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Annotation 

This thesis is focused on fibroblasts, cells of the mesenchyme/stroma, and their role during 

epithelial branching morphogenesis. The body of the thesis is composed of two manuscripts 

that are published and under review. The first study describes the functional role of 

fibroblasts in mammary gland branching morphogenesis in co-culture system in vitro, 

identifying fibroblast contractility as a novel factor influencing mammary gland branching. 

The follow-up study focuses on in vivo pubertal murine mammary morphogenesis and 

mainly on the newly described contractile fibroblasts. It provides a comprehensive single 

cell analysis of fibroblasts during mammary branching, including the characterization, 

spatial distribution, origin and fate of the contractile fibroblasts. 
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Annotation in Czech 

Tato práce je zaměřena na fibroblasty, buňky mezenchymu/stromatu, a jejich roli při větvící 

morfogenezi epitelu. Hlavní část práce tvoří dva články, z nichž jeden je opublikován a jeden 

v recenzním řízení. První studie popisuje funkční úlohu fibroblastů na větvící morfogenezi 

mléčné žlázy v systému kokultur in vitro a identifikuje kontraktilitu fibroblastů jako nový 

faktor ovlivňující větvení mléčné žlázy. Navazující studie se zaměřuje na morfogenezi mléčné 

žlázy pubertálních myší in vivo a především na nově popsanou kontraktilitu fibroblastů. 

Poskytuje komplexní analýzu jednotlivých buněk fibroblastů během větvení mléčné žlázy, 

včetně charakterizace, prostorové distribuce, původu a osudu kontraktilních fibroblastů. 
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Abstract 

Epithelial branching morphogenesis is a process for creating organ-specific ramified 

epithelial shapes that are crucial for proper organ function. It is significantly influenced by 

interactions between epithelial cells and their stromal microenvironment. This thesis 

investigates the role of fibroblast contractility in mammary epithelial branching 

morphogenesis using co-culture systems, time-lapse imaging, single-cell RNA sequencing, 

spatial mapping, and in vivo lineage tracing. Our in vitro findings reveal that physical contact 

between fibroblasts and epithelial cells, along with fibroblast contractility, is essential for 

inducing mammary epithelial branching. Inhibition of ROCK or non-muscle myosin II, or 

fibroblast-specific knock-out of Myh9 disrupts this process. In vivo, we discovered a 

transient, niche-forming population of specialized contractile fibroblasts that localize 

around the terminal end buds (TEBs) of pubertal murine mammary glands and are recruited 

from the surrounding fat pad. Our exhaustive characterization using functional organoid-

fibroblast co-cultures demonstrates that different fibroblast populations can acquire 

contractile features upon direct contact with the epithelium, promoting morphogenesis. This 

study provides comprehensive insights into mammary fibroblast heterogeneity, their 

functional relevance for branching morphogenesis, and their lineage hierarchy during 

mouse mammary gland development, identifying fibroblast contractility as a novel stromal 

factor driving mammary epithelial morphogenesis and contributing to a deeper 

understanding of the roles of mechanically active fibroblasts in both developmental and 

tumorigenic contexts. 
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Abstract in Czech 

Větvící morfogeneze epitelu je proces vytváření orgánově specifických tvarů epitelu, které 

jsou klíčové pro správnou funkci orgánu, a je významně ovlivňována interakcemi mezi 

epitelovými buňkami a jejich stromálním mikroprostředím. Tato práce zkoumá roli 

kontraktility fibroblastů v morfogenezi větvení epitelu mléčné žlázy pomocí systémů 

společné kultivace, časosběrného zobrazování, sekvenování RNA jednotlivých buněk, 

prostorového mapování a sledování linií in vivo. Naše zjištění in vitro ukazují, že fyzický 

kontakt mezi fibroblasty a epitelovými buňkami je spolu s kontraktilitou fibroblastů 

nezbytný pro indukci větvení mléčného epitelu. Inhibice ROCK nebo nesvalového myosinu 

II, nebo vyřazení Myh9 specificky ve fibroblastech tento proces narušuje. In vivo jsme objevili 

přechodnou, niku tvořící populaci specializovaných kontraktilních fibroblastů, které se 

lokalizují kolem terminálních koncových pupenů (TEB) pubertálních myších mléčných žláz 

a rekrutují se z okolního tukového polštáře. Naše vyčerpávající charakterizace pomocí 

funkčních kokultur organoidů s fibroblasty ukazuje, že různé populace fibroblastů mohou 

při přímém kontaktu s epitelem získat kontraktilní vlastnosti, což podporuje morfogenezi. 

Tato studie poskytuje komplexní pohled na heterogenitu fibroblastů mléčné žlázy, jejich 

funkční význam pro morfogenezi větvení a hierarchii jejich linií během vývoje myší mléčné 

žlázy, identifikuje kontraktilitu fibroblastů jako nový stromální faktor řídící morfogenezi 

mamárního epitelu a přispívá k hlubšímu pochopení role mechanicky aktivních fibroblastů 

ve vývojových i nádorových souvislostech.  
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Abstract in French 

La morphogenèse des ramifications épithéliales est un processus de création de formes 

épithéliales spécifiques à un organe, cruciales pour le bon fonctionnement de l'organe. Elle 

est influencée de manière significative par les interactions entre les cellules épithéliales et 

leur microenvironnement stromal. Cette thèse étudie le rôle de la contractilité des 

fibroblastes dans la morphogenèse des ramifications de l'épithélium mammaire en utilisant 

des systèmes de co-culture, l'imagerie time-lapse, le séquençage de l'ARN d'une seule cellule, 

la cartographie spatiale et le traçage de la lignée in vivo. Nos résultats in vitro révèlent que 

le contact physique entre les fibroblastes et les cellules épithéliales, ainsi que la contractilité 

des fibroblastes, sont essentiels pour induire la ramification de l'épithélium mammaire. 

L'inhibition de ROCK, de la myosine II non musculaire ou le knock-out de Myh9 spécifique 

aux fibroblastes perturbent ce processus. In vivo, nous avons découvert une population 

transitoire, formant une niche, de fibroblastes contractiles spécialisés qui se localisent 

autour des bourgeons de l'extrémité terminale (TEB) des glandes mammaires murines 

pubertaires et sont recrutés à partir du coussinet adipeux environnant. Notre caractérisation 

exhaustive à l'aide de co-cultures fonctionnelles organoïde-fibroblaste démontre que 

différentes populations de fibroblastes peuvent acquérir des caractéristiques contractiles au 

contact direct de l'épithélium, favorisant ainsi la morphogenèse. Cette étude fournit des 

informations complètes sur l'hétérogénéité des fibroblastes mammaires, leur pertinence 

fonctionnelle pour la morphogenèse des ramifications et leur hiérarchie de lignage au cours 

du développement de la glande mammaire de la souris, identifiant la contractilité des 

fibroblastes comme un nouveau facteur stromal conduisant la morphogenèse épithéliale 

mammaire et contribuant à une compréhension plus profonde des rôles des fibroblastes 

mécaniquement actifs dans les contextes développementaux et tumorigènes. 
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Laymen summary 

Organ shape and inner structure are important for organ function. In this thesis, I studied 

development of mammary gland in a mouse model, and specifically I studied interaction 

between different cells that together build the tissue. I focused on fibroblasts, a type of cell 

in connective tissue found in all organs of our bodies, and how these cells communicate with 

the glandular part of the organ to ensure correct development.  

Using a line of state-of-the-art methods, I first probed the interaction in vitro, in a co-culture 

system, where fibroblasts are grown together with the mammary gland ducts to study their 

interaction. We found that fibroblasts migrate towards the ducts and use mechanical force 

to squeeze the ducts into budding or branched shape.  

We then further focused on in vivo development of mammary gland of mouse. Similar to 

human, mouse mammary gland undertakes dramatic development during the puberty and 

we discovered that there is a specialized population of fibroblasts exclusively present during 

this developmental frame. These special fibroblasts express markers of cell contraction, 

hinting that the interaction that we first only observed in a laboratory could play a role in 

real organism as well. Moreover, we revealed that it is the interaction with the mammary 

ducts that induces fibroblast contractility, suggesting a bidirectional communication 

between the two cellular compartments. Overall, this research offers new insights into the 

role of fibroblasts in mammary gland development with potential implication for 

understanding cancer development as well.  
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Résumé grand public 

La forme et la structure interne de l'organe sont importantes pour sa fonction. Dans cette 

thèse, j'ai étudié le développement de la glande mammaire dans un modèle de souris et j'ai 

étudié l'interaction entre les différentes cellules qui construisent ensemble le tissu. Plus 

précisément, je me suis concentrée sur les fibroblastes, un type de cellule du tissu conjonctif 

présent dans tous les organes de notre corps, et sur la manière dont ces cellules 

communiquent avec la partie glandulaire de l'organe pour assurer un développement 

correct.  

En utilisant une série de méthodes de pointe, j'ai d'abord sondé l'interaction in vitro, dans 

un système de co-culture, où les fibroblastes sont cultivés avec les canaux de la glande 

mammaire pour étudier leur interaction. Nous avons constaté que les fibroblastes migrent 

vers les canaux et utilisent la force mécanique pour comprimer les canaux et leur donner une 

forme bourgeonnante ou ramifiée.  

Nous nous sommes ensuite concentrés sur le développement in vivo de la glande mammaire 

de la souris. Comme chez l'homme, la glande mammaire de la souris connaît un 

développement spectaculaire pendant la puberté et nous avons découvert qu'il existe une 

population spécialisée de fibroblastes exclusivement pendant cette période de 

développement. Ces fibroblastes spéciaux expriment des marqueurs de contraction 

cellulaire, ce qui laisse supposer que l'interaction que nous n'avons observée qu'en 

laboratoire pourrait également jouer un rôle dans l'organisme réel. De plus, nous avons 

montré que c'est l'interaction avec les canaux mammaires qui induit la contractilité des 

fibroblastes, ce qui suggère une communication bidirectionnelle entre les deux 

compartiments cellulaires. Dans l'ensemble, cette recherche offre de nouvelles perspectives 

sur le rôle des fibroblastes dans le développement de la glande mammaire, avec des 

implications potentielles pour la compréhension du développement du cancer. 
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1 Introduction 

BRANCHING MORPHOGENESIS 

Branching morphogenesis is a universal building mechanism to increase the functional 

surface in confined volume that is used by organisms from all kingdoms. From fungal hyphae, 

roots and branches of plants to branched organelles, cells or whole tissues, branching is used 

to achieve a shape that will accommodate the desired function. Trees need to cover a large 

area with energy-producing leaves, while keeping the structural identity of their branches, 

neurons need to branch to functionally connect different parts of brain with muscular units 

to ensure motoric cognition and finally the ducts of the mammary gland branch to increase 

the area of milk-producing epithelium in order to nurture the future generation.  

How the branched shape emerges is one of the most exciting questions in biology. While 

the scale and regulatory networks of the branching elements differ, the very basic physical 

principles are often shared, opening an opportunity for cross-discipline inspiration. On the 

following pages, I will focus on the branching morphogenesis of tubular epithelial organs 

with special emphasis on mammary gland, the model system used in the experimental part 

of my thesis. 

THE BUILDING BLOCKS OF EPITHELIAL BRANCHING MORPHOGENESIS 

Cellular mechanisms in branching morphogenesis 

Epithelial branching morphogenesis is a highly dynamic process that depends on 

coordination of cell and tissue movements. Newton’s second law of motion postulates that a 

cause of movement is a force and therefore when studying dynamic morphological 

processes, the underlying forces must always be considered. Indeed, biophysical principles 

behind branching morphogenesis have been extensively studied. It is however the advance 

in live-imaging of large tissue samples, techniques that directly measure small scale forces, 

and progress in mathematical modelling that enabled the renaissance of mechanobiology 

that we see in the recent years (Nelson et al., 2024).  
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While branching morphogenesis involves the collective behavior of a tissue on large 

scale, including the interaction between different tissue compartments or even interaction 

between different organs withing the same organism, we can simplify the process by 

describing the single cellular processes happening within. Please note, however, that the 

cellular processes work simultaneously during branching morphogenesis, interacting and 

influencing each other, therefore it is only scholar division in order to understand the whole 

complex process. Adding another layer of complexity, all cellular processes, as well as their 

coordination in time and space, are orchestrated by molecular signaling networks. This is a 

bi-directional interaction however, because molecular and biochemical signals change the 

mechanics and the geometry of tissues, while changes in tissue mechanics also feedback to 

molecular networks through mechanosensory pathways. 

We can divide the cellular processes based on the forces driving the movement, either 

as epithelial-intrinsic, when they originate within epithelial cells, extrinsic, if forces are 

generated by the surrounding cells or a combination of both (Figure 1). 

Epithelium-intrinsic forces 

Cell growth 

Cell division is often happening during morphogenesis. Growing tissue increases its volume, 

therefore generates forces (Figure 1A) that are applied on the surrounding tissues that 

respond by deformation and/or movement. Proliferation is often spatially restricted, either 

into the developing part of an organ, like tips of the growing mammary gland (Paine and 

Lewis, 2017; Paine et al., 2016; Scheele et al., 2017), hair follicles of the skin (Schneider et al., 

2009) or intestinal crypts (Gehart and Clevers, 2019); or into different layers of an epithelium, 

that can result into folding of an epithelial sheet into a three-dimensional shape (Wang et al., 

2021b). Moreover, changes in cell volume can also generate forces within tissues (Dasgupta 

et al., 2018). 
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Cell migration 

Cells can generate forces with their contractile acto-myosin apparatus. Developing 

Drosophila trachea or mammalian vasculature are typical examples of leader-followers cell 

migration system applied in branching morphogenesis. Here, one or a group of specialized 

cells (leaders) actively migrate in a specific direction and pull along other cells (Affolter et 

al., 2009; Navis and Nelson, 2016). In collective migration, a cohesive group of epithelial cells 

migrate together, while maintaining relatively strong cell-cell contacts (Figure 1A). The 

mammary epithelium can elongate branches via collective migration that depends on ERK 

and RAC1 signaling, but is independent of cell division (Ewald et al., 2008; Huebner et al., 

2016). 

Apical and basal constriction 

For individual and collective migration, epithelial cells need to loosen cell-cell adhesions, 

however acto-myosin forces can 

also shape fully adhesive epithelial 

sheets. Apical constriction is the 

asymmetric contraction of only the 

apical actomyosin network that 

results in bending of epithelial 

sheets (Figure 1A) during neural 

tube development, gastrulation, 

intestinal crypt formation or 

Drosophila salivary gland 

morphogenesis (Martin and 

Goldstein, 2014; Navis and Nelson, 

2016). Similarly, basal constriction 

can bend an epithelium during 

optic cup development (Martinez-

Morales et al., 2009; Okuda et al., 

2018). Contractility-dependent cell 

Figure 1. Forces shaping epithelial tissues. A. Schematic representations of 
cell behaviours that generate epithelium intrinsic forces. B. Epithelium-
extrinsic factors that interfere with epithelial forces or generate forces that 
originate from extra-epithelial space. 
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telescoping is employed in epithelial invagination during salivary gland and tooth 

development (Figure 1A), in the latter accompanied by contraction of the apical cell layer (Li 

et al., 2020a). And finally, in the mammary gland, contraction of basal cells is believed to aid 

luminal cell intercalation at the tip-to-duct interface and therefore facilitate ductal 

elongation (Neumann et al., 2018, Figure 1A). 

The forces that are generated by tissue growth or contraction are further propagated 

within the epithelium (Ruppel et al., 2023). When cells are tightly connected, the tissue is stiff, 

and the forces can be extensively transmitted within the tissue. Loosening of cell adhesions 

results in more fluid-like tissues that enable cell-cell rearrangement (Petridou et al., 2019; 

Tetley et al., 2019). Therefore, the combination of cell growth and division, active contraction 

and tissue fluidization can result in the formation of different tissue shapes in developing 

epithelia. These epithelial-intrinsic forces must be coordinated with external mechanical 

cues. 

Epithelium-extrinsic forces 

Passive obstacles 

The extracellular matrix (ECM) plays an essential role in branching morphogenesis. The ECM 

is not only a rigid scaffold around the cells, but a dynamic entity that is constantly being 

deposited, remodeled and degraded by both epithelial and extra-epithelial cells, fibroblasts 

and macrophages. Historically, branching morphogenesis of the pubertal mammary gland 

was used as a key paradigm for studying the role of ECM on epithelial branching. The 

pioneering findings of the laboratories of Mina Bissel and Zena Werb were later generalized 

to other branched organs and today the critical role of the ECM is recognized for all branched 

epithelia (Díaz-de-la-Loza and Stramer, 2024; Fata et al., 2004; Lu et al., 2011; Wiseman and 

Werb, 2002).  

The ECM defines the constraints within which epithelial branching occurs. Spatial 

heterogeneity of ECM mechanical properties around epithelia can affect branching by 

creating stiff obstacles on one hand and regions of minor resistance on the other hand, 

therefore pre-determining the direction of epithelial growth and driving ductal bifurcations 
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(Figure 1B). The forces however must come from cells since the ECM itself is not capable of 

contracting. The combination of epithelial cell proliferation or collective migration with local 

ECM accumulation can cause tissue shape changes, as shown in vivo in clefting of salivary 

gland tips by fibronectin accumulation, in Drosophila imaginal wing disk folding dictated by 

regionalization of the basement membrane (BM) (Harmansa et al., 2023; Sui et al., 2018) and 

collagen 1 accumulation and orientation leading the invasion of mammary tips (or terminal 

end buds, TEBs) (Brownfield et al., 2013; Nerger et al., 2021).  

Similarly to ECM accumulation, there are other structures in the stroma that can affect 

the growth and branching of epithelium. Blood vessels develop in synchrony with branched 

organs, running along the branches of the lung or the mammary gland (Lazarus et al., 2011; 

Wang et al., 2021a). Besides their obvious function to ensure the metabolic needs of the 

developing organ, the blood vessels, as well as lymphatics or nerves, could also serve as 

mechanical landmarks that drive epithelial shaping and branching direction. At a bigger 

scale, other organs co-developing in the same organism can mechanically affect the shape of 

a developing tissue. The mechanical relation of neighboring organs is evident, for example, 

in the co-development of the gall bladder and the liver, or in missing the left lung lobe on the 

side of the developing heart or the presence of numerous sulci imprinted on bones by 

running blood vessels. A thorough investigation of co-development of different organs at the 

biomechanical and molecular level is however still missing. 

It is important to note that both the ECM and blood vessels regulate morphogenesis 

also at the molecular level. ECM molecules bind to cell surface receptors triggering 

intracellular signaling and bind, accumulate and release growth factors within the 

extracellular space (Muncie and Weaver, 2018). Endothelial cells express signaling molecules 

that can directly affect epithelial morphogenesis, for example fibroblast growth factor (FGF) 

(Lazarus et al., 2011) or WNT (Wang et al., 2021a) ligands. 

Active sculptors 

In the stroma, there are also elements able to generate contractile forces, strong enough to 

move and deform the adjacent epithelium. A well-documented is the branching lung at the 
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pseudo-glandular stage, where smooth muscle cell contraction drives bifurcation of the lung 

epithelial buds (Goodwin et al., 2019; Kim et al., 2015, Figure 1B). Of  interest, smooth muscle 

cell differentiation is dispensable for lung branching (Goodwin et al., 2023; Young et al., 2020). 

Smooth muscle contraction also shapes the lung of lizards, this time forming folds on the 

saccular inflating lung (Palmer et al., 2021). Other systems where contractile stromal cells 

shape the underlying epithelium include gut villification (Huycke et al., 2024; Shyer et al., 

2013) and the formation of feather buds (Shyer et al., 2017) and hair follicles (Villeneuve et al., 

2024). Lessons from pathology indicate, however, that fibroblasts of virtually any organ are 

able to elicit a contractile phenotype, therefore it seems important and relevant to study 

contractile stromal cells in other organs during their development and investigate their 

function in relation to branching morphogenesis. The different ways by which 

mesenchymal/stromal cells shape epithelial tissues into functional units are discussed in the 

next chapter. 

MESENCHYMAL CELLS DRIVE EPITHELIAL BRANCHING 

The extra-epithelial space, often referred to as mesenchyme in embryos and stroma in 

postnatal organisms, is composed of ECM and a plethora of non-epithelial cells. In the stroma, 

there are hematopoietic-derived cells forming the blood and lymphatic circulation 

(granulocytes, lymphocytes, monocytes and erythrocytes) and tissue resident cells, 

including resident immune cells, macrophages and mast cells; there are also fibroblasts, 

adipocytes, pericytes, smooth muscle cells, nerve cells and endothelial cells of blood and 

lymphatic vessels (Sumbal et al., 2021). While immune cells and endothelium come from 

separate lineages, the rest of the mesenchymal cells showcase a great deal of plasticity (Plikus 

et al., 2021), that will be further described later. 

The stromal cells play vital roles during tissue development. The first evidence of the 

inductive role of mesenchyme/stroma in epithelial morphogenesis was brought by studies 

on embryonic mammary and salivary gland explants. By transplanting the epithelial bud 

from one organ’s mesenchyme to the other, it was demonstrated that it was the mesenchyme 

that dictated the final shape of the organ (Kratochwil, 1969; Figure 2A). Similarly, the cross-
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transplantation of kidney 

embryonic epithelium into lung 

mesenchyme lead to lung-like 

branching of the kidney 

epithelium (Lin et al., 2003; Figure 

2A). This pioneering research 

demonstrated that epithelial-

stromal interactions play 

important roles in organ 

morphogenesis, although the 

results from salivary-to-

mammary transplantations were 

recently contested by a similar 

experiment with a more 

quantitative approach, which 

revealed that the frequency of 

side branching was epithelium-

intrinsic, while the overall 

growth was dictated by the 

mesenchyme (Lan et al., 2024), 

and thus showed that epithelial 

morphogenesis is dictated by a 

combination of epithelial-

intrinsic and -extrinsic cues. 

Another experimental 

system that clearly 

demonstrated the importance of 

the stroma for epithelial 

morphogenesis is represented by organoids, in vitro cultured tissue pieces able to self-

Figure 2. Key experiments demonstrating the power of stromal/mesenchymal 
influence on epithelial morphogenesis. A. Embryonic tissue recombination 
experiments. B. In vitro cultured epithelium achieve in vivo-like architecture 
and polarity when cultured on Matrigel ECM and ECM composition changes 
the shape of mammary organoid branching. C. Fibroblast-specific genetic 
alternations with indirect effect on epithelial morphogenesis. 
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organize and recapitulate several features and the cellular heterogeneity of their tissue of 

origin when grown in an ECM-like matrix (Matrigel). With the emergence of organoids in the 

70’s and 80’s of the last century, it was shown that it is the ECM that is crucial for proper 3D 

organization of epithelium (Barcellos-Hoff et al., 1989; Li et al., 1987, Figure 2B). Further 

experiments varying the composition of the matrix or the medium led to the development of 

more complex organoids, self-organized structures that faithfully recapitulate the 

morphogenesis of many organs, including the intestinal epithelium, the brain, the pancreas 

or mammary gland. In mammary organoids, the ratio between collagen 1 (an ECM fibrillar 

protein produced by fibroblasts) and Matrigel (BM-like protein mixture) controls the 

formation and elongation of organoid branches (Nguyen-Ngoc and Ewald, 2013; Figure 2B). 

The presence of paracrine signals can induce proliferation and budding of epithelium. 

Moreover, changes of dynamics of growth factor availability affect branch shape (Sumbal et 

al., 2020b) and elongation (Caruso et al., 2022). This shows that proteins that are in vivo 

produced by stromal/mesenchymal cells can dictate epithelial morphogenesis, at least in 

vitro. Finally, co-culture of epithelial organoids with fibroblasts further shows the 

morphogenetic capacity of stromal cells (Koledova and Lu, 2017; Koledova et al., 2016; Sumbal 

and Koledova, 2019). 

Genetic mouse models are further pointing to the important role of mesenchyme, and 

especially fibroblasts, in epithelial morphogenesis. Diphtheria toxin-mediated depletion of 

mesenchymal cells leads to serious defects in embryonic pancreas morphogenesis 

(Landsman et al., 2011). Overactivation of mammary fibroblasts by knocking out ERK 

pathway inhibitor Spry1 leads to increased ductal growth in puberty (Koledova et al., 2016). 

Moreover, the fibroblast-specific knock-out of the ECM remodeling enzyme matrix 

metalloproteinase (Mmp14) stalled mammary pubertal morphogenesis (Feinberg et al., 2018; 

Figure 2C). 

Altogether, the results from transplantation experiments, organoid cultures and 

genetic mouse models support a model in which stromal cells represent a driving 

morphogenetic force shaping the branching epithelium. 
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FIBROBLASTS 

Fibroblasts are stromal cells of mesenchymal origin, present in all organs of our bodies. 

Fibroblasts were first discovered by Rudolf Wirchof in 1858 as “spindle-shaped cells of 

connective tissue” (Wirchof, 1858) but it was almost forty years later that the term 

“fibroblast” was used to describe cells that produce ECM upon wounding (Ziegler, 1895; 

Figure 3). It is until today, that the nomenclature of fibroblasts is still not unified, despite an 

effort is being made to find a consensus (Plikus et al., 2021; Sahai et al., 2020). Fibroblasts are 

cells that express components of the ECM, are found in the connective tissue, are of 

mesenchymal or neural crest origin and can contribute to other mesenchymal cells and are 

Figure 3. Fibroblast morphology. A. Illustration of spindle-shaped cell of connective tissue by R. Wirchow. B. Ilustration of 
fibroblasts in culture by Ziegler. C. A z-stack of mammary gland epithelium (red) surrounded by fibroblasts (yellow). D. A 
group of mammary fibroblasts in vitro in culture. 
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defined by stellate or spindle-like shape (Plikus et al., 2021; Sahai et al., 2020). In specific 

contexts, other names are used to describe the same cells, like pre-adipocytes or 

mesenchymal stem cells, based on the presumed ability of fibroblasts to differentiate into 

adipocytes or other mesenchymal cells, respectivelly. 

Fibroblast definition 

Using molecular markers to define fibroblasts is a hurdle, because the most used markers 

are often not universal for all fibroblasts or not specific to fibroblasts, since they are 

expressed by other cell types as well. For example, the PDGFRα is not expressed by 

myofibroblasts in skin wounds but is expressed by neural glial cells (Rivers et al., 2008). 

S100A4, by other name the fibroblast-specific protein 1, is in fact very unspecific, expressed 

only by a subset of fibroblasts but also expressed by some immune cell types including 

macrophages (Österreicher et al., 2011). Vimentin (VIM) marks all fibroblasts but, but is also 

expressed by endothelial cells, macrophages, lymphocytes (Evans, 1998; Ye et al., 2015) and 

at low level by myoepithelial cells (Peuhu et al., 2017b). In wound healing or cancer, alpha 

smooth muscle actin (αSMA) is commonly used as fibroblast marker, but is not expressed by 

quiescent fibroblasts while being expressed by smooth muscle cells, pericytes or 

myoepithelium. There are more examples like that, so it is common to use negative selection 

criteria to define fibroblasts (especially in flow cytometry and gene expression analyses), 

like a lack of epithelial, endothelial or immune cell marker expression (Plikus et al., 2021; 

Sumbal et al., 2021). To make it even more complicated, epithelial cells can undergo full or 

partial epithelial-to-mesenchymal transition and acquire expression of several markers 

otherwise specific to fibroblasts. Therefore, the identification of fibroblasts should always be 

considered in the specific context, including organ, developmental frame or disease stage. 

Fibroblast functions: Matrisome and secretome 

Fibroblasts have many functions (Figure 4) that are combined to achieve context-specific 

goals ranging from supporting tissue development, through maintaining homeostasis, 

protecting against foreign objects to aiding pathological processes. The function that gave 

fibroblasts their name is their pivotal role in producing, maintaining, remodeling and 

degrading the ECM. Although other stromal cells are involved in maintaining ECM 
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homeostasis, too (Wang et al., 2020), fibroblasts are major producers of fibrillar and non-

fibrillar collagens, elastin, fibronectin, laminins and other structural ECM component as well 

as glycosaminoglycans and hyaluronic acid that regulate tissue hydration (Hynes and Naba, 

2012; Lu et al., 2011). They also produce matrix metalloproteinases and tissue inhibitors of 

metalloproteinases to regulate the ECM turnover. Finally, fibroblasts exert contractile forces 

that further remodel the ECM (Huang et al., 2012). Altogether fibroblasts regulate both 

chemical and mechanical characteristics of the connective tissue to accommodate specific 

needs of different organ from elastic lungs to resistant skin (Plikus et al., 2021). Moreover, 

the chemical and mechanical composition as well as the topology of the ECM are paramount 

factors regulating epithelial morphogenesis (Goodwin and Nelson, 2020; Lang et al., 2021). 

Another key function of fibroblasts is secretion of active molecules – growth factors, 

cytokines, adipokines and metabolites that facilitate the communication within fibroblasts 

or between fibroblasts and other cell types. Probably the best described is the necessity of 

fibroblast-produced paracrine ligands for the epithelial stem cell niche – intestinal 

fibroblasts produce R-spondins (Goto et al., 2022; Maimets et al., 2022), fibroblasts in lung 

(Jones et al., 2019), mammary gland (Parsa et al., 2008; Zhang et al., 2014) and pancreas 

(Miralles et al., 1999) produce FGFs that act on epithelial FGF receptors. Similarly, 

developmental pathways can be employed to support epithelial tissue regeneration upon 

damage or cancer growth. Besides that, fibroblast secretome can mediate communication 

with immune cells (Arwert et al., 2020; Ferrer et al., 2017; McGee et al., 2013; Van Linthout et 

al., 2014), carry anti-microbial function (Zhang et al., 2015; Zhang et al., 2019), regulate 

adipose tissue homeostasis (Schwalie et al., 2018; Zachara et al., 2022) and is a key 

determinant of senescent tissues (Zhang et al., 2024). 
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Fibroblast functions: contractility 

Upon activation, typically caused by tissue injury, fibroblasts acquire a highly contractile 

phenotype characterized by expression of αSMA, a state in which the cells are called 

“myofibroblasts” (Hinz, 2010). Myofibroblast contractility is necessary for the initial steps of 

wound healing, while later, when the tension in the healed wound relaxes, myofibroblasts 

disappear. However, in the case of chronic injury, persistent activation of myofibroblasts can 

occur and leads to a non-reversible positive feedback loop of fibroblast activation – a 

pathological state called fibrosis (Desmoulière et al., 2005). During fibrosis, the traction forces 

and aberrant ECM deposition caused by myofibroblasts hyperactivation alters the tissue 

micro-architecture and biomechanical properties that leads to a loss of other cell types, cease 

in organ-specific function and in some cases, 

tumorigenesis. Fibrosis is a leading cause of 

death in developed world, being involved in 

more than  50 % of deaths (Friedman et al., 

2013). Therefore, understanding the 

molecular cues that regulate fibroblast 

activation is an outstanding need in 

biomedical research. Much less is known 

about the involvement of fibroblast 

contractility in normal organ development. 

Recently, fascinating studies reported the 

mechanical role of contractile fibroblasts in 

the developing hair follicle (Villeneuve et al., 

2024) and in folding the fetal intestinal epithelium (Huycke et al., 2024). More research is 

needed, however, to unravel the existence and role of contractile fibroblasts during normal 

development of branched epithelial tissues. 

Fibroblast functions: progenitors 

Fibroblasts are cells of remarkable plasticity, that can change into other mesenchymal cell 

types. In fact this ability, led to the term mesenchymal stem cells being used to describe 

Figure 6. Fibroblast functions. Schematic depiction of various 
functions executed by fibroblasts. 
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fibroblasts in the stroma of blood vessels (Pittenger et al., 2019). In vitro, the ability of 

fibroblasts to differentiate into osteoblasts, chondrocytes, myoblasts or adipocytes, 

depending on the media composition and substrate mechanical properties, is well 

documented (Pittenger et al., 2019). The situation in vivo is far more complex and only recently 

began to be elucidated. In vivo, the model of mesenchymal stem cells that differentiate into 

different types of specialized stromal cells is less clear, whereas it appears that different 

stromal cell types display extensive plasticity allowing them to change state depending on 

the needs of the tissue. For example, fibroblasts change into adipocytes during development 

of skin (Driskell et al., 2014) and interscapular, inguinal (Sun et al., 2017), mesenteric and 

gonadal fat pad (Stefkovich et al., 2021). Adipocytes, however, can de-differentiate back to 

fibroblasts upon skin healing (Shook et al., 2020) or fibrosis (Marangoni et al., 2015). Similarly, 

adipocytes of the mammary fat pad change into fibroblasts during pregnancy, a process that 

is reversed during involution and repeated with every pregnancy (Wang et al., 2021a; Zwick 

et al., 2018). Fibroblasts can also give rise to pericytes, which seems to be irreversible in 

normal conditions (Goss et al., 2021), but pericytes can reverse into fibroblasts during 

fibrosis (Hung et al., 2013). Moreover, in the developing lung, there is no evident 

mesenchymal stem cell, but fibroblasts can give rise to smooth muscle cells during airway 

development (Goodwin et al., 2022). Of note, there is a controversial report about the alleged 

differentiation of fibroblasts into mammary epithelial cells (Joshi et al., 2019), a result that 

has not however been reproduced. To sum up, in vitro studies indicate the remarkable 

plasticity of fibroblasts that have the potential to switch into other mesenchymal cell types. 

In vivo, fibroblasts are also very plastic, but the developmental and tissue context is critical 

in inferring lineage relationships. The degree of fibroblast plasticity, the signals that govern 

changes in stromal cell states and the conservation of such processes across organs and in 

pathology warrant further in vivo studies. 

Fibroblasts, however, are more than just a quiescent or activated cell state. Single cell 

genomic techniques brought insights into fibroblast heterogeneity both within and across 

organs in terms of transcriptome (Buechler et al., 2021; Muhl et al., 2020) and lipidome 

(Capolupo et al., 2022). While there are universal fibroblast subtypes, specialized fibroblast 
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exist in almost all organs (Buechler et al., 2021), with their matrisome signature being the 

dominant factor differentiating the tissue-specific subtypes (Muhl et al., 2020). The two most 

universal fibroblast subtypes found in normal tissues are the adventitial Pi16+/Dpp4+ 

fibroblasts, characterized by the expression of canonical progenitor markers like Cd34 or 

Sca1 and the parenchymal Col15a1+ fibroblasts that express BM genes (Buechler et al., 

2021). However, there is no sharp distinction of the two clusters however, suggesting their 

developmental relation (Buechler et al., 2021). The heterogeneity of normal fibroblasts is 

reflected in breast cancer associated fibroblasts (CAFs), with two major CAFs subtypes: 

inflammatory CAFs (iCAFs) and myofibroblastic CAFs (myCAFs), sharing similarities with 

adventitial and parenchymal fibroblasts, respectively (Bartoschek et al., 2018; Croizer et al., 

2024; Foster et al., 2022; Houthuijzen et al., 2023). It is however, yet to be determined, how the 

heterogeneity of normal fibroblasts relates to the heterogeneity of CAFs, which signaling 

pathways are involved and whether druggable targets could be identified for anti-cancer 

therapy. Given the immense plasticity of fibroblasts, it is likely that the identified 

transcriptomic subtypes are rather cell states that can change dynamically to accommodate 

the needs of the surrounding tissue, although certain level of hierarchy may exist, as 

demonstrated in the developing fat pad (Merrick et al., 2019; Stefkovich et al., 2021) or skin 

(Driskell et al., 2013). The relation between fibroblast heterogeneity and epithelial branching 

morphogenesis remains rather unexplored, but it is reasonable to speculate that distinct 

fibroblast subtypes may be spatially distributed and dynamically adjusted to support the 

needs of the developing epithelium in terms of ECM, growth factors as well as tissue 

mechanics and geometry. 

STROMAL CELLS DURING MAMMARY GLAND DEVELOPMENT 

The mammary gland is an exocrine ramified gland whose main function is to provide 

nutrition for the offspring. The development of mammary gland happens in three 

consecutive stages. First, rudimentary epithelial tree is derived from the embryonic surface 

ectoderm and stays relatively quiescent after birth (Cowin and Wysolmerski, 2010; Macias 

and Hinck, 2012; Watson and Khaled, 2008). Then a massive wave of branching morphogenesis 

re-starts at puberty, in response to a spike in female sex hormones, and involves the invasion 
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of the surrounding fat pad driven by the TEBs (Hinck and Silberstein, 2005; Macias and Hinck, 

2012; Paine and Lewis, 2017; Sternlicht, 2006). Later in adulthood, the mammary gland 

undergoes cycles of proliferation, side branching and branch disappearance with each 

estrous cycle and more dramatic cycles designed to specify functional mammary 

differentiation during pregnancy and lactation (Anderson et al., 2007), followed by gland 

involution that restores a virgin-like tissue architecture (Watson, 2006). Finally, the epithelial 

tree of the mammary gland is terminally involuted after the end of reproductive age, due to 

the cease in sex hormone cycling at menopause. 

Embryonic development 

Morphogenesis of the mammary epithelium during all developmental stages is accompanied 

by changes in the mesenchyme/stroma. The first stage of mammary embryonic development 

is a formation of the milk line on embryonic day 10.5 (E10.5), followed at E11.5 by placode 

formation, a thickening of embryonic ectoderm, that is formed upon paracrine signals from 

the underlying mesenchyme and somites, mainly WNTs and FGFs (Eblaghie et al., 2004; 

Veltmaat et al., 2004; Veltmaat et al., 2006). The placode then invaginates into a mammary bud 

and starts to sink into the underlying mesenchyme. At this stage (E13.5-E14.5), the bud is 

surrounded by mammary mesenchyme (Figure 5), a specific layer of fibroblasts marked by 

expression of hormone receptors and active WNT signaling (Boras-Granic and Wysolmerski, 

2008; Sakakura et al., 1982). There are however other fibroblasts a bit further from epithelium 

that can communicate with the bud by sending paracrine signals – dermal mesenchyme 

(Carabaña et al., 2024) and fat pad precursor (Sakakura et al., 1982). On E15.5-E16.5 the 

Figure 7. Fibroblasts during mammary gland development. Schematic depiction of fibroblasts (pink), preadipocytes and 
adipocytes (yellow) during mammary developmental stages. Epithelium is in grey. From Sumbal et al. 2021, SemCellDevBiol. 
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epithelial bud elongates, forming a primary sprout which will start branching a few days 

later. Interestingly, the onset of epithelial branching corresponds with the epithelium 

reaching and invading the fat pad precursor (Cowin and Wysolmerski, 2010; Figure 5). 

Heterotypic recombination of embryonic mammary epithelium with either mammary 

mesenchyme or fat pad precursor revealed a distinct morphogenetic capacity of these two 

mesenchymal tissues, promoting epithelial proliferation or ductal elongation, respectively 

(Sakakura et al., 1982). Therefore, we can hypothesize that it is the contact with the 

developing fat pad that promotes epithelial branching. It however remains to be investigated 

in the native in vivo environment. Also, the developmental relation between the embryonic 

mesenchymal tissues and postnatal mammary stroma is not clear. While most of the adipose 

tissue is derived from the fat pad precursor, it is yet to be investigated by lineage tracing 

whether the postnatal periductal fibroblasts are a derivate of the mammary mesenchyme 

that would migrate together with epithelium into the fat pad, or of the fat pad precursor. 

Recent single cell analysis of embryonic mammary fibroblasts (Carabaña et al., 2024) may 

help in developing tools to facilitate this endeavor. 

Pubertal branching morphogenesis 

Pubertal morphogenesis of the mammary gland starts with the peak of female sex hormone 

at the onset of puberty, roughly between 3 and 4 weeks of age in mice. In response to 

estrogen, TEBs are formed at the tips of the branches of the rudimentary epithelial tree 

formed during embryogenesis. TEBs are specialized epithelial structures that drive pubertal 

mammary gland morphogenesis (Hinck and Silberstein, 2005; Paine and Lewis, 2017). TEBs 

are highly proliferative, composed of a stratified epithelium with several layers of body 

(internal) luminal-like cells with decreased cell polarity and adhesion, compared to ductal 

luminal cells. The maintenance of the proliferative state of TEBs crucially depends on FGF 

(Lu et al., 2008; Parsa et al., 2008) and WNT signaling (Badders et al., 2009; Lindvall et al., 2009; 

Roarty et al., 2015), signals secreted by mammary fibroblasts (Bühler et al., 1993; Kouros-Mehr 

and Werb, 2006; Zhang et al., 2014). While genetic disruption of fibroblasts affects mammary 

branching in vivo (Hammer et al., 2017; Koledova et al., 2016; Peuhu et al., 2017a), the 

mechanistic understanding of the role of fibroblasts in mammary branching is unknown. 
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At the whole organ scale, the branching pattern of mammary glands is not stereotypical and 

differs between animals or even between the left and right side of each animal. Moreover, 

when the endogenous gland is excised before puberty and a new piece of gland is grafted, 

the gland still repopulates the whole fat pad (Deome et al., 1959; Lawson et al., 2015). This 

suggests that there is no predetermination in the whole organ level in terms of growth factor 

gradient or collagen fiber orientation but instead arises from stochastic local interactions. 

Indeed, the branching pattern of mammary gland can be faithfully reproduced by simulating 

Figure 8. Terminal end bud (TEB) – the miniorgan that drives pubertal mammary morphogenesis. A, B. A z-stack (A) and a 

section in detail (B) of TEB of pubertal mouse, showing basal (cyan) and luminal(red) cells. C. A schematic representation of 

TEB with the stromal influence on TEB growth – growth factors, ECM deposition and ECM remodeling. 
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the gland as a framework of branching and annihilating random walks, using three simple 

rules of bifurcation of the tip, elongation and annihilation (Hannezo et al., 2017). 

On a local tissue level, however, the branching pattern appears less random, with all 

the TEBs oriented in one direction  which they tend to keep even after bifurcation (Nerger et 

al., 2021; Paine et al., 2016). Due to the relative inaccessibility of the organ in vivo, many 

mechanistic insights into mammary branching morphogenesis come from organoids, 

epithelial structures grown in 3D ECM gels with the proper cellular architecture capable of 

lactation (Caruso et al., 2024; Sumbal et al., 2020a; Sumbal et al., 2020c). Similarly to in vivo, 

budding of mammary organoids relies on receptor tyrosine kinase signaling, activated by 

ligands of FGF (Ewald et al., 2008; Huebner et al., 2016) or EGF family (Fata et al., 2007; Jardé 

et al., 2016). Organoids, however, fail to reproduce the same branching pattern of the in vivo 

gland. Despite recent significant advances in organoid technology (Caruso et al., 2022; 

Nguyen-Ngoc and Ewald, 2013; Yuan et al., 2023), it is still not possible to achieve the same 

geometry of the in vivo branched network in organoids.  

One critical feature that is normally missing in epithelial organoid cultures are 

stromal cells. Fibroblasts in vivo dynamically secrete and remodel the ECM as the gland 

growths, ensuring the proper chemical and biomechanical ECM composition at the right 

place and time. Collagen 1 accumulation correlates with TEB cleft and bifurcation (Nerger et 

al., 2021) and collagen 1 fibers align with the TEB invasion direction, although this is disputed 

(Brownfield et al., 2013; Nerger et al., 2021). Tenascin C, an anti-adhesive ECM molecule that 

promotes epithelial proliferation is accumulated around TEBs and embryonic bud and is 

absent in adult gland (Chiquet-Ehrismann et al., 1986; Inaguma et al., 1988; Midwood et al., 

2011). Moreover, genetic disruption of ECM remodeling by interfering with MMP3 (Sympson 

et al., 1994; Witty et al., 1995), TIMP1 (Fata et al., 1999) or MMP14 (Feinberg et al., 2018) 

impedes the gland morphogenesis. Finally, stromal knock-out of SHARPIN leads to decrease 

in fibroblast contractility resulting in dysfunctional collagen remodeling and stalled 

epithelial invasion (Peuhu et al., 2017a). This further demonstrates that not only the right 

composition, but also dynamic degradation and remodeling of ECM by the stromal cells is 

crucial to ensure proper morphogenesis. Matrisome expression is a major feature that 
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distinguishes fibroblast subtypes in many organs (Muhl et al., 2020), therefore connecting 

fibroblast heterogeneity, dynamic in time and space, with epithelial morphogenesis is an 

attractive research avenue. Despite several recent studies that aimed to understand the 

heterogeneity of postnatal mammary fibroblasts (Houthuijzen et al., 2023; Kanaya et al., 2019; 

Li et al., 2020b; Li et al., 2024; Yoshitake et al., 2022), the spatial mapping of mammary 

fibroblasts in pubertal gland was not performed (Houthuijzen et al., 2023; Li et al., 2024), 

therefore the connection between fibroblast heterogeneity and epithelial morphogenesis is 

still missing. Moreover, other stromal cells that have been implicated in mammary 

development are macrophages, eosinophils (Gouon-Evans et al., 2000; Gouon-Evans et al., 

2002), mast cells (Lilla and Werb, 2010) and endothelial cells (Wang et al., 2021a). 
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2 Results 

PREFACE 1: SQUEEZING MORPHOGENESIS: HOW FIBROBLASTS SHAPE ORGANOIDS 

In the first manuscript, recently published in PLOS Biology (Sumbal et al., 2024a) and available 

in appendix A, we studied the in vitro phenomenon of mammary organoid budding in co-

culture with primary mammary fibroblasts (Figure 7). When mixed with fibroblasts and 

ECM, mammary organoids undergo simple morphogenetic events of growth and budding 

(Koledova and Lu, 2017; Koledova et al., 2016; Sumbal and Koledova, 2019; Sumbal and 

Sumbalova Koledova, 2024). While this was traditionally attributed to paracrine signaling 

between epithelium and fibroblasts, especially FGF signaling, we described several crucial 

morphometric and temporal differences between organoid budding induced by FGF2 or 

promoted by the co-culture with fibroblasts. By setting a range of co-culture set-ups (Sumbal 

and Sumbalova Koledova, 2024) we demonstrated that fibroblasts must be in direct contact 

with the organoid, otherwise no morphogenesis occurs and organoids remain in simple 

cystic state. To further investigate the contact points we used fluorescent live imaging, 

electron microscopy and developed a method for high-end confocal imaging of big samples 

(Sumbal and Koledova, 2022). We found that fibroblasts form contacts before the budding 

occurs and once buds are formed, fibroblasts populate rather the necks than tips of the 

Figure 9. Fibroblast contractility-dependent induction of epithelial organoid budding. A. A representative image of organoid-
firboblast co-culture. B. A scheme showing the dissection of two ways fibroblasts could influence epithleial morphogenesis. 
From Sumbal et al., 2024, PLOS Biology. 
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epithelial buds. Those observations led us to the hypothesis that fibroblasts wrap the 

epithelial organoid and „squeeze“ it into its budded shape. To test it, we treated the co-

cultures with myosin II and ROCK inhibitors or genetically knocked-out myosin heavy chain 

9 (Myh9) in fibroblasts prior the co-culture. And we observed dramatic decrease in organoid 

budding when fibroblast contractility was hindered, suggesting that similarly to smooth 

muscle cells shaping the lung (Goodwin et al., 2019; Kim et al., 2015), mammary gland 

fibroblasts generate contractile forces to instruct epithelial branching. Interestingly, we 

observed conservation of the same mechanism when fibroblasts where co-cultured with 

breast cancer spheroids, similarly to recent findings in colon cancer (Barbazan et al., 2023). 

The biggest limitation of this study is of course the in vitro character of the studied 

phenomena. However, we for the first time reported the presence of αSMA positive 

fibroblasts in the stroma surrounding the TEBs in pubertal mammary gland. Altogether, the 

functional in vitro experiments with histological in vivo findings are opening a path for 

further discoveries in the role of contractile fibroblasts in epithelial morphogenesis in vivo. 
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PREFACE 2: TERMINAL END BUD: CHANGE YOUR NICHE - AID YOUR GROWTH 

In a follow up study, now posted on bioRxiv (Sumbal et al., 2024b), available as Appendix B to 

this thesis and under revision, we have revealed the heterogeneity and hierarchy of 

fibroblasts in the developing mouse mammary gland at puberty, demonstrating that the 

epithelium coordinates its growth and branching by activating adjacent fibroblasts in a 

spatially controlled manner, reminiscent of the activation of CAFs. 

The comprehensive investigation of pubertal mammary fibroblasts in vivo in this 

study allowed us to identify distinct populations of fibroblasts that are spatially organized 

within specific tissue domains and, importantly, to characterize the population of contractile 

fibroblasts located just around the growing tips of the mammary epithelium. By scRNAseq, 

we found that these specialized fibroblasts produce specific growth factors and ECM 

components, which, together with their contractile characteristics, make them essential 

players of epithelial morphogenesis. Notably, in vivo lineage tracing of these contractile 

fibroblasts uncovered that they are activated at the growing tips of the epithelium (the 

TEBs); however, they do not clonally expand, and they lag behind the growing ducts rather 

Figure 10. Mammary fibroblast heterogeneity in puberty. A schmatic summary of the main findings, showing spatial 
distribution of the described fibroblast population, changes of cell states (arrows), paracrine signals and ECM they produce. 
From Sumbal et al. 2024, Biorxiv. 
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than escorting the invading epithelial tips. Analysis of the fate of these cells in vivo during 

pubertal growth indicated that, once the epithelium moves forward, these fibroblasts give 

rise to peri-ductal fibroblasts and to preadipocytes, showing that mammary activated 

contractile fibroblasts represent a transient cell state induced by proximity to the growing 

epithelium (Figure 8).  

The results reported in this manuscript not only advance our knowledge of epithelial-

microenvironment interactions and fibroblast plasticity, but also offer an original 

perspective on the role of cell-niche interactions in shaping the branching mammary 

epithelium. We demonstrate that fibroblast activation, a process typically associated with 

cancer or wound healing, is a crucial mechanism in normal organ development. This insight 

bridges developmental biology with cancer research, fibrosis, and regenerative medicine, 

highlighting that conserved mechanisms acting in fibroblasts can be re-used in different 

tissue contexts to establish organ shape, but also maintain it and restore it after damage. The 

conclusions of our study provoke further questions about the conservation of fibroblast 

plasticity, state transition and activation in normal versus pathological settings and lay a 

promise for future identification of druggable molecular regulators of niche cells for cancer 

and fibrosis therapy. 
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3 Methods 

MOUSE MODELS 

Housing, breeding and experimentation with mice were performed under the approval of 

the Ministry of Education, Youth and Sports of the Czech Republic (license # MSMT-

9232/2020-2), supervised by the Expert Committee for Laboratory Animal Welfare of the 

Faculty of Medicine, Masaryk University, at the Laboratory Animal Breeding and 

Experimental Facility of the Faculty of Medicine, Masaryk University (LABEFMU, facility 

license #58013/2017-MZE-17214), or under the approval of the ethics committee of the 

Institut Curie and the French Ministry of Research (reference #34364-202112151422480) 

in the Animal Facility of Institut Curie (facility license #C75–05–18). The list of used mouse 

strains and genetic models is in the following table. 

The mice were kept in individually ventilated cages with controlled temperature of 

22°C and 12/12 h light/dark cycle. The food and water were administrated ad libitum. The 

mice were genotyped at age of 3-4 weeks, by PCR on DNA obtained from ear punch biopsies. 

For induction of the CreERT construct, mice were injected with 2 mg of tamoxifen diluted in 

corn oil per 10 g of mouse weight at the indicated time-point, via intraperitoneal injection. 

For proliferation assessment, mice were injected with EdU 10 nmol/1 g of mouse, delivered 

via intraperitoneal injection; if not indicated otherwise, mice were injected at 5 weeks of age 

and sacrificed 2 hours after for tissue collection. 

The list of animal models  

Genetic model Reference Source 

Wild-type ICR N/A LABEFMU 

Wild-type C57BL/6 N/A LABEFMU 

R26-mT/mG (Muzumdar et al., 2007) The Jackson Laboratory 

Acta2-CreERT2 (Wendling et al., 2009) The Jackson Laboratory 

LifeAct-GFP (Riedl et al., 2010) Wedlich-Söldner team 

Myh9fl/fl (Conti et al., 2004) Sara Wickström 
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Nu/J (Flanagan, 1966) LABEFMU 

Notch1-CreERT2 (Fre et al., 2011) Our team 

 

MAMMARY GLAND DISSECTION AND FIXATION 

Mice were euthanized by cervical dislocation and pinned by extremities to the dissection 

bord. The ventral skin was washed with 70% ethanol and the skin was cut by making one 

longitudinal cut and four cuts towards the extremities. Then, the skin was gently separated 

from the body by cotton swab and pinned to the dissection board to expose the inner surface 

with the mammary glands. For primary cell isolation, all five pairs of mammary glands were 

dissected and placed in sterile dish with PBS, with special attention not to collect the muscle 

between mammary gland #2 and #3 and the lymph node from mammary gland #4 was 

excised and discarded. For histology, mammary glands #4 and/or #5 were dissected and 

spread on a microscopy glass slide, let to stick to the glass for a minute on air and then 

submerged into 4% paraformaldehyde (PFA) at 4°C overnight. For whole-mount carmine 

staining, mammary gland #4 were dissected, spread on a glass slide, let to stick to the glass 

for a minute and submerged in Carnoy’s fixative overnight at room temperature (RT). For 

whole-mount CUBIC clearing, mammary gland #2 and #3 were dissected, spread on a 

microscopy glass slide and fixed in 4% PFA at 4°C overnight. 

4% PFA  

16% PFA (Electron Microscopy) 10 ml 

PBS 30 ml 

 

Carnoy’s fixative  

100% ethanol 600 g 

Glacial acetic acid 100 g 

Chloroform 300 g 
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FIBROBLAST/ORGANOID ISOLATION 

Mammary glands in sterile PBS were transferred into cell culture laminar flow box and 

transferred on a sterile lid of a 10 cm petri dish and chopped with 3 scalpels held in one hand 

for ~5 minutes, until the tissue was chopped to 0.5 mm pieces and formed a cohesive mass. 

Then the chopped tissue was transferred into 50 ml centrifuge tube with pre-warmed 

collagenase solution and incubated on an orbital shaker for 30-60 minutes at 37°C, 120 RPM 

with the level of digestion optically controlled.  

The tube with digested tissue was then spun down for 5 minutes, 500 rcf at 4°C, 

resulting in separation in 3 layers – pellet (cells/organoids), supernatant and fatty layer 

(adipocytes). From now on, the tissue was only processed with BSA-coated serological 

pipettes, pipette tips and tubes. The supernatant and fatty layer were pipetted into15 ml 

tubes, spun down for 5 minutes, 500 rcf at 4°C and the supernatant was discarded. All the 

pellets were resuspended with DMEM/F12 and merged in one 15 ml tube, spun down for 5 

minutes, 500 rcf at 4°C and the supernatant was discarded. The pellet was resuspended in 4 

ml of DMEM/F12 and 40 µl of DNase stock (2000 U/ml) and incubated at RT for 5 minutes, 

handshaking occasionally. Then, 6 ml of DMEM/F12 was added and the tube was spun down 

for 5 minutes, 500 rcf at 4°C and the supernatant was discarded. 

Multicellular epithelial fragments (organoids) and stromal cells were separated by 

five rounds of differential centrifugation. At each round, the pellet was resuspended in 10 ml 

of DMEM/F12, spun down for 10 seconds at 500 rcf and the supernatant containing single 

cells was transferred to new 50 ml tubes, while the pellet containing organoids was used for 

another round of differential centrifugation. After five rounds, the pellet was resuspended in 

1 ml of basal organoid medium (BOM). The number of organoids in suspension was counted 

under microscope by pipetting 20 µl of the freshly resuspended solution on a glass slide and 

counting the number of organoids. The average number from two countings was multiplied 

by 50 to calculate the number of organoids per 1 ml of media. For the processing of the single 

cell suspension please refer to the section ‘2D culture of mammary fibroblasts‘. 
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Collagenase stock (50 mg/ml)  

Collagenase A from C. histolyticum (Roche #65518621) 500 mg 

DMEM/F12 10 ml 

Mix well, prepare 400/800/1200 µl aliquots and keep at -20°C for several months 

 

Trypsin stock (50 mg/ml)  

Trypsin (Gibco #27250-018) 500 mg 

DMEM/F12 10 ml 

Mix well, prepare 400/800/1200 µl aliquots and keep at -20°C for several months 

 

Collagenase solution (10 ml for tissue from one mouse)  

Collagenase stock 400 µl 

Trypsin stock 400 µl 

Gentamycin 40 mg/ml 12 µl 

Insulin-transferrin-selenium (ITS; 1 mg/ml insulin, 0.55 mg/ml 

transferrin, 0.67 µg/ml selenium)  

100 µl 

Fetal bovine serum (FBS) 500 µl 

DMEM/F12 8.6 ml 

 

BSA coating solution (2.5 % in PBS)  

Bovine serum albumin (BSA) 1 g 

PBS 40 ml 

Keep at 4°C, after each use, sterilize by 0.22 µm filtration. 
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Basal organoid medium (BOM)  

DMEM/F12 with HEPES 49 ml 

Penicilin /Streptomycin (10,000 U penicillin, 10,000 µg 

streptomycin per 1 ml) 

500 µl 

Insulin-transferrin-selenium (ITS) 500 µl 

 

FLUORESCENT ASSISTED CELL SORTING (FACS) 

For flow cytometry and/or fluorescent assisted cell sorting (FACS), the mammary glands 

were processed as described in ‘fibroblast/organoid isolation‘ chapter with the following 

changes. First, the tissue was digested by incubation for 90-120 minutes at 37°C, 150 RPM. 

Then, after the DNase treatment, the differential centrifugation was not performed and 

instead the pellet was resuspended in 500-1500 µl of red blood cell (RBC) lysis buffer and 

filtered through a 40 µm cell strainer to obtain single cell suspension. After centrifugation 

for 2 minutes, 600 rcf at 4°C and the supernatant was discarded and the pellet was 

resuspended in 100-500 µl of FACS staining medium with fluorophore-conjugated 

antibodies. The cells were incubated with antibodies for 20 minutes in dark at 4°C while 

shaking. Then, the cells were washed twice with ice-cold PBS and finally resuspended in 300-

1000 µl of Flow buffer and filtered through the tube cap 30 µm cell strainer directly into the 

FACS tube and kept on ice.  

The reading on flow cytometer was done no more than 30 minutes after staining. Cells 

were sorted on either BD ARIA III or BD Fusion with the set up in the table below. The cells 

were sorted in 1.5 ml tubes with 500 µl of 10% FBS in CO2 independent media. 

RBC lysis buffer 

NH4Cl 8.02 g 

NaHCO3 1 g 

EDTA 0.0372 g 

Distilled H2O (dH2O) 1000 ml 
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Add the solid chemicals in 800 mL of dH2O and mix, adjust pH to 7.2-7.4. Add dH2O until 

the volume is 1000 ml, filter sterilize and store at RT. 

 

FACS staining medium  

CO2 independent medium 17.8 ml 

FBS 2 ml 

Penicilin/Streptomycin 200 µl 

 

Flow buffer  

EDTA 0.5 M pH8 500 µl 

BSA 10% in PBS 5 ml 

FBS 500 µl 

DMEM/F12 without phenol red, with HEPES 44 ml 

Sterilize by 0.22 filtration, keep at 4°C. 

 

FACS antibodies 

Target Spec clone conjugation Manuf. REF # dilution 

CD45 Rat 30-F11 APC-Cy7 BD #561037 1:200 

CD31 Rat 390 APC-Cy7 BioLegend #102439 1:200 

CD24 Rat M1/69 APC-Cy7 BioLegend #101849 1:200 

CD49F Rat GoH3 APC-Cy7 BioLegend #313628 1:200 

CD140A Rat APA5 BV421 BioLegend #135923 1:50 

CD39 Rat 24DMS1 PE-Cy7 eBioscience 25-0391-

80 

1:200 

SCA1 Rat D7 PerCP-Cy5.5 BioLegend #108123 1:200 

DPP4 Rat H194-

112 

APC BioLegend #137807 1:200 
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FACS set up   

fluorophore Excitation laser Emission filter (center/band) 

BV421 405 nm 450/40 nm or 450/50 nm 

GFP 488 nm 530/30 nm 

PerCP-Cy5.5 488 nm 695/40 nm 

tdTomato 561 nm 582/15 nm 

PE-Cy7 561 nm 780/60 nm 

APC 640 nm 660/20 nm 

APC-Cy7 640 nm 780/60 nm 

 

2D CULTURE OF MAMMARY FIBROBLASTS 

The supernatant containing the single cell fraction from the differential centrifugation steps 

was spun down for 2 minutes, at 600 rcf at 4°C and the supernatant was discarded. The cells 

were resuspended in 10 ml of pre-warmed fibroblast medium (FM) and seeded on 10 cm 

tissue culture dishes. Fibroblasts were enriched by differential attachment. The cells were 

incubated at 37°C, 5 % CO2 for 30 minutes, after that the cells were inspected on inverted 

tissue culture microscope to see successful attachment of fibroblasts to the bottom of the 

dish. Then the medium was discarded and the cells were washed two times with PBS before 

the addition of new FM. This dish was marked as passage #1. 

The cells were kept at 37°C, 5 % CO2 and inspected daily. When ~80 % confluency 

was reached, the cells were split. For that, the medium was discarded, the cells were washed 

two times with PBS and 2 ml of Trypsin/EDTA or TryplE was added before an incubation at 

37°C, 5 % CO2 for 5 minutes. After that the cells were inspected on the microscope to check 

successful detachment. Then 5 ml of FBS/PBS solution was added, well mixed with the cells 

and collected in a tube. The dish was then washed with 4 ml of PBS to collect any remaining 

cells and it was added to the tube with cells, spun down for 2 minutes, 600 rcf at 4°C and the 

supernatant was discarded. The pellet was resuspended in FM and distributed to new cell 

culture petri dishes in 1:4 ratio and with the passage # increased by one. 
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Alternatively, the cells were frozen when reaching 80 % confluency. The same 

procedure was followed as for splitting the cells, but at the end, the pellet was resuspended 

in 1 ml of freezing medium, transferred into freezing tube and frozen in freezing chamber in 

-80°C freezer. The next day, cells were moved to liquid nitrogen for long-term storage or kept 

in -80°C freezer for short term. 

Fibroblast medium (FM) 50 ml 200 ml 

DMEM, 1 g/ml glucose 44 ml 176 ml 

FBS 5 ml 20 ml 

Penicilin/Streptomycin 500 µl 2 ml 

Insulin-transferrin-selenium (ITS) 500 µl 2 ml 

 

FBS/PBS solution (10 % FBS)  

FBS 5 ml 

PBS 45 ml 

 

Freezing medium  

FBS 9 ml 

DMSO 1 ml 

 

KNOCKDOWN AND KNOCKOUT OF MYH9 IN MAMMARY FIBROBLASTS 

For Myh9 knock-down experiment, wild-type fibroblasts subcultured for maximum of three 

passages were used. The cells were treated with pre-designed Silencer Select siRNAs 

targeted against Myh9 gene Myh9 (IDs s70267 and s70268, Myh9si#1 and Myh9si#2, 

respectively) and scrambled negative control siRNA (Silencer Select negative control or 

Stealth negative control siRNA). The transfection was mediated with Lipofectamine 3000 

reagent according to the manufacturer’s instructions, with 20 nM siRNA used.  
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Myh9 knock-out was performed on subcultured fibroblasts from genetic mouse 

model Myh9fl/fl by adeno-cre adenovirus transduction. The adenoviruses (adeno-Cre-GFP 

and control Adeno-GFP) used were purchased from Vector Biolabs and the cells were treated 

at 200 MOI for 4 hours. Fibroblasts were used for co-culture 1 day after the 

transfection/transduction, while fibroblasts were also collected 72 hours after treatment for 

knock-down/knock-out efficiency determination by qPCR of immunostaining. 

LIFEACT ADENOVIRAL TRANSDUCTION 

To visualize the fibroblast-organoid contact in co-culture, wild-type subcultured fibroblasts 

were transduced with LifeAct-GFP adenovirus (IBIDI). The viruses at 500 MOI were 

incubated with fibroblasts for 4 hours at 37°C in fibroblast medium. The cells were harvested 

the next day and used for co-culture experiment. 

3D ORGANOID-FIBROBLAST CO-CULTURE WITH SUB-CULTURED FIBROBLASTS (MIXED 

SETTING) 

For the 3D co-culture of organoids with sub-cultured fibroblasts, fibroblasts were 

trypsinized as described in ‘2D culture of mammary fibroblasts’, resuspended in 1 ml of BOM 

and counted using the Bürker chamber and freshly isolated organoids were counted (see 

‘Fibroblast/organoid isolation’). For 1 well of co-culture, 200 organoids were mixed with 

50,000 fibroblasts and 50 µl of Matrigel for bright-field imaging in a 24 well-plate or 120 

organoids, 30,000 fibroblasts and 30 µl of Matrigel for confocal imaging on IBIDI 8-well µ-

Slide.  

15 minutes prior plating, the wells of the cell culture vessel were coated by 10 µl of 

Matrigel to create a bottom patch. The desired number of organoids and fibroblasts were 

transferred into BSA-coated 1.5 tube and spun down at 500 rcf for 5 minutes at 4°C. The 

supernatant was carefully aspirated with a pipette, then the pellet was resuspended in 10 µl 

of cold BOM before adding Matrigel. From this point onward, both the tube with cells and the 

tube with Matrigel were kept on ice and the pipette tips were cooled down by pipetting up 

and down ice-cold PBS. After carefully mixing with Matrigel to avoid any air bubbles, the 
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mixture was transferred on warm cell culture plates, directly onto the prepared Matrigel 

patches. The cultures were incubated for 45 min in a cell culture incubator (at 37°C, 5% CO2) 

to allow Matrigel gelation. Afterwards the cell culture medium (pre-warmed BOM) was 

added to the wells and the cells were further incubated at 37°C, 5% CO2. 

3D ORGANOID-FIBROBLASTS CO-CULTURES (DIFFERENT SETTINGS) 

The set-up of different 3D co-cultures of mammary fibroblasts and organoids to test the 

requirement of cell-cell contact is in detail described in a published methodology chapter 

(Sumbal and Sumbalova Koledova, 2024). Briefly, the fibroblasts and organoids were isolated 

as described in ‘3D organoid-fibroblast co-culture with sub-cultured fibroblasts (mixed 

setting)’.  

For conditioned medium, fibroblasts were seeded in tissue culture vessel in FM and 

the next day, the medium was changed to BOM and incubated with the cells for 24 hours. 

After that, the conditioned medium was collected, filtered through 0.22 µm filter and used 

immediately for an experiment. Organoids were seeded in Matrigel droplet as in previous 

chapter and overlayed with the conditioned medium after Matrigel solidification.  

For a transwell co-culture, fibroblasts were seeded on the plastic of 24-well plate, 

while organoids were plated in Matrigel droplet in the cell culture insert with the transwell 

membrane of 8 µm pore size.  

For a sandwich co-culture, fibroblasts were seeded in Matrigel as a round patch 

(50,000 fibroblasts in 30 µl of Matrigel). After 10 minutes, the patch was overlayed with 10 

µl of Matrigel and after another 10 minutes with Matrigel with organoids (30 µl of Matrigel 

and 200 organoids).  

For an aggregate co-culture, 2000 organoids were mixed with 5*105 fibroblasts, 

plated on non-adherent poly-HEMA treated well of a 6 well plate and incubated in BOM 

overnight. The next day, 3 rounds of differential centrifugation were performed to eliminate 

single cells, aggregates were counted and seeded in density of 200 aggregates in 50 µl of 

Matrigel. 
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3D ORGANOID-FIBROBLASTS CO-CULTURE WITH FACS-SORTED FIBROBLASTS 

For the 3D co-culture of organoids with FACS-sorted fibroblasts the following changes were 

made compared to ‘3D organoid-fibroblast co-culture with sub-cultured fibroblasts (mixed 

setting)’. The ratio of cells used was 100 organoids, 80,000 fibroblasts and 25 µl of ECM 

mixture and ECM mixture was used instead of Matrigel. 

Extracellular matrix Collagen Matrigel (ECM) mixture, collagen I concentration 2.5 mg/ml 

(500 µl) 

MEM, 10x 35 µl 

NaOH, 1 M  8.21 µl 

H2O (distilled, sterile) 36.79 µl 

Collagen 1 from rat tail, 4.63 mg/ml (Corning) 270 µl 

Mix well in 2 ml tube, optically control for the change of phenol red from yellow to pink. 

Keep on ice for 1 hour for collagen cross-linking before mixing with Matrigel and use 

immediately. 

Matrigel 150 µl 

 

MCF7-RAS CELL LINE SPHEROID-FIBROBLAST CO-CULTURE WITH SUB-CULTURED 

FIBROBLASTS 

The MCF7-ras cells were kindly provided by Dr. Ula Polanska. The cells were expanded in 

FM under daily microscopy surveillance. To form spheroids, the cells were incubated in high 

density in non-adherent polyHEMA-coated dish for 24 hours. The next day, 3 rounds of 

differential centrifugation were performed to eliminate single cells, spheroids were counted 

and used for experimentation. Co-culture experiments with MCF7-ras spheroids were 

performed the same way as with organoids and are described in appropriate sections. 
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IMMUNOCYTOCHEMISTRY OF FIBROBLASTS 

For immunocytochemistry, fibroblasts were plated on IBIDI 8-well plates. At the desired 

time-point, the cells were fixed with 4% PFA for 30 minutes. After washing 3 times with PBS, 

the cells were permeabilized with 0.5% Triton X-100 in PBS for 30 minutes and blocked with 

3D blocking solution (3DBS) for 30 minutes. The cells were incubated with primary 

antibodies diluted in 3DBS for 2 hours at RT or overnight at 4°C. Then the cells were washed 

3 times with 0.05% Tween20 in PBS before incubating with secondary antibodies and DAPI 

diluted in PBS for 2 hours at RT. The cells were washed 3 times with 0.05% Tween 20 in PBS 

and stored in PBS at 4°C until imaging. 

3D blocking solution (3DBS)  5 ml 

10% BSA in PBS 1,000 µl 

FBS 250 µl 

PBS 3,750 µl 

Triton X-100 25 µl 

Store at 4°C and use in a week. 

 

Antibodies for fibroblast immunocytochemistry 

Target Species clone Conjugation Manufacturer REF # Dilution 

αSMA Mouse 1A4 - Sigma A2547 1:400 

αSMA Mouse 1A4 Cy3 Sigma C6198 1:400 

Β-catenin Mouse 14 - BD 610154 1:50 

NES Mouse Rat-401 - Merck/Milipore MAB353 1:100 

MYH9 Rabbit Polyclonal - BioLegend # 909801 1:1000 

MYH10 Rabbit Polyclonal - BioLegend #19099 1:1000 

VIM Rabbit D21H3 - CellSignalling #5741 1:200 

Various secondary antibodies coupled with AF488, Cy3, AF594, Cy5 (ThermoFisher), 

1:200 
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IMMUNOCYTOCHEMISTRY OF 3D CO-CULTURES 

Cell culture IBIDI plates were fixed with RT 4% PFA for 30 minutes at RT, before washing 3 

times 10 minutes with PBS. The cultures were permeabilized with 1% Triton x-100 in PBS 

for 1 h, blocked with 3DBS for 1 hour and then incubated with primary antibodies diluted in 

3DBS overnight at 4°C. The next day, the co-cultures were washed 3 times for 1 h with 0.05 

Tween 20 in PBS. Then, the co-cultures were incubated with secondary antibodies and DAPI 

overnight. After that, they were washed 3 times for 1 h with 0.05 Tween 20 in PBS, cleared 

with 80% glycerol in PBS or CUBIC2 (see below) and imaged on a laser scanning confocal 

microscope (LSM780, 800, 880, 900; Zeiss). 

DROPLET-BASED IMMUNOCYTOCHEMISTRY OF 3D CO-CULTURES 

The method for droplet-based staining of single organoids is described in detail in a 

published methodology chapter (Sumbal and Koledova, 2022). Briefly, the co-cultures were 

fixed in 4% PFA for an hour at RT and washed 3 times with PBS. Then, single organoids were 

cut out of the gel with a layer of surrounding ECM with 25G needle under the control of 

stereoscope, transferred on a parafilm-covered 10 cm plastic dish, and overlayed with 20 µl 

of PBS. The staining steps are the same as in ‘Immunocytochemistry of 3D co-cultures’, but 

all are 20 µl in volume and all solution changes are done under stereoscope control. At the 

end, the co-cultures are cleared with CUBIC2 overnight and mounted in CUBIC 2 between 

microscopy slide and coverslip with three layers of a double-sided tape used as a spacer. 

Then the co-cultures were imaged using a laser scanning confocal microscope(LSM780, 800, 

880, 900; Zeiss). 

WHOLE-MOUNT MAMMARY GLAND CLEARING AND IMAGING 

For whole-mount clearing and imaging, we followed the Clear Unobstructed Brain Imaging 

Cocktails (CUBIC) protocol (Lloyd-Lewis et al., 2016; Susaki et al., 2014). The harvested 

mammary glands #2 and #3 were fixed in 4% PFA overnight, washed in PBS and incubated 

in CUBIC-1 at RT, shaking (all steps for whole-mount staining are performed while shaking 

at 120 rpm), for four days, changing the solution after 2 days. Then the tissues were washed 
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with PBS for 1 hour and incubated in 3DBS overnight at RT, shaking. Then, the mammary 

glands were incubated with primary antibodies diluted in 3DBS for three days at 4°C. After 

washing with IHC washing buffer 3 times for 1 hour, the tissues were incubated with 

secondary antibodies, fluorescent dye-conjugated primary antibodies and 1 µg/ml DAPI 

diluted in 3DBS for three days at 4°C. After washing with IHC washing buffer 3 times for 1 

hour, the tissues were cleared in CUBIC-2 solution for at least 2 days at RT, changing the 

solution after 1 day. Finally, the samples were mounted in CUBIC-2 solution between 2 

coverslips using double-sided tape as a spacer. 

CUBIC-1  100 g 

Urea 25 g 

N,N,N’,N’-tetrakis(2-hydroxypropyl)ethylenediamine 25 g 

Triton X-100 15 g 

dH2O 35 ml 

Mix well with a magnetic stirrer overnight, store at RT protected from light. 

 

CUBIC-2  100 g 

Urea 25 g 

Sucrose 50 g 

2,2’,2’’-nitrilotriethanol 10 g 

Triton X-100 100 µl 

dH2O 15 ml 

Mix well with a magnetic stirrer overnight, store at RT protected from light. 

 

Antibodies for whole-mount staining  

Target Species Clone Conjugate Manufacturer REF # Dilution 

αSMA Rabbit 1A4 - Novus Biol NB600-531 1:200 

αSMA Mouse 1A4 Cy3 Sigma C6198 1:200 

VIM Rabbit D21H3 - Cell Signaling #5741 1:200 
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Goat anti-rabbit secondary antibody coupled with Cy5 (ThermoFisher), 1:200 

 

REAL-TIME QUANTITATIVE PCR 

For qPCR analysis of gene expression in sub-cultured fibroblasts, RNA was isolated using the 

RNeasy Mini Kit (Qiagen) using the manufacturer’s instructions. RNA concentration was 

then measured using nanodrop and RNA was transcribed into cDNA using the Transcriptor 

First Strand cDNA Synthesis Kit (Roche) or TaqMan Reverse Transcription kit (Life 

Technologies) using manufacturer’s instructions. The real-time qPCR was performed with 5 

ng of cDNA and 5 pmol of gene-specific reverse and forward primers using the Light Cycler 

SYBR Green I Master Mix on LighCycler 480 II (both Roche). Relative gene expression was 

calculated using the ΔΔCt method and normalized to housekeeping genes. The list of primers 

used is below. 

Gene 

symbol 

Forward primer (5’-3’) Reverse primer (5’-3’) Length 

[bp] 

Actb GGCTGTATTCCCCTCCATCG CCAGTTGGTAACAATGCCATGT 154 

Eef1g TTCCTGCCGGCAAGGTTCCA TGCCGCCTCTGGCGTACTTC 119 

Myh9 GGCCCTGCTAGATGAGGAGT CTTGGGCTTCTGGAACTTGG 106 

Myh10 GGAATCCTTTGGAAATGCGAAGA GCCCCAACAATATAGCCAGTTAC 102 

Myh14 CAGTGACCATGTCCGTGTCTG CGTAGAGGAACGATTGGGCTG 81 

 

TRANSMISSION ELECTRON MICROSCOPY OF 3D CO-CULTURES 

For transmission electron microscopy, the co-cultures were fixed with 3% glutaraldehyde in 

pH 7.4 100 mM sodium cacodylate buffer for 45 minutes and postfixed in 1% osmium 

tetroxide before washing in the cacodylate buffer. The samples were embedded in 1% agar 

blocks, dehydrated in increasing ethanol series finishing in 100% p.a. ethanol, treated in 

100% acetone and then embedded in Durcupan resin. The samples were sectioned on LKB 
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8802A ultramicrotome, stained with uranyl acetate and Reynold’s lead citrate. The ultrathin 

sections were examined on transmission electron microscope FEI Morgagni 286(D). 

MICRODISSECTION OF TEB/DUCTAL REGIONS 

5 weeks old R26-mT/mG females were used for TEB/duct microdissection. Mammary glands 

#3 and #4 were harvested and spread on plastic 10 cm petri dish. Under the control of 

fluorescent stereoscope, the regions of gland containing either ducts or TEBs were cut and 

collected in CO2-independent medium on ice. 

SINGLE CELL RNA SEQUENCING 

The samples containing either ducts or TEBs were digested in a 3 mg/ml collagenase A and 

100 U/ml hyaluronidase with 5% FBS in CO2-independent medium for 2 hours at 37°C on 

an orbital shaker at 120 rpm. Then the tissue fragments were treated with 0.25% trypsin, 5 

mg/ml dispase II and 100 µg/ml DNase I. Then the cells were treated with RBC lysis buffer 

and filtered through a 40 µm cell strainer to eliminate cell clumps. The resulting single cell 

suspension was frozen in freezing medium by slow temperature decrease at -80°C and 

moved to liquid nitrogen the day after. The frozen cells were shipped to Single Cell 

Discoveries, BV, Netherlands for sequencing. The sequencing was done on the 10x Genomics 

platform using the 3’v3 chemistry, targeting 5000 cells per sample and sequencing depth of 

50,000 reads per cell.  

SCRNASEQ DATA ANALYSIS – DATA PREPROCESSING 

The raw data were preprocessed and aligned by the Single Cell Discoveries, BV using the Cell 

Ranger version 6.1.2 and aligned to mouse genome mm10-2020-A. The estimated number 

of cells, mean reads per cell and median genes per cell were 6,361/33,917/1,364 and 

6,727/30,889/1,493 for the TEB and duct sample, respectively. The analysis of the data was 

performed using R and the Seurat package. The following filters were applied to the data to 

remove doublets and damaged cells: genes with expression in < 3, nCount_RNA < 3000 or > 

60000, nFeature_RNA < 1000 or with a percentage of mitochondrial reads > 20 were 

removed. The data were normalized with the SCTransform function. Uniform Manifold 
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Approximation and Projection and neighbors identification were computed using the 

RunUMAP and FindNeighbors function on the first 9 PCs Clusters were defined using the 

FindClusters function with a resolution set to 0.2.  Fibroblast, epithelial and leukocyte 

populations were then identified based on canonical markers (Col1a1, Col3a1, Pdgfra for 

fibroblasts; Ptprc for leukocytes; Epcam, Cdh1 for epithelium). 

SCRNASEQ DATA ANALYSIS – SUBPOPULATION ANALYSIS 

The fibroblast, epithelial and leukocyte subsets of cells were then merged together and 

reanalyzed using the first 10 PCs for RunUMAP and 0.3 resolution for FindClusters. Possible 

lymphocyte-containing doublets within fibroblast cluster were identified by Ptprc 

expression and excluded from the analysis. Cluster markers were calculated using the 

FindAllMarkers function. The expression scores were calculated using the AddModuleScore 

function. For the fat pad fibroblasts (Merrick et al., 2019) the following markers were used: 

Group 1 (Ark1c18, Cd55, Anxa3, Pi16, Sema3c, Gap43, Bmp7, Dect2, Dpp4, Wnt2), group 2 

(Ggt5, Fabp4, Pparg, Vcam1, Bmper, Cd36, Rarres2, Apoe, Icam1) and group 3 (Fmo2, Vit, 

Ifitm1, Gdf10, Clec11a, F3). For the adult mammary fibroblasts (Yoshitake et al., 2022) the 

following marker genes were used: Fib_0 (Pi16, Anxa3, Sema3c, Myoc, Igfbp5, Akr1c18, Cd55, 

Smpd3, Ackr3, Dpp4), Fib_1 (Fabp4, Lpl, Col4a1, Sparcl1, Cxcl14, Hmgcs1, Col6a3, Smoc2, 

Col5a3, Col4a2), Fib_2 (Postn, Mfap4, Scg3, Penk, Tnc, Apoe, Enpp2, Mdk, Srpx, Thbs1) and 

Fib_3 (Gdf10, F3, Gas6, Cxcl12, Cst3, Tmem176b, Fmo2, Inmt, Mgp, Il6). 

SCRNASEQ DATA ANALYSIS – CELLCHAT 

Communication link between cell populations were identified using the CellChat R package. 

Only epithelial and fibroblast clusters were used for this analysis. Interactions between the 

different clusters were identified based on the mouse Secreted Signaling internal CellChat 

database. Interactions identified in less than 5 cells per group were filtered out. Interactions 

between groups were visualized using the netVisual_chord_gene function. 
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IMMUNOHISTOCHEMISTRY 

For immunohistochemistry, the harvested mammary glands were fixed with 4% PFA 

overnight, washed with PBS 6 times for 10 minutes each and transferred into 70% ethanol. 

The tissues were further processed by histopathological platform of Institut Curie or Faculty 

of Medicine of Masaryk University. Briefly, the tissues were dehydrated in series of ethanol, 

transferred into xylene and melted paraffin and cooled down in paraffin in histological 

molds. 5 µm tissue sections were cut on microtome and transferred on Superfrost glass 

slides for routine histology or Superfrost plus for immunohistochemistry. The slides were 

let to dry completely at 60°C overnight before storage at RT. 

Before staining, the slides were rehydrated by dipping 2 times for 5 minutes each in 

xylene and then in a series of ethanol of decreasing concentration (2 times 100%, 95%, 70%) 

for 5 minutes each, while rocking occasionally before transferring into dH2O for 10 minutes. 

Next the antigen retrieval was performed by transferring the slides into pH6 or pH9 antigen 

retrieval buffer and incubating them in a water bath at 96°C for 25 minutes. The slides were 

left to cool down in the antigen retrieval buffer for at least 40 minutes. The slides were 

washed in PBS for 5 minutes and then the hydrophobic barrier was created with a 

histological marker, carefully avoiding the section to dry.  

The sections were incubated in IHC blocking buffer for 30 minutes at RT in a wet 

chamber. Then primary antibodies diluted in blocking buffer were applied and incubated 

overnight at 4°C in the wet chamber. The next day the slides were washed 3 times for 10 

minutes with IHC wash buffer while shaking. Then, secondary antibodies diluted in PBS were 

applied together with 1 µg/ml DAPI and incubated for 2 hours at RT in the wet chamber in 

dark. After that the slides were washed 3 times for 10 minutes with IHC wash buffer while 

shaking, rinsed in PBS and mounted with aqueous mounting medium. 

pH6 antigen retrieval buffer  250 ml 

0.1 M sodium citrate 24 ml 

0.1 M citric acid 1 ml 
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dH2O 225 ml 

Store at RT and use within a month. May be reused 3 times. 

 

pH9 antigen retrieval buffer  1000 ml 

1 M Tris 10 ml 

1 M EDTA 1 ml 

dH2O 989 ml 

Adjust the pH to 9 and store at RT; use within a month. May be reused 3 times. 

 

IHC blocking buffer  5 ml 

FBS 250 µl 

10% BSA in PBS 1000 µl 

PBS 3750 µl 

Always prepare fresh. 

 

IHC wash buffer  1000 ml 

Tween20 500 µl 

PBS Up to 1000 ml 

Mix well and store at RT. 

 

 Antibodies for IHC 

Target Species Clone Conj. Manufacture

r 

REF # Retri

eval 

Dilution 

αSMA Mouse 1A4 - Sigma A2547 pH6 1:400 

αSMA Mouse 1A4 Cy3 Sigma C6198 pH6 1:400 

β-catenin Mouse 14 - BD 610154 pH9 1:50 

NES Mouse Rat-401 - Millipore MAB353 pH6 1:100 
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MYH10 Rabbit Polyclonal - BioLegend #19099 pH6 1:200 

VIM Rabbit D21H3 - Cell Signaling #5741 pH6 1:300 

CD34 Rat MEC 14.7 - Abcam ab8185 pH6 1:50 

PDGFRα Rabbit D1E1E - Cell Signaling #3174 pH9 1:200 

COL1A1 Rabbit E8F4L - Cell Signaling #72026 pH6 1:100 

SDC1 Rat 281-2 - BD #553712 pH6 1:400 

TNC Rat MAB2138 - R&D #578 pH6 1:30 

DPP4 Rabbit EPR18215 - Abcam ab187048 pH6 1:200 

CD39 Rabbit E2X6B - Cell Signaling #14481 pH6 1:200 

KRT8 Rat TROMA-I - DSHB  TROMA-I pH6 1:200 

GFP Chicken - - Novus Biol NB100-1614 pH6 1:300 

SCA1 Rat E13-161.7 biotin Beckton Dick 

co. 

553334 pH6 1:100 

Various secondary antibodies coupled with AF488, Cy3, AF594, Cy5 (ThermoFisher), 1:200 

 

IN SITU HYBRIDIZATION 

In situ hybridization was performed on formalin fixed, paraffin embedded samples using the 

RNA Scope kit (ACD/Bio-Techne) following the manufacturer’s instructions. The 

commercially available probes used are listed below. The stained sections were mounted 

with polymount medium and examined on a laser scanning confocal microscope. The 

quantification was performed manually in Image J, using DAPI as a marker of cells, and 

determining positive cells as 3 or more dots for Enpep, Thbs1 and Ly6a, and cytoplasm full of 

dots for F3, Tnc, Pi16 and Mfap4. 

RNA Scope probes  

Target Manufacturer Reference # channel 

Mfap4 ACD 421391 C1 

Tnc ACD 465021-C2 C2 



FIBROBLAST SIGNALING PATHWAYS IN REGULATION OF MAMMARY GLAND MORPHOGENESIS 

 

62 
 

Pi16 ACD 451311-C3 C3 

F3 ACD 448691 C1 

Enpep ACD 862211-C3 C3 

Thbs1 ACD 457891-C3 C3 

 

MAMMARY FRAGMENT TRANSPLANTATION 

For the transplantation assay, the grafts were a 0.5x0.5 mm pieces of the mammary gland 

containing epithelial duct harvested by microdissection of #4 mammary gland from 5 weeks 

old R26-mT/mG female under the control of a stereoscope with fluorescence. The tissue for 

engraftment was kept in CO2 independent medium on ice before transplantation for no 

longer than 6 hours. 3 weeks old nude mice were used as host. The mice were anesthetized 

with isoflurane, disinfected and a reverse Y-shaped cut was made on the abdomen, exposing 

both #4 mammary glands. Next, the supplying blood vessels were cauterized and the 

proximal part of the gland (from nipple to lymph node, containing the rudimental epithelial 

tree) was cut out. In the remaining fat pad, a small pocket was incised using iris scissors and 

the graft was transplanted into it. Immediately after that the skin was overlayed and closed 

with a biodegradable suture (vicryl). The mice were observed daily and supplied with 0.2 

mg/ml ibuprofen in drinking water for the first two weeks for analgesia. 3.5 weeks after 

transplantation, the mice were sacrificed and the mammary glands harvested for analysis. 

STATISTICAL ANALYSIS 

Sample size was not determined a priori and investigators were not blinded to experimental 

conditions. In the manuscript 1, statistical analysis was carried out in GraphPad Prism 

software in manuscript 2 in R using stat_compare_means function or geom_signif function of 

ggplot2 package. For comparing percentage, the chisq.test was used. N denotes number of 

samples used for statistical analysis, n denotes number of independent biological replicates, 

n.s. means not significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. The box plots 

show median, the box borders are Q2-Q3, the whiskers are minimum to maximum, big points 

are predicted outliers, dots show single samples.  
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4 Discussion 

Contractile (myo)fibroblasts in development 

The results I obtained during my PhD have demonstrated that mammary fibroblasts can 

acquire a contractile phenotype. I observed this initially in vitro, when I found that 

contractile fibroblasts promote epithelial organoid budding in co-cultures (Sumbal et al., 

2024a). Then, we further probed the heterogeneity of mammary fibroblasts in vivo and 

discovered the existence of contractile fibroblasts. This was only possible due to the 

microdissection that enriched for cells close to the epithelial TEBs, because peri-TEB 

fibroblasts are temporally and spatially associated with the growing tips of the mammary 

epithelium (TEBs) (Sumbal et al., 2024b). While contractile fibroblasts are commonly found 

in healing wounds, fibrosis or cancer, the presence and function of contractile fibroblasts in 

normal organ development is much less investigated. In fact, contractile fibroblasts could be 

easily mistaken for other cell types like pericytes if only probed by single cell sequencing 

and, therefore, we made a big effort to test that peri-TEB fiborblasts are indeed fibroblasts 

by immunohistochemical methods as well. 

Contractile fibroblasts have been associated with chicken feather bud patterning 

(Shyer et al., 2017) and recently, concomitantly with our findings in the mammary gland, two 

important studies discovered a crucial mechanical role of fibroblasts in hair follicle 

development (Villeneuve et al., 2024) and intestinal villi formation (Huycke et al., 2024). In 

mammary gland development , however, it remains to be determined what is the mechanical 

role of contractile fibroblasts and if they are necessary for branching. Based on the drop-like 

shape of TEBs and the positioning of contractile fibroblasts around the neck of the growing 

ductal tips, we hypothesize that fibroblasts encircle the growing epithelium and squeeze it 

to propel it forward in a toothpaste-like manner. Our in vitro data from organoids (Sumbal et 

al., 2024a) and similar studies from embryonic lung branching (Kim et al., 2015; Palmer et al., 

2021) indeed suggest that fibroblasts can generate mechanical forces able to deform or 

displace epithelia. For such a compressive role, fibroblasts would need to create a 

supracellular structure akin to intestinal CAFs (Barbazan et al., 2023) and indeed we found 



FIBROBLAST SIGNALING PATHWAYS IN REGULATION OF MAMMARY GLAND MORPHOGENESIS 

 

64 
 

that the peri-TEB fibroblasts create a histologically specific stroma composed of several 

layers of concentric fibroblasts and express a specific set of ECM proteins and integrins that 

could instruct and direct their function. 

Fibroblast heterogeneity 

The recognition of cell heterogeneity sky-rocketed with the recent advancement in single-

cell genomic techniques. The need to describe stromal cell heterogeneity is evident in the 

mammary gland from the growing number of recent articles describing different mammary 

fibroblast populations in the normal gland (Houthuijzen et al., 2023; Kanaya et al., 2019; Li et 

al., 2020b; Li et al., 2024; Yoshitake et al., 2022) and in breast cancer (Bartoschek et al., 2018; 

Croizer et al., 2024; Foster et al., 2022; Kieffer et al., 2020) determined by scRNAseq. The 

novelty of our study lies in the analysis of fibroblasts in the specific developmental window 

of puberty: an active morphogenetic stage in mammary branching development that we 

further refined by enriching our samples with TEB-containing parts by manual 

microdissection. Moreover, we generated a detailed spatial atlas, positioning all the 

fibroblast clusters we identified by single cell RNA sequencing, including previously 

described ones, in relation to their position within the mammary gland histology. Altogether, 

our pubertal-specific single cell transcriptome with spatial information opens the 

perspectives of further advanced studies about mammary fibroblasts. For example, using 

mammary fibroblasts in co-culture notoriously gives heterogenous results (Koledova and Lu, 

2017; Sumbal and Koledova, 2019; Sumbal and Sumbalova Koledova, 2024; Yuan et al., 2023), 

that even led to their replacement with non-mammary feeder cells in recent co-culture 

systems (Yuan et al., 2023), therefore hindering the faithful recapitulation of in vivo 

physiology. With the new knowledge that our experiments provide, new lines of research 

may be able to use specific fibroblast populations from defined developmental times to 

obtain more robust and reproducible results. Moreover, the new insight into fibroblast 

heterogeneity warrant further research into functional relationship within the different 

fibroblasts clusters and between fibroblast cluster and other cells, including epithelium and 

immune cells. 
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Fibroblast origins and fate 

Hand-in-hand with the recognition of fibroblast heterogeneity comes our effort to 

understand the lineage relation of different fibroblast populations across developmental 

stages. Similar lineage tracing experiments have been performed to investigate epithelial 

stem cell lineages in many tissues, resulting in our deep understanding of clonal 

relationships and hierarchies of stem cells that promises future improvement of clinical 

management of cancer, including patient stratification and treatment, and tissue 

engineering. While some studies have tried to genetically track normal fibroblasts that 

become CAFs to uncover the origin of CAFs from specific fibroblast populations (Houthuijzen 

et al., 2023), the unequivocal interpretation of the results from these studies suffered from 

the use of mouse Cre lines which were not sufficiently specific or exclusive of a defined cell 

cluster. Similarly, the specificity of the Cre lines we have used remains one of the limitations 

of our study, due to promiscuous expression of the Cre drivers. The αSMA-CreERT2 line is 

not only expressed in peri-TEB fibroblasts but also in mammary myoepithelial basal cells, 

pericytes and other mural cells; similarly, the Notch1-CreERT2 line is expressed by peri-TEB 

and peri-ductal fibroblasts but also by luminal epithelial cells and endothelial cells and 

pericytes. Despite these limitations, our results do not suggest the existence of rigid lineage 

relationships but rather reveal the extensive plasticity of fibroblasts. To fully understand the 

hierarchical relationships between fibroblast populations found during mammary 

embryonic development (Carabaña et al., 2024), puberty (Houthuijzen et al., 2023; Li et al., 

2024; Sumbal et al., 2024b), adult homeostasis, different oestrus cycle, lactation and 

involution (Kanaya et al., 2019; Li et al., 2020b; Yoshitake et al., 2022) or breast cancer 

(Bartoschek et al., 2018; Foster et al., 2022), the generation of novel Cre lines specific for 

defined fibroblast populations is of paramount importance, and we are currently 

undertaking this research direction. Moreover, further elucidation of signaling pathways 

that govern changes in fibroblast states should bring more insights into how the 

heterogeneity of fibroblasts is regulated.  
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Stromal influence on epithelial biology 

Taken together, our studies generated a paradigm shift in fibroblast biology, considering 

these cells as mechanically active units able to generate forces that shape epithelial 

development, via secretion of growth factors and ECM components, as well as providing 

signaling positional cues and generating forces acting on developing epithelia. Moreover, we 

described the relationships between different populations of fibroblasts in mammary 

development, showing that the contractile phenotype is specifically acquired by fibroblasts 

neighboring the growing epithelial TEBs. We foresee that further studies into mammary 

fibroblast biology will help to elucidate the relations between normal and pathological 

fibroblasts, identify potentially druggable signaling pathways that govern changes in 

fibroblast phenotypes and enable ways to indirectly impact epithelial biology by changing 

the surrounding fibroblasts. Such a possibility would be beneficial for basic research as well 

as cancer therapy or tissue engineering. 
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Appendix A: Fibroblast-induced mammary epithelial 

branching depends on fibroblast contractility 

The first appendix is the published article in PLOS Biology. The paper is described and 

discussed in the preface 1. For the best possible experience, I recommend you to visit the 

publisher’s website at doi.org/10.1371/journal.pbio.3002093, that contains 

supplementary information including movies of the time-lapse experiments.  
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S11 Fig. 

  



FIBROBLAST SIGNALING PATHWAYS IN REGULATION OF MAMMARY GLAND MORPHOGENESIS 

 

126 
 

Appendix 2: Contractile fibroblasts are recruited to the 

growing mammary epithelium to support branching 

morphogenesis 

The second appendix is a bioRxiv preprint, currently under revision. 
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