ± 

1.07% of GFP-positive cells in primary tumors and 2.55 ± 0.48% in lung metastases. 

Similarly, Notch1-positive cells represented 16.56 ± 0.81% in primary tumors and 11.76 

± 1.72% in metastases. Notably, Prom1-positive cells showed a relative increase in 

metastases, rising from 0.13 ± 0.02% in primary tumors to 1.25 ± 0.19% in the lungs.  

Further immunofluorescence analysis showed that Acta2-positive cells within metastatic 

nodules retained basal lineage characteristics, expressing markers such as P63, K14, 

SMA, and K5. In contrast, Notch1- and Prom1-positive cells exhibited K8 expression 

and were ERα-negative (Figure R4.2). These findings suggest that metastatic initiation 

and survival depend on preserving the basal-to-luminal ratio observed in primary 

tumors, highlighting the role of cellular heterogeneity in sustaining metastatic outgrowth. 

 

Figure R.4.2. Mammary tumor cells retain their primary tumor lineage characteristics in metastatic 

sites. Representative IF images of lung metastases from Acta2mTmG, Notch1mTmG, and Prom1mTmG mice after 

a 24-hour pulse at carcinoma stage. Merged images show GFP in green, with K8, SMA, or K14 in red, and 

P63, K5, or ERα in gray. Insets provide magnified views of the highlighted regions. DNA is counterstained 

with DAPI in blue. Enlarged views of the highlighted cells are shown in the magnified panels. Scale bars 

represent 10 μm for both the main images and insets.   
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Together, these observations emphasize the ability of tumor cells to adapt to distant 

tissue environments while preserving the lineage characteristics of their primary tumor. 

This cellular diversity highlights the complex biological mechanisms driving metastatic 

progression and the survival of heterogeneous tumor populations at secondary sites. 

4.2. Notch1-positive cells are primary drivers of lung metastasis in the MMTV-PyMT 

model 

To examine the metastatic potential of distinct MEC populations, we administered a 

single intraperitoneal injection of tamoxifen at either hyperplasia or adenoma stage in 

the different Cre mice and dissected the lungs at carcinoma stage, 10 or 5 weeks later, 

respectively (Figure R4.3A). This experimental approach provided insights into how 

tumor progression influences the metastatic capacity of distinct MEC populations. 

 

Figure R4.3. Notch1-positive cells are highly metastatic in advanced tumor stages in the MMTV-PyMT 

model.  A. Experimental design to investigate early and late mammary epithelial cell contributions to lung 

metastasis in the MMTV-PyMT model. Cre recombination was initiated at the hyperplasia (4 weeks) or 

adenoma (9 weeks) stages, with lung tissues analyzed 10 or 5 weeks later, respectively. B. Bar plot 

representing the percentage of lung metastases containing GFPpos cells per animal in lung sections from 

Acta2mTmG, Notch1mTmG, and Prom1mTmG mice after a 10-week chase from hyperplasia (n= 49, 27, 47 

metastases), and after a 5-week chase from adenoma (n=39, 52, 39 metastases). At least two animals per 

time point and genotype were analyzed. Data are presented as mean ± S.E.M. Significance was determined 

using the two-way ANOVA test, with p < 0.05 considered significant. C. Representative IHC images of lung 

metastases showcasing GFP-labeled progeny exclusively in the Notch1mTmG mice. GFP staining appears 

brown, while nuclei are counterstained in blue. Scales bars represent 50 μm.  
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Immunohistochemical analysis revealed that GFP-labeled progeny was predominantly 

found within the metastatic nodules of Notch1mTmG mice (Figures R4.3B-C). 

Quantitative analyses showed that Notch1-positive cells targeted at the hyperplasia 

stage contributed to 27.58 ± 6.03% of metastatic nodules (Figure R4.3B). Notably, their 

contribution increased significantly when labeled at later tumor stages, reaching 53.27 

± 15.76% following a 5-week chase from the adenoma stage. This nearly twofold 

increase highlights the progressively enhanced metastatic potential of Notch1-positive 

cells, likely influenced by tumor microenvironmental changes and dynamic oncogenic 

signaling as the disease advances. 

In contrast, Prom1-positive cells showed no evidence of metastatic ability when targeted 

at different tumor stages (Figure R4.3B). However, the recombination efficiency in the 

Prom1mTmG line was extremely low (0.12%), limiting definitive conclusions. Similarly, 

Acta2-positive BaCs did not contribute to lung metastases at either early or advanced 

tumor stages (Figure R4.3B). Despite the absence of GFP-positive BaC-derived clones 

in metastatic sites, Acta2-positive cells were present within metastatic nodules, 

suggesting that LCs may acquire basal-like features through cellular plasticity during 

metastasis. 

Overall, these findings establish Notch1-positive LCs as the primary contributors 

to lung metastases in the MMTV-PyMT model. Their metastatic potential increases 

significantly as tumors progress, positioning them as a promising therapeutic target for 

intervention. 

4.3. Phenotypic plasticity of Notch1-derived cells in lung metastases 

To further explore the metastatic behavior of Notch1-expressing cells, we characterized 

their cellular progeny within lung metastases. Surprisingly, GFPpos cells predominantly 

formed small clusters within metastatic nodules, rather than constituting the entire 

metastasis (Figure R4.4). This observation aligns with prior studies suggesting that 

mammary epithelial tumor cells invade the lungs as cohesive clusters rather than as 

single cells [11]. These clusters, integrating cooperatively within the lung 

microenvironment, contribute to the formation of metastatic lesions, emphasizing the 

importance of collective tumor cell migration as a key mechanism in the metastatic 

cascade. 

Immunofluorescence analysis of cell identity markers revealed distinct populations of 

Notch1-derived cells within lung metastases, providing valuable insights into their 

plasticity during metastatic progression. Notably, most of these cells retained their 

luminal identity, exclusively expressing the K8 luminal marker (Figure R4.4A, upper 

panel). However, a subset of Notch1-derived cells co-expressed the P63 basal marker, 

indicative of a hybrid luminal-basal state (Figure R4.4A, bottom panel). This transitional 

phenotype suggests that Notch1-derived cells may undergo a stepwise process, 

acquiring hybrid characteristics before fully transitioning to a basal-like state. 

Further evidence of this luminal-to-basal lineage shift was provided by the detection of 

Notch1-derived cells expressing K5 and SMA basal markers (Figure R4.4B). These 
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markers, typically associated with basal identity, underscore the potential for Notch1-

derived cells to adopt a more invasive and migratory phenotype during metastatic 

outgrowth. 

 

Figure R4.4. Notch1-derived cells exhibit luminal-to-basal transition during metastatic spread. IF 

images of lung metastases with GFPpos cells after a 5-week chase from adenoma in the Notch1mTmG line.  A. 

Lung metastasis containing GFP-labeled Notch1-derived cells with a K8pos luminal phenotype (upper panel) 

or a K8pos P63pos hybrid phenotype (bottom panel). B. Lung metastasis with GFPpos Notch1-dervied cells co-

expressing SMA and K5 basal markers, indicative of a luminal-to-basal lineage shift. Merged images show 

GFP in green, K8 and SMA markers in red, and P63 and K5 markers in gray. Insets provide magnified views 

of the highlighted regions. DNA is counterstained with DAPI in blue. Scale bars represent 10 μm for both the 

main images and insets. 

These findings demonstrate that Notch1-derived cells undergo luminal-to-basal 

transition during metastatic dissemination, enabling the re-establishment of 

primary tumor architecture at distant sites. The luminal-to-basal transition in Notch1-

derived cells underscores their remarkable phenotypic plasticity, equipping them with 

enhanced migratory and invasive capabilities, facilitating metastatic dissemination and 

colonization. This adaptability enables them to leverage diverse biological programs for 

survival and growth in distant microenvironments. These insights open new avenues for 

therapeutic strategies aimed at disrupting the cellular processes that facilitate the 

migration of metastatic breast cancer cells. 
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DISCUSSION 

 Preclinical models recapitulate TNBC subtype diversity observed in clinics 

1.1. Histological and molecular variability across models 

Our study provides an in-depth characterization of preclinical TNBC models, highlighting 

their distinct phenotypic and transcriptomic profiles. Collectively, these models mirror 

the diversity of breast cancer subtypes seen in clinical settings, offering invaluable tools 

for investigating TNBC. 

While the MMTV-PyMT and C3(1)-TAg models predominantly develop homogeneous 

ERα-negative luminal tumors, the DMBA model produces a broader spectrum of tumor 

types, including ERα-negative luminal, basal, and hybrid phenotypes. These findings 

reveal a critical observation: significant mismatches often exist between histological and 

transcriptomic classifications. For example, basal-like tumors in the C3(1)-TAg and 

DMBA models exhibit luminal histological features akin to MMTV-PyMT tumors, which 

have a luminal B transcriptomic profile. Conversely, tumors with basal histological traits 

in the DMBA model (designated as “true-basal”) align with normal-like molecular 

characteristics, mirroring similar discrepancies reported in clinical TNBC cases. Such 

inconsistencies underscore the importance of integrating both histological and 

molecular data in preclinical and clinical studies.  

The dual-level analysis provides a more accurate reflection of tumor biology and 

potential therapeutic responses, addressing the heterogeneity that complicates TNBC 

management. Notably, the molecular classification of TNBC has practical implications 

for therapy, with luminal B subtypes potentially benefiting from endocrine-like or CDK4/6 

inhibitor treatments typically reserved for hormone receptor-positive cancers. These 

findings reinforce the critical role of transcriptomic profiling in guiding personalized 

treatment strategies, as immunohistochemical classification alone may fail to capture 

actionable insights. 

The basal phenotype, often associated with poorer prognosis but increased 

chemotherapy sensitivity [192-195], was faithfully reproduced in the DMBA model. This 

model generated basal and hybrid tumor types (DMBA-Type II and III, respectively), 

mimicking the heterogeneity seen in clinical basal-like TNBC. However, some TNBCs 

observed in the clinic lack basal marker expression, a feature recapitulated by MMTV-

PyMT, C3(1)-TAg, and DMBA-Type I tumors. 

Thus, the preclinical models used in this study effectively capture the molecular and 

phenotypic variability observed in human TNBC, making them powerful platforms for 

investigating its biology and developing subtype-specific therapeutic strategies. 

1.2. Model-specific strengths and applications 

Preclinical models vary in their utility and translational relevance based on their tumor 

induction mechanisms. Genetically engineered models, such as MMTV-PyMT and 

C3(1)-TAg, generate consistent tumor phenotypes, making them ideal for studying 
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tumor evolution and specific pathway dynamics. For instance, MMTV-PyMT tumors 

progress rapidly and metastasize frequently, providing a robust model for investigating 

luminal B progression and metastatic dissemination. Conversely, the slower tumor 

progression and lower metastatic incidence in the C3(1)-TAg model make it well-suited 

for studying basal-like tumor biology. 

In comparison, the DMBA model, which relies on chemically induced random 

mutagenesis, generates diverse tumor subtypes, even within the same animal. This 

variability closely mirrors the heterogeneity observed in human breast cancers, making 

it a powerful model for studying tumor plasticity, intra-tumoral heterogeneity, and the 

effects of random oncogenic events under varying selective pressures. 

Together, these models complement each other, offering a robust preclinical framework 

for TNBC research. The DMBA model captures the complexity and adaptability of 

TNBC, while the MMTV-PyMT and C3(1)-TAg models allow for controlled investigations 

of specific pathways, clonal dynamics, and metastatic behavior. Leveraging the unique 

strengths of each model is essential for advancing our understanding of TNBC and 

developing effective therapeutic strategies tailored to the distinct features of this 

heterogeneous disease. 

 Interplay between cellular origins and oncogenic drivers in TNBC 

heterogeneity 

2.1. Unveiling the origins of luminal tumors: insights and controversies 

Our lineage tracing experiments reveal that luminal progenitors, specifically ERα-

negative LCs, serve as the primary source of aggressive luminal B and basal-like tumors 

in the MMTV-PyMT, C3(1)-TAg, and DMBA models. These findings align with prior 

studies that identified luminal progenitors as critical drivers of TNBC upon activation of 

specific oncogenes [92,93,217,218]. However, our results diverge from earlier reports 

suggesting a basal origin for certain tumor types. For instance, Hagerling et al. attributed 

C3(1)-TAg tumors to a basal origin using the Lgr5 promoter [8]. Yet, as Lgr5 

predominantly labels myoepithelial cells and rare LCs, questions remain about the 

specificity of this marker for basal cells. Similarly, Rios et al. reported luminal tumors 

arising from Krt5-positive BaCs in the MPA+DMBA model [244]. However, concerns 

over Krt5 promoter specificity, including potential luminal leakage, complicate the 

interpretation of these findings. Such discrepancies underscore the importance of highly 

specific lineage tracing approaches to delineate the distinct roles of MEC 

subpopulations in tumor initiation and progression. 

Our findings emphasize the correlation between cellular origin and tumor subtype. ERα-

negative luminal progenitors predominantly drive tumors classified as ERα-negative 

luminal, suggesting that the cellular origin plays a critical role in shaping tumor identity. 

These insights highlight the complexity of TNBC biology, where cellular origin interacts 

with oncogenic drivers to determine the histological and molecular characteristics of 

tumors. 
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2.2. Basal origins of TNBC: insights into normal-like tumorigenesis 

Our findings demonstrate that true basal tumors with normal-like gene expression 

profiles originate exclusively from Acta2-positive BaCs. Lineage tracing experiments 

identified GFP-positive clones only in Acta2mTmG tumors with a basal histology, while 

Notch1mTmG tumors lacked GFP-positive clones, ruling out luminal progenitors as the 

source of these tumors.  

Remarkably, true basal tumors exhibited low levels of claudin protein, which may serve 

as a potential marker of aggressive tumors [99,174,177,287]. Computational analyses 

further supported this finding, showing strong similarities between basal cell signatures 

and claudin-low tumors [240-242]. The reduced proliferative capacity of true basal, 

claudin-low tumors is consistent with previous studies linking the claudin-low subtype 

with diminished expression of luminal and proliferation-related genes [174]. 

In the DMBA model, random mutagenesis appears to favor BaCs for transformation into 

claudin-low tumors. Conversely, specific oncogenic drivers, such as KRAS, can override 

lineage constraints, reprogramming luminal cells into basal-like or stem-like states [99]. 

Notably, in our study, Notch1-positive luminal progenitors resisted transformation into 

claudin-low phenotypes, likely due to their limited plasticity or the absence of pathways 

necessary for dedifferentiation. This contrast underscores the interplay between cell 

type, oncogenic driver, and tumor microenvironment in shaping tumor phenotypes. 

2.3. Hybrid tumors in TNBC: bridging luminal and basal characteristics 

Hybrid tumors, characterized by co-expression of luminal and basal markers, present 

unresolved questions about their cellular origins. In our models, lineage tracing failed to 

detect GFP-positive clones in any Cre line, suggesting that these tumors may arise from 

progenitor populations not efficiently targeted by our experimental approaches. Despite 

this ambiguity, hybrid tumors shared several features with true basal tumors, including 

claudin-low protein profiles and slower growth rates, hinting at a possible common basal 

origin. These findings highlight the biological and clinical complexity of hybrid tumors, 

emphasizing the need for further research to clarify their origins and therapeutic 

implications. 

2.4. DMBA-induced oncogenesis: a driver of phenotypic plasticity 

Our lineage tracing experiments revealed that DMBA-induced mutations drive 

phenotypic plasticity in both BaCs and LCs, contributing to the formation of tumors with 

diverse histological and molecular characteristics. While ERα-negative luminal tumors 

(DMBA-Type I) originate from LCs, true basal tumors (DMBA-Type II) arise from BaCs. 

However, the final tumor phenotype is shaped by the interplay of oncogenic events and 

cellular plasticity, rather than being solely determined by the cell of origin. 

DMBA-induced plasticity enables MECs to undergo dedifferentiation, reprogramming, 

or transdifferentiation, resulting in intra-tumoral heterogeneity [92,93]. This 

phenomenon was exemplified by luminal clones arising from Acta2-positive BaCs in 

true basal tumors, highlighting basal-to-luminal transition as a key feature of DMBA-
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driven tumorigenesis. Additionally, hybrid tumors (DMBA-Type III) may originate from 

BaCs undergoing partial lineage transitions, as evidenced by the presence of 

intermediate hybrid states within these tumors. 

Moreover, LCs targeted by the Notch1 promoter generated tumors expressing SMA, a 

marker associated with EMT, which is linked to enhanced invasiveness and metastatic 

potential [288]. While SMA expression is rare in human tumors, its association with 

basal-like breast cancer suggests that DMBA-induced tumors may provide valuable 

insights into rare clinical subtypes [294]. 

In summary, the DMBA model captures the phenotypic plasticity and heterogeneity 

inherent to TNBC, making it an invaluable tool for studying the interplay between 

oncogenic drivers and cellular plasticity. Future research should focus on identifying the 

mutations driving specific TNBC subtypes to inform the development of targeted 

therapies and advance personalized medicine. 

 Luminal progenitors: a promising focus for treating luminal B and basal-like 

subtypes 

3.1. The evolving clonal landscape of luminal progenitors in luminal B tumors 

In the physiological mammary gland, Prom1 is exclusively associated with ERα-positive 

luminal cells, marking hormonally regulated luminal subsets [86]. However, in the 

MMTV-PyMT and C3(1)-TAg models, Prom1 expression extends beyond its 

conventional lineage restriction, labeling a subset of highly proliferative ER-negative 

luminal progenitors. Notably, Prom1 (CD133) is widely recognized as a surface marker 

of cells with stem-like properties across various tumor contexts [290]. Isolated Prom1-

positive cells have demonstrated tumor-initiating capacity, along with enhanced 

tumorigenicity and metastatic potential both in vitro and in vivo [291-293]. The 

identification of this Prom1-positive population in our TNBC models supports previous 

findings linking Prom1 to the most aggressive breast cancer subtypes, including triple-

negative and ER-negative/HER2-positive tumors [293].  

Clonal expansion experiments in the MMTV-PyMT model, which molecularly resembles 

luminal B tumors, revealed the contribution of ERα-negative luminal progenitors across 

tumor stages, contrasting with the progressive loss of basal cells over time. Notably, the 

clonal dynamics of Notch1-positive and Prom1-positive luminal progenitors was closely 

tied to tumor stage, with their relative contributions shifting over time. Interestingly, these 

clonal patterns mirrored the differential growth trajectories observed during intravital 

imaging of multicolored PyMT tumor cells, encompassing continuous growth, delayed 

proliferation, cell cycle arrest, and eventual attrition [10].  

Notch1-positive cells emerged as dominant drivers of early clonal expansion, forming 

large clones during hyperplasia and establishing the tumor’s architectural framework. 

This early dominance highlights their intrinsic self-renewal capacity and heightened 

susceptibility to tumor-promoting cues. However, as tumors progress, the clonal 

expansion of Notch1-positive cells declines due to increasing cell attrition and 

competition within the evolving tumor microenvironment.  
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In contrast, Prom1-positive cells exhibited a delayed but significant proliferative 

response, particularly during adenoma and carcinoma stages. Initially quiescent, these 

cells appear to acquire a more proliferative phenotype under tumorigenic pressures, 

highlighting their plasticity and adaptive potential. This compensatory expansion may 

enable Prom1-positive cells to sustain tumor growth as the contribution of Notch1-

positive cells declines. A plausible hypothesis is that the Prom1-positive cells may 

originate from Notch1-positive progenitors that expand during tumor progression, 

suggesting that some late-stage clones observed in the Notch1mTmG line could include 

a subset of Prom1-positive cells. Further investigation is needed to determine whether 

Prom1-positive cells arise from Notch1-positive progenitors or constitute a distinct 

subset of ERα-negative luminal progenitors. 

Acta2-positive BaCs, by comparison, demonstrated a consistent lack of clonal 

expansion throughout tumor progression. Their confinement to the basal layer and 

absence of proliferative activity highlights their limited oncogenic potential in triple-

negative tumors with a luminal phenotype, playing a primarily structural or supportive 

role within the tumor microenvironment. 

These findings underscore the temporal heterogeneity in the contributions of luminal 

progenitors to luminal B tumorigenesis. While Notch1-positive cells drive early tumor 

progression, Prom1-positive cells assume a more prominent role at later stages. This 

dynamic interplay suggests that effective therapeutic strategies should target Notch1-

positive cells to intercept early tumorigenesis while addressing the adaptive responses 

of Prom1-positive cells in advanced-stage tumors. 

3.2. Notch1-positive luminal progenitors in the C3(1)-TAg model: key drivers of basal-

like tumorigenesis 

The C3(1)-TAg model, which molecularly mirrors human basal-like breast tumors, 

highlights the central role of Notch1-positive luminal progenitors in driving basal-like 

tumorigenesis. In this model, the three mammary epithelial populations exhibited 

varying susceptibilities to malignant transformation by the SV40-TAg oncogene. 

Notch1-positive cells displayed the highest transformation efficiency, whereas only a 

minor subset of Acta2- and Prom1-expressing cells underwent transformation. The 

absence of transformation in these populations raises two possibilities: either they 

possess intrinsic resistance to SV40-TAg, or they undergo senescence or apoptosis in 

response to oncogenic stress, as previously reported in other tumorigenic contexts [295-

297]. These findings contrast with studies using alternative oncogenes, where both 

ERα-positive and ERα-negative populations exhibited a proliferative advantage upon 

HER2 expression [9], highlighting the distinct lineage-specific responses to oncogenic 

drivers. 

This variation in oncogene susceptibility across MECs may explain the differential 

contributions observed in clonal expansion experiments. Notably, only the Notch1-

positive population exhibited sustained clonal expansion throughout tumor progression, 

reinforcing their dominance and adaptability within the tumor microenvironment. 
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However, these findings do not exclude the potential contributions of untraced 

populations, which may gain a proliferative advantage and outcompete the Notch1-

positive lineage over time. Future studies using alternative Cre lines will be crucial to 

elucidate these dynamics. Additionally, given the slower tumor progression rate in the 

C3(1)-TAg model, extended chase experiments may better capture the long-term 

contributions of traced progenitors. 

A particularly striking feature of this model is the emergence of a Notch1-positive basal 

subset. While these cells have a more limited clonogenic potential than luminal clones, 

they may still contribute to early tumor development. This phenomenon is likely a 

consequence of oncogenic stress induced by SV40-TAg, as a comparable basal subset 

was absent in the MMTV-PyMT model. The early presence of Notch1-positive tumor 

BaCs during hyperplasia raises questions about their origin. One possibility is that a 

small group of BaCs might start expressing Notch1 in response to oncogenic stress, 

which could boost their proliferative potential and promote EMT [298,299]. Another 

possibility is that these basal cells could come from Notch1-positive LCs that undergo 

phenotypic changes. Previous studies in ERα-positive breast cancer have shown that 

HR-positive luminal cells can adopt a more basal-like phenotype due to Esr1 mutations 

or long-term estrogen deprivation, with ERα antagonists further exacerbating this 

transition [300]. Future lineage tracing studies targeting SV40-TAg-naïve Notch1-

expressing cells at early stages could help clarify the source of this Notch1-positive 

basal subset in the C3(1)-TAg model. 

Importantly, Notch1-positive BaCs represent a distinct subset from those characterized 

by Acta2 (SMA) expression, as Acta2-traced cells did not undergo clonal expansion. 

Instead, this Notch1-positive basal subset may represent a unique progenitor pool, 

particularly sensitive to oncogenic pressure, whose expansion could fuel intratumor 

heterogeneity. 

In summary, the sustained dominance and diverse contributions of Notch1-positive 

subsets underscore their pivotal role in shaping tumor heterogeneity and evolution in 

basal-like TNBC. These findings offer critical insights for the development of therapeutic 

strategies targeting luminal progenitors in basal-like breast cancer. 

 Insights into the metastatic behavior and phenotypic shifts of Notch1-derived 

cells  

4.1. Lung metastases reflect the cellular composition of the primary tumor 

This study provides novel insights into how different MEC populations contribute to lung 

metastases in the MMTV-PyMT model, a widely used preclinical model for studying 

metastatic breast cancer. Lineage tracing experiments revealed that lung metastases 

mirrored the cellular diversity of the primary tumor, comprising the same luminal and 

basal populations observed in hyperplastic lesions. The proportional distribution of 

Acta2-, Notch1-, and Prom1-positive cells between primary tumors and metastatic sites 

remained remarkably consistent, suggesting that the metastatic process involves a 

preservation of the primary tumor’s cellular architecture. 
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These findings emphasize the inherent heterogeneity of breast tumors, not only at the 

primary site but also in their metastatic outgrowth. This reflects the complex interplay of 

epithelial subtypes during tumor progression and spread, highlighting the importance of 

considering cellular diversity when studying metastatic breast cancer. 

4.2. Notch1-positive cells enhance their aggressiveness in advanced tumor stages 

Despite the presence of all three MEC populations in lung metastases, lineage tracing 

studies revealed that only Notch1-positive LCs exhibit significant metastatic capacity. In 

contrast, Prom1-positive luminal and Acta2-positive basal progenitors lack this 

potential, even at advanced tumor stages. However, their presence within metastatic 

nodules suggests that Notch1-positive cells may undergo lineage plasticity during the 

metastatic process, adopting traits that facilitate their survival and adaptation in the 

distant organ environment. 

Notch1-positive cells contributed to metastases as early as the hyperplastic stage, with 

their representation within metastatic nodules increasing in later tumor stages. This 

progressive enrichment suggests that selective pressures within the evolving tumor 

microenvironment favor Notch1-positive cells enhancing their metastatic potential over 

time. Interestingly, this increase in metastatic activity coincided with a decline in the 

clonal expansion capacity of Notch1-positive cells at the primary site. This shift suggests 

a reallocation of resources, with cells prioritizing metastatic dissemination over local 

proliferation at advanced stages of tumor progression.  

These findings establish Notch1-positive cells as key players in the metastatic cascade, 

offering a potential target for therapeutic intervention in advanced breast cancer. 

However, our analyses do not conclusively rule out the potential metastatic behavior of 

Prom1-positive cells. Due to the low recombination efficiency in the Prom1mTmG line, a 

larger number of metastases must be analyzed to draw firm conclusions. Future studies 

combining lineage tracing studies with single-cell RNA sequencing will definitely 

uncover their molecular profiles and clarify their metastatic potential. 

4.3. Phenotypic plasticity of Notch1-derived cells during metastatic dissemination 

A key discovery of this study is the phenotypic plasticity of Notch1-derived cells during 

metastatic progression. While previous research identified K8-positive luminal tumor 

cells as the primary drivers of distant metastases [243], it likely overlooked luminal-to-

basal transitions due to reliance on the K14 marker, which can be expressed by both 

luminal and basal lineages depending on the tumor context. In contrast, this study 

detected a subset of Notch1-derived cells transitioning from an initial luminal identity to 

a basal-like phenotype, marked by the expression of robust basal markers such as P63, 

K5, and SMA. 

This plasticity likely enhances the migratory and invasive capacities of Notch1-derived 

cells, equipping them to adapt to the challenging microenvironments encountered 

during metastatic colonization. The luminal-to-basal shift may also confer additional 

advantages, such as increased resistance to apoptosis and enhanced survival in 
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secondary tissues. Similar plasticity has been observed in Erbb2-positive breast cancer 

models, where the loss of ERα correlates with greater metastatic potential [9].  

The presence of cohesive clusters of Notch1-derived cells within metastatic nodules 

further reinforces the notion that collective cell migration is a critical mechanism for 

breast cancer metastasis. These clusters, rather than individual cells, likely cooperate 

to successfully establish secondary lesions, as shown in previous multicolored lineage 

tracing studies [11]. This study adds to the growing body of literature by demonstrating 

that Notch1-positive cells exhibit dynamic phenotypic plasticity, transitioning from 

luminal to basal-like phenotypes to better survive and thrive in metastatic environments. 

 Concluding remarks and future directions 

This thesis has provided critical insights into the cellular origins, clonal dynamics, and 

metastatic behavior of distinct MEC populations across preclinical TNBC models. By 

integrating lineage tracing, transcriptomic analysis, and clonal expansion studies, we 

have advanced our understanding of how distinct oncogenic drivers and cellular origins 

shape TNBC heterogeneity, progression, and metastasis. These findings not only 

reinforce the value of preclinical models in recapitulating the diversity of human TNBC 

but also open new avenues for therapeutic interventions targeting specific cellular 

populations. 

5.1. Key contributions 

Preclinical models reflect TNBC subtype diversity: Our comparative analysis of the 

MMTV-PyMT, C3(1)-TAg, and DMBA-induced models has demonstrated their ability to 

capture the molecular and histological heterogeneity of TNBC subtypes observed in 

clinical settings. The alignment between model-specific tumor phenotypes and human 

TNBC subtypes validates their translational relevance, with each model offering unique 

advantages for investigating specific aspects of TNBC biology. 

Cellular origins drive TNBC heterogeneity: We confirmed that luminal ERα-negative 

progenitors are the primary cells of origin for luminal B and basal-like tumors across 

multiple models, both of which are histologically classified as luminal. In contrast, true 

basal tumors, which molecularly resemble the normal-like subtype, arise exclusively 

from basal progenitors. These findings underscore the critical role of cellular origin in 

shaping tumor identity and provide a framework for understanding how lineage-specific 

traits influence tumor behavior and therapeutic response. 

Dynamic clonal expansion of luminal progenitors: Clonal expansion studies 

revealed that Notch1-positive luminal progenitors dominate tumor initiation and early 

progression, while Prom1-positive cells contribute to later stages. The temporal and 

spatial dynamics of these populations highlight the plasticity and adaptability of luminal 

progenitors under tumorigenic pressure, providing potential targets for stage-specific 

therapies. 
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Metastatic potential and phenotypic plasticity: Notch1-positive cells emerged as key 

drivers of lung metastasis in the MMTV-PyMT model, exhibiting phenotypic plasticity 

that enabled transitions between luminal and basal states during metastatic 

dissemination. This plasticity likely enhances their migratory and invasive capabilities, 

providing a new perspective on the cellular mechanisms underpinning TNBC 

metastasis. 

5.2. Future directions 

Building on these findings, several key areas warrant further exploration: 

Unraveling oncogenic pathway interactions: Future studies should investigate how 

specific oncogenic drivers interact with cellular origin to influence tumor heterogeneity 

and progression. Leveraging single-cell RNA sequencing and proteomics could provide 

a deeper understanding of how tumor microenvironments and mutational landscapes 

shape these interactions. 

Therapeutic targeting of luminal progenitors: Given their dominant role in tumor 

initiation and progression, targeting luminal progenitors, particularly Notch1-positive 

cells, offers a promising therapeutic strategy. Efforts should focus on identifying 

vulnerabilities within these populations, such as signaling pathways that drive their 

clonal expansion or promote metastatic dissemination. 

Exploring basal progenitor contributions: While basal progenitors showed limited 

direct contribution to metastasis, their involvement in the formation of normal-like tumors 

highlights their relevance in TNBC biology. Future studies could explore how 

environmental cues, or specific oncogenic signals enhance their tumorigenic potential 

and plasticity. 

Mechanisms of phenotypic plasticity: The luminal-to-basal transitions observed in 

Notch1-positive cells underscore the importance of understanding cellular plasticity in 

metastatic progression. Investigating the molecular drivers of this plasticity, including 

epigenetic regulators and transcription factors, may reveal novel targets for disrupting 

metastasis. 

Refining models for rare TNBC subtypes: The DMBA model's ability to recapitulate 

rare basal-like subtypes highlights the value of chemically induced models in studying 

tumor heterogeneity. Expanding these models to explore additional rare subtypes or 

mutational contexts could offer new insights into less-studied aspects of TNBC. 

Integrating multi-omic approaches: Combining transcriptomic, proteomic, and spatial 

analysis in preclinical models will allow for a more holistic understanding of TNBC 

biology. Such integrative approaches could identify novel biomarkers for subtype-

specific diagnosis and therapy. 
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CONCLUSIONS 

OBJECTIVE 1 

▪ MMTV-PyMT and C3(1)-TAg models develop homogeneous ERα-negative luminal 

tumors, whereas DMBA-induced tumors exhibit significant heterogeneity, forming 

three distinct histological subtypes: ERα-negative luminal (Type I), basal (Type II), 

and hybrid basal-luminal (Type III). 

▪ Murine models effectively recapitulate the molecular diversity of clinical TNBC 

subtypes: MMTV-PyMT aligns with luminal B, C3(1)-TAg with basal-like, and 

DMBA-induced tumors exhibit heterogeneity, with Type I resembling basal-like and 

Type II mirroring normal-like. 

▪ Tumors with luminal histology (luminal B and basal-like) are claudin-high, while 

tumors with basal (normal-like) or hybrid histology are claudin-low. 

OBJECTIVE 2 

▪ ERα-negative luminal (Notch1-positive) cells give rise to TNBC luminal tumors, 

regardless of their classification as luminal B or basal-like based on gene 

expression profiles. 

▪ TNBC tumors with a histologically basal phenotype and a normal-like molecular 

profile originate from Acta2-positive basal cells. 

▪ Acta2-positive basal cells exhibit phenotypic plasticity during DMBA-induced 

tumorigenesis, transitioning into hybrid and luminal phenotypes, supporting a basal 

origin for hybrid (Type III) DMBA-induced tumors. 

▪ Luminal tumors exhibit shorter latencies compared to basal and hybrid tumors, 

highlighting their heightened proliferative capacity. 

OBJECTIVE 3:  

▪ In the MMTV-PyMT model (luminal B), Notch1- and Prom1-expressing ERα-

negative luminal cells persist across all tumor stages, whereas Acta2-expressing 

basal cells progressively decline, reflecting the loss of the basal layer in advanced 

tumors. 

▪ Notch1-positive luminal progenitors drive early clonal expansion in the MMTV-

PyMT model, whereas Prom1-positive luminal cells exhibit a delayed but robust 

proliferative response in advanced tumor stages.  

▪ Acta2-positve basal cells display limited proliferative potential throughout 

tumorigenesis in the MMTV-PyMT model, remaining confined to the basal layer 

without significant contributions to tumor progression. 

▪ In the C3(1)-TAg model (basal-like), Notch1-positive cells, including ERα-negative 

luminal cells and a minor subset of basal cells, show high susceptibility to SV40-

TAg-driven transformation, sustaining clonal expansion throughout tumor 

progression. 

▪ Prom1-positive luminal cells and Acta2-positive basal cells are rarely transformed 

by SV40-TAg in the C3(1)-TAg model, consistent with their negligible proliferative 

activity in both early and advanced basal-like tumors. 
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OBJECTIVE 4:  

▪ Notch1-positive cells are key contributors to lung metastases in the MMTV-PyMT 

model, with their metastatic potential significantly increasing in advanced tumor 

stages. 

▪ Notch1-derived cells undergo luminal-to-basal transition during metastatic spread, 

facilitating the reconstruction of the primary tumor architecture at distant metastatic 

sites. 

▪ Acta2-positive basal cells lack intrinsic metastatic capacity; their presence in 

metastatic nodules is solely attributed to transdifferentiation processes. 
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