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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 prace je zamérena na fibroblasty, bunky mezenchymu/stromatu, a jejich roli pii vétvici
morfogenezi epitelu. Hlavni ¢ast prace tvori dva ¢lanky, z nichZ jeden je opublikovan a jeden

v recenznim Fizeni. Prvni studie popisuje funkéni dlohu fibroblastl na vétvici morfogenezi

7 v12

mlécné zlazy v systému kokultur in vitro a identifikuje kontraktilitu fibroblastti jako novy

faktor ovliviujici vétveni mlécné zlazy. Navazujici studie se zaméruje na morfogenezi mlécné
zlazy pubertalnich mysi in vivo a predevSim na nové popsanou kontraktilitu fibroblastt.

7 w12

Poskytuje komplexni analyzu jednotlivych bunék fibroblastli béhem vétveni mlécné zZlazy,

vCetné charakterizace, prostorové distribuce, pivodu a osudu kontraktilnich fibroblasti.
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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

Vétvici morfogeneze epitelu je proces vytvareni organové specifickych tvari epitelu, které
jsou klicové pro spravnou funkci organu, a je vyznamné ovliviiovana interakcemi mezi
epitelovymi buinikami a jejich stromalnim mikroprostredim. Tato prace zkouma roli
kontraktility fibroblasti v morfogenezi vétveni epitelu mlécné zlazy pomoci systémi
spolec¢né kultivace, Casosbérného zobrazovani, sekvenovani RNA jednotlivych bunék,
prostorového mapovani a sledovani linii in vivo. NaSe zjisténi in vitro ukazuji, Ze fyzicky
kontakt mezi fibroblasty a epitelovymi builkami je spolu s kontraktilitou fibroblastt
nezbytny pro indukci vétveni mlécného epitelu. Inhibice ROCK nebo nesvalového myosinu
I, nebo vyrrazeni Myh9 specificky ve fibroblastech tento proces narusuje. In vivo jsme objevili
prechodnou, niku tvorici populaci specializovanych kontraktilnich fibroblastii, které se
lokalizuji kolem termindalnich koncovych pupenti (TEB) pubertalnich mysich mlé¢nych zlaz
a rekrutuji se z okolniho tukového polsStare. NasSe vycCerpavajici charakterizace pomoci
funk¢nich kokultur organoidi s fibroblasty ukazuje, Ze rtizné populace fibroblastii mohou
pii pfimém kontaktu s epitelem ziskat kontraktilni vlastnosti, coZ podporuje morfogenezi.
Tato studie poskytuje komplexni pohled na heterogenitu fibroblasti mlécné zZlazy, jejich
funk¢ni vyznam pro morfogenezi vétveni a hierarchii jejich linii béhem vyvoje mysi mlécné
zlazy, identifikuje kontraktilitu fibroblastl jako novy stromalni faktor tridici morfogenezi
mamarniho epitelu a prispiva k hlubsimu pochopeni role mechanicky aktivnich fibroblastt

ve vyvojovych i nadorovych souvislostech.
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Abstract in French

La morphogenese des ramifications épithéliales est un processus de création de formes
épithéliales spécifiques a un organe, cruciales pour le bon fonctionnement de 1'organe. Elle
est influencée de maniére significative par les interactions entre les cellules épithéliales et
leur microenvironnement stromal. Cette these étudie le role de la contractilité des
fibroblastes dans la morphogenése des ramifications de 1'épithélium mammaire en utilisant
des systemes de co-culture, I'imagerie time-lapse, le séquencage de 'ARN d'une seule cellule,
la cartographie spatiale et le tracage de la lignée in vivo. Nos résultats in vitro révelent que
le contact physique entre les fibroblastes et les cellules épithéliales, ainsi que la contractilité
des fibroblastes, sont essentiels pour induire la ramification de 1'épithélium mammaire.
L'inhibition de ROCK, de la myosine Il 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 a partir du coussinet adipeux environnant. Notre caractérisation
exhaustive a l'aide de co-cultures fonctionnelles organoide-fibroblaste démontre que
différentes populations de fibroblastes peuvent acquérir des caractéristiques contractiles au
contact direct de 1'épithélium, favorisant ainsi la morphogenese. Cette étude fournit des
informations completes sur I'hétérogénéité des fibroblastes mammaires, leur pertinence
fonctionnelle pour la morphogenése 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 morphogenese épithéliale
mammaire et contribuant a une compréhension plus profonde des roles des fibroblastes

mécaniquement actifs dans les contextes développementaux et tumorigenes.
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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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Résumeé grand public

La forme et la structure interne de I'organe sont importantes pour sa fonction. Dans cette
theése, j'ai étudié le développement de la glande mammaire dans un modeéle 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 maniere 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 systeme de co-culture, ou 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 I'homme, la glande mammaire de la souris connait 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 role 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 suggeére une communication bidirectionnelle entre les deux
compartiments cellulaires. Dans I'ensemble, cette recherche offre de nouvelles perspectives
sur le role 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

etal., 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
A epithelium-intrinsic forces

also shape fully adhesive eplthehal cell growth leader cell migration collective cell migration

sheets. Apical constriction is the - i / \
asymmetric contraction of only the | — % - @ —
apical actomyosin network that ¥ | N

results in bending of epithelial apical constriction cell telescoping basal cell contraction

sheets (Figure 1A) during neural - | !
tube development, gastrulation, @ %jjj TQ

intestinal crypt formation or

B epithelium-extrinsic forces
Drosophila salivary gland _ .
ECM obstacle ECM guidance stromal cell contraction
morphogenesis (Martin and A
Goldstein, 2014; Navis and Nelson, %
2016). Similarly, basal constriction \ —

can bend an epithelium during

optic cup development (Martinez- Figure 1. Forces shaping epithelial tissues. A. Schematic representations of
cell behaviours that generate epithelium intrinsic forces. B. Epithelium-

Morales et al., 2009; Okuda et al., extrinsic factors that interfere with epithelial forces or generate forces that
originate from extra-epithelial space.

2018). Contractility-dependent cell
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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 (Diaz-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-

24



FIBROBLAST SIGNALING PATHWAYS IN REGULATION OF MAMMARY GLAND MORPHOGENESIS

transplantation of  Kkidney
embryonic epithelium into lung
mesenchyme lead to lung-like
branching of the kidney
epithelium (Lin etal., 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

A embryonic tissue transplantation

salivary epithelium mammary epithelium

salivary mesenchyme mammary mesenchyme

© ¥ Y

lung epithelium kidney epithelium
lung mesenchyme kidney mesenchyme
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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.

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

A from Wirchow, 1858 B from Ziegler, 1895
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Figure 3. Fibroblast morphology. A. Illustration of spindle-shaped cell of connective tissue by R. Wirchow. B. [lustration 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 PDGFRa 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 (Osterreicher 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 (aSMA) 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 aSMA, 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 (Desmouliére et al., 2005). During fibrosis, the traction forces
and aberrant ECM deposition caused by myofibroblasts hyperactivation alters the tissue
micro-architecture and biomechanical properties thatleads to aloss of other cell types, cease

in organ-specific function and in some cases,

tumorigenesis. Fibrosis is a leading cause of ECM production

death in developed world, being involved in o o 00,)(‘
more than 50 % of deaths (Friedman et al., ggi\é\'o ~ 3};‘/
2013). Therefore, understanding the §$°b * X 49'_
molecular cues that regulate fibroblast

activation is an outstanding need in \&o %\?Q
biomedical research. Much less is known 6?3 O é?b
about the involvement of fibroblast 696 é\g
contractility in normal organ development. ® mesenchymal ‘((/

Recently, fascinating studies reported the progenitors

mechanical role of contractile fibroblasts in Figure 6. Fibroblast functions. Schematic depiction of various
. functions executed by fibroblasts.

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
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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
Scal 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

embryogenesis  embryogenesis puberty adulthoo
(E14.5) (E17.5) (TEB) (estrus)

pregnancy lactation involution

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.

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; Sakakuraetal., 1982). There are however other fibroblasts a bit further from epithelium
that can communicate with the bud by sending paracrine signals - dermal mesenchyme

(Carabafa et al., 2024) and fat pad precursor (Sakakura et al., 1982). On E15.5-E16.5 the
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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 (Carabafia 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
(Luetal., 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 (Bihler 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
B
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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
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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.

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
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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 aSMA 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
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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.

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
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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°Cand 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 EAU 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-CreERT?2 (Wendling et al., 2009) The Jackson Laboratory
LifeAct-GFP (Riedl et al., 2010) Wedlich-Soldner team
Myhofl/fl (Conti et al., 2004) Sara Wickstrom
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Nu/] (Flanagan, 1966) LABEFMU

Notch1-CreERT2 (Freetal., 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 300g
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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 pl 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 pl 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 pl 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 pl aliquots and keep at -20°C for several months

Collagenase solution (10 ml for tissue from one mouse)

Collagenase stock 400 pl
Trypsin stock 400 pl
Gentamycin 40 mg/ml 12 ul
Insulin-transferrin-selenium (ITS; 1 mg/ml insulin, 0.55 mg/ml | 100 pl
transferrin, 0.67 pg/ml selenium)

Fetal bovine serum (FBS) 500 ul
DMEM/F12 8.6 ml
BSA coating solution (2.5 % in PBS)

Bovine serum albumin (BSA) lg
PBS 40 ml

Keep at 4°C, after each use, sterilize by 0.22 pum filtration.
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Basal organoid medium (BOM)
DMEM/F12 with HEPES 49 ml

Penicilin /Streptomycin (10,000 U penicillin, 10,000 pg | 500 pl

streptomycin per 1 ml)

Insulin-transferrin-selenium (ITS) 500 pl

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 pl of red blood cell (RBC) lysis buffer and
filtered through a 40 pm 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 pl 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 pl of Flow buffer and filtered through the tube cap 30 um 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 pl of 10% FBS in CO2 independent media.

RBC lysis buffer

NH4CI 8.02¢g
NaHCOs 1lg
EDTA 0.0372 g
Distilled H20 (dHz0) 1000 ml
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Add the solid chemicals in 800 mL of dH20 and mix, adjust pH to 7.2-7.4. Add dH20 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 ul

Flow buffer

EDTA 0.5 M pH8 500 pl

BSA 10% in PBS 5ml

FBS 500 pl

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 APAS BV421 BioLegend #135923 1:50

CD39 Rat 24DMS1 | PE-Cy7 eBioscience | 25-0391- 1:200

80

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

DPP4 Rat H194- APC BioLegend #137807 1:200
112
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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 % CO:2 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 5ml 20 ml
Penicilin/Streptomycin 500 pl 2 ml
Insulin-transferrin-selenium (ITS) 500 pl 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 Myh9/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 Biirker 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 ul of Matrigel for bright-field imaging in a 24 well-plate or 120
organoids, 30,000 fibroblasts and 30 ul of Matrigel for confocal imaging on IBIDI 8-well p-
Slide.

15 minutes prior plating, the wells of the cell culture vessel were coated by 10 pl 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 pl
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% COx2.
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 pm 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 um pore size.

For a sandwich co-culture, fibroblasts were seeded in Matrigel as a round patch
(50,000 fibroblasts in 30 pul of Matrigel). After 10 minutes, the patch was overlayed with 10
ul of Matrigel and after another 10 minutes with Matrigel with organoids (30 pl of Matrigel
and 200 organoids).

For an aggregate co-culture, 2000 organoids were mixed with 5*10> 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 pl 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 pl 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 pl)

MEM, 10x 35ul
NaOH, 1 M 8.21 ul
H20 (distilled, sterile) 36.79 ul
Collagen 1 from rat tail, 4.63 mg/ml (Corning) 270 wl

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 pl

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 pl

FBS 250 pl

PBS 3,750 ul

Triton X-100 25l

Store at 4°C and use in a week.

Antibodies for fibroblast immunocytochemistry

Target Species | clone Conjugation | Manufacturer | REF # Dilution
aSMA Mouse | 1A4 - Sigma A2547 1:400
aSMA Mouse | 1A4 Cy3 Sigma C6198 1:400
B-catenin | Mouse | 14 - BD 610154 1:50
NES Mouse | Rat-401 - Merck/Milipore | MAB353 | 1:100
MYHO 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,

1:200

Cy5 (ThermoFisher),
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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 ul
of PBS. The staining steps are the same as in ‘Immunocytochemistry of 3D co-cultures’, but
all are 20 pl 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 pg/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 15g
dH20 35 ml

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

CUBIC-2 100 g

Urea 25¢g
Sucrose 50g
2,2’,2"”-nitrilotriethanol 10g
Triton X-100 100 pl
dH:20 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
aSMA | Rabbit | 1A4 - Novus Biol NB600-531 1:200
aSMA | 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 TagMan 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 [ Master Mix on LighCycler 480 II (both Roche). Relative gene expression was
calculated using the AACt method and normalized to housekeeping genes. The list of primers

used is below.

Gene Forward primer (5’-3’) Reverse primer (5’-3’) Length
symbol [bp]
Actb GGCTGTATTCCCCTCCATCG CCAGTTGGTAACAATGCCATGT 154
Eeflg | 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 COz-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 Il and 100 pg/ml DNase I. Then the cells were treated with RBC lysis buffer
and filtered through a 40 um 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

57



FIBROBLAST SIGNALING PATHWAYS IN REGULATION OF MAMMARY GLAND MORPHOGENESIS

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 (Collal, Col3al, 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, Pil6, Sema3c, Gap43, Bmp7, Dect2, Dpp4, Wnt2), group 2
(Ggt5, Fabp4, Pparg, Vcam1, Bmper, Cd36, RarresZ2, 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, Col4al, Sparcll, Cxcl14, Hmgcs1, Col6a3, Smoc2,
Col5a3, Col4a2), Fib_2 (Postn, Mfap4, Scg3, Penk, Tnc, Apoe, Enpp2, Mdk, Srpx, Thbs1) and
Fib_3 (Gdf10, F3, Gasé6, Cxcl12, Cst3, Tmem176b, FmoZ, Inmt, Mgp, 116).

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 um 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 dH20 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 [HC 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 [HC wash buffer while shaking. Then, secondary antibodies diluted in PBS were
applied together with 1 ug/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 1ml
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dH20 225 ml
Store at RT and use within a month. May be reused 3 times.

pHO antigen retrieval buffer 1000 ml

1 M Tris 10 ml
1M EDTA 1 ml
dH20 989 ml

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

[HC blocking buffer 5 ml
FBS 250 pl
10% BSA in PBS 1000 pl
PBS 3750 pl
Always prepare fresh.
[HC wash buffer 1000 ml
Tween20 500 pul
PBS Up to 1000 ml
Mix well and store at RT.
Antibodies for IHC
Target Species | Clone Conj. | Manufacture | REF # Retri | Dilution
r eval
aSMA Mouse | 1A4 - Sigma A2547 pH6 1:400
aSMA Mouse | 1A4 Cy3 Sigma C6198 pH6 1:400
B-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

PDGFRa | Rabbit | D1E1E - Cell Signaling | #3174 pHO9 1:200
COL1A1 Rabbit | ESF4L - 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-T | - DSHB TROMA-I pH6 | 1:200
GFP Chicken | - - Novus Biol NB100-1614 | pH6 1:300
SCA1 Rat E13-161.7 | biotin | Beckton Dick | 553334 pH6 1:100

co.

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 |, 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
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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
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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.

64



FIBROBLAST SIGNALING PATHWAYS IN REGULATION OF MAMMARY GLAND MORPHOGENESIS

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 aSMA-CreERTZ line is
not only expressed in peri-TEB fibroblasts but also in mammary myoepithelial basal cells,
pericytes and other mural cells; similarly, the Notch1-CreERTZ 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 (Carabafia 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, | 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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Abstract

Epithelial branching morphogenesis is an essential process in living organisms, through
which organ-specific epithelial shapes are created. Interactions between epithelial cells and
their stromal microenvironment instruct branching morphogenesis but remain incompletely
understood. Here, we employed fibroblast-organoid or fibroblast-spheroid co-culture sys-
tems and time-lapse imaging to reveal that physical contact between fibroblasts and epithe-
lial cells and fibroblast contractility are required to induce mammary epithelial branching.
Pharmacological inhibition of ROCK or non-muscle myosin Il, or fibroblast-specific knock-
out of Myh9 abrogate fibroblast-induced epithelial branching. The process of fibroblast-
induced branching requires epithelial proliferation and is associated with distinctive epithelial
patterning of yes associated protein (YAP) activity along organoid branches, which is
dependent on fibroblast contractility. Moreover, we provide evidence for the in vivo exis-
tence of contractile fibroblasts specifically surrounding terminal end buds (TEBs) of pubertal
murine mammary glands, advocating for an important role of fibroblast contractility in
branching in vivo. Together, we identify fibroblast contractility as a novel stromal factor driv-
ing mammary epithelial morphogenesis. Our study contributes to comprehensive under-
standing of overlapping but divergent employment of mechanically active fibroblasts in
developmental versus tumorigenic programs.

Introduction

Efficient formation of large epithelial surfaces in limited organ volumes is achieved through
branching morphogenesis [1]. The underlying processes of epithelial morphogenesis, includ-
ing epithelial cell proliferation, migration, intercalation, differentiation, and death, are regu-
lated by both internal genetic programs as well as external cues provided by systemic signals
(such as hormones) and local organ-specific microenvironment [1-3]. The mammary gland is
the ideal tissue paradigm for stochastically branching epithelia. Mammary morphogenesis
starts in the embryo, but the majority of branch bifurcations and ductal elongation takes place
postnatally during puberty. During this time epithelial morphogenesis is driven by terminal
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end buds (TEBs), bulb-shaped structures containing proliferative stratified epithelium that
invades the surrounding mammary stroma [4].

The microenvironment of the mammary epithelium is a dynamic entity that consists of
extracellular matrix (ECM) and stromal cells, including fibroblasts. Fibroblasts lay adjacent to
the epithelium and have been well recognized as master regulators of mammary epithelial
morphogenesis during puberty through production of growth factors [5-9] and ECM mole-
cules [5,7,9-14] necessary for mammary epithelial growth and branching [15]. However, the
dynamics of the epithelial-fibroblast interactions during mammary branching morphogenesis
as well as whether fibroblasts contribute to shaping of mammary epithelium through addi-
tional mechanisms have remained unknown.

Microenvironment of several developing organs has been shown to govern epithelial pat-
terning by dynamic cues of mechanically active cells. Dermal cells in chick skin determine
feather buds by mechanical contraction [16], intestinal vilification is dependent on compres-
sion by smooth muscle cells [17], and embryonic lung mesenchyme promotes epithelial bifur-
cation by mechanical forces [18-20]. However, it has not been elucidated whether the
mammary microenvironment contains an instructive component of mechanically active cells
as well.

To answer this question, we performed live imaging and functional analysis of co-cultures
of primary mammary epithelial organoids (isolated epithelial fragments with in vivo like archi-
tecture consisting of inner luminal and outer myoepithelial (basal) cells) with primary mam-
mary fibroblasts. Analogously to primary mammary organoids treated with fibroblast growth
factor 2 (FGF2), a well-established model of mammary branching morphogenesis driven by
paracrine signals [21], our in vitro co-culture model provides a unique window into fibro-
blast-epithelial interactions during pubertal mammary branching morphogenesis. It enables
visualization of stromal fibroblasts during dynamic morphogenetic processes, which are other-
wise largely inaccessible in vivo due to light-scattering properties of mammary adipose tissue.
In this work, we show that physical contact between fibroblasts and epithelial cells, and acto-
myosin-dependent contractility of fibroblasts are required for branching morphogenesis. We
demonstrate successful reconstitution of budding morphogenesis by 3D co-culture of contrac-
tile fibroblasts in breast cancer spheroids that normally do not form buds. Moreover, by com-
bining contractile fibroblasts with strong proliferative signals we reproduce TEB-like
branching morphogenesis in organoid cultures and reveal localization of contractile fibroblasts
around TEBs in the mammary glands, suggesting a role for fibroblast contractility in vivo. Our
results reveal a novel role of fibroblast contractility in driving epithelial branching
morphogenesis.

Results

Fibroblast-induced branching of organoids does not reproduce
FGF2-induced budding

To uncover the role of fibroblasts in epithelial morphogenesis, we investigated differences
between organoid budding induced solely by paracrine factors (using primary mammary orga-
noids exposed to exogenous FGF2) and organoid branching induced by fibroblasts (using
organoids co-cultured with primary mammary fibroblasts in the absence of any exogenous
growth factor). Addition of FGF2 or fibroblasts to mammary organoid cultures both induced
branching of epithelial organoids (Fig 1A and 1B and S1 Movie) but examination of the result-
ing organoid morphogenesis revealed important differences in dynamics and epithelial archi-
tecture in the 2 conditions. First, organoids co-cultured with fibroblasts developed bigger
branches, but the branches were less numerous (Fig 1A, 1C and 1D). Second, they branched
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Fig 1. Fibroblast-induced branching of organoids does not reproduce FGF2-induced budding. (A) Snapshots from time-

lapse imaging of primary mammary organoids in basal organoid medium (basal M) without any FGF supplementation (top),
basal M with FGF2 (middle), or co-cultured with primary mammary fibroblasts (fibro) in basal M with no FGF
supplementation (bottom). Scale bar: 100 um. Full videos are presented in S1 Movie. (B) Quantification of percentage of
branched organoids per all organoids in the conditions from (A). The plot shows mean + SD, each dot represents biologically
independent experiment, n = 3. Statistical analysis: Two-tailored t test. (C) Quantification of branch thickness from
experiments in (A). The plot shows mean + SD, each dot represents a biologically independent experiment, n = 3. Statistical
analysis: Two-tailored t test. (D) Quantification of number of branches per branched organoids in conditions from (A). The
plot shows mean + SD, each lined dot shows mean from each experiment, each faint dot shows single organoid measurement,
n = 3 biologically independent experiments, N = 20 organoids per experiment. Statistical analysis: Two-tailored t test. (E)
Quantification of organoid circularity in conditions from (A). The lines represent mean, the shadows and error bars
represent + SD, n = 3 biologically independent experiments, N = 20 organoids per experiment. The schemes show
representative shape of indicated circularity. (F) Detailed images of branch development in co-culture with fibroblasts from
(A). Scale bar: 20 um. (G) MIP of F-actin (red), DAPI (blue), and PDGFRu (white) in organoid with exogenous FGF2 or with
fibroblasts (fibro). Zoom-in area from the box is depicted as MIP and single z slices. The asterisks denote lumen. Scale bar:
100 um. (H) A scheme depicting differences between organoid budding induced by exogenous FGF2 and organoid branching
in a co-culture with fibroblasts. The data underlying the graphs shown in the figure can be found in S1 Data. FGF2, fibroblast
growth factor 2; MIP, maximum intensity projection.

https://doi.org/10.1371/journal.pbio.3002093.9001

half-day to 1 day earlier than organoids treated with FGF2 (Fig 1A and 1E) and the branches
were developed rapidly, including the development of negative curvature at the root of the
branch (Fig 1F). Third, while FGF2-induced epithelial branching involved epithelial stratifica-
tion as previously reported [21], co-culture with fibroblasts did not perturb the epithelial
bilayer with its lumen (Fig 1A and 1G). These results suggest that fibroblasts and exogenous
FGF2 drive organoid branching by different mechanisms.

While the mechanism of FGF2-induced organoid budding was previously described in
detail to begin with epithelial proliferation and stratification [22] followed by budding and
ERK-dependent and proliferation-independent bud elongation [23], how fibroblasts induce
organoid branching remains unanswered (Fig 1H).
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Endogenous paracrine signals are not sufficient to induce organoid
branching in co-cultures

The ability of exogenous FGF2 to promote organoid budding [21] (Fig 1A) well demonstrates
the importance of paracrine signals for epithelial branching, although FGF2 amount used in in
vitro branching assays likely exceeds physiological values in vivo. Therefore, we sought to
determine, whether endogenous FGFs or other paracrine signals produced by fibroblasts in
co-cultures [5,7] are sufficient to drive organoid branching. First to test the involvement of
FGF signaling, we inhibited either FGF receptors (FGFRs) using SU5402, or ERK, a common
signaling node of all receptor tyrosine kinases using U0126. As expected, both inhibitors abol-
ished branching induced by exogenous FGF2 (Fig 2A and 2B). However, in the co-cultures
with fibroblasts, the same concentration of inhibitors did not abolish branching, albeit slightly
reduced organoid growth (Fig 2A and 2B), suggesting that paracrine signaling via FGFR-ERK
pathway is not the only mechanism driving organoid branching.

To probe the involvement of other paracrine signaling pathways in fibroblast-induced orga-
noid branching, namely to test if fibroblast paracrine signaling alone is sufficient to induce
organoid branching, or if other mechanisms involving fibroblast-epithelial proximity or con-
tact are involved, we performed an array of different types of organoid (co-)culture set-ups
(Fig 2C, top). When we provided unidirectional fibroblasts-to-epithelium paracrine signals by
culture of organoids in fibroblast-conditioned medium, no organoid branching was observed
(Fig 2C and 2D). When we allowed bidirectional paracrine signals by co-culture of organoids
with fibroblasts in the same well but the organoids and fibroblasts were separated by a trans-
well membrane or by a thick layer of Matrigel, no organoid branching was observed either
(Fig 2C and 2D). However, when we allowed both paracrine signals and physical contact
between organoids and fibroblasts by co-culturing them together either dispersed in Matrigel
or as aggregates of fibroblasts on top of organoids embedded in Matrigel, we observed orga-
noid branching (Fig 2C-2E). These results demonstrated an essential requirement of fibro-
blast-epithelium contact for fibroblast-induced organoid branching, thus revealing that
fibroblast-secreted paracrine factors are not sufficient to initiate branching.

MCF?7-ras spheroids recapitulate fibroblast-induced branching of
organoids

To further test the requirement of fibroblast-epithelium contact for fibroblast-induced epithe-
lial branching, we developed a simpler co-culture system, where mammary fibroblasts were
co-cultured with MCF7-ras breast cancer cell line spheroids (Fig 2F) instead of organoids
from normal mammary epithelium. The advantage of MCF7-ras spheroids is that the spher-
oids grow constantly due to constitutively active RAS GTPase and unlike normal epithelium
they do not respond to exogenous FGF2 (Fig 2G) or EGF (S1A Fig) by branching. We found
that similarly to normal epithelium, MCF7-ras spheroids remained round in fibroblast co-cul-
tures, which did not allow physical contact with fibroblasts, but developed numerous buds
when physical contact with fibroblasts was allowed (Fig 2H and S1B Fig). These results demon-
strated that fibroblasts are able to promote epithelial budding even in a system that is morpho-
genetically unresponsive to paracrine signals.

Fibroblasts form physical contact with organoids

To gain more insights into the mechanism of fibroblast-induced organoid branching, we
examined organoid branching in the dispersed co-cultures in more detail. A day-by-day analy-
sis of the contacts between fibroblasts and organoids revealed that the contacts are established
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Fig 2. Endogenous paracrine signals are not sufficient to induce organoid branching. (A) Representative organoids
cultured with exogenous FGF2 or with fibroblasts (fibro), treated with inhibitors of FGFR (SU5402) and MEK (U0126). Scale
bar: 100 um. (B) Quantification of branched organoid per all organoids, relative to mock. The plots show mean + SD, each
dot represents biologically independent experiment, n = 3-5, N = 20 organoids per experiment. Statistical analysis: Two-
tailored f test. (C) Schemes and images on day 0 and day 4 of different organoid-fibroblast co-culture set-ups. Scale bar:

100 pm. (D) Quantification of organoid branching in different co-culture set-ups. The plot shows mean + SD, each dot
represents biologically independent experiment, n = 16 independent experiments for “no fibro,” 5 for “cond. medium,” 5 for
“transwell,” 12 for "bottom,” 16 for “dispersed,” and 4 for “aggregate,” N = 20 organoids per experiment. Statistical analysis:
Multiple # tests compared to control “no fibro,” or indicated by the line. (E) Dispersed and aggregated co-culture of LifeAct-
GFP fibroblast (white) and tdTomato organoid (red) at the beginning of the culture. Scale bar: 100 um. (F) A scheme of
MCF7-ras spheroid co-culture setup. (G) Representative MCF7-ras spheroids cultured in basal organoid medium (basal M)
or basal M with exogenous FGF2. Scale bar: 100 um. (H) Schemes and images on day 0 and day 4 of different spheroid-
fibroblast co-culture set-ups. Top gray and red bars indicate proportion of branched spheroids out of all spheroids per
condition, 7 = 3-5 independent experiments, N = 20 spheroids per experiment. Scale bar: 100 um. The data underlying the
graphs shown in the figure can be found in S1 Data. FGF2, fibroblast growth factor 2; FGFR, FGF receptor.

https://doi.org/10.1371/journal pbio.3002093.9002
from the first day and thus precede the branching events that occur on days 3 and 4 (S2A-S2C

Fig). To corroborate this finding, we performed a co-culture experiment with organoids
labeled by tdTomato and GFP-tagged fibroblasts. The time-lapse movies confirmed that
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fibroblasts came in close contact with the epithelium early during the co-culture and remained
there during branching (Fig 3A and S2 Movie). Confocal imaging analysis revealed that fibro-
blasts (marked by PDGFRo:) came in contact with all organoids (100% of 59 organoids analyzed
in 3 independent biological replicates, S2D Fig) and contacted a larger proportion of the orga-
noid middle sectional perimeter in round organoids than in branched organoids (S2E Fig).

On the branched organoids, fibroblasts were predominantly located around the necks of
the nascent branches and sat directly in contact with the epithelium (Fig 3B and 3C). Immuno-
fluorescence staining of epithelial markers revealed that fibroblasts formed contacts with
KRTS5 positive myoepithelial cells (Fig 3D and 3E). Transmission electron microscopy of the
co-cultures confirmed the close proximity between the fibroblasts and the epithelium, with a
thin layer of ECM in between (Fig 3F). Using immunostaining we detected laminin 5, a basal
membrane component, between the organoid and the adjacent fibroblast (Fig 3G and 3H).
These data suggest that fibroblasts form contacts with epithelium via ECM.

Fibroblast-induced epithelial branching depends on fibroblast contractility

Based on observations from the time-lapse videos of organoids branched by fibroblasts

(S1 and S2 Movies), we hypothesized that fibroblasts could constrict epithelium, folding it into
branches. Immunofluorescence investigation of fibroblast-branched organoids revealed that
fibroblasts in contact with the organoid formed a cellular loop, encircling the branch neck
(Figs 4A and S3A-S3C and S3 Movie), and contained F-actin cables oriented mostly perpen-
dicularly to the branch longitudinal axis (Fig 4A). Moreover, the fibroblasts stained positively
for phosphorylated myosin light chain 2 (P-MLC2), a marker of active non-muscle myosin II
(Fig 4B). Therefore, we examined the involvement of fibroblast contractility in fibroblast-
induced organoid branching using small molecule inhibitors of non-muscle myosin II (bleb-
bistatin) or ROCK1/2 (Y27632), 2 major nodes of cell contractility. The contractility inhibitors
abrogated branching in co-cultures but did not inhibit organoid budding induced by exoge-
nous FGF2 (Fig 4C and 4D; ROCK inhibition in FGF2-induced organoids even led to hyper-
branched phenotype as previously described [21]). Similarly to organoid co-cultures, in the
MCF7-ras spheroid co-culture model, spheroid budding was inhibited by addition of contrac-
tility inhibitors (S4A-54D Fig). Importantly, the contractility inhibitors did not diminish the
capability of fibroblasts to migrate towards and contact the organoid (S5A-S5D Fig), in agree-
ment with previous reports that showed that fibroblast migration in 3D is not abrogated by
non-muscle myosin Il inhibition [7]. Noteworthy, addition of the contractility inhibitors on
day 3 of the co-culture, when branches were already formed, led to retraction of formed
branches (S6A-S6D Fig), suggesting a role of contractility in branch maintenance as well as
initiation.

Because exogeneous treatment with pharmacological inhibitors in the culture medium
affects both epithelial cells and fibroblasts, we genetically targeted exclusively in fibroblasts the
contractility machinery gene myosin heavy chain 9 (Myh9), one of the 2 non-muscle myosin II
heavy chain genes expressed in mammary fibroblasts (S7A and S7B Fig). Both siRNA-medi-
ated Myh9 knock-down in wild-type fibroblasts and adenoviral Cre-mediated knock-out in
Myh9n/ " fibroblasts led to a decrease of organoid branching in co-cultures (Figs 4E, 4F and
S8A-S8E and S4 and S5 Movies). To analyze if Myh9 knock-out affected the ability of fibro-
blasts to migrate towards and contact the organoid, we took advantage of the mosaic nature of
the adenovirus-mediated gene delivery. We quantified the amount of GFP+ fibroblasts (trans-
duced by either Ad-Cre-GFP or Ad-GFP) and GFP-fibroblasts (not transduced by either of the
adenoviruses) and compared their migration towards and contact with epithelium. We found
no differences in their migration and epithelium-contacting abilities (S9A and S9B Fig). These
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Fig 3. Fibroblasts in co-cultures are in physical contact with the epithelium. (A) Snapshots from time-lapse brightfield and fluorescence
imaging of organoid (tdTomato) and fibroblast (GFP) co-culture (dispersed culture). Scale bar: 100 um. Top line shows detail of fibroblast-
organoid close interaction. Scale bar: 20 um. (B, C) Images (B) and quantification (C) of the contact point between organoid (tdTomato) and
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fibroblasts (GFP) on day 4 of co-culture (dispersed culture). Scale bar: 100 pm, scale bar in detail: 20 um. (C) The plot shows mean + SD, each
dot represents 1 organoid, 7 = 5 experiments, N = 21 organoids. Statistical analysis: Two-tailored  test. (D) Images of the contact point
between organoid (luminal (KRT8) and myoepithelial (KRT5) cells) and fibroblasts (VIM) on day 5 of co-culture (dispersed culture). Scale bar:
20 pm. (E) Quantification of fibroblasts in contact with KRT5+ or KRT8+ epithelial cells. The plot shows mean + SD, each dot represents
average from 1 biological replicate, n = 3 experiments, N = 14 organoids, 219 fibroblasts. Statistical analysis: Two-tailored f test. (F)
Transmission electron micrographs and scheme (inset) of the contact point between luminal (LC, blue) and myoepithelial (MeC, magenta)
cells and fibroblasts (green) on day 4 of co-culture (dispersed culture). Scale bar: 20 pum, scale bar in detail: 2 um. In agreement with a published
study (Ewald and colleagues), luminal cells are defined as lumen-facing cells, which present microvilli and numerous vesicles and granules.
Myoepithelial cells are basally oriented, more elongated cells with less vesicles, granules, and organelles in the cytoplasm and they show a
different electron density in their cytoplasm (it appears darker than the cytoplasm of luminal cells). The white arrowheads denote ECM
between fibroblast and organoid. (G) Optical slice of organoid-fibroblast co-culture (dispersed culture), laminin 5 (cyan), DAPI (blue), F-actin
(red), fibroblasts were isolated from R26-mT/mG mice (tdTomato, white). Scale bar: 100 pum, scale bar in detail: 10 um. (H) A representative
1D relative fluorescence intensity plot. The measurement line is depicted in yellow (right). The data underlying the graphs shown in the figure
can be found in S1 Data. ECM, extracellular matrix.

https://doi.org/10.1371/journal.pbio.3002093.9003

results demonstrate that fibroblast contractility is not necessary for fibroblast migration
towards organoids but is required to induce organoid branching in co-cultures.

The need of fibroblast contractility for inducing epithelial branching suggests a mechani-
cal signal transduction from fibroblasts to epithelium; therefore, we examined the subcellu-
lar localization of yes associated protein (YAP), a mechano-sensor that in a resting cell
resides in the cytoplasm but translocates to the nucleus upon mechanical stress [24]. We
found that YAP specifically accumulated in the nuclei of epithelial cells in the neck region
of epithelial branch of the co-culture, the region in contact with contractile fibroblasts
(Fig 4G and 4H). Importantly, this pattern was not present in branches induced with FGF2
(Fig 4G and 41), indicating that YAP activation in epithelial cells at the necks of elongating
buds is induced by the contact with contractile fibroblasts and not simply by the overall
shape of the epithelial bud. However, knockout of Myh9 in fibroblasts resulted in round
organoids with no branching and a homogeneous distribution of nuclear YAP (Fig 4]). Our
results show that while fibroblast contractility is necessary for the formation of branch with
patterned YAP signal, the nuclear translocation of YAP can happen even in the absence of
fibroblast contractility.

Fibroblast-induced epithelial branching requires epithelial proliferation

Activation of YAP signaling followed by its nuclear translocation is often associated with cell
proliferation [24]. To investigate if such association is manifested in the organoids, we per-
formed EdU labeling for proliferative cells. In the co-cultures, we detected highest cell prolifera-
tion in the stalks of the branches (S1I0A-S10C Fig), i.e., in the areas of YAP nuclear localization
(Fig 4G). In contrast, in the FGF2-treated organoids, no such pattern of EdU+ cells was
observed (S10A, S10B and S10D Fig).

To test whether epithelial proliferation (and thus expansion) plays a role in organoid
branching in co-cultures, we inhibited cell proliferation using aphidicolin (DNA polymerase
inhibitor), upon which we observed a severe defect in organoid branching (S10E-S10G Fig).
To test for the possibility that the observed effect could be caused by inhibition of fibroblast
proliferation, we performed the experiment also with fibroblasts pretreated with mitomycin C,
an irreversible DNA synthesis blocker (S10E Fig). The pretreatment of fibroblast with mitomy-
cin C had no effect on the result (SI0E-S10G Fig), demonstrating that fibroblast proliferation
is dispensable while epithelial proliferation is necessary for organoid branching in co-cultures.
In concordance with the results from organoid co-cultures, in the MCF7-ras spheroid co-cul-
ture model the blockage of spheroid proliferation by mitomycin C pretreatment of spheroids
decreased spheroid size expansion and dramatically decreased branching of the MCF7-ras
spheroids (S11A and S11B Fig).
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with fibroblasts (dispersed culture) and treated with mock (DMSO) or contraction inhibitors (ROCK1/2 inhibitor Y27632 or non-
muscle myosin I inhibitor blebbistatin). Scale bar: 100 pum. (D) The plots show organoid branching with contraction inhibitors as
mean + SD. Statistical analysis: Multiple f tests between each treatment and the mock-treated control; # = 4-18 (each dot
represents a biologically independent experiment), N = 20 organoids per experiment. (E) Images of tdTomato organoids on day 5
of co-culture with control or Myh9knock-out fibroblasts (dispersed culture). Scale bar: 100 um. Videos from the 5-day experiment
are presented in S5 Movie. (F) The plot shows organoid branching with control of Myh9 knock-out fibroblasts from experiment in
(E) as mean + SD. Statistical analysis: two-tailored paired f test; n = 3 (each dot represents a biologically independent experiment),
N = 20 organoids per experiment. (G) Staining of YAP in an organoid co-cultured with fibroblasts (dispersed culture) or with
FGF2. Scale bar: 20 um. Full arrowheads point to cells with nuclearly localized YAP, empty arrowheads point to cells with
cytoplasmic YAP. (H, I) Quantification of YAP nuclear/cytoplasmic signal ratio. The scheme explains relative distance: ~1 is
branch root, +1 is branch tip. Each dot represents a single cell, 7 = 436 cells from 19 branches of 10 organoids (fibro, H); n = 306
cells from 12 branches of 10 organoids (FGF2, I). Statistical analysis: Linear regression, mult. R indicates correlation coefficient; P
is the result of ANOVA F-test. (J) Staining of organoids co-cultured with control or Myh9 knock-out fibroblasts. Scale bar:

200 pm. The data underlying the graphs shown in the figure can be found in S1 Data. FGF2, fibroblast growth factor 2; YAP, yes
associated protein.

https://doi.org/10.1371/journal. pbio.3002093.9004

Evidence for the role of fibroblast contractility in epithelial morphogenesis
in vivo

During puberty, the period of major mammary epithelial growth and branching, new primary
mammary epithelial branches arise through bifurcation of TEBs. Could contractile fibroblasts
play a role in this process? TEBs are large and highly proliferative stratified epithelial structures
consisting of multiple (5-10) layers of luminal cells (called body cells) and an outer layer of
basal cells (or cap cells). Such structures are not replicated in our co-culture model because we
model only a part of the complex in vivo microenvironment—the effect of fibroblasts. In vivo
the TEBs are surrounded by a complex stroma, which provides instructions for epithelial mor-
phogenesis, including besides fibroblasts several more stromal cell types (adipocytes, immune
cells) that secrete paracrine signals for epithelial proliferation [25-30]. While our reductionist
in vitro co-culture model (consisting of fibroblasts and epithelial organoids in basal medium
with no exogenous morphogenetic growth factors) was essential for untangling the importance
of the contact versus paracrine signaling in fibroblast-induced branching, to model TEBs we
needed to modify our co-culture model to promote epithelial proliferation.

The classic mammary organoid model cultured in Matrigel with FGF2 [21] mimics epithe-
lial stratification to some extent (reaching 3-4 layers of luminal cells in TEB-like ends of the
branches) but does not support full myoepithelial coverage of branches [31]. We revealed that
a stabilized form of FGF2 (FGF2-STAB; [32,33]) induces several TEB-like features in the orga-
noids, including highly proliferative phenotype, multiple layers of luminal cells, and full myoe-
pithelial cell coverage [34]. When we exposed the dispersed organoid-fibroblast co-cultures to
FGF2-STAB, the organoids developed large branches with a set of features typical of TEBs in
vivo, including stratified luminal cells, full myoepithelial coverage, and presence of basal-in-
luminal cells (similar to cap-in-body cells in vivo [4]) (Fig 5A-5G). These results demonstrate
that combination of contractile fibroblasts and strong proliferative signals can reproduce sev-
eral aspects typical for TEB branching in organoid cultures (Fig 5H).

Finally, we sought to determine whether the contractility-dependent mechanism of fibro-
blast-induced branching could take place in vivo. We found fibroblasts expressing a contractil-
ity marker alpha smooth muscle actin (¢SMA) in developing mammary glands during puberty
(Fig 6A). The oSMA+ fibroblasts specifically populate the stroma surrounding the TEBs
(Fig 6A and 6B), the actively growing part of epithelium, which produces new branches.
Importantly, the fibroblasts in co-cultures do express aSMA as well (Fig 6C). To visualize the
organization of fibroblasts in the peri-TEB stroma, we performed whole organ immunostain-
ing, clearing and imaging of the mammary gland. We observed that fibroblasts (stained for
their cytoskeletal marker vimentin) were organized perpendicularly to the nascent bud in
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Fig 5. Combination of fibroblasts and FGF2-STAB induces TEB-like phenotype of organoids. (A) Time-lapse
snap-shots of organoids grown in basal organoid medium with no exogenous growth factors (basal M), with
FGF2-STAB, co-cultured with fibroblasts or co-cultured with fibroblasts with FGF2-STAB. Scale bar: 100 um. (B)
Quantification of organoid branching. The plot shows mean + SD. n = 2 independent biological replicates, N = 20
organoids per experiment. (C) Quantification of number of branches per branched organoid. The plot shows

mean + SD. 1 = 2 independent biological replicates, N = 12-19 branching organoids per experiment. (D) Examples of
luminized and full branch on bright-field imaging and quantification of the branch phenotypes. n = 2 independent
biological replicates, N = 12-19 branching organoids per experiment. (E) Representative confocal images of organoids
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on day 5 of culture with FGF2-STAB or fibroblasts. Scale bar: 100 um. (F) Quantification of maximum number of cell
layers ina branch in confocal images. The plot shows mean + SD. The dots represent averages from individual
experiments. Statistical analysis: two-tailored t test; 7 = 3 independent biological replicates, N = 9-13 organoids per
experiment. (G) Quantification of the percentage of organoids with KRT5+ cells present within the layers of
KRT5-cells (basal-in-luminal, BIL cells) in confocal images. The plot shows mean + SD. Statistical analysis: two-
tailored t test; n = 3 independent biological replicates, N = 9-13 organoids per experiment. (H) A schematic
representation of uncoupling fibroblast contraction and growth factor signaling in organoids. The data underlying the
graphs shown in the figure can be found in S1 Data. FGF2, fibroblast growth factor 2; TEB, terminal end bud.

https://doi.org/10.1371/journal. pbio.3002093.g005

bifurcating TEB (Fig 6D-iand S6 Movie) and perpendicularly to the epithelial growth direc-
tion at the TEB neck (Fig 6D-ii-1 and 6E and S7 Movie), forming loops similar to those
observed in in vitro co-cultures (Figs 4A and 6F). On the other hand, fibroblasts surrounding
subtending duct formed aless organized, mesh-like structure (Fig 6D-ii-2 and 6E). Together,
our findings suggest that contractile fibroblasts could play a role in bifurcation of TEBs during
branching morphogenesis in puberty.

Discussion

Mechanical forces are an integral part and a driving factor of tissue morphogenesis. However,
the sources of mechanical forces in different tissues are still unclear and little is understood of
how force sensing is translated into cell fate during organ formation. Our work reveals the crit-
ical role of fibroblast-derived mechanical forces in regulation of mammary epithelial branch-
ing morphogenesis. It demonstrates that mammary fibroblasts generate mechanical forces via
their actomyosin apparatus and transmit them to the epithelium, which leads to epithelial
deformation and patterning of epithelial intracellular signaling, resulting in epithelial folding
into branched structures.

Fibroblast-generated mechanical forces as part of complex tissue mechanics

The role of intraepithelial forces in morphogenetic processes involving tissue folding, such as
gastrulation, tubulogenesis, or buckling has been long recognized and intensively studied [35].
Similarly, the instructive role of mechanical properties and 3D organization of the ECM in
determination of cell fate and behavior during organ formation, including mammary epithelial
branching morphogenesis, has been well established [10,31,36]. However, the evidence for reg-
ulation of epithelial morphogenesis by mechanical stimuli from mesenchymal cells was discov-
ered only recently and has been scarce, limited to the morphogenesis of feather buds in chick
skin by mechanically active dermal cells [16], gut villification [17], and lung epithelial bifurca-
tion and alveologenesis induced by smooth muscle cells or myofibroblasts [18-20,37].

Fibroblasts as central regulators of epithelial morphogenesis and
homeostasis: Evidence for mechanically active fibroblasts in vivo

Fibroblasts accompany mammary epithelial cells from early development through homeostasis
to aging and disease and employ different functions to meet epithelial needs [15]. The multiple
fibroblast functions are facilitated by fibroblast heterogeneity, which has only recently begun
to be resolved using single-cell RN A sequencing approaches [38,39]. These studies confirmed
well-established fibroblast roles in epithelial development and tissue homeostasis via produc-
tion of paracrine signals and ECM, and fibroblast roles in regulation of immune landscape of
the mammary gland. Though they did not detect mechanically active fibroblasts. However,
these studies included only adult and aged mammary glands and omitted puberty, the stage of
active mammary epithelial branching morphogenesis. Using immunostaining on mammary
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Fig 6. Contractile fibroblasts surround mammary TEBs in vivo. (A) PDGFRa and «SMA staining on pubertal
mammary gland sections and detail of peri-ductal and peri-TEB fibroblasts. Scale bar: 50 um and 10 pm in detail. (B)
Quantification of uSMA + cells out of PDGFRu+ fibroblasts. The plot shows mean + SD, each dot represents 1 field of
view, n = 7 TEBs and 8 ducts; statistical analysis: f test. (C) «SMA staining in a dispersed co-culture (day 5) and a detail
of an uSMA+ fibroblast in contact with the organoid. Scale bar: 50 pmy; scale bar in detail 10 um. (D) Whole-mount
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imaging of pubertal mammary gland stained for vimentin (VIM, a fibroblast marker). Detail (i) shows a bifurcating
TEB. Detail (ii) shows an invading TEB, with close-up showing partial MIPs of upper, middle, and lower part of the
TEB neck (1) and a subtending duct (2). The positions of the orthogonal YZ views are indicated with dashed yellow
lines. Scale bar: 1 mm in the whole gland MIP, 50 um in other images. (E) A schematic representation of fibroblasts
surrounding TEBs in vivo and an organoid in vitro. Schemes were drawn from Figs 6D and 3B. (F) A schematic
representation of our hypothesis on the role of contractile fibroblasts in TEB branching. Two mechanisms, paracrine
signaling (growth factors) and mechanical cues (fibroblast contractility), which we uncoupled in vitro, work together
to support mammary branching morphogenesis (TEB bifurcation) in vivo. The data underlying the graphs shown in
the figure can be found in S1 Data. MIP, maximum intensity projection; TEB, terminal end bud.

https://doi.org/10.1371/journal.pbio.3002093.9006

glands in puberty, we discovered that mechanically active fibroblasts (contractile fibroblasts
expressing aSMA, myofibroblasts) are localized specifically around TEBs, the main structures
of epithelial branching during puberty, where they organize into structures similar to the loops
observed in our fibroblast-organoid co-culture models. These data suggest that fibroblast con-
tractility could play a role in mammary epithelial branching in vivo. Future studies employing
myofibroblast-specific mouse models are needed to determine functional requirement of
fibroblast contractility for mammary epithelial branching. Importantly, the presence and func-
tion of aSMA+ fibroblasts has been well documented in other developing or homeostatic
organs, such as lung [40,41], intestine [42-44], or dermal sheath of the hair follicle [45,46].
While in the intestine the aSMA+ fibroblasts serve as a source of paracrine niche signals
[42,44,47], the contractility of myofibroblasts is actively employed in alveolar septation [37] or
relocation of the stem cell niche during hair cycle regression [45].

The mechanism of fibroblast-induced mammary morphogenesis:
Connection to ECM remodeling

It was previously proposed that mechanical forces generated by mesenchymal/stromal cells
regulate epithelial morphogenesis indirectly via changes of ECM mechanics, including colla-
gen I remodeling in embryonic gut (48] and postnatal mammary gland [5,14,15], or elastin
deposition in the lung [40]. However, while not excluding contribution of such mechanism to
mammary epithelial branching in vivo, our investigations in vitro in organoid-fibroblast co-
cultures devoid of collagen I demonstrate that collagen I fibers are not required for induction
of epithelial folding by fibroblast contractility. Mammary fibroblasts form direct, highly
dynamic contacts with mammary epithelial cells and induce a mechanosensitive response in
the epithelium, resulting in patterning of a key morphogenetic regulator YAP. The direct con-
tact between mammary fibroblasts and epithelial cells in vivo could be enabled by immature,
thin basement membrane of TEBs [49], the highly proliferative epithelial structures, which
drive pubertal mammary branching morphogenesis, and active remodeling of ECM by matrix
metalloproteinases produced by both epithelial cells and fibroblasts [50], which is essential for
mammary branching morphogenesis [50,51]. Our work does not exclude the importance of
ECM remodeling by fibroblast mechanical forces in epithelial branching. We speculate that in
vivo the highly dynamic mechanically active fibroblasts could initiate formation of epithelial
clefts and further reinforce them by subsequent deposition and remodeling of ECM. Recently
published simulations suggest that mammary pubertal branching is highly stochastic; however,
its overall shape depends on the angle of TEB bifurcation [13,52]. Thus, the local effect of
fibroblast contractility could affect the random branching pattern.

The intimate relationship between fibroblasts and epithelium

Although our co-culture experiments demonstrate the need for direct contact between fibro-
blasts and epithelium for epithelial branching, paracrine interactions between the 2 are also

PLOS Biology | https://doi.org/10.1371/journal.pbio.3002093 January 10, 2024 14/29

101



FIBROBLAST SIGNALING PATHWAYS IN REGULATION OF MAMMARY GLAND MORPHOGENESIS

PLOS BIOLOGY

Fibroblast contractility is involved in epithelial branching

likely to be involved. Particularly at the beginning of the co-culture, as the fibroblasts migrate
towards the organoid, they may follow epithelial signals such as PDGF or FGF ligands, which
have been shown to be produced by epithelial cells [53,54] and to stimulate the directional
migration of fibroblasts in vitro [7,53]. The degree of fibroblast motility in vivo and their
directed migration to the epithelium during mammary development remains an open ques-
tion, and the use of intravital imaging may shed light on this issue.

Direct molecular contact via heterotypic adhesions has been reported to promote cancer
cell migration and invasion [55,56], but it has been less studied in normal epithelium. In our
co-culture, we did not observe fibroblasts promoting invasive behavior in either normal orga-
noids or cancer cell spheroids and we detected an ECM layer separating organoid from fibro-
blasts, suggesting that a different mode of cell-cell contact takes place. Moreover, the ability of
fibroblasts to promote contact-dependent branching regardless whether in contact with myoe-
pithelial cells of organoids or luminal cells of cancer spheroids suggest that fibroblasts could
promote organoid branching without a proper molecular connection, just by forming a supra-
cellular fibroblast structure that envelops the epithelium and applies contractile forces, as it
was suggested for cancer-associated fibroblasts (CAFs) interacting with intestinal tumors [57].

The mechanism of fibroblast-induced mammary morphogenesis:
Requirement of paracrine signaling

Importantly, our results do not rule out the importance of fibroblast-secreted factors in mam-
mary epithelial morphogenesis. However, we demonstrate that paracrine signals are not suffi-
cient to drive organoid branching in the 3D in vitro cultures of organoids with fibroblasts
without addition of any branching-inducing growth factors and show the importance of fibro-
blast-epithelium contact, so short-distance paracrine or juxtacrine signals could be important
in the process. Several growth factors, including FGF2, FGF7, EGF, or TGFo: can induce orga-
noid branching in the absence of fibroblasts when added to the medium in nanomolar concen-
trations [58], including bifurcation of the organoid branches [59]. However, the evidence for
requirement of those growth factors’ expression in mammary fibroblasts for mammary epithe-
lial branching in vivo is missing.

The mechanism of fibroblast-induced mammary morphogenesis: Epithelial
response

Our work reveals that the mechanical strain imposed on mammary epithelial cells by fibro-
blasts results in epithelial folding with negative curvature in the epithelial-fibroblast contact
points. The part of epithelium with negative curvature, the stalk of the branch shows presence
of epithelial cells with nuclear YAP and increased epithelial proliferation. In contrast, the orga-
noids that branched in response to exogenous FGF2 did not show patterned cell proliferation
or YAP nuclear localization, further accentuating different mechanisms underlying epithelial
branching in response to growth factors and contractile fibroblasts. It remains unclear though
whether fibroblasts induce YAP activation to promote epithelial proliferation at the neck and
thus bud elongation, or if the patterned YAP activation in epithelial buds reflects the prolifer-
ative status of cells located in different regions of the organoid. Our data suggest that epithelial
proliferation in the co-cultures is mechanistically linked to the contact with the fibroblasts
and/or to the mechanical stress imposed by the contractile fibroblasts in the underlying epithe-
lium and in its vicinity, possibly through juxtacrine signaling or mechanochemical interplay.
Budding morphogenesis of stratified epithelium, such as in the FGF2-induced mammary orga-
noids, might employ self-organizing mechanisms, including preferential cell-lECM adhesion
versus cell-cell adhesion as demonstrated in salivary gland organoids [60]. We propose that in
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vivo, in the complex microenvironment of the stroma-invading, growing and bifurcating TEB,
it is the combined action of contractile fibroblasts and strong proliferative signals from the
stroma that governs the morphogenetic process. It was demonstrated that although the whole
TEB contains proliferative cells, it is the cells localized in the neck of the TEB, which will
mainly contribute to the growth of the adjacent duct, not the cells localized in the TEB tip [61].
Because contractile fibroblasts surround specifically the neck region of the TEB, we speculate
that they play an essential role in this process.

Importantly, the direct interactions between mammary epithelium (including both orga-
noids from normal epithelium and spheroids from breast cancer cells) and fibroblasts do not
lead to invasive dissemination of epithelial cells, unlike in co-cultures of squamous cell carci-
noma with CAFs [55]. Interestingly, a recent study described mechanical compression of intes-
tinal tumors by CAFs forming a mechanically active tumor capsule [57], providing further
evidence for context-dependent employment of fibroblast-derived mechanical forces in tissue
morphogenesis and tumorigenesis. In conclusion, we find that fibroblasts drive branching
morphogenesis in mammary organoids by exerting mechanical forces on epithelial cells.
These observations support the hypothesis that contractile fibroblasts drive pubertal mammary
branching; however, future in vivo studies will be needed to formally demonstrate this. It is
conceivable that such conserved mechanism could be used to regulate morphogenesis of other
branched organs, providing a comprehensive understanding of overlapping but divergent
employment of mechanically active fibroblasts in developmental versus tumorigenic
programs.

Materials and methods
Animals

All procedures involving animals were performed under the approval of the Ministry of Edu-
cation, 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 (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). ICR mice were obtained from the Laboratory Animal Breeding and Experimen-
tal Facility of the Faculty of Medicine, Masaryk University. R26-mT/mG [62] and Acta2-
CreERT2 mice [63] were acquired from the Jackson Laboratories. LifeAct-GFP mice [64] were
created by Wedlich-Soldner team, Myh9"" mice [65] were kindly provided by Dr. Sara Wick-
strom. Transgenic animals were maintained on a C57/BL6 background. Experimental animals
were obtained by breeding of the parental strains, the genotypes were determined by genotyp-
ing. The mice were housed in individually ventilated or open cages, all with ambient tempera-
ture of 22°C, a 12 h:12 h light:dark cycle, and food and water ad libitum. Female 4 to 8 weeks
old virgin mice were used in the experiments. Mice were euthanized by cervical dislocation
and mammary gland tissues were collected immediately.

Primary mammary organoid and fibroblast isolation and culture

Primary mammary fibroblasts and organoids were isolated from 6 to 8 weeks old female virgin
mice (ICR, unless otherwise specified) as previously described [66]. The mammary glands
were chopped and partially digested in a solution of collagenase and trypsin [2 mg/ml collage-
nase A, 2 mg/ml trypsin, 5 pug/ml insulin, 50 pg/ml gentamicin (all Merck), 5% fetal bovine
serum (FBS; Hyclone/GE Healthcare) in DMEM/F12 (Thermo Fisher Scientific)] for 30 min
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at 37°C. Resulting tissue suspension was treated with DNase I (20 U/ml; Merck) and submitted
to 5 rounds of differential centrifugation (450 x g for 10 s) to separate epithelial (organoid)
and stromal fractions. The organoids were resuspended in basal organoid medium [1 x ITS
(10 pg/ml insulin, 5.5 ug/ml transferrin, 6.7 ng/ml sodium selenite), 100 U/ml of penicillin,
and 100 pg/ml of streptomycin in DMEM/F12] and kept on ice until co-culture setup. The
cells from the stromal fraction were pelleted by centrifugation, suspended in fibroblast cultiva-
tion medium (10% FBS, 1x ITS, 100 U/ml of penicillin, and 100 pg/ml of streptomycin in
DMEM) and incubated on cell culture dishes at 37°C, 5% CO, for 30 min. Afterwards, the
unattached (non-fibroblast) cells were washed away, the cell culture dishes were washed with
PBS and fresh fibroblast medium was provided for the cells. The cells were cultured until
about 80% confluence. During the first cell subculture by trypsinization, a second round of
selection by differential attachment was performed, when the cells were allowed to attach only
for 15 min at 37°C and 5% CO,. The fibroblasts were expanded and used for the experiments
until passage 5.

To inhibit fibroblast proliferation for specific assays, the fibroblasts were treated with 10 pg/
ml mitomycin C in fibroblast medium for 3 hat 37°C, 5% CO,. Afterwards, the fibroblasts
were washed 3 times with PBS and 1 time with basal organoid medium, trypsinized and used
to set up co-cultures.

To prepare fibroblast-conditioned medium, the fibroblasts were seeded in cell culture
dishes in fibroblast medium and the next day, the cells were washed 3 times with PBS and
incubated with basal organoid medium for 24 h. Afterwards, the medium was collected from
the dishes, sterile-filtered through a 0.22 pm filter, and used immediately in the experiment, or
aliquoted, stored at —20°C and used within 5 days of conditioned medium preparation.

3D culture of mammary organoids and fibroblasts

3D culture of mammary organoids and fibroblasts was performed as previously described
[67]. Freshly isolated mammary organoids were embedded in Matrigel either alone (300 orga-
noids in 45 pl of Matrigel per well) or with 5 x 10* mammary fibroblasts per well and plated in
domes in 24-well plates. For transwell experiments, organoids were plated in domes in the
transwell (8 um pore size, Falcon-Corning), fibroblasts were plated in lower chamber. After
setting the gel for 45 to 60 min at 37°C, the cultures were overlaid with basal organoid medium
(1x ITS, 100 U/ml of penicillin, and 100 pg/ml of streptomycin in DMEM/F12), not supple-
mented or supplemented with growth factors [2.5 nM FGF2 (Enantis) or 2.5 nM FGF2-STAB
(Enantis)] or small molecule inhibitors (S1 Table) according to the experiment. The cultures
were incubated in humidified atmosphere of 5% CO, at 37°C on Olympus IX81 microscope
equipped with Hamamatsu camera and CellR system for time-lapse imaging. The organoids/
co-cultures were photographed every 60 min for 5 days with manual refocusing every day
(high-detail imaging) or photographed only once per day for 5 days (low-detail imaging). The
images were exported and analyzed using Image J. Organoid branching and retraction was
evaluated from videos and it was defined as formation (or loss) of a new bud/branch from the
organoid. Organoids that fused with another organoid or collapsed after attachment to the
bottom of the dish were excluded from the quantification. Quantification of fibroblast-orga-
noid contacts was performed manually in Image]. Quantification of branch thickness was per-
formed on images from day 5 of culture, manually in Image].

For fluorescent time-lapse imaging, organoids were isolated from R26-mT/mG mammary
glands on day of the experiment. Fibroblasts were isolated from Acta2-CreERT2;mT/mG mice,
cultured to passage 2-3 and induced in vitro by 0.5 mM 4-OH-tamoxifen (Sigma) treatment
for 4 days prior to trypsinization and experimental use. Before experiment, the GFP
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fluorescence of fibroblasts was assessed using a microscope and when it was > 95%, the cells
were used for co-culture. Co-cultures were seeded on coverslip-bottom 24-well plate (IBIDI)
and imaged on Cell Discoverer 7 equipped with PLAN-APOCHROMAT 20x/0.95 autocorr
with 0.5x magnification lens. GFP was imaged with 470/40 nm excitation, 525/50 nm emis-
sion, tdTomato was imaged with 545/25 nm excitation, 605/70 nm emission filter (all Zeiss).
The samples were incubated in a humidified atmosphere of 5% CO, at 37°C during the
imaging.

3D culture of spheroids and fibroblasts

MCF7-ras cells ([68] kindly provided by Dr. Ula Polanska) were expanded in DMEM/F12 sup-
plemented with 10% FBS, 100 U/ml of penicillin, and 100 pg/ml of streptomycin and incu-
bated in non-adherent PolyHEMA-coated dish overnight to form spheroids. Next day, the
spheroids were embedded either alone (200 spheroids in 45 pl of Matrigel per well) or with

5 x 10" mammary fibroblasts per well and plated in domes in 24-well plates. After setting the
gel for 45 to 60 min at 37°C, the cultures were overlaid with basal organoid medium, supple-
mented with growth factors [2.5 nM FGF2 (Enantis) or EGF (Peprotech)] small molecule
inhibitors (S1 Table) according to the experiment. The (co-)cultures were incubated in a
humidified atmosphere of 5% CO, at 37°C on Olympus IX81 microscope equipped with
Hamamatsu camera and CellR system for time-lapse imaging and photographed every 60 min
for 5 days with manual refocusing every day (high-detail imaging) or photographed only once
per day for 5 days (low-detail imaging). The images were exported and analyzed using Image J.
Spheroid budding was evaluated from the videos and it was defined as formation of a new bud
from the spheroid. Spheroids that fused with other spheroids were excluded from the
quantification.

Knockdown and knockout of Myh9 in mammary fibroblasts

For Myh9 knockdown, the pre-designed Silencer Select siRNAs against Myh9 (IDs s70267 and
70268, Myh9si#1 and Myh9si#2, respectively) and the scrambled negative control siRNA
(Silencer Select negative control or Stealth negative control siRNA), all from Thermo Fisher
Scientific, were transfected into wild-type (ICR) fibroblasts with Lipofectamine 3000 Reagent
(Thermo Fisher Scientific) according to manufacturer’s instructions at 20 nM siRNA. For
Myh9 knockout, M. yh9”/ﬂ fibroblasts were transduced with adenoviruses Adeno-Cre-GFP
(Ad-Cre-GFP) or Adeno-GFP (Ad-GFP) from Vector Biolabs at 200 MOI for 4 h. Next day,
the transfected/transduced fibroblasts were put in co-culture with organoids and submitted to
bright-field or fluorescent time-lapse imaging. A part of the fibroblasts was further cultured
and knockdown/knockout efficiency was determined 72 h after transfection/transduction by
gPCR analysis of Myh9 mRNA levels, normalized to housekeeping genes Actb and Eeflg, and
by immunostaining for MYH9.

LifeAct adenoviral transduction

For imaging experiments with LifeAct, fibroblasts were infected with LifeAct adenoviral parti-
cles (IBIDI) according to the manufacturer’s instructions prior to co-culture set-up. Briefly,
the adenovirus particles were reconstituted in fibroblast cultivation medium at concentration
of 500 MOI and incubated with adherent fibroblasts at 37°C for 4 h. After that, adenovirus-
containing medium was washed out, and the cells were kept overnight in fibroblast cultivation
medium. The next day, GFP fluorescence was checked under the microscope and when >50%
of cells appeared green, fibroblasts were used for co-culture.
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Immunofluorescence staining of 2D fibroblasts

For immunofluorescent analysis, fibroblasts were cultured directly on glass coverslips, fixed
with 10% neutral buffered formalin, permeabilized with 0.05% Triton X-100 in PBS and
blocked with PBS with 10% FBS. Then, the coverslips were incubated with primary antibodies
(52 Table) for 2 h at RT or overnight at 4°C. After washing, the coverslips were incubated with
secondary antibodies and phalloidin AlexaFluor 488 (S2 Table) for 2 h at RT. Then, the cover-
slips were washed, stained with DAPI (1 ug/ml; Merck) for 10 min and mounted in Mowiol
(Merck). The cells were photographed using Axio Observer Z1 microscope with laser scanning
confocal unit LSM 800 with 405, 488, 561, and 640 nm lasers, GaAsp PMT detector and objec-
tive Plan- Apochromat 40x/1.20 and C-Apochromat 63x /1.20 with water immersion (all
Zeiss). The brightness of each channel was linearly enhanced in Zen Blue software (Zeiss) and
pictures were cropped to final size in Photo Studio 18 (Zoner).

Immunofluorescence staining of 3D co-cultures

For immunofluorescent analysis of 3D co-cultures, the co-cultures were fixed with 10% neutral
buffered formalin, washed, and stored in PBS. Next, organoid co-cultures were stained accord-
ing to the droplet-based method as described [69]. Briefly, the fixed co-cultures were placed on
stereoscope (Leica FM165C) and pieces containing an organoid with approximately 100 um of
surrounding Matrigel with fibroblasts were manually cut out with 25G needles and moved on
parafilm-covered cell culture dish for staining. All the staining steps were done on the parafilm
in 20 pl drops, and all solutions were changed under direct visual control using the stereoscope.
The co-cultures were permeabilized with 0.5% Triton X-100 in PBS, blocked with 8% FBS and
0.1% Triton X-100 in PBS (3D staining buffer, 3SB) and incubated with primary antibodies

(52 Table) in 3SB over 1 to 3 nights at 4°C. Then, the co-cultures were washed for 3 h with
0.05% Tween-20 in PBS and incubated with secondary antibodies, phalloidin AlexaFluor 488
(52 Table) and DAPI (1 pg/ml; Merck) in 3SB over 1 to 2 nights at 4°C in dark. Then, the co-
cultures were washed for 3 h with 0.05% Tween-20 in PBS, cleared with 60% glycerol and 2.5 M
fructose solution overnight at RT in dark and mounted between slide and coverslip with dou-
ble-sided tape as a spacer. The co-cultures were imaged using inverted microscope Axio
Observer 7 with laser scanning confocal unit LSM 880 with 405, 488, 561, and 633 nm lasers,
GaAsp PMT spectral detector and objective C-Apochromat 40x/1.20 or C-Apochromat 63x/
1.20 with water immersion (all Zeiss). The co-cultures were photographed either as one optical
slice or as 3D z-stacks of various z-step as required per experiment. The brightness of each chan-
nel was linearly enhanced in Zen Blue software (Zeiss) and pictures were cropped to final size in
Photo Studio 18 (Zoner). Image analysis was done manually in ImageJ. Contact of fibroblasts
and organoids in confocal images was analyzed in organoid middle section by measuring the
perimeter of the organoid in contact with PDGFRa signal and without it. Fibroblast loop was
defined as crescent shaped tdTomato signal that wrapped at least half of organoid branch. EdU
signal was quantified in 3 to 5 optical sections of organoid 20 um apart to avoid multiple counts
from the same cell. Contact between fibroblast and KRT5/KRT8 cells, number of basal-in-lumi-
nal cells was counted manually in Image]. Number of cell layers in organoids was counted man-
ually in the thickest part of a branch. LAMAS signal along a line was measured in Image].

EdU incorporation assay

For proliferation analysis, 5-ethynyl-2'-deoxyuridine (EdU) incorporation click-it kit (Thermo
Fisher Scientific) was used. EdU was administered to the organoid co-cultures 2 h prior to fixation
and the EAU signal was developed according to the manufacturer’s instructions prior to immuno-
fluorescence staining. The volumes were adjusted for the droplet-based staining as above.
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Immunohistochemistry-immunofluorescence (IHC-IF)

Mammary glands #4 were harvested from 6 weeks old females, fixed in 10% neutral buffered
formalin overnight, dehydrated in ethanol with increasing concentration and xylene and
embedded in paraffin, and 5 um sections were cut on rotational microtome (Thermo Scientific,
Microm HM340E). After rehydration, sections were boiled in pH9 Tris-EDTA buffer to retrieve
antigens, blocked in 10% FBS and incubated with primary and secondary antibodies, mounted
(Aqua Poly/Mount, Polysciences) and imaged on laser scanning confocal microscope
(LSM780/880, Zeiss). The quantification of PDGFRo and aSMA positive cells was done manu-
ally in Image], considering DAPI signal to distinguish single cells and continuous aSMA signal
as a border of epithelium. The fields of view were scored “duct” or “TEB” based on morphology
of the structures (TEBs: stratified epithelium, bulb-like shape, presence of cap-in-body cells,
cuboidal cap cells; duct: one layer of luminal cells, elongated myoepithelial cells) and on the
position of the structure at the distal part of the mammary epithelium (invasive front).

Immunofluorescence staining of whole-mount cleared mammary gland

Staining and clearing of mammary glands was done following clear, unobstructed brain imag-
ing cocktails (CUBIC) protocol [70,71]. Briefly, mammary glands #3 of 4 weeks old females
were harvested and fixed in 10% neutral buffered formalin overnight, washed and incubated
in CUBIC reagent 1 (25% (w/w) urea, 25% (w/w) N,N,N’,N’-tetrakis(2-hydroxypropyl)ethyle-
nediamine, 15% (w/w) Triton X-100 in distilled water) for 4 days shaking at RT. After washing,
the glands were blocked using blocking buffer (5% FBS, 2% BSA, 1% Triton X-100, 0.02%
sodium azide in PBS) overnight at RT, incubated with primary antibodies diluted in blocking
buffer for 3 days at RT with rocking, washed 3 times for 2 h (0.05% Tween 20 in PBS) and
incubated with secondary antibodies and DAPI (1 pg/ml) in blocking buffer. Then, the glands
were transferred to CUBIC reagent 2 (50% (w/w) sucrose, 25% (w/w) urea, 10% (w/w) 2,2°,2”-
nitrilotriethanol, 0.1% (w/w) Triton X-100 in distilled water) for 2 days at RT with rocking.
The samples were mounted with CUBIC reagent 2 between 2 coverslips with double-sided
tape as a spacer to enable imaging from both sides and they were imaged on laser scanning
confocal microscope LSM780 (Zeiss).

Image analysis of signal distribution

The analysis of YAP nuclear to cytoplasmic ratio was done in Image] (NIH). Cells in optical
section in the middle of an organoid branch were manually annotated and segmented for tar-
get protein signal (YAP channel) and nuclei (DAPI channel) and density of pixels in YAP
channel in the regions of interest (ROIs) was measured. The nuclear to cytoplasmic ratio of
YAP was calculated in Excel (Microsoft). The spatial information of each ROI was manually
measured on aline parallel to the branch longitudinal axis and normalized, with the value “1”
set for the tip of the branch and the value “~1” set for the root of the branch. The graphs and
linear regression line were created in Prism 6 (GraphPad) or Excel. Colocalization analysis of
YAP and DAPI channels was done in Zen Black (Zeiss) and presented as color-coded (blue
DAPI+YAP- and red DAPI+YAP+). The same cut-off for the colocalization analysis was
applied for all images from the same experiment.

Real-time quantitative PCR (qPCR)

RNA from fibroblasts was isolated using RNeasy Mini Kit (Qiagen) according to the manufac-
turer’s instruction. RNA concentration was measured using NanoDrop 2000 (Thermo Fisher
Scientific). RNA was transcribed into cDNA by using Transcriptor First Strand cDNA
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Synthesis Kit (Roche) or TagMan Reverse Transcription kit (Life Technologies). Real-time
qPCR was performed using 5 ng cDNA, 5 pmol of the forward and reverse gene-specific prim-
ers each (primer sequences are shown in S3 Table) in Light Cycler SYBR Green I Master mix
(Roche) on LightCycler 480 II (Roche). Relative gene expression was calculated using the
AACt method and normalization to 2 housekeeping genes, B-actin (Actb) and eukaryotic elon-
gation factor 1 (EefIg).

Transmission electron microscopy

The 3D co-cultures were fixed with 3% glutaraldehyde in 100 mM sodium cacodylate buffer,
pH 7.4 for 45 min, postfixed in 1% OsO, for 50 min, and washed with cacodylate buffer. After
embedding in 1% agar blocks, the samples were dehydrated in increasing ethanol series (50,
70, 96, and 100%), treated with 100% acetone, and embedded in Durcupan resin (Merck).
Ultrathin sections were prepared using LKB 8802A Ultramicrotome, stained with uranyl ace-
tate and Reynold’s lead citrate (Merck), and examined with FEI Morgagni 286(D) transmis-
sion electron microscope. The cells in the schematics were segmented manually.

Statistical analysis

Sample size was not determined a priori and investigators were not blinded to experimental
conditions. Statistical analysis was performed using GraphPad Prism software. Student’s # test
(unpaired, two-tailed) was used for comparison of 2 groups. Bar plots were generated by Graph-
Pad Prism and show mean # standard deviation (SD). *P < 0.05, **P < 0.01, ***P < 0.001,
**¥¥P < 0.0001. The number of independent biological replicates is indicated as .

Limitations of the study

The critical experiment that demonstrates the need of fibroblasts’ physical contact with the epi-
thelium for epithelial branching does not allow to distinguish between direct physical contact
and potential juxtacrine or very short-distance paracrine signaling between the epithelium and
fibroblasts, which may contribute to epithelial morphogenesis.

Supporting information

81 Fig. MCF7-ras spheroids do not respond to exogenous growth factors by branching. (A)
Time-lapse snapshots of MCF7-ras spheroids cultured in basal medium with no exogenous
growth factors (basal M) or with FGF2 or EGF. Scale bar: 100 um. (B) Time-lapse snapshots of
MCEF7-ras spheroids co-cultured with no stromal cells (basal M) or with fibroblasts (fibro).
Scale bar: 100 pum.

(TIFF)

S2 Fig. Fibroblast-organoid contacts precede organoid branching. (A) Time-lapse snapshots
of an organoid-fibroblast co-culture. Scale bar: 100 um. (B) Detailed snapshots of 3 examples
of fibroblast-organoid contact establishment in the co-cultures shown in (A) on days 1, 2, and
3. Red arrowheads indicate fibroblasts of interest. Scale bar: 50 um. (C) Quantification of orga-
noid circularity (data from Fig 1), number of new branches and number of established fibro-
blast-organoid contacts from matched experiments. The plot shows mean + SD; n = 3 (each
dot represents the average from a biologically independent experiment, N = 20 organoids per
experiment). (D) Maximum intensity projection (MIP) and optical section images of a dis-
persed co-culture on day 2.5, representative images of cystic and budding organoids (tdTo-
mato). Fibroblasts were detected by immunostaining for PDGFRo. Scale bar: 100 pm. (E)
Quantification of organoid middle section perimeter in contact with PDGFRa: signal. The plot
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shows mean + SD. Each dot represents an average from 1 experiment. Statistical analysis: two-
tailored t test; n = 3 independent biological samples, N = 15-24 organoids per sample. The
data underlying the graphs shown in the figure can be found in S1 Data.

(TIFF)

$3 Fig. Quantification of fibroblast loops. (A) A representative confocal image of a dispersed
co-culture on day 4. Scale bar: 20 pm, scale bar in detail: 10 pm. (B) A representative confocal
image of a dispersed organoid-fibroblast co-culture on day 3. The arrowhead indicates the
fibroblast loop at the branch neck. Scale bar: 50 um. (C) Quantification of the presence of
fibroblast loops around organoid branches in dispersed co-cultures. The plot shows

mean + SD. Statistical analysis: two-tailored ¢ test; n = 3 independent biological replicates,

N =5-12 organoids per experiment; 56 branches in total. The data underlying the graphs
shown in the figure can be found in S1 Data.

(TIFF)

$4 Fig. MCF7-ras spheroid budding in co-cultures requires cell contractility. (A, C) Photo-
graphs of spheroids on day 4 of dispersed co-culture with fibroblasts upon treatment with no
inhibitor (mock), with blebbistatin (Bleb, A) or with Y27632 (C). Top gray and red bars indi-
cate proportion of branched spheroids out of all spheroids per condition. Scale bar: 100 pm.
(B, D) Quantification of number of branches/buds per branched spheroid in conditions from
(A). The plot shows mean * SD, each lined dot shows mean from each experiment, each faint
dot shows single spheroid measurement, n = 4 (B) or 5 (D) biologically independent experi-
ments, N = 20 spheroids per experiment. Statistical analysis: two-tailored ¢ test. The data
underlying the graphs shown in the figure can be found in S1 Data.

(TIFE)

S5 Fig. Contractility inhibitors do not impede fibroblast meotility. (A) Representative end-
point images of organoids in dispersed co-cultures with contractility inhibitors. Scale bar:

100 um. (B) Detailed time-lapse snapshots of fibroblast-organoid contact establishment in co-
cultures with or without the inhibitors. Scale bar: 50 um. White arrowhead indicates the fibro-
blast of interest. (C, D) Quantification of fibroblast-organoid contacts established in co-cul-
tures with inhibitors (Y = 10 uM Y27632, C; Bleb = 10 uM Blebbistatin, D) within the first 2
days. The plots show mean = SD. Statistical analysis: two-tailored ¢ test; n = 3 independent bio-
logical replicates, N = 10 organoids per experiment. The data underlying the graphs shown in
the figure can be found in S1 Data.

(TIFF)

$6 Fig. Fibroblast contractility is necessary for branch maintenance. (A) Experimental
scheme (top) and time-lapse snapshots of dispersed co-cultures treated with contractility
inhibitors on day 3 of culture. Scale bar: 100 pum. White arrowheads indicate organoid
branches. (B-D) Quantification of organoids with retracted branches (B), number of formed
branches per branched organoids (C) and number of retracted branches per organoid (D).
The plots show mean * SD. Statistical analysis: two-tailored t test; n = 4 independent biological
replicates, N = 20 organoids per experiment. The data underlying the graphs shown in the fig-
ure can be found in S1 Data.

(TIFE)

§7 Fig. Mammary fibroblasts express MYH9 and MYH10. (A) Real-time qPCR analysis of
non-muscle myosin II heavy chain genes Myh9, Myh10, and Myh 14 in mammary fibroblasts
(fib) and epithelium (organoids, org). Plots show mean + SD. Statistical analysis: two-tailored ¢
test; n = 3 independent biological samples. (B) Representative images of MYH9 and MYH10
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immunostaining in mammary fibroblasts in the first passage. Scale bar: 50 um. The data
underlying the graphs shown in the figure can be found in S1 Data.
(TIFF)

$8 Fig. Knockdown of Myh9 in mammary fibroblasts abrogates fibroblast-induced branch-
ing of mammary organoids. (A, B) Representative images (day 5 of culture) (A) and quantifi-
cation (B) of organoid branching in dispersed co-cultures with wild-type fibroblasts pre-
treated with nonsense (siNC) or Myh9 targeting (siMyh9) siRNA. Plot indicates mean * SD.
Statistical analysis: two-tailored paired t test; n = 6 independent Myh9 knockdown experi-
ments; N = 20 organoids per each treatment of each independent experiment. Videos from the
5-day experiment are presented in 4 Movie. (C-E) Quantification of MYH9 down-regulation
in Myh9 KO fibroblasts by immunofluorescence. The plot (C) shows mean * SD, n = 2 inde-
pendent experiments. Representative images (D) show MYH9 (cyan) and F-actin (phalloidin,
magenta) staining in cultured primary mammary fibroblasts from Myh9ﬂ/ﬂ mice, treated with
adeno-GFP (Ad-GFP) or adeno-Cre-GFP (Ad-Cre-GFP) vector, including details (E) of cyto-
skeleton organization. Scale bars: 1 mm (D), 20 um (E, first and third row), and 5 pm (E, sec-
ond and fourth row). The data underlying the graphs shown in the figure can be found in

S1 Data.

(TIFF)

89 Fig. Myh9 knock-out does not impede fibroblast motility. (A) Detailed time-lapse snap-
shots of fibroblast-organoid contact establishment in dispersed co-cultures with control or
Myh9-KO fibroblasts and tdTomato+ organoids. Scale bar: 50 um. (B) Quantification of fibro-
blast-organoid contacts established in the first 3 days of co-culture, comparing GFP+ and
GFP- fibroblasts (GFP is a marker of adenoviral transduction). The plot shows mean + SD.
Statistical analysis: two-tailored t test; n = 3 independent biological replicates, N = 20 orga-
noids per experiment. The data underlying the graphs shown in the figure can be found in

S1 Data.

(TIFE)

$10 Fig. Proliferation in co-culture system. (A) Representative images of organoids on day 4
of culture in basal medium (basal M), in dispersed co-culture with fibroblasts or with FGF2,
EdU administered 2 h pre-fix, EPCAM (red), DAPI (blue), EdU (cyan), fibroblasts were iso-
lated from R26-mT/mG mice (tdTomato, white). Scale bar: 100 um. (B) Optical section of a
branch from (A) (top), a scheme of branch regions (bottom). (C, D) Quantification of percent-
age of EQU+ cells from epithelial cells in different branch regions in fibroblast-organoid dis-
persed co-culture (C) and in FGF2-treated organoid (D). The box and whiskers plot shows
minimum, median, and maximum values, and second and third quartiles of data distribution.
n =3 independent experiments, N = 6 organoids, 2,202 analyzed cells in (C); N = 11 organoids,
3,104 analyzed cells in (D). Statistical analysis: Multiple # tests. (E) A scheme of the prolifera-
tion-inhibition experiment. (F) Co-cultures at day 5 (dispersed culture), fibroblasts pretreated
with +/- mitomycin C (MMC), co-cultures treated with +/- aphidicolin (Aph). Scale bar:

100 pm. (G) Quantification of the percentage of branched organoids from experiment in (F).
The plot shows mean + SD, each dot represents a biologically independent experiment, n = 2,
N =51-77 organoids per sample, statistical analysis: ¢ test. The data underlying the graphs
shown in the figure can be found in S1 Data.

(TIFF)

S11 Fig. Spheroid proliferation is necessary for its branching in co-culture with fibroblasts.
(A) Representative images of MCF7-ras spheroids in dispersed co-culture with fibroblasts on
day 4 with spheroids formed from mock- or mitomycin C-treated MCF7-ras cells. The insets
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(top red bars) show proportion of branched spheroids out of all spheroids per condition. Scale
bar: 100 um. (B) The plot shows number of spheroid branches/buds formed, with mean + SD.
Each lined dot represents mean of each experiment, each faint dot represents 1 spheroid, n = 4
independent experiments (coded by dot colors), N = 15-20 spheroids per experiment. Statisti-
cal analysis: two-tailored ¢ test. The data underlying the graphs shown in the figure can be
found in S1 Data.

(TIFF)

S1 Movie. Mammary epithelial branching morphogenesis upon FGF2 treatment or fibro-
blast co-culture. The video is composed of time-lapse videos capturing 5 days of epithelial
morphogenesis in 3D organoid culture with no growth factor in the basal organoid medium
(left), with FGF2 in the basal organoid medium (middle), or in fibroblast-organoid co-culture
without addition of any growth factors to the basal organoid medium. Snapshots from the vid-
eos are depicted in Fig 1A.

(AVI)

$2 Movie. Fibroblasts dynamically interact with the epithelium. Time-lapse video (bright-
field and fluorescence imaging) shows 4 days of epithelial morphogenesis in fibroblast (cyan)-
organoid (red) co-culture (day 0-4). Scale bar: 100 um. Snapshots from the movie are depicted
in Fig 3A.

(AVI)

$3 Movie. Fibroblasts form close contacts with epithelium in the organoid branching
points. 3D structure of organoid-fibroblast interaction. Single images are shown in Fig 3D.
Luminal cells (KRT8), red; basal cells (KRT5), blue; all cells (E-actin), white.

(AVI)

$4 Movie. Myh9 knock-down in fibroblasts decreases their morphogenetic potential. Time-
lapse videos show 5 days of epithelial morphogenesis in co-culture with either control (left) or
Myh9 knocked-down fibroblasts (siRNA-mediated knockdown; siMyh9; right). Time is in
hours. Snapshots from the video are depicted in Fig 4.

(AVI)

S5 Movie. Myh9 knock-out in fibroblast decreases their morphogenetic potential. Time-
lapse video captures 4 days of epithelial morphogenesis in fibroblast (cyan)-organoid(red) co-
culture with either control (Ad-GFP; left) or Myh9 knocked-out fibroblasts (adeno-Cre-medi-
ated knock-out; Ad-Cre-GFP; right). Snapshots from the video are depicted in Fig 4. Scale bar:
100 pm.

(AVI)

$6 Movie. Fibroblasts organization around bifurcating TEB. Z-stack scroll-through of
mammary gland whole-organ imaging, showing a bifurcating TEB. DAPI in blue, vimentin in
white, tdTomato in red. MIP and appropriate scale bar are depicted in Fig 6.

(AVI)

§7 Movie. Fibroblasts organization around invading TEB. Z-stack scroll-through of mam-
mary gland whole-organ imaging, showing an invading TEB. MIP and appropriate scale bar
are depicted in Fig 6.

(AVI)

S1 Data. Excel spreadsheet with individual numerical data underlying plots and statistical
analyses. The data are organized into separate sheets corresponding to the following figure
panels: 1B, 1C, 1D, 1E, 2B, 2D, 3C, 3G, 4D, 4F, 4H, 4], 5B, 5C, 5F, 5G, 6B, S2C, S2E, S3B, S4B,

PLOS Biology | https://doi.org/10.1371/journal.pbio.3002093 January 10, 2024 24/29

111



FIBROBLAST SIGNALING PATHWAYS IN REGULATION OF MAMMARY GLAND MORPHOGENESIS

PLOS BIOLOGY

Fibroblast contractility is involved in epithelial branching

$4D, S5C, S5D, S6B, S6C, S6D, S7A, S8B, S8C, $9B, S10C, S10D, S10G, and S11B.
(XLSX)

S1 Table. The list of pharmacological and viral compounds.
(DOCX)

S$2 Table. The list of detection agents used in this study.
(DOCX)

§3 Table. The list of primers used for qPCR in this study.
(DOCX)
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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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Abstract

Fibroblasts are stromal cells found in connective tissue that are critical for organ development, homeostasis,
and disease. Single-cell transcriptomic analyses have revealed a high level of inter- and intra-organ
heterogeneity of fibroblasts. However, the functional implications and lineage relations of different
fibroblast subtypes remain unexplored, especially in the mammary gland. Here we provide a comprehensive
characterization of pubertal mammary fibroblasts, achieved using single-cell RNA sequencing, spatial
mapping, and in vivo lineage tracing. Notably, we discovered a transient niche-forming population of
specialized contractile fibroblasts that exclusively localize around the tips of the growing mammary
epithelium and are recruited from the surrounding fat pad. Using functional organoid-fibroblast co-cultures
we reveal that different fibroblast populations can acquire contractile features when in direct contact with
the epithelium, promoting morphogenesis. In summary, our exhaustive characterization of these specialized
cells provides new insights into mammary fibroblast heterogeneity and implicates their functional relevance

for branching morphogenesis and lineage hierarchy during mouse mammary gland development.
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Introduction

Fibroblasts are cells of mesenchymal origin that form the soft connective tissue, and they are extremely
pleiotropic in their function. They secrete, remodel, and degrade components of the extracellular matrix
(ECM), produce signaling molecules to communicate with other stromal cells, immune cells or organ
parenchyma, act as a source of other mesenchymal cells and can become contractile and generate
mechanical forces within tissues'. Through a delicate spatiotemporal orchestration of the aforementioned
functions, fibroblasts guide development, maintain homeostasis and support pathological changes in many
organs'. Recent studies employing single-cell transcriptomics suggest that fibroblasts represent a
heterogenous cell population with distinct cell types or cell states specialized for different functions,
presenting inter-organ conserved as well as divergent behavior and functions**. It is not yet understood,

however, how fibroblast heterogeneity is linked to their plasticity and their origin.

Epithelial ductal elongation and branching in the mammary gland occurs mostly postnatally, when
a peak of estrogen during puberty awakens the rudimentary mammary epithelium formed during
embryogenesis, and the mammary epithelium actively proliferates and invades the surrounding fat pad
stroma to generate a highly branched ductal network®. This morphogenetic function is executed by terminal
end buds (TEBs), bulb-shaped and highly proliferative epithelial structures that form at the tips of the ducts
and invade the surrounding stroma at the astonishing speed of 0.5 mm per day’. In a stochastic pattern,
TEBs bifurcate to generate new branches®’. The cellular and physical mechanisms that drive in vivo

branching morphogenesis, TEB bifurcation and ductal elongation have not been thoroughly explored.

The importance of the stroma, in particular of fibroblasts, to support mammary branching
morphogenesis is well recognized>!°. Mammary fibroblasts secrete growth factors!! that can induce
epithelial branching!?. Fibroblasts also secrete and remodel collagen 1* that supports ductal elongation in
organoids™. Likewise, in vivo collagen deposition correlates with the direction of ductal elongation'® and

with TEB bifurcations'. Importantly, we have recently demonstrated that contractile mammary fibroblasts
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are instrumental to the induction of mammary epithelial organoid branching'’, similarly to smooth muscle
cells in the budding embryonic lung'®. We have also reported the presence of contractile a-smooth muscle
actin (aSMA, encoded by Acta2) positive (aSMA+) fibroblasts in vivo, around TEBs in the pubertal
mammary gland undergoing branching morphogenesis'’. Fibroblast contractility is an important marker of
their biology, often linked with their function and activation state during organ development'$!, wound

healing, fibrosis® as well as in cancer®?.

The transcriptional and functional heterogeneity of mammary fibroblasts during the prominent epithelial
remodeling underlying pubertal branching morphogenesis in vivo has not been explored. Although single
cell RNA sequencing (scRNAseq) datasets of mammary fibroblasts were generated”-2%, these studies only
analyzed the mammary gland under homeostatic conditions and lacked spatial analysis. In this study, we
have rigorously characterized the diversity of pubertal fibroblasts and identified a specialized subset of
spatially restricted contractile fibroblasts that exist only in proximity of growing TEBs. We have thus
analyzed their behavior, function and relation to other mammary fibroblasts using scRNAseq, spatial

mapping, transplantations, in vitro co-cultures with organoids and in vivo lineage tracing approaches.

Results

Single cell analysis of the growing tips and the subtending ductal regions of the pubertal mammary gland

reveals the existence of contractile peri-TEB fibroblasts

TEBs of developing mammary glands are surrounded by a stromal niche with a thickened peri-epithelial
fibroblast layer?” (Figure 1A, B), and we recently found that peri-TEB fibroblasts express the contractility
marker aSMA (Figure 1C, Movie 1)¥’. To characterize the a SMA+ peri-TEB fibroblasts in more depth,
we performed scRNAseq on cells dissociated from micro-dissected regions of pubertal mammary glands,
containing either mainly TEBs or subtending ducts (Figure 1D). We purposedly chose not to FACS sort
cells to prevent sample biasing and proceeded to a comparative analysis of the cell types derived from the

two distinct anatomical sites, one enriched in TEBs (hence in peri-TEB fibroblasts) and one deprived of
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them. In both samples, we identified distinct fibroblast clusters based on generic markers (Collal, Colla2,
Pdgfi-a, Supplementary figure 1A, B) and merged them to create a collective UMAP graph representing all
pubertal mammary fibroblasts (Figure 1E, F). Of note, our dataset did not contain pericytes (Supplementary
figure 1B) but included epithelial cells (Supplementary figure 1C-E) and leukocytes, mainly T cells, B cells,

macrophages, and dendritic cells (Supplementary figure 1F-H).

Unsupervised clustering of merged fibroblasts identified six separate clusters (Figure 1E-G, Supplementary
figure 2A), with clusters #3 and #5 predominantly derived from the TEB-containing sample (Figure 1F).
To annotate these newly discovered fibroblast clusters, we created transcriptional scores for published
fibroblasts from the developing fat pad**?° and we found their enrichment in specific clusters in our dataset
(Figure 1H). This comparative analysis with other single cell analyses allowed us to annotate clusters #0,
#2, #4 as preadipocytes, adipocyte regulatory cells (AREGs) and interstitial progenitors, respectively
(Figure 1I). Cells of cluster #3 and #5 were enriched in TEB sample and cells of cluster #5 expressed typical
markers of proliferation (Mki67, Top2a, Cdkl, Figure 1G, Supplementary figure 2A) and were therefore
annotated as peri-TEB and proliferative peri-TEB fibroblasts, respectively (Figure 1I). Finally, cells
belonging to cluster #1 were predominantly derived from the ductal sample, were clearly distinct from fat
pad fibroblasts but showed similarity to one fibroblast cluster previously identified in the adult mammary

gland (Supplementary figure 2B)?S; therefore, we annotated them as peri-ductal fibroblasts (Figure 1I).

We then used the transcriptional signatures of each cluster to inform on potential functional differences
between these types of fibroblasts. We noticed that peri-TEB fibroblasts were highly enriched in
contractility-related genes compared to the other clusters (Figure 1J) but expressed fewer genes encoding
for fibrillar collagens and basal membrane proteins (Figure 1K). On the other hand, peri-TEB fibroblasts
expressed tenascin C (Figure 1K), a gene encoding an anti-adhesive ECM molecule linked to organ
development and cancer invasion®**'. Peri-TEB fibroblasts also differed in their expression of ECM
remodeling enzymes, such as matrix metalloproteinases (Mmps), expressing more membrane-type Mmps

(Mmpl4, Mmpl15, Mmpl6, Supplementary figure 2C) that are important for mammary pubertal branching
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(<32
morphogenesis

, and fewer soluble Mmps (Mmp2, Mmp3). We next sought to computationally predict
specific paracrine interactions and signaling networks between different fibroblast clusters and epithelial
cells (both basal and luminal cells) using the algorithm CellChat, a bioinformatic tool designed to predict
significant ligand-receptor interactions between two cell types from scRNAseq data®’. Interestingly, this
analysis identified peri-TEB fibroblasts as the strongest signaling hub, followed by preadipocytes and
periductal fibroblasts (Supplementary figure 3A-C). Analysis of signals emanating from fibroblasts and
received by epithelial cells revealed, surprisingly, that FGF ligands were not expressed by peri-TEB
fibroblasts but rather by fat-pad associated fibroblasts (Fgf2 by interstitial progenitors, Fgf7 by AREGs and
Fgf10 by preadipocytes, Supplementary figure 3D-G). Peri-TEB fibroblasts, on the other hand, expressed

higher levels of WNT ligands (Wnt2, Wntl1) and the WNT signaling regulator Rspol (Supplementary

figure 3D-G).
A spatial atlas of mammary fibroblasts during pubertal branching morphogenesis

To retrieve a more precise information about the spatial distribution of the different fibroblast clusters
identified in our scRNAseq dataset, we stained histological sections to analyze the expression of genes that
we found to be characteristic of each fibroblast cluster based on the transcriptomic data (Figure 2A:;
Supplementary figure 4A) and annotated the regional localization of each examined field as containing
predominantly ducts, TEBs or epithelium-free fat pad (Figure 2B). Expression of specific markers highly
correlated with a defining regionalization of the different fibroblast clusters. Besides finding pan-
fibroblastic markers (COL1A1, VIM) in all examined regions, we could detect expression of peri-TEB
fibroblast markers (aSMA, NES, TNC, MYH10, SDC1) specifically in fibroblasts around the mammary
TEBs, whereas the peri-ductal cluster marker Mfap4 was found in fibroblasts lining the epithelial ducts
(Figure 2C, D). Furthermore, genes enriched in fat pad-associated fibroblasts (CD34 for all of them, 3 for
AREGs, DPP4 and Pil6 for interstitial progenitors, Enpep and Thbsl for preadipocytes) were indeed
located in the distal fat pad devoid of mammary epithelium (Supplementary figure 4A-C). More

specifically, AREGs defined by cluster #2 were identified lining blood vessels as expected from studies in
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the male fat pad®

, preadipocytes were dispersed between adipocytes, and interstitial progenitors were found
in the fat pad septae and in the interstitial reticulum (Supplementary figure 4D), a loose connective tissue

at the fat pad border that creates a continuum with the septae dividing the fat pad lobules?.

This spatial mapping demonstrated that the 6 fibroblast clusters that we identified by scRNAseq show a

high degree of spatial organization within the mammary fat pad.
The peri-epithelial fibroblasts expand during puberty

During pubertal growth, the mammary epithelium expands from a rudimentary tree to form a complex
branched ductal system that entirely fills the fat pad®?’. To assess the dynamic behavior of the different
fibroblast populations identified here during such prominent organ remodeling, we sought to sort different
mammary fibroblasts by flow cytometry. To this aim, we first used a negative selection (Lin"*¢/Ep™°¢
[CD45™¢/CD31%¢/CD24%¢/CD49f*¢]) to exclude immune, endothelial and mammary epithelial cells?3*3,
Then, we designed a FACS gating strategy based on our newly identified markers distinguishing different
types of mammary fibroblasts at the RNA level (Supplementary figure 5A) and by immunostaining
(Supplementary figure 5B, C), dividing Lin®%/Ep™e¢ stromal cells in SCA1*¢/CD39+ (encoded by Entpdl)
peri-epithelial fibroblasts and SCAl+ (encoded by Ly6a) fat-pad associated fibroblasts. The latter ones
were further separated into SCAI+/DPP4™% cells comprising preadipocytes and AREGs, and
SCAI1+/DPP4+ interstitial progenitors (Figure 3A, Supplementary figure 5D, E). Immunofluorescence
staining of freshly isolated FACS-sorted cells from pubertal mammary glands confirmed the presence of
aSMA+ and NES+ peri-TEB fibroblasts in the SCA1%*¥/CD39+ population (Supplementary figure 5F-I).
Flow cytometry analysis of mammary glands at 3 weeks of age (pre-puberty), 5 weeks (peak of puberty)
and 14 weeks (adult stage) revealed the expansion of peri-epithelial SCA1%¢/CD39+ fibroblasts relatively
to other fibroblast populations (Figure 3B, C), consistent with the prominent increase in epithelial cells due
to ductal extension and ramification. In addition, our transcriptomic map hinted to the presence of

proliferative fibroblasts in TEB proximity (Figure 1F, G) and indeed a 2-hour EdU pulse revealed EQU+
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stromal cells mostly located near TEBs (Supplementary figure 6A., B). Intriguingly, we detected

proliferative EQU+/SDC1+/aSMA+ fibroblasts in the peri-TEB niche (Supplementary figure 6C).

These results indicate that, at puberty, peri-epithelial fibroblasts expand alongside the growing ductal

epithelium and that proliferating fibroblasts are specifically concentrated around TEBs.
Peri-TEB fibroblasts are trailing behind the growing epithelium

To assess the fate of the peri-TEB fibroblasts and understand whether they contribute to the expansion of
peri-epithelial fibroblasts, we used a genetic labeling approach to lineage trace them and to follow their
behavior in vivo. For this, Acta2-CreERT2;R26-mT/mG mice were induced at the peak of puberty to label
peri-TEB fibroblasts with permanent and heritable GFP expression (Figure 3D-E). After 24/48 hours (acute
labeling) or longer chase times (1, 3, 4, 20 weeks), we analyzed the GFP+ fibroblasts by flow cytometry.
Surprisingly, flow cytometry showed no expansion of GFP+ cells within the stromal cell population (Figure
3F). However, the distribution of GFP+ cells in the fibroblast populations considerably changed: while
acute labeling and 1 week chase resulted in GFP+ cells only in the peri-epithelial CD39+ population, longer
chase times for 3 weeks or 20 weeks resulted in a substantial increase in SCA1+/DPP4™¢ cells (in purple
in Figure 3G, Supplementary figure 7A), suggesting that 4cta2+ peri-TEB fibroblasts can give rise to

preadipocytes.

To visualize the spatial distribution of Acta2+ peri-TEB fibroblasts and their progeny, we employed whole-
organ imaging of CUBIC-cleared mammary glands**37, a method that enables evaluation of a large volume
of the organ to facilitate the detection of rare cells or cells with an unconventional 3D shape, like fibroblasts.
With a short pulse of labeling, the GFP+ fibroblasts were localized around TEBs, in contact with the
epithelial cells (Figure 3H-J; note that the level of GFP expression is considerably lower in fibroblasts than
in the epithelial cells and mural cells [Supplementary figure 7B], therefore the epithelial signal is
overexposed) whereas we could not detect any GFP+ fibroblasts surrounding the ducts (Figure 37,

Supplementary figure 7C). Immunostaining confirmed that the GFP+ cells found in the peri-TEB stromal
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region were indeed aSMA+/VIM+ and CD34™¢/DPP4™ peri-TEB fibroblasts (Supplementary figure 8A,

B).

After 1 or 3 weeks of chase, however, there were no GFP+ fibroblasts around TEBs anymore and the Acta2-
labeled fibroblasts appeared to have moved to the subtending epithelial ducts (Figure 3H-J, Supplementary
figure 8C), at a distance from the TEBs ranging from 1 to 2 mm after 1 week chase and 2.5 mm to 10 mm
after 3 weeks chase (Figure 3K), roughly corresponding to the distance covered by growing TEBsin 1 or 3
weeks’. Of interest, after a 1- or 3-week chase, we found GFP+ fibroblasts either sitting right on the
mammary epithelial ducts or dispersed in the fat pad (Figure 3L, M) and by immunostaining we
demonstrated that the GFP+ fibroblasts (VIM+) located either in the peri ductal stroma or further in the fat
pad did not express aSMA (Supplementary figure 8C). This corroborates the flow cytometry results
suggesting that both periductal fibroblasts and preadipocytes can arise from Acta2+ fibroblasts. Altogether,
by lineage tracing analysis we provided evidence indicating that the peri-TEB fibroblasts do not
prominently expand during puberty and do not seem to move forward to escort the invading epithelial
TEBs, but they rather lag behind the growing ducts and either differentiate or give rise to peri-ductal

fibroblasts and later to preadipocytes.
Peri-TEB fibroblasts are recruited from the fat pad stroma by the growing epithelium

The lineage tracing experiments described above drew the important conclusion that the peri-TEB
fibroblasts are left behind during the ductal growth, raising the question of the origin of new contractile
fibroblasts that must be delivered to TEBs to maintain an equilibrium within the peri-TEB stromal cells and
to support epithelial growth and fat pad invasion. We reasoned that the tips of growing TEBs inevitably
encounter preadipocytes dispersed within the fat pad on their morphogenetic journey, therefore we aimed
to lineage trace preadipocytes to establish whether they can be recruited by growing TEBs and acquire a
peri-TEB fate. We observed that the Notchl receptor was expressed by preadipocytes, although not
exclusively since it is also found in peri-epithelial fibroblasts (Figure 4A). We therefore used pubertal

Notchl-CreERT2;R26-mT/mG mice for lineage tracing (Figure 4B, C) and quantified and visualized the
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distribution of labelled fibroblasts by flow cytometry and microscopy. Similar to 4cta2-CreERT? tracing,
Notchl-expressing stromal cells did not expand (Figure 4D), but the proportion of labelled fibroblasts in
different subsets changed. Upon acute labeling (24 h), most GFP+ fibroblasts were found in the
SCA1+/DPP4™¢ gate (Figure 4E), suggesting an efficient labeling of preadipocytes; however, already after
1 week of chase, the ratio switched, and we detected GFP+ fibroblasts primarily within the SCA1*¢/CD39+
population of peri-epithelial fibroblasts (Figure 4E). Consistently, by whole-tissue microscopy, we found
GFP+ fibroblasts both dispersed within the fat pad and touching the epithelium at acute labeling, whereas
1 week after labeling the GFP+ cells either formed clusters of adipocytes in the fat pad or they were located

around TEBs (Supplementary figure 9).

The switch in NotchI-traced cells from SCA1+/DPP4™¢ to SCA1™¢/CD39+ cell subsets may suggest that
preadipocytes change state by becoming “activated” and convert into contractile peri-epithelial fibroblasts
when they encounter a growing duct. We cannot however exclude the possibility that the small population
of SCA1™°¢/CD39+ cells labeled at 24 h expanded and generated the GFP+ peri-epithelial fibroblasts that

we observed at later time points after tracing.

In an attempt to discriminate between these two possibilities, we conducted a transplantation experiment,
engrafting tdTomato+ fragments of mammary glands (consisting of epithelium and surrounding stroma
both labeled by red fluorescence) into cleared fat pads of immunocompromised host mice (Supplementary
figure 10A). Supporting our hypothesis that fibroblasts can be recruited by growing TEBs and they do not
migrate alongside the growing mammary tips, 3.5 weeks after transplantation, the tdTomato+ epithelium
reconstituted a branched outgrowth (Supplementary figure 10B) presenting red fluorescent TEBs, that were
surrounded by tdTomato-negative host-derived stromal cells, while tdTomato+ engrafted stromal cells
remained at the original grafting site, corroborating our lineage tracing results (Supplementary figure 10C,

D).

Furthermore, we co-cultured GFP+ mammary epithelial organoids with the different subsets of tdTomato-

labeled fibroblasts that we can now sort by flow cytometry (SCA1%¢/CD39+, SCA1+/DPP4™¢ and
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SCA1+/DPP4+; Figure 4F, G). In such co-cultures, we have recently shown that fibroblasts induce organoid
branching in a contractility-dependent manner!’. Surprisingly, we found that after 5 days of co-culture,
fibroblasts of all three populations promoted epithelial organoid budding, although the peri-epithelial
SCA1™¢/CD39+ fibroblasts displayed the highest morphogenetic potential (Figure 4G-I). Therefore, we
probed aSMA expression in fibroblasts co-cultured for 5 days with mammary epithelial organoids and
discovered that all fibroblast populations acquired a SMA expression when in direct contact with epithelial
organoids (Figure 4G, J). Together these results demonstrate that the growing epithelium can recruit

fibroblasts from the fat pad and induce their peri-TEB phenotype and namely contractility.

Discussion

Heterogeneity of mammary fibroblasts

Dissection of fibroblast heterogeneity is a blooming topic of research, thanks to sScRNAseq analyses that
can now offer unprecedented details into the differences between individual fibroblast subtypes presenting
common features as well as organ specific differences*’. In the mammary gland, our recent sScCRNAseq
analyses discriminated two distinct clusters in the embryonic mammary stroma’; also, other groups
identified four fibroblast clusters in the adult mammary gland®, revealed changes in fibroblast abundance
and ECM expression in the aging mammary glands® and compared the profile of normal fibroblasts with
breast cancer-associated fibroblasts>>. We have recently reported the existence of specialized aSMA+ peri-
TEB fibroblasts that exist only in the proliferating and branching pubertal mammary gland"’. In the present
study, we employed our newly discovered cluster-specific markers to draw a full picture of the spatial
distribution of different fibroblasts within the mammary stroma (Figure 5). We show that three SCAl+

d*®* as well as in the adult

clusters represent fat pad fibroblasts, previously found in the male fat pa
mammary gland®®. In this study, we focused on two clusters of peri-epithelial fibroblasts that reside in the

collagen-rich sheath around the epithelium: periductal and contractile peri-TEB fibroblasts, unique to

puberty.
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Our data thus suggest a strong correlation between spatial organization of stromal cells and fibroblast
heterogeneity, that seems to be conserved in other organs. For example in the skin, papillary fibroblasts are
close to the epidermis, while SCA1+ reticular fibroblasts are embedded deeper in the dermis, close to the
subcutaneous fat pad®”; likewise, in the liver, SCA 1+ periportal fibroblasts sit in the portal area and form a
separate scCRNAseq cluster, distinguished from hepatic stellate cells that line hepatocytes**. We thus
propose that the spatial patterning of fibroblast subtypes may reflect the niche-specific needs for ECM as

ECM-related genes represent the major discriminators of fibroblast subtypes across different organs’.
Fibroblast hierarchy

Fibroblasts are stromal cells of remarkable plasticity, that has been revealed by genetic lineage tracing and
transplantation assays, helping to dissect cellular hierarchies in various tissues. In the skin, papillary and
reticular fibroblast lineages split during embryonic development and never overlap in adult homeostasis®.
In the fat pad, Dpp4+ interstitial progenitors contribute to both preadipocytes and AREGs in a unidirectional
way?$%? in accord with transcriptomic analysis that identified Pil6+/Dpp4+ fibroblasts as a progenitor
population sitting at the top of the fibroblast hierarchy*. Our lineage tracing experiments show that the
newly discovered peri-TEB fibroblasts can contribute to both periductal fibroblasts and preadipocytes, but
in accord with aforementioned studies, we never observed them to give rise to Pil6+/Dpp4+ interstitial
progenitors. Importantly, we show by transplantation and ex vivo recombination that both preadipocytes
and interstitial progenitors can be activated by contact with the epithelium and acquire a peri-TEB
contractile phenotype. Thus, our results support the hypothesis that peri-TEB fibroblasts represent a
transient cell state associated with epithelial morphogenesis and provide a link between fat pad fibroblasts
and peri-epithelial fibroblasts, demonstrating that they are not separate lineages (Figure 5).

Fibroblasts can also differentiate into pericytes and adipocytes in the skin®** and in the interscapular,

14 5

inguinal*’, mesenteric and gonadal fat pad*’. In the mammary gland, adipocytes dedifferentiate into

fibroblasts during pregnancy and are reestablished from fibroblasts during involution®*’. It is yet to be

determined which fibroblast clusters can trans-differentiate into adipocytes in homeostasis and during
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pregnancy-associated changes of the mammary stroma. Our data showing the remarkable plasticity of these
cells, at least in co-cultures, suggest however that both fat pad and peri-epithelial fibroblasts could be able

to give rise to adipocytes.
Fibroblasts orchestrate epithelial morphogenesis

Fibroblasts are believed to be critical regulators of mammary branching morphogenesis>!, due to their
capacity of secreting Fibroblast Growth Factors (FGFs)!!. FGF10 acts as a chemoattractant in organoids!!
and FGF10-soaked beads locally accelerate branching when implanted in vivoS. Our transcriptomic analysis
shows that FGFs are mostly expressed by fat pad fibroblasts (Figure 5). While most epithelial cells are
shielded from the fat pad by a dense collagenous stroma, the leading edge of TEB is in direct contact with
FGF10-expressing preadipocytes. Thus, we believe that the spatial organization of fibroblast clusters can
explain how FGF10-mediated chemoattraction acts in vivo. Also FGF2 induces epithelial proliferation and
organoid budding in vitro'?, which is reminiscent of mammary side branching*. Here we found that FGF2
is produced by interstitial progenitors, located along the septae dividing the fat pad; these stromal cells
could stochastically encounter a growing duct however if this impacts the pattern of epithelial branching is
an attractive hypothesis that remains to be mechanistically explored. We have also detected cluster-specific
Wt ligand expression (Figure 5), with peri-TEB fibroblasts being the stronger producers of Wnt ligands,
suggesting that they may create a stem cell-promoting niche, rich in Wnt ligands, around the TEBs. Other
paracrine signals predicted to act between fibroblasts and epithelium by the Cellchat analysis we provide

here remain to be functionally addressed.

ECM expression and organization is another critical regulator of mammary epithelial branching**-! and
our scRNAseq analysis reveals distinct patterns of ECM expression in different fibroblast clusters. Our
analysis shows that peri-TEB fibroblasts express low levels of fibrillar collagens, including Collal and
Colla2, suggesting that they may produce the collagen sheath only after their transition into peri-ductal
fibroblasts. Similarly, we detected lower expression of basal membrane genes in peri-TEB fibroblasts, in

agreement with the well documented reduction in basal membrane thickness around TEBs”. Peri-TEB
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fibroblasts are also the primary source of membrane bound Matrix Metalloproteases MMPs that can further
promote basal membrane thinning and have been shown to facilitate mammary branching in vivo®?. Finally,
the peri-TEB fibroblasts we characterize here are the exclusive producers of Tenascin C, another ECM

molecule associated with pro-invasive properties®®>!.

A new line of evidence suggest that stromal cells may also regulate epithelial morphogenesis through
mechanical forces derived from actomyosin cell contraction, as it was shown for the regulation of lung
branching'®?, the growth of feathers®® and hair follicles** as well as gut vilification®. In the mammary
gland, we have recently demonstrated that fibroblast contractility drives epithelial organoid branching in a
co-culture system!’. It is conceivable that the contractile fibroblasts positioned around the neck of TEBs
that we studied here may create a hoop stress that facilitates the ductal invasion through the fat pad, as
previously suggested for myoepithelial cells®. Of note, the peculiar localization of contractile peri-TEB
fibroblasts correlates with the transition of the cuboidal epithelial cap cells of TEBs into myoepithelial cells
lining the subtending ducts, opening an exciting opportunity to test the involvement of contractile
fibroblasts in this process in further studies. In conclusion, we have characterized a novel fibroblast
population that creates a specialized mechano-chemical niche to facilitate epithelial morphogenesis (Figure
5).

Fibroblasts activation — signals from the epithelium and beyond

The process of fibroblast activation is probably best studied in wound healing, when fibroblast
contractility and ECM production is turned on to aid proper wound closure and healing. Excessive
fibroblast activation, however, can result in scarring, fibrosis and provide cancer prone
microenvironment. Contractile fibroblasts, however, are also found in developing tissues and it is not
clear if they are controlled by conserved mechanisms and molecular regulators. Interestingly, we
have observed that while peri-TEB fibroblasts are characterized by a signature of contractility, they
express lower levels of fibrillar collagens, suggesting that the activation process is either completely

different or only partial, when compared to wound healing. Many of the signaling pathways commonly
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associated with fibroblast activation have been shown to be involved in mammary fibroblasts
regulation, like PDGF*’, FGF*® or WNT signaling®!. Finally, contact with macrophages can activate
myofibroblasts in wounds, via cell-cell adhesion and TGFp signaling®?, while macrophages are present
in the peri-TEB stroma and their depletion impairs mammary outgrowth®$, It is therefore tempting
to speculate that TEBs invading the fat pad create a miniature wound-like environment, involving
activation of contractile fibroblasts that are recruited to propel epithelial branching in an evolutionary
conserved manner. Further research into fibroblast activation during organ development is needed to
understand the differences and similarities between morphogenesis, wound-healing, fibrosis and

cancer.

Material and methods

Mice

All procedures involving animals 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 (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). ICR mice and nude mice were obtained from the Laboratory Animal
Breeding and Experimental Facility of the Faculty of Medicine, Masaryk University. Lifedct-GFP mice
were created by Wedlich-Séldner team®, R26-mT/mG* and Acta2-CreERT2 mice® were acquired from
the Jackson Laboratory. Notch1-CreERT2 mice® were created in our laboratory. Transgenic animals were
maintained on a C57BL/6 background. Experimental animals were obtained by breeding of the parental
strains, the genotypes were determined by genotyping. The mice were housed in individually ventilated or

open cages, all with ambient temperature of 22°C, a 12 h:12 h light:dark cycle, and food and water ad
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libitum. For induction of CreERT?2 constructs, mice were treated with tamoxifen (Sigma, 2 mg/10 g of
mouse) diluted in com oil (Sigma), delivered via intraperitoneal injection. For EAU incorporation assay, 5
weeks old wild-type females were injected with 10 nmol/l1 g of mouse, delivered via intraperitoneal
injection 2 h prior to euthanasia. Mice were euthanized by cervical dislocation and mammary gland tissues

were collected immediately.
Microdissection of TEB/duct

For microdissection of TEB- and duct-containing regions, 5 weeks old R26-m7/mG females were used.
Mammary glands #3 and #4 were dissected and spread on 10 cm plastic petri dishes. Under the control of
a fluorescent stereoscope (Leica FM165C), 0.5x0.5 mm pieces of tissue containing either TEBs or pieces
of ducts (assessed based on tdTomato fluorescence) were dissected and collected in CO»-independent

medium on ice. 5-8 mice were pooled for one experiment.
Single cell RNA sequencing

For scRNAseq experiment, microdissected pieces of mammary gland were digested in a
collagenase/hyaluronidase solution [3 mg/ml collagenase A, 100 U/ml hyaluronidase (all Merck), 5% fetal
bovine serum (FBS; Hyclone/GE Healthcare) in CO; independent medium (Thermo Fisher Scientific)] for
2 hours at 37°C, shaking at 120 rpm. Resulting tissue fragments were treated with 0.25% trypsin, 5 mg/ml
dispase II, 100 pg/ml DNase and red blood cell lysis buffer (Sigma) and filtered through a 40 pm cell
strainer. Resulting single cell suspension was pooled down, resuspended in freezing medium (10% DMSO
in FBS) and frozen by slow freezing at -80°C and moved to liquid nitrogen 24 h thereafter. Sequencing was
performed at Single Cell Discoveries BV, Netherlands, using the 10x Genomics platform, at 5,000 target

cells/sample and with sequencing depth of 50,000 reads per cell.
scRNAseq data analysis — data preprocessing

The analysis of scRNAseq data was performed in R (R systems) using the Seurat package®. The following

filters were applied to the data to remove doublets and damaged cells: genes with expression in < 3,
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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
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 (Collal, Col3al, Pdgfra for fibroblasts; Ptprc for leukocytes; Epcam, Cdhl 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 Psprc expression and excluded from the analysis.
Cluster markers were calculated using the FindAlIMarkers function. The expression scores were calculated

using the 4ddModuleScore function with genes in supplementary table 1.
scRNAseq data analysis — cell communication analysis

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.

Immunohistochemistry (IHC)

For THC, mammary glands #4 were dissected, spread on glass slide and fixed in 4% paraformaldehyde (EM
grade; Electron Microscopy Sciences) overnight at 4°C, dehydrated in ethanol solutions with increasing
concentration and xylene and embedded in paraffin. 5 pm sections were cut on rotational microtome
(Thermo scientific, Microm HM340E). After rehydration, sections were boiled in pH6 citrate buffer or pH9

Tris-EDTA buffer to retrieve antigens, blocked in 1% bovine serum albumin and 5% FBS and incubated
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with primary antibodies (supplementary table 2), fluorophore-conjugated secondary antibodies
(ThermoFisher Scientific) and 1 pg/ml 4',6-diamidino-2-phenylindole (DAPI, Merck) , mounted (Aqua
Poly/Mount, Polysciences) and imaged on laser scanning confocal microscope (LSM780/800/880/900,
Zeiss). For SCA1 staining, slides were first stained for COL1A1 than biotin-conjugated SCA1 primary
antibody was followed by incubation with 1 pg/ml Alexafluor633-conjugated streptavidin (ThermoFisher
Scientific) for 1 hour before counterstaining with DAPI. EdU detection was performed using Click-iT
imaging kit (ThermoFisher Scientific) following the manufacturer’s instructions. The quantification of
positive cells was done manually in ImageJ, using DAPI signal to count total stromal cell number. Cells of
epithelial ducts and blood vessels, recognized by typical morphology, autofluorescence and cell shape, were
omitted from analysis. The field of views (FOVs) were all of the same size (212x212 pm) and were scored
“duct”, “TEB” or “fat” based on morphology and position of the structures (TEBs: stratified epithelium,
bulb-like shape and position of the structure at the distal part of the mammary epithelium (invasive front);

duct: bi-layered epithelium; fat: no epithelial structures in the FOV).
In situ hybridization (ISH)

For ISH, mammary glands were processed in the same way as for IHC and the staining was performed
using RNA Scope kit following manufacturer’s instructions, using commercially available probes
(supplementary table 2). The quantification of positive cells was done manually in ImageJ similarly to THC
quantification, using DAPI signal to count total stromal cell number. Rules for determining positive cell
were unique for each probe, based on the level of expression (3 dots for Enpep, Thbs1 and Ly6a; cytoplasm

full of dots for F3, Tne, Pil6 and Mfap4).
Fluorescence assisted cell sorting (FACS)

For FACS or flow cytometry, harvested mammary glands #1, #2, #3, #4 and #5 were chopped into
0.5%0.5x0.5 mm? pieces and digested in a solution of collagenase and trypsin [2 mg/ml collagenase A, 2
mg/ml trypsin, 5 pg/ml insulin, 50 pg/ml gentamicin (all Merck), 5% FBS (Hyclone/GE Healthcare) in

DMEM/F12 (Thermo Fisher Scientific)] for 30-60 min at 37°C. Resulting tissue suspension was treated
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with DNase I (20 U/ml; Merck) and red blood cell lysis buffer and filtered through 40 pm cell strainer to
achieve single cell solution. The cells were resuspended in staining medium (10% FBS, 100 U/ml of
penicillin, and 100 pg/ml of streptomycin in CO> independent medium) with antibodies (supplementary
table 2) and incubated on ice in dark for 30 min. Then, the cells were washed twice with PBS, resuspended
in flow buffer (5 mM EDTA, 1% BSA, 1% FBS in phenol red-free DMEM/F12 with HEPES) and passed
through a 40 um cell strainer. The analysis was done on Aria III or Fusion (both BD), operated by SORP

software (BD). The flow cytometry data were analyzed using the FlowJo software (BD).
Immunocytochemistry (ICC)

For immunofluorescent analysis, 10,000 FACS-sorted fibroblasts were plated directly on coverslip-bottom
8 well plates (IBIDI) and cultured in fibroblast medium [10% FBS, 1x ITS (10 pg/ml insulin, 5.5 pg/ml
transferrin, 6.7 ng/ml sodium selenite), 100 U/ml of penicillin, and 100 pg/ml of streptomycin in DMEM],
fixed with 4% formaldehyde for 15 min, permeabilized with 0.5% Triton X-100 in PBS for 10 min and
blocked with PBS with 10% FBS for 30 min. Then the cells were incubated with primary antibodies
(supplementary table 2) for 2 h at RT. After washing, the cells were incubated with fluorophore-conjugated
secondary antibodies (ThermoFisher Scientific) and phalloidin AlexaFluor 488 and DAPI for 2 h at RT.

The cells were photographed using LSM 780/880/900 (Zeiss).
Whole-mount clearing and imaging

Staining and clearing of the mammary glands was done following clear, unobstructed brain imaging
cocktails (CUBIC) protocol®®3”. Briefly, mammary glands #3 or #4 were harvested and fixed in in 4%
paraformaldehyde overnight at 4°C, washed and incubated in CUBIC reagent 1 (25% (w/w) urea, 25%
(w/w) N,N,N’ N’-tetrakis(2-hydroxypropyl)ethylenediamine, 15% (w/w) Triton X-100 in distilled water)
for 4 days shaking at RT. After washing, the tissue was blocked using blocking buffer (5% FBS, 2% BSA,
1% Triton X-100, 0.02% sodium azide in PBS) ovemnight at RT, incubated with primary antibodies
(supplementary table 2) diluted in blocking buffer for 3 days at 4°C with rocking, washed three times for 2

h (0.05% Tween 20 in PBS) and incubated with DAPI (1 pg/ml) in blocking buffer. Then the glands were
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transferred to CUBIC reagent 2 (50% (w/w) sucrose, 25% (w/w) urea, 10% (w/w) 2,2°,2”’-nitrilotriethanol,
0.1% (w/w) Triton X-100 in distilled water) for >1 day at RT with rocking. The samples were mounted
with CUBIC reagent 2 between two coverslips with double-sided tape as a spacer to enable imaging from
both sides and they were imaged on laser scanning confocal microscope LSM780/880 (Zeiss). Non-
fibroblastic cells were identified based on their morphology, position in tissue and difference in GFP
expression level. Namely, the 4cta2 model induced GFP expression in basal epithelial cells, vascular
smooth muscle cells and pericytes; Nofchl model induced GFP expression in subset of luminal epithelial

cells and in endothelium.
Mammary fragment transplantation

For transplantation experiments, mammary gland #4 from 5-week old R26-m7/mG females was harvested,
spread on a 10 cm plastic petri dish and a 0.5x0.5x0.5 mm?® piece containing epithelial duct was dissected
under a stereoscope using tdTomato fluorescence for guidance (Leica FM165C) and kept in CO2
independent medium on ice until use, but for maximum of 6 h. 3 weeks old nude females were anesthetized
with isoflurane, after disinfection of abdominal area, reversed Y shaped incision was made into skin and
#4 mammary glands were mobilized from the peritoneum. After cauterization of blood vessel in the
connection of #5 and #4 mammary glands, proximal part of #4 mammary gland (from nipple to lymph
node) was cut out. Small incision using iris scissors was made in the middle of the remaining fat pad to
create a capsule, where a single piece of R26-m7/mG tissue was grafted. The skin opening was closed using
bio-degradable suture and mice were carefully monitored until full recovery. During first 2 weeks after
surgery, mice were supplied with analgesia (0.2 mg/ml of Ibuprofen in drinking water). 3.5 weeks after the

surgery, the mice were euthanized and the mammary outgrowth was analyzed.
Mammary organoid-fibroblast co-cultures

3D culture of mammary organoids and fibroblasts was performed as previously described™. Briefly, for
isolation of primary mammary organoids (fragments), mammary glands were harvested, chopped and

enzymatically digested [2 mg/ml collagenase A, 2 mg/ml trypsin, 5 pg/ml insulin, 50 pg/ml gentamicin (all
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Merck), 5% FBS (Hyclone/GE Healthcare) in DMEM/F12 (Thermo Fisher Scientific)] for 30 min at 37°C
and 120 rpm. Resulting tissue suspension was treated with DNase I (20 U/ml; Merck) and enriched for
organoids by 5 rounds of differential centrifugation at 450 x g for 10 s. The collagen/Matrigel gel matrix
[MEM 1x, collagen 1 from rat tail (Corning) 2.5 mg/ml, 30% growth factor reduced Matrigel (Cormning)]
was mixed and pre-incubated for 1 h on ice before mixing with cells. 100 organoids, 80,000 FACS-sorted
fibroblasts and 25 pl of collagen/Matrigel gel matrix were mixed well and plated on small patches of
Matrigel on 8-well coverslip-bottom dishes (IBIDI) and overlayed with basal organoid medium (1x ITS,

100 U/ml of penicillin, and 100 pg/ml of streptomycin in DMEM/F12).
Co-culture immunofluorescence

For immunofluorescent analysis of 3D co-cultures, the co-cultures were fixed with 4% paraformaldehyde
for 40 min at RT, washed, and stored in PBS. The co-cultures were permeabilized with 0.5% Triton X-100
in PBS, blocked with 1% BSA, 5% FBS and 0.1% Triton X-100 in PBS (3D staining buffer, 3SB) and
incubated with primary antibodies (supplementary table 2) in 3SB over 1-3 nights at 4°C. Then the co-
cultures were washed for 3 h with 0.05% Tween-20 in PBS and incubated with fluorophore-conjugated
secondary antibodies (ThermoFisher Scientific) and DAPI (1 pg/ml; Merck) in 3SB overnight at 4°C in
dark. Then the co-cultures were washed for 3 h with 0.05% Tween-20 in PBS, cleared with 60% glycerol

overnight at RT in dark. The co-cultures were imaged using LSM 880 (Zeiss).
Statistical analysis

Statistical analysis was carried out 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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Fig. 1. Single cell RNA sequencing of pubertal mammary fibroblasts

A. A representative image of a pubertal mammary gland from a 5 week old mouse. Scale bar: 1
cm. B. Histological detail of epithelial duct and TEB. Scale bar: 100 um. Ep. marks epithelial
compartment. C. Immunostaining for aSMA in a cleared mammary gland detects fibroblasts
around TEB (TEB borders are delineated by a red line) as well as cap cells of the TEB. Top and
middle optical sections of the imaged z stack are presented; their localization according to TEB is
indicated by yellow line. The full z-stack is presented in Movie 1. Scale bars: 100 pm, 50 um in
detail. Ep. marks epithelium. D. A scheme of microdissected regions of the mammary gland. E-F.
UMAP of merged mammary fibroblasts showing fibroblast clusters (E) and sample of origin (F).
G. Violin plots and UMAPs showing expression of cluster marker genes. H. Transcriptomic scores
of fibroblasts from developing fat pad (Merrick et al. 2019) plotted over our dataset of mammary
fibroblasts. The black lines indicate approximate borders between our 6 clusters. I. Annotation of
fibroblast clusters. J, K. Dot plots showing expression of contractility-related genes (J) and genes
encoding extracellular matrix (K).
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Fig. 2. Spatial atlas of mammary fibroblasts during pubertal morphogenesis

A. A dot plot showing expression of marker genes used for spatial mapping. B. An overview of
mammary gland on histological slide, red squares show fields of view (FOVs) containing duct,
TEB or distal fat pad. Scale bar: 100 pm. C. Representative images showing expression of various
gene or protein markers in regions containing duct, TEB or distal fat pad, the inset shows detail on
fibroblasts. * marks epithelial compartment encircled by yellow dashed line. Scale bar: 100 pm,
10 um in detail. D. Quantification of marker-positive stromal cells in different regions of
mammary gland, shown as box plot. Each dot represents a single FOV, n = 3 biological replicates,
N = 69 FOVs for VIM, 47 FOVs for COL1A1, 57 FOVs for SDC1, 59 FOVs for MYH10 and
aSMA, 83 FOVs for NES, 26 FOVs for TNC, 113 FOVs for Tnc and Mfap4; statistical analysis:
Wilcoxon test.
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Fig. 3. Peri-TEB fibroblasts are a transient cell state and do not migrate with the
invading epithelium

A. Representative FACS plots dividing mammary fibroblasts into CD39+; SCA1+/DPP4- and
SCA1+/DPP4+ populations. B, C. Flow cytometry quantification of mammary fibroblast
proportions from 3 week, 5 week and 14 week old mice shown as boxplots (B) and pie charts (C),
n = 3 mice per sample. D. Schematic representation of the Acta2-CreERT2;R26-mT/mG mouse
model. E. Induction strategy for the chase experiments. F, G. Flow cytometry quantification of
GFP+ cells out of total stromal cells (F) and quantification of the proportion of FACS populations
within the GFP+ fibroblasts (G); n = 3 mice per time-point, statistical analysis: Wilcoxon (F) and
chi square test (G). H, I. Projections of z-stack imaging of whole mammary glands after tamoxifen
induction and 24 h-, 1 week- or 3 week-long chase. Red boxes in whole organ overview pictures
(H) indicate regions presented in I. Red boxes in detail pictures of ductal or peri-TEB regions (I)
indicate magnified regions with GFP+ fibroblasts (i-iv). GFP channel is shown as “fire” lookup
table. White arrowheads indicate GFP+ fibroblasts, orange arrowheads indicate GFP+ adipocytes,
empty arrowheads indicate GFP+ mural cells. Scale bars: 1 cm in H; 100 pm in I, 50 pm in detail
in I. J. Quantification of positional distribution of GFP+ fibroblasts after 24 h or 3 weeks of chase;
n = 3 mice, N = 38 z-stack for the 24 h chase, 22 z-stacks for 1 week and 51 z-stacks for the 3
weeks chase, statistical analysis: Wilcoxon test. K. Quantification of distance of GFP+ fibroblasts
from the TEB; n = 3 mice, N = 343 fibroblasts for 24 h, 106 for 1 week and 144 for 3 week-long
chase. L, M. Representative appearance (L) and quantification (M) of GFP+ fibroblasts found
after 1 or3 weeks of chase. n = 3 mice; N = 22 z-stacks for 1 week and 51 z-stacks for 3 weeks

chase (M).
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A-E. Notchl fibroblast chase experiment. A. Violin plot and UMAP expression of Notchl in
fibroblast clusters. B. Schematic representation of the NotchI-CreERT2;R26-mT/mG mouse
model. C. The induction strategy. Flow cytometry quantification of GFP+ cells out of total stromal
cells (D) and quantification of the proportion of FACS populations within the GFP+ fibroblasts
(E); n = 3 mice per time-point, statistical analysis: Wilcoxon (D) and chi square test (E). F-J. Co-
culture of sorted fibroblasts with epithelial organoids. F. A schematic representation of the
experiment. G. Representative images of the organoids after 5 days of co-culture with FACS-
sorted fibroblasts (organoids in cyan, fibroblasts in red). The inlets show brightfield images of the
cultures. The magnified regions (demarcated by yellow lines) provide a detailed view on
fibroblasts in contact with the organoid or further away from it in the ECM and their staining for
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aSMA. Scale bars: 100 pm and 10 pm in detail. H. Quantification of percentage of organoid
budding, shown as box plot. Each dot represents a biological replicate, lines connect paired
experiments; n = 3 independent experiments, statistical analysis: Student’s t-test. I. Quantification
of the number of buds formed per organoid, each dot represents one organoid, colors code paired
experiments; n = 3 independent experiments, N = 91, 40 and 44 organoids for CD39+, DPP4- and
DPP4+ population, respectively, statistical analysis: Student’s t-test. J. Quantification of aSMA+
fibroblasts (FB) in co-cultures, shown as a box plot, each dot shows one organoid; n = 3
independent experiments, N =24, 18 and 20 organoids for CD39+, DPP4- and DPP4+ population,
respectively.
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Fig. 5. A scheme: contractile peri-TEB fibroblasts are recruited by the growing
epithelium

A schematic representation of our findings. Mammary stroma comprises 5 clusters of fibroblasts
(+ proliferative fibroblasts) with distinct spatial locations: peri-TEB fibroblasts surround TEBs,
periductal fibroblasts wrap around subtending ducts, interstitial progenitors reside in collagenous
fat pad septae, AREGs dwell in blood vessel stroma, and preadipocytes are scattered between
adipocytes. Interstitial progenitors have been shown to provide other fat pad fibroblasts (Stefkovic
et al. 2021, gray arrows). Our data suggest that fat pad fibroblasts are recruited by the TEB and
activated into peri-TEB phenotype, then differentiate into periductal fibroblasts and back to
preadipocytes (black arrows). Based on spatial resolution of fibroblast clusters, we predict spatial
resolution of ECM (purple), WNT signaling ligands (red) in peri-TEB stroma and FGF signaling
ligands (blue) in fat pad and fat pad septae. The dots show expected sites where mammary
epithelium encounters FGF/WNT ligands.
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Supplementary figure 1. scRNAseq of pubertal mammary gland

A. UMAP plots showing cell clusters and canonical fibroblast, leukocyte and epithelial cell genes
in the micro-dissected samples containing TEBs or ducts. B. Dot plot showing expression of
fibroblast-associated genes, pericyte maker genes and genes previously used to drive Cre
expression in mammary fibroblasts. C-E. Analysis of subsets of epithelial cells merged from the
TEB and duct samples: UMAPs showing clusters (C) and cell origin (D), and a dot plot showing
expression of epithelial cell type markers (E). F-H. Analysis of subset of leukocytes merged from
TEB and duct sample: UMAPs showing clusters (F) and cell origin (G), and a dot plot showing
expression of immune cell type markers (H).
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Supplementary figure 2. scRNAseq analysis of pubertal mammary fibroblasts

A. Violin plots and UMAPs showing expression of additional cluster marker genes. B.
Transcriptomic scores of the 4 clusters of fibroblasts from adult mammary gland (MG) (Yoshitake
et al. 2022) plotted over our dataset of mammary fibroblasts. The black lines indicate approximate
borders between our 6 fibroblast clusters. C. Dot plot showing expression of ECM remodeling
genes in our fibroblast clusters.
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Supplementary figure 3. CellChat analysis of pubertal mammary fibroblast-epithelium
interactome

A, B. Quantification of predicted signals originating in fibroblasts and directing into basal (BCs)
(A) or luminal (LCs) (B) epithelial cells. The thickness of the line represents the signal strength.
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C. A graph of overall incoming and outgoing signals for single fibroblast clusters and epithelial
cells. D. Chord diagrams showing predicted signals incoming into basal or luminal epithelial cells
from the identified fibroblast clusters. Members of FGF signaling are colored in blue, members of
WNT signaling in red. E, F. Graphs showing the strength of incoming and outgoing signal of FGF
(E) and WNT (F) signaling. G. A dot plot showing expression of selected signaling molecule
genes in fibroblast clusters.
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Supplementary figure 4. Detection of fat pad clusters

A. A dot plot showing expression of marker genes used for spatial mapping. B. Representative
images showing expression of various gene or protein markers in regions containing duct, TEB or
distal fat pad. The insets show details on fibroblasts. The dashed yellow line demarcates epithelial
compartment, which is indicated by *. The dashed purple line demarcates blood vessel, which is
indicated by °. Scale bar: 100 pm, 10 um in detail. C. Quantification of marker-positive stromal
cells in different regions of the mammary gland, shown as box plot. The dots show single fields of
view (FOV), n = 3 biological replicates, N = 89 FOVs for CD34 and DPP4, 90 FOVs for Pil6, 74
FOVs for F3, 81 FOVs for Enpep, 28 FOVs for Thbsl, statistical analysis: Wilcoxon test. D.
Representative images showing expression of DPP4 and CD34 in interstitial reticulum at the
border of the mammary gland (D). Scale bar: 100 pum.
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Supplementary figure 5. Flow cytometry analysis of mammary fibroblasts.

A. UMAPs and violin plots showing expression of Enipdl, Ly6a and Dpp4 in mammary
fibroblasts. B. Representative images showing expression of CD39 and SCAI1 in regions
containing duct, TEB or distal fat pad. The insets show detail on fibroblasts. The dashed yellow
line demarcates epithelial compartment, which is indicated by *. Scale bars: 100 pm, 10 pm in
detail. C. Quantification of marker positive stromal cells in different regions of mammary gland,
shown as box plot, the dots show single fields of view (FOV), n = 3 biological replicates, N = 68
FOVs for CD39 and 55 FOVs for SCAI, statistical analysis: Wilcoxon test. D. Representative
flow cytometry scatter plots showing initial gating of isolated mammary gland cells, further gating
of fibroblasts is shown in Figure 3A. E. Fluorescence minus one (FMO) controls for the
experiment in D and Figure 3A. F-I. Characterization of peri-TEB marker expression.
Representative images (F) and quantification (G) of aSMA expression in FACS-sorted
populations of mammary fibroblasts. H, I. Representative images (H) and quantification (I) of
NES expression in FACS-sorted populations of mammary fibroblasts. The dots of box plots in G
and I represent single FOVs, n = 2 and 3 independent experiments for aSMA and NES,
respectively; N = 848 cells in CD39+, 147 cells in DPP4- and 237 cells in DPP4+ population for
aSMA; N =479 cells in CD39+, 251 cells in DPP4- and 226 cells in DPP4+ population for NES.
Scale bars: 10 pm.
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Supplementary figure 6. Detection of proliferation in pubertal mammary stroma

A-C. Detection of EdU incorporation after 2 h pulse on histological sections of the mammary
gland. A. EdU signal is separated by manually drawing a mask in stromal and epithelial areas.
Scale bar: 100 um. B. Quantification of EdU+ stromal cells in relation to distance from the
epithelial structures; n = 11 fields of view, statistical analysis: Wilcoxon test. C. Micrograph of

the TEB from A showing an EQU+ aSMA+ SDC1+ peri-TEB fibroblast. Scale bar: 100 pm, 10
um in detail.

47

173



FIBROBLAST SIGNALING PATHWAYS IN REGULATION OF MAMMARY GLAND MORPHOGENESIS

Sumbal et al.

A CD31-/CD45-/CD24-/CD49f-/ GFP- CD31-/CD45-/CD24-/CD49f-/GFP+
7 SCA1+ "7 SCA1+
S E . 1
£ w 4 | 3
< & i & :
N 3. g 3 9
o i ] i
o 3]
B " il " 1 - v v " 2 L U v
SCA1+ | 7 SCA1+
b~ E ~ 1
3 ok
Q 4 = L)
S & S
-~ @ & o
8. o] e 8. T
o o Il
o | ] i
» T T T ™ Ty T T L e v
© o
e
° ol "< SCAl+ 7 SCA1+
£ soc] - i
z 0 T o] o T o]
& o o 2 ia
8 - 8 -
T -y L T Al " 1 L i ] T = L 1 T
7 SCA1+ +] =7 SCA1+
s 3 s ] 1
o : T
N 2. 2.3 2 2 2.
: T [ -]
it SPRPA i R 04 e A i PG 1 e PR LG R O Sy
SCA1-PerCP/Cy5.5 DPP4-APC SCA1-PerCP/Cy5.5 DPP4-APC
B Acta2-CreERT2,R26-mTmG mural cell morphology7
capillary pericyte

[
=
|
<
o
w
[U]

48

174



FIBROBLAST SIGNALING PATHWAYS IN REGULATION OF MAMMARY GLAND MORPHOGENESIS

Sumbal et al.

Supplementary figure 7. Fibroblast tracing in the Acta2-CreERT2;R26-mTmG mouse
model

A. Representative flow cytometry scatter plots showing gating of fibroblast populations in GFP-
and GFP+ stromal cells, used in quantification in Figure 3G. B. Representative images of mural
cells visualized with the Acta2-CreERT2; R26-mTmG: vascular smooth muscle cells (VSMCs) and
pericytes show characteristic shape and association with blood vessels. C. Z-stack and
magnification of a duct from Acta2-CreERT2;R26-mTmG mouse induced with a 24 h pulse of
tamoxifen (shown in Figure 3I). GFP channel is shown as “fire” lookup table (LUT). Scale bar:
100 pm.
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Supplementary figure 8. Immuno-histological analysis of traced fibroblasts in the Acta2-
CreERT2;R26-mTmG mouse model

A-C. Representative images of mammary TEBs of an Acta2-CreERT2;R26-mTmG mouse induced
with tamoxifen at 5 weeks of age and after a 24 h (A, B) or 3 week (C) chase, with details zooming
on GFP+ fibroblasts, stained for VIM and aSMA (A, C) or CD34 and DPP4 (B). The yellow and
magenta insets in B show positive staining of fat pad fibroblasts photographed in the same section.
The dashed white line demarcates epithelial compartment, which is indicated by *. Full white
arrowheads point out positive staining, empty arrowheads point out negative staining. Scale bars:
100 um, 10 pm in detail.
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Supplementary figure 9. Fibroblast visualization in the Notchl-CreERT2;R26-mTm G
cleared mammary glands

A distal fat pad region and a TEB region of a Notchl-CreERT2;R26-mTmG mice induced with a
tamoxifen pulse and chased for 24 h (top panel) or 1 week (bottom panel). Full white arrowheads
show GFP+ fibroblasts or adipocytes, empty arrowheads show GFP+ epithelial or endothelial
cells. Scale bars: 100 pm, 10 um in detail.
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Supplementary figure 10. tdTomato+ mammary fragment transplantation in wild-type
host

A. A scheme depicting the transplantation of a tdTomato+ tissue fragment containing epithelial
duct with surrounding stroma in a wild-type (wt) host cleared fat pad. B. A representative
outgrowth of a regenerated gland 3.5 w after transplantation. Areas marked by yellow squares are
zoomed-in in C. Scale bar: 1 mm. C. Z-stacks of the transplantation site (1) and a TEB (2). The
tdTomato signal was divided into epithelial (red) and stromal (turquoise) using manually drawn
masks based on morphology. The yellow squares indicate magnified areas. Scale bars: 50 um. D.
Staining of VIM on histological section of a TEB of a transplanted mammary gland shows the
abundant presence of fibroblasts around the TEB. Scale bars: 100 pm.
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Supplementary table 1: the gene scores
Study Cluster Genes
Merrick et al. 2019  Group 1 Arklcl8 Cd55 anxa3 Pil6é  Sema3c Gap43 Bmp7 Dect2 Dpp4 Wnt2
Merrick et al. 2019  Group 2 Ggt5 Fabp4 Pparg Vcaml Bmper Cd36 Rarres2 Apoe Icaml

Merrick et al. 2019  Group 3 Fmo2 Vit Ifitml  Gdf10 Cleclla F3

Yoshitake etal. 2022 Fib_0  Pil6 Anxa3 Sema3c Myoc Igfbp5 Akrlcl8  Cd55  Smpd3 Ackr3 Dpp4

Yoshitake etal. 2022 Fib_1 Fabp4 Lpl Col4al Sparcll Cxcll4 Hmgesl Col6a3 Smoc2 Col5a3 Cold4a2

Yoshitake etal. 2022 Fib_2  Postn  Mfap4 Scg3 Penk  Tnc Apoe Enpp2 Mdk  Srpx  Thbsl

Yoshitake etal. 2022 Fib_3 Gdfl0 F3 Gasb  Cxcll2 Cst3 Tmeml176b Fmo2 Inmt Mgp II6

Supplementary table 1. The genes used for transcriptomic scores in Figure 1
and Supplementary figure 2
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Supplementary table 2: antibodies and probes used
whole-mount staining (CUBIC)
target manufacturer Reference # species clone concentration conjugate
ACTA2  Sigma C6198 mouse  1A4 1/300 Cy3
IHC-IF
target manufacturer Reference# species clone concentration conjugate
COLAIA Cell Signaling Technologies  #72026 rabbit E8FAL 1/100 N/A
VIM Cell Signaling Technologies #5741 rabbit D21H3 1/400 N/A
ACTA2 Sigma A2547 mouse 1A4 1/300 N/A
SDC1 BD #553712 rat 281-2 1/400 N/A
NES Chemicon MAB353 mouse rat401 1/100 N/A
MYH10 Biolegend #909901 rabbit polyclonal 1/200 N/A
TNC R&D MAB2138 rat #578 1/30 N/A
DPP4 Abcam ab187048 rabbit EPR18215 1/200 N/A
CD34 Abcam ab8185 rat MEC 14.7 '1/50 N/A
CD39 Cell Signaling Technologies  #14481 rabbit E2X6B 1/200 N/A
KRT8 DSHB TROMA-I rat TROMA-I 1/200 N/A
GFP Novus Biologicals NB100-1614 chicken polyclonal 1/300 N/A
SCAl A Becton Dickinson co. '553334 rat E13-161.7 1/100 biotin
ICC-IF
target manufacturer Reference # species clone concentration conjugate
ACTA2 Sigma A2547 mouse 1A4 1/300 N/A
VIM Cell Signaling Technologies #5741 rabbit D21H3  1/200 N/A
NES Chemicon MAB353 mouse rat401 1/100 N/A
phalloidin Sigma N/A N/A 1/300 AF488
IF organoids
target manufacturer Reference # species clone ration jug
ACTA2 Sigma C6198 mouse 1A4 1/300 Cy3
ACTA2  Sigma A2547 mouse  1A4 1/300 N/A
flow cytometry/FACS
target manufacturer Reference # speci clone concentration conjug
CD45 BD #561037 rat 30-F11 1/200 APC/Cy7
CD31 BioLegend #102439 rat 390 1/200 APC/Cy7
CD24 BioLegend #101849 rat M1/69 1/200 APC/Cy7
CD49f BiolLegend #313628 rat GoH3 1/200 APC/Cy7
CD140A Biolegend #135923 rat APAS5 71/50 BVv421
CD39 eBioscience 25-0391-80 rat 24DMS1  1/200 PE/Cy7
SCAl BioLegend #108123 rat D7 1/200 PerCP/Cy5.5
DPP4 BiolLegend #137807 rat H194-112 1/200 APC
ISH probes
Target  Manufacturer Reference# channel
Mfap4d  ACD 421391 c1
Tnc ACD 465021-C2 C2
Pil6 ACD 451311-C3 C3
F3 ACD '448691 c1
Enpep ACD 862211-C3 C3
Thbs1 ACD 457891-C3 Cc3

Supplementary figure 2. Antibodies and probes used
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