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Summary 

The mammary gland (MG) is able to undergo repeated cycles of proliferation and 

morphological remodeling during postnatal developmental until menopause, which suggests 

tremendous regenerative potential and a high degree of cellular plasticity, features that are 

exploited by malignant cells during breast cancer progression and that can lead to intra- and 

intertumoral diversity and metastases. Thus, a detailed understanding of epithelial and 

stromal cellular heterogeneity and the role of cellular plasticity in morphogenetic processes 

and in shaping differentiation trajectories holds the key for resolving breast cancer 

progression and heterogeneity and represents the foundation for improved patient 

stratification and therapy. 

Single-cell transcriptomics can provide insight into cellular heterogeneity and lineage 

plasticity the MG. However, isolation of cells from the dense, collagenous human mammary 

extracellular matrix (ECM) requires laborious dissociation which unavoidably leads to 

compositional and transcriptional error. Importantly, human MG research lacks certain in 

vivo techniques, such as lineage tracing, to back up the sequencing results and to identify 

dissociation-induced error. In addition, human breast tissue at certain developmental stages 

is largely inaccessible, which hampers the construction of developmental lineage 

hierarchies. In this study, dissociation-induced error was identified by comparing different 

tissue dissociation protocols using flow cytometry and single-cell RNA sequencing. 

Thereby, it was found that a high agitation speed led to an underrepresentation or absence 

of specific stromal subpopulations, such as fibroblasts or lymph endothelial cells. 

Interrogation of the transcriptomic profiles revealed that a long enzymatic digest induced an 

overall oxidative stress response and impacted the expression of lineage specific markers 

genes. In contrast, a shorter digest better preserved the in situ cellular gene expression state, 

however required a high agitation speed and consequently came at the expense of stromal 

cell yield. Importantly, downregulation of key-myoepithelial marker gene ACTA2 led to the 

generation of two basal/myoepithelial subclusters that could easily be misinterpreted as 

distinct cell states leading to a wrong assumption of differentiation dynamics in the epithelial 

compartment. Thus, direct comparison of those dissociation procedures represents a strategy 

to capture the complex composition as well as the primary transcriptional state of mammary 

cell populations.  

Phenotypic plasticity of epithelial cells in morphogenetic processes, such as branching 

morphogenesis, enables ECM invasion of the growing epithelium. Our current knowledge 
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about involved processes relies mainly on mouse experiments but discrepancies between the 

murine and the human MG hamper a direct comparison of findings. In this thesis, dynamic 

processes involved in epithelial expansion of the human MG were studied using a 3D assay 

in which basal/myoepithelial cells cultured in a collagen matrix give rise to organoids that 

resemble the mammary epithelium in architecture and function. Using live cell imaging, it 

was discovered that organoid self-organization relies on the phenotypic plasticity of basal 

cells, which allows them to collective invade the matrix in a leader-follower migration mode. 

Leader cell specification, characterized by strong matrix adhesion and MMP-mediated 

matrix degradation was not of a permanent nature as follower cells occasionally challenged 

the leader cells in their position, a phenomenon so far only described during endothelial 

sprouting. By using immunofluorescence, laser ablation and specific pathway interreference, 

strong cell-cell coupling and tension built-up within organoid branches was found to induce 

matrix deformations at the invasive front. These deformations could be linked to an internal 

collective back-and-forth movement of cells and ultimately led to the formation of a stable 

collagen cage encasing the growing branch, which showed great similarities to in vivo 

collagen densifications around murine and human mammary ducts.  
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Zusammenfassung 

Während der postnatalen Entwicklung bis hin zur Menopause kann die Brustdrüse 

wiederholt Phasen mit starkem Zellwachstum und morphologischen Veränderungen 

durchlaufen, was eine enorme regenerative Leistung und ein hohes Maß an zellulärer 

Plastizität suggeriert, Eigenschaften, welche von bösartigen Zellen während der 

Brustkrebsentwicklung übernommen werden und zur Heterogenität von Brustkrebs und 

Metastasierung beitragen. Um Brustkrebsentwicklung und Tumorzellheterogenität zu 

entschlüsseln und somit auch verbesserte Patientenklassifizierung und Therapie zu 

ermöglichen, benötigen wir ein detailliertes Wissen über die Heterogenität von Brustepithel- 

und Stromazellen und wir müssen verstehen, wie zelluläre Plastizität sowohl 

morphologische Veränderungen als auch Differenzierungsprozesse beeinflusst. Die 

Einzelzellanalyse des Transkriptoms erlaubt einen Einblick in die Heterogenität und 

Plastizität von bestimmten Zelltypen der Brust. Allerdings ist humanes Brustgewebe sehr 

dicht und collagenreich und erfordert deshalb einen aufwendigen Gewebeverdau für die 

Zellisolation, was unvermeidlich zu Fehlern bezüglich der zellulären Zusammensetzung und 

des Transkriptoms führt. Hierbei ist wichtig zu erwähnen, dass sich die human 

Brustforschung für die Verifizierung von Sequenzierungsergebnisse und für die 

Identifikation von Fehler, die auf den Gewebeverdau selbst zurückzuführen sind, nicht auf 

bestimmte Techniken, wie die in vivo Verfolgung der genetischen Abstammung bestimmter 

Zelltypen, stützen kann. Außerdem ist es fast unmöglich humanes Brustgewebe von 

bestimmten Entwicklungsstufen zu sammeln, was die Erstellung von 

entwicklungsrelevanten Differenzierungsmustern von Zelltypen erschwert. In dieser Studie 

wurden mit Hilfe von Durchflusszytometrie und der RNA-Sequenzierung einzelner Zellen 

verschiedene Gewebeverdauprotolle miteinander verglichen, um so Fehler zu identifizieren, 

die auf den Gewebeverdau selbst zurückzuführen sind. Dabei wurde herausgefunden, dass 

eine erhöhte Rührgeschwindingkeit dazu führt, dass bestimmte Stromazelltypen, wie 

Fibroblasten und Endothelzellen, weniger vertreten waren oder sogar ganz fehlten. Eine 

genauere Analyse der zellulären Transkriptionsprofile zeigte, dass ein langer enzymatischer 

Gewebeverdau zu einer oxidative Stressantwort führte und außerdem die Expression von 

zelltypspezifischen Marke-Genen beeinflusste. Bei einem kürzeren Gewebeverdau konnte, 

im Vergleich dazu, der in situ zelluläre Genexpressionszustand besser konserviert werden. 

Allerdings wurde hierbei eine höhere Rührgeschwindigkeit benötigt, was wiederum zu 

einem Verlust von Stromazellen führte. Durch die reduzierte Expression des 
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myoepithelialen Schlüsselgenes ACTA2 entstanden zwei basale/myoepitheliale 

Zelluntercluster, welche irrtümlicherweise als zwei unterschiedliche Zellzustände 

interpretiert werden könnten und dadurch zu einer falschen Annahme bezüglich der 

epithelialen Differenzierungsdynamik führen. Folglich stellt der direkte Vergleich von 

verschiedenen Gewebeverdauprotokollen eine Strategie dar, mit der sowohl die komplexe 

Zusammensetzung der Brustzellpopulationen als auch deren ursprünglicher 

Genexpressionszustand erfasst werden kann. 

Phänotypische Plastizität, welche epitheliale Zellen während morphogenetischer Prozesse, 

wie der Entstehung von verzweigten duktalen Systemen zeigen, ermöglicht es dem 

wachsenden Epithel in die extrazelluläre Matrix vorzudringen. Was die dabei involvierten 

Prozesse angeht, beruht unser Wissen aktuell vor allem auf Experimenten mit Mäusen. 

Allerdings ist es schwer die dabei erhaltenen Erkenntnisse direkt auf den Menschen zu 

übertragen, da sich die murine und die humane Brustdrüse deutlich voneinander 

unterscheiden. In dieser Studie wurden dynamische Prozesse, welche das epitheliale 

Wachstum der humanen Brustdrüse mitbestimmen, mit Hilfe eines 3D-Zellkultur-Assay 

untersucht. Dabei bilden basale/myoepitheliale Zellen, die in einer Collagen Matrix 

kultiviert werden, Organoide, die dem Brustepithel in Aufbau und Funktion ähneln. Durch 

konfokales Live Cell Imaging konnte gezeigt werden, dass die Organoidentstehung auf der 

phänotypischen Plastizität basaler Zellen beruht, da sie so als Kollektiv mit Leit- und 

Folgezellen in die Matrix vordringen können. Die Spezifikation der Leitzellen war dabei 

geprägt von sowohl starker Anheftung an die Matrix als auch Matrixabbau durch Matrix 

Metalloproteinasen (MMPs). Die Spezifikation war allerdings nicht immer von Dauer, da es 

vorkam, dass Folgezellen die Leitposition übernahmen. Dieses Phänomen war bisher nur 

während der Entstehung von endothelialen Gefäßstrukturen beobachtet worden. Durch 

Immunfluoreszenz, Laserabalation und Experimenten, bei denen spezifische zelluläre 

Signalwege unterbrochen wurden, wurde gezeigt, dass in Organoidzweigen starke Zell-Zell-

Kontake und Spannungsaufbau zu einer Deformation der Matrix am Leitsaum führen. Diese 

Deformationen beruhten dabei auf der Dynamik der Zellen, welche sich kollektiv entweder 

nach vorne oder zurück bewegten. Letztendlich führte die Deformation der Matrix zur 

Bildung eines Kollagenkäfigs, der die wachsenden Organoidzweige umgab und vergleichbar 

mit dichten Kollagenansammlungen ist, welche auch in vivo das murine und humane duktale 

Brustepithel umgeben.  
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Abbreviations 

%  Percent  
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2D  Two-dimensional  
3D  Three-dimensional  
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ECM  Extracellular matrix  
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ELDA  Extreme limiting dilution analysis  
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ESR1 Estrogen Receptor 1 
FACS  Fluorescence-activated cell sorting  
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FRZM  Freezing medium  
FSC  Forward scatter  
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g  Gravitational Acceleration  
g  Gram(s)  
GATA3  Trans-acting T-cell-specific transcription factor  
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GFP  Green fluorescent protein  
GO  Gene ontology  
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HER2  Human epidermal growth factor receptor 2  
HMEC  Human mammary epithelial cell  
HR  Hormone receptor  
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l  Liter(s)  
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Lin  Lineage  
LM Luminal mature 
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m  Meter  
M  Molar  
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MEC  Mammary epithelial cell  
MECGM  Mammary epithelial cell growth medium  
MG  Mammary gland  
min  Minute(s)  
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MME  Membrane metalloendopeptidase, CD10  
MMP Matrix metalloproteinase 
mRNA  Messenger RNA  
n  Nano  
n.a.  Not applicable  
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n.d.  Not defined 
n.s.  Not significant  
PB  Pacific blue  
PBS  Phosphate-buffered saline  
PCA  Principal component analysis  
PCB  Primary cell buffer  
PE  Phytoerythrin  
PFA  Paraformaldehyde  
PI3K Phosphoinositide 3-kinase 
PR  Progesterone receptor  
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ROCK Rho-associated protein kinase  
RT Room temperature 
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S Second(s) 
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scRNA-seq Single-cell RNA-sequencing  
s.d. Standard deviation 
SSC Sideward scatter 
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TDB Tissue digestion buffer  
TDLU Terminal ductal lobular unit  
TEB Terminal end bud  
TGF-β1 Transforming growth factor beta 1  
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µ Micro 
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1 Introduction 

1.1 Breast cancer  

As the most frequently diagnosed cancer in women worldwide, breast cancer causes about 

0.7 million deaths per year (Bray et al., 2018). Early breast cancer at a non-metastatic stage 

is curable in approx. 70-80 % of the cases (Harbeck et al., 2019), however, when diagnosed 

in an advanced-stage, where metastases have already formed, the 5-year survival rate 

drastically drops to about 20 % (Allemani et al., 2013). Treatment of breast cancer is 

complicated by the fact that it is a very heterogeneous disease, which differs not only 

between patients (intertumoral heterogeneity), but also within one tumor, cell populations 

can be detected that vary histologically, express different biomarkers or show heterogeneity 

in genomic alterations (intratumoral heterogeneity) (Koren & Bentires-Alj, 2015). Therapy 

and prognosis are primarily based on several clinic parameters, such as age, lymph node 

status, size of the primary tumor, histological grade and on the expression of pathological 

markers like estrogen receptor (ER), progesterone receptor (PR) and human epidermal 

growth factor receptor 2 (HER2) (Schnitt, 2010). Based on these markers breast cancer can 

be categorized into three main types: hormone receptor (HR) positive breast cancer (HR+, 

positive for ER, PR or both), HER2-amplified breast cancer and triple negative breast cancer 

(TNBC), where neither HR expression nor HER2-amplification is detected. Breast cancer 

therapy mainly relies on this classification and while HR+ tumors are commonly treated 

with hormone therapy, including tamoxifen and aromatase inhibitors (Waks & Winer, 2019), 

patients with HER2 positive tumors benefit from Trastuzumab therapy, also known as 

Herceptin, an antibody binding to the HER2 receptor and reducing tumor growth by 

antibody-dependent cell-mediated cytotoxicity (J. Wang & Xu, 2019). For TNBCs, 

chemotherapy represents the standard therapeutic approach, as these tumors lack 

overexpression of HR and HER2 and due to a heterogenous response to chemotherapy, 

TNBC often leads to poor prognosis (Bianchini et al., 2016).  

Another level of breast cancer heterogeneity was added, when global gene expression 

profiling of human breast cancer samples revealed five molecular intrinsic subtypes: luminal 

A, luminal B, normal breast-like, HER2-enriched and basal-like (Perou et al., 2000; Sørlie 

et al., 2001). Luminal A/B tumors were group based on the expression of genes that are 

associated to normal mammary luminal cells, such as KRT18, GATA3, FOXA1 and ESR1 

(encoding for ER), while basal-like tumors express KRT5 and KRT17, genes normally 

associated with basal mammary cells. Enrichment for basal epithelial genes is also found for 
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the normal-breast like subtype, together with genes associated with non-epithelial cell types 

(Sørlie et al., 2001). As indicated by the name, the HER2-enriched subtype is amplified in 

the HER2 locus and shows low ER expression. Furthermore, another molecular subtype 

(claudin-low) was described based on low expression levels of tight junction proteins claudin 

3,4 and 7 as well as the cell-cell adhesion protein E-cadherin (Herschkowitz et al., 2007; 

Prat et al., 2010). The identified molecular subtypes of breast cancer do not necessarily 

overlap with the pathological markers and even within a distinct molecular subtype, high 

heterogeneity has been detected, which complicates patient stratification, accurate prognosis 

and therapy.  

Importantly, there is evidence that during breast cancer initiation and progression, cellular 

plasticity of mammary epithelial cells is triggered, which allows tumor cells to undergo 

molecular and phenotypic changes. Cellular plasticity and the process of undergoing 

phenotypic changes is originally observed during normal tissue development and 

dedifferentiation processes are reported in the context of tissue regeneration, stemness and 

wound healing. However, in a pathological context this process inherently bares the risk of 

cancer initiation and further obscures tumor characterization (Gupta et al., 2019). One 

example for this phenomenon is breast cancer with underlying BRCA1 mutation, which is 

molecularly defined as basal-like. Although the classification may suggest otherwise, these 

tumors arise from luminal progenitor cells and not from basal cells. This was shown by 

targeted deletion of BRCA1 in luminal ER- murine cell, which lead to the formation of 

tumors similar to those found in human BRCA1 mutation carriers, while deletion of BRCA1 

in basal cells yielded a tumor type that rarely exists in the human breast (Lim et al., 2009; 

Molyneux et al., 2010). Phenotypic changes can result from microenvironmental cues and 

genetic alterations but can also be induced by treatment-imposed selective pressure, thereby 

contributing to the most lethal aspects of this disease, metastasis and resistance to therapy 

(Gupta et al., 2009). Thus, identifying the mechanisms of cellular plasticity will help to adapt 

therapeutical targeting and will allow for the development of novel anticancer treatments. 

The foundation for understanding the role of cellular plasticity and heterogeneity in breast 

cancer initiation and progression thereby lies in differentiation processes of normal 

mammary epithelial cells.  

1.2 Normal mammary gland 

The routes of breast cancer progression and heterogeneity lie in normal development and 

cellular plasticity of the mammary gland (MG). MG development mainly takes place after 
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birth and is characterized by enormous morphological remodeling, proliferation and 

differentiation processes during puberty, pregnancy and lactation as well as during normal 

homeostasis. Until menopause the gland is able to undergo repeated cycles of proliferation 

and remodeling, which suggests tremendous regenerative potential and a high degree of 

cellular plasticity, features that are also highly relevant for breast cancer biology. Thus, 

understanding of normal mammary gland development including morphological aspects, 

cellular heterogeneity and differentiation hierarchies represents the foundation for resolving 

breast cancer heterogeneity and providing accurate prognosis and therapy. 

1.2.1  Development of the human mammary gland 

Development of the MG starts with the formation of mammary lines that run anterior-to-

posterior in the ventral surface of the embryo and are of ectoderm origin (Sakakura, 1987). 

Mammary lines subsequently resolve into the mammary placode which expands and 

descends the underlying mesenchyme, which is derived from the mesoderm (BALINSKY, 

1950; Knight & Peaker, 1982). Further invagination and sprouting directed by signals from 

the mesenchyme results in the formation of a very primitive ductal system, also referred to 

as anlage or rudimentary ductal tree, which is present at birth (Figure 1.1) (Howard & 

Gusterson, 2000; Kratochwil, 1969; Russo & Russo, 2004). After birth, this rudimentary 

gland remains mainly quiescent showing allometric growth. Circulating growth factors and 

reproductive hormones, such as the ovarian hormones 17β-Estradiol and progesterone, lead 

to extensive proliferation during puberty, which results in the formation of a complex 

branched epithelial network with ducts ending in lobules (Figure 1.1) (Brisken & O’Malley, 

2010; Howard & Gusterson, 2000; LYONS et al., 1958; Williams & Daniel, 1983). In the 

adult MG, cyclic turnover of epithelial cells takes place during each estrous cycle, but only 

during pregnancy and lactation the gland fully differentiates. Mainly orchestrated by 

progesterone and prolactin, the lobules increase in number and size during pregnancy in 

order to prepare for secretory activity, which is induced by a drop of placental lactogen and 

sex steroids upon birth (Figure 1.1) (Brisken et al., 1999). After breastfeeding, the gland is 

remodeled back to its original state in a process called involution (Figure 1.1). Thereby, most 

of the secretory epithelium undergoes apoptosis, which leads to a collapse of lobular 

structures (Furth et al., 1997; M. Li et al., 1997). In addition, the periductal and perilobular 

connective tissue is remodeled back by proteolytic extracellular matrix (ECM) breakdown 

and infiltration of phagocytes (Atabai et al., 2007). Importantly, the involuted gland of a 

parous woman does not completely resemble the pre-parous state of the gland as some 
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differentiated lobules remain and differences in respect to gene expression and chromatin 

organization persist (Balogh et al., 2006; Russo et al., 2012; Walker et al., 1989). There is 

also evidence of a pregnancy-induced cell population which is absent in pre-parous glands 

and persists throughout following pregnancies (Wagner et al., 2002). In addition, 

transcriptional networks in post-pregnancy mammary epithelial cells (MECs) have been 

shown to be differentially regulated compared to their pre-pregnancy counterparts and 

thereby specific epigenetic alterations such as stable changes in DNA methylation and 

chromatin remodeling have been identified (dos Santos et al., 2015; Huh et al., 2015; Russo 

et al., 2012). These findings suggest a molecular memory of prior pregnancies and indeed it 

has been shown that post-pregnancy glands respond robustly to the signals of consecutive 

pregnancies (Alberto Zuppa et al., 1988; Ingram et al., 2001). Notably, a very recent study 

highlighted the role of pregnancy-induced epigenetic alterations in breast cancer progression 

by using a mouse model with inducible overexpression of cMYC, a potent oncogene 

overexpressed in many human breast cancers (Feigman et al., 2020). Thereby, it was found 

that post-pregnancy murine MECs in contrast to pre-pregnancy MECs did not undergo 

malignant transformation in response to induced cMYC overexpression and instead 

underwent senescence (Feigman et al., 2020). These findings are in line with epidemiologic 

studies showing that women who have undergone an early full-term pregnancy have a 

reduced risk for developing breast cancer (Britt et al., 2007; Kelsey et al., 1993; Medina et 

al., 2004; Russo et al., 2005; Slepicka et al., 2019). 
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Figure 1.1: Postnatal human mammary gland development 
After birth and until puberty the rudimentary ductal epithelial tree remains quiescent. During puberty, 
and under the control of hormones massive proliferation leads to the formation of a complex 
branched epithelial network. Further growth and full differentiation are reached during pregnancy 
and lactation. Afterwards the breast is remodeled back to the adult non-pregnant state. Until 
menopause the gland can undergo numerous cycles of pregnancy, lactation and involution (The 
scheme is a reproduced courtesy of Dr. Jelena Linnemann). 

1.2.2  Human mammary gland architecture 

The MG represents a complex interaction network of various cell types essential for 

development, normal homeostasis and function of the gland. A central part is the epithelial 

ductal tree which extends from the nipple into a collagenous ECM and branches off into 

extralobular terminal ducts ending in alveoli. A cluster of around 100 alveoli is thereby 

determined as a terminal ductal lobular unit (TDLU) (Figure 1.2), which is where milk is 

produce during lactation (Parmar & Cunha, 2004) but also where most breast cancers arise 

(Sainsbury et al., 2000). This epithelial ductal system is bilayered, with apical orientated 

luminal cells, surrounded by a layer of basal/myoepithelial cells (Figure 1.2). While the 

luminal cells line the ducts and synthesize and secrete milk during lactation, the highly 

contractile basal/myoepithelial cells facilitate the milk transport thought the ducts to the 

nipple. Notably, the terms basal and myoepithelial describe the same cell type and can be 

used interchangeably. The term basal describes myoepithelial cells that line the ducts, which 

have a cuboidal morphology, while myoepithelial cells surrounding the alveoli are more 

elongated and flatter. Irrespectively of their position and shape, myoepithelial cells of ducts 

and alveoli are highly contractile and stain positive for alpha smooth muscle actin (αSMA) 

(Howard & Gusterson, 2000) which mediates their contractility (Haaksma et al., 2011; 

Weymouth et al., 2012). Additionally, basal/myoepithelial cells are characterized by 

Child Puberty Adult

Adult, pregnantAdult, lactating
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expression of membrane-bound metalloprotease CD10, which has an identical expression 

pattern to αSMA (De Moraes Schenka et al., 2006, 2008; Gusterson et al., 1986; Moritani et 

al., 2002; Popnikolov et al., 2003; Santagata et al., 2014). Moreover, the transcription factor 

p63 is expressed in all basal/myoepithelial cells but not in the cells comprising the luminal  

layer (Lim et al., 2010; Santagata et al., 2014) and it has been shown to be indispensable for 

the maintenance of the basal cell fate, as a forced expression of p63 in luminal cells confers 

a basal phenotype (Wuidart et al., 2018; Yalcin-Ozuysal et al., 2010). Transcription factors 

essential for luminal cell fate determination are GATA3 and Elf5 (Asselin-Labat et al., 2007; 

Kouros-Mehr et al., 2006; H. J. Lee et al., 2011; Oakes et al., 2008; Santagata et al., 2014). 

Cytokeratin (CK) 18 and 7 can only be found within the luminal layer and while CK5 and 

CK14, originally presumed to be markers for basal/myoepithelial cells only, have been found 

to be expressed by both lineages in the human MG (Santagata et al., 2014). Moreover, 

luminal cells express the glycoprotein Mucin-1 at their apical surface and the tight junction 

protein ZO-1 (J. Stingl et al., 2001). Importantly, the luminal compartment is heterogenous 

and can be further subdivide into two luminal subpopulations based on the expression of 

EpCAM and CD49f (integrin-α6): luminal progenitor cells (LP; EpCAM+/CD49f+) and 

luminal mature cells (LM; EpCAM+/CD49f-) (Eirew et al., 2008). LP cells represent a less 

differentiated luminal cell type, that has been found to be characterized by expression of 

aldehyde dehydrogenase (ALDH) (Eirew et al., 2012; Shehata et al., 2012), while LM cells 

are more differentiated with higher levels of hormone-receptor expression (Santagata et al., 

2014; Shehata et al., 2012). 

 

Figure 1.2: Illustration of the human mammary epithelium 
In the human mammary gland, the lactiferous duct branches of into extralobular terminal ducts 
ending in clusters of alveoli, called Terminal Ductal Lobular Units (TDLUs). Within the lobules, 
basal/myoepithelial cells show an elongated and flat morphology and surround the luminal cells.  

The outer layer of basal/myoepithelial cells directly contacts the basement membrane, which 

constitutes a thin sheet of ECM surrounding the epithelial network. It is mainly composed 

of laminin polymers, glycoproteins and proteoglycans, such as perlecan and dystroglycan 

Terminal Ductal Lobular Unit (TDLU)

basal/myoepithelial
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and crosslinked fibers of Collagen-IV and VII (Muschler & Streuli, 2010). While being 

EpCAMlow, basal/myoepithelial cells express the laminin receptor CD49f and can therefore 

directly bind to the basement membrane. Within the ducts, the cuboidal morphology of 

myoepithelial cells separates the inner luminal cells from the basement membrane, whereas 

the more elongated morphology of the myoepithelial cells in the lobules allows for basement 

membrane contact of luminal cells (Howard & Gusterson, 2000). Importantly, the basement 

membrane regulates permeation of substrates and collagens within the basement membrane 

represent the major structural component lending mechanical support. As a mechanical 

barrier between the epithelium and the surrounding ECM, the basement membrane plays an 

important role during breast cancer progression where a loss of basement membrane enables 

tumor cells to invade the surrounding tissue (Butcher et al., 2009; Muschler & Streuli, 2010). 

In the human breast, the surrounding tissue is composed of various connective proteins, such 

as fibronectin, hyaluronan and most importantly collagen I and contains different stromal 

cell types, such as fibroblasts, immune cells and endothelial cells (Figure 1.3, A) (Muschler 

& Streuli, 2010). Notably, the stroma surrounding large ducts and TDLUs (= interlobular 

stroma) is very collagenous and becomes fattier during puberty and with aging, while the 

stroma surrounding the individual acini within the TDULs (= intralobular stroma) is looser 

and contains many small blood and lymph vessels that ensure i.a. the supply of nutrients and 

oxygen (Figure 1.3, B) (Haagensen, 1971). Within the intralobular stroma more stromal cells 

can be found, such as specialized fibroblasts, scattered lymphocytes, plasma cells and 

macrophages (Morsing et al., 2016; Parmar & Cunha, 2004; Plaks et al., 2015). Together, 

this indicates that the intralobular stroma is a very specialized microenvironment, that plays 

a crucial role in the regulation of epithelial growth, differentiation and function.  
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Figure 1.3: Human mammary epithelium surrounded by ECM and stromal cells 
(A) Schematic overview of cell types present in the mammary gland. (B) H&E staining of human 
mammary gland tissue section shows the epithelial ductal network (dark purple) and collagen-rich 
extracellular matrix (light purple). The extracellular matrix can be subdivided in to a cell-rich 
intralobular stroma and a collagenous extralobular stroma. Scale bar: 200µm. 

1.2.3 Branching morphogenesis: The formation of a complex ductal network 

Branching morphogenesis leads to the formation of a tree-like, ductal epithelium in diverse 

organs such as kidney, pancreas or mammary gland (Shah et al., 2004; Mark D. Sternlicht, 

2005; Villasenor et al., 2010). Unique to the MG is that branching morphogenesis mainly 

occurs postnatal and like no other ductal epithelium undergoes repeated cycles of 

proliferation and involution until menopause, which not only suggests enormous 

regenerative capacity but also a high degree of cellular plasticity. A central developmental 

process during branching morphogenesis is ductal elongation, during which cells of 

epithelial branches invade the surrounding matrix. Thereby, the cells show great phenotypic 

plasticity which involves a transition from strong epithelial cell-cell binding to a more motile 

state. This can be acquired by partial epithelial-to-mesenchymal transition (EMT) where 

multicellular clusters retain some cell-cell adhesion while collectively invading the 

microenvironment or leading cells of invading branches acquire more mesenchymal traits 

that facilitate migration into the surrounding stroma (Nelson et al., 2006; Revenu & Gilmour, 

2009), processes akin to the invasive phenotype of breast cancer cells (Friedl & Gilmour, 

2009; Ingthorsson et al., 2016; Micalizzi et al., 2010; Nieto, 2013).  

The establishment of 3-dimensional (3D) organotypic culture systems enabled monitoring 

mammary branching morphogenesis and ductal elongation ex vivo, by offering a controlled 

environment in which multiple experimental conditions could be investigated. By doing so, 

a subset of key regulatory molecules, such as fibroblast growth factors (FGFs) and Wnt-

ligands were found to provide morphogenetic signals to the mammary epithelium 
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(Kessenbrock et al., 2017; Mailleux et al., 2002). In addition, the role of local matrix 

degradation via matrix-metallo-proteinases (MMPs) in regulating the collective ductal 

outgrowth of the mammary epithelium has been extensively studied (Jimmie E. Fata et al., 

2004; Lu et al., 2011; Simian et al., 2001). Culture of murine mammary epithelial fragments 

in Matrigel, a commercial matrix composed of laminin I, collagen IV, and entactin 

(Kleinman & Martin, 2005) has suggested that the mammary epithelium shows a similar 

mode of branching and elongation as observed in other branched organs such as lung and 

kidney (Chuang & McMahon, 2003; Davies, 2005). Specifically, localized proliferation 

processes and cell rearrangements within the bulbous terminal end bud (TEB) drive the 

collective migration and elongation of the mammary epithelium (Ewald et al., 2008; 

Huebner & Ewald, 2014). Importantly, this process was thereby described as a non-invasive 

process without a clear mechanical interaction of TEB cells with the surrounding matrix 

(Ewald et al., 2008).  

However, in vivo the adipose murine mammary fat pad is interspersed with some fibrous, 

collagen-rich regions that already exist prior to branching morphogenesis (Brownfield et al., 

2013) and when the epithelium happens to contact those regions, a more invasive process is 

induced, where cells clearly interact with the collagen matrix, which in turn directs the 

orientation of epithelial outgrowth (Brownfield et al., 2013; Charles W. Daniel et al., 1984). 

Consistently, it has been shown in vitro that branching increases with collagen density 

(Carey et al., 2017; K. V. Nguyen-Ngoc & Ewald, 2013) and axial oriented collagen fibers 

are sufficient to direct epithelial branch outgrowth in culture (Brownfield et al., 2013; Guo 

et al., 2012). The migration process is thereby characterized by a clear cell-matrix interaction 

indicated by the formation of actin-rich cellular protrusions at the leading edge and strong 

cell-cell coupling between MECs (Gjorevski et al., 2015; Guo et al., 2012), a process also 

typically observed during invasive tip-cell driven elongation found during retinal endothelial 

sprouting (Gerhardt et al., 2003) or Drosophila tracheal tube elongation (Samakovlis et al., 

1996), where collective cell migration is led by protrusive tip cells that invade the matrix 

(Scarpa & Mayor, 2016). These findings highlight the importance of the ECM as an essential 

cue during branch elongation and suggest that due to strong cell-matrix interactions, aligned 

collagen fibers act as patterning cues for MG branching morphogenesis. Thus, while 

chemical signals and soluble factors stimulate the collective migration, they are not required 

for directing the outgrowth (Cassereau et al., 2012; Guo et al., 2012). Instead, the structural 

and mechanical properties of the ECM, such as bundles of aligned collagen fibers, act as the 

primary guiding cues for the epithelium (Brownfield et al., 2013; Gjorevski et al., 2015; Guo 
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et al., 2012; Pepper Schedin & Keely, 2011). Interestingly, it has been shown that the 

mammary epithelium itself can induced collagen fiber alignment via ROCK-mediated 

cellular contractions (Brownfield et al., 2013; Carey et al., 2017; Gjorevski et al., 2015; 

Gjorevski & Nelson, 2010) and notably, the endogenous contractility of primary basal 

HMECs has been found to be absolutely crucial for the branch elongation process in a 3D 

collagen type I matrix, as blocking of contractility using a ROCK inhibitor prevented branch 

elongation (Linnemann et al., 2015) as well as collagen fiber alignment (Carey et al., 2017).  

Importantly, our current knowledge about mammary branching morphogenesis and ductal 

elongation is based on evidence from analyses on fixed tissue samples and in vitro culture 

of murine MECs. However, fixed tissue samples completely miss the high dynamics 

involved in branching morphogenesis and results obtained from murine epithelial fragments 

embedded in matrigel are hard to transfer on human MG morphogenesis due to severe 

differences in MG architecture and ECM composition. Compared to the mouse MG which 

mainly consists of adipose tissue, the human MG stroma is collagenous with collagen type 

I being one of the main constituents (Dontu & Ince, 2015; Parmar & Cunha, 2004). As a 

consequence, to date little is known about how the human MG is evolving and how the ductal 

elongation and branching mode is affected by the mechanical properties of the surrounding 

matrix.  

1.2.4 Differences between human and murine MG 

Due to obvious ethical reasons, low availability of tissue samples and great interindividual 

differences human MG research is complicated. Therefore, the murine MG has become the 

major model organism for MG research and mouse models, allowing for genetic and non-

genetic manipulations have been intensively used to study MG development and cellular 

hierarchies. Importantly, however, the human and the mouse MG display significant 

differences when it comes to development, architecture, extracellular matrix, cellular 

composition and lineage marker expression (Dontu & Ince, 2015; Parmar & Cunha, 2004; 

Mark D. Sternlicht, 2005). In all mammals, MG development starts with a localized 

thickening of ventral ectoderm, followed by the formation of milk lines that develop into 

placodes and finally lead to the formation of a rudimentary ductal network present at birth. 

However, already during embryogenesis (around embryonic day 14) the mesenchyme 

around the male murine mammary bud is destructed under the influence of androgen 

hormones, while in the human MG, development in males and females is the same until 

puberty. At the time point of birth, the human MG consists of blunt-ended tubular as well as 
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acinar structures, that already resemble TDLUs. In comparison, ducts in the murine gland 

are all blunt-ended and during puberty, these blunt-ended ducts develop into TEBs, 

consisting of an outer layer of cap cells and inner body cells. TEBs invade the mammary fat 

pad and only during pregnancy develop into alveolar buds, that are located along a branch 

and disappear after lactation. This is stark contrast to the grape-like architecture of TDLUs 

in the human MG, which is present in the resting gland, massively increases in size during 

pregnancy and lactation and even after involution remains extensively branched (Howard & 

Gusterson, 2000; Russo & Russo, 2004). As mentioned above, the composition of the human 

mammary stroma shows spatial heterogeneity. While the interlobular stroma is composed of 

dense collagen fibers that align between the TDLUs and the adipose tissue, the intralobular 

stroma consists of loose collagen and is more cellular (Muschler & Streuli, 2010). In 

contrast, the mouse MG is embedded in adipose stroma and lacks a specialized stromal 

compartment, such as the intralobular stroma of the human MG (Figure 1.4) (Mark D. 

Sternlicht, 2005). In addition, the hormonal milieu of humans and mice is significantly 

different. Humans display higher levels of steroid hormones and via the stromal cells of the 

intralobular stroma, HMECs are exposed to many paracrine factors. In addition, while many 

epithelial lineage markers can be used for the identification of basal/myoepithelial and 

luminal cells in both human and murine MG, there are exceptions: The cytokeratins CK5 

and CK14 are exclusively expressed by basal cells in the murine MG (Mikaelian et al., 

2006), however in the human MG expression is found in both epithelial cell types (Gusterson 

et al., 2005; Santagata et al., 2014). In summary, these differences hamper a direct 

comparison of murine and human MG and must be taken into consideration when drawing 

conclusion from murine MG research onto the human organ. 

 
Figure 1.4: Comparison of mouse and human MG 
H&E staining of normal human and murine breast tissue sections. (A) Tissue section of normal 
human breast showing dense, collagenous stroma surrounding TDLUs. (B) Murine epithelial ducts 
are surrounded by adipose-rich stroma. The Figure was adapted and modified from (Dontu & Ince, 
2015). 
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1.3 Cellular heterogeneity and plasticity in the mammary gland 

During reproductive life, the MG undergoes repeated cycles of proliferation and remodeling, 

which is only possible due to a high degree of cellular plasticity and tremendous regenerative 

capacity. Importantly, those cellular properties are suspected to be exploited by malignant 

cells during breast cancer initiation and progression. Thus, the key for a better understanding 

of cellular plasticity and heterogeneity of breast cancer lies in normal MG development and 

a detailed knowledge about differentiation processes and how the MG is evolving represents 

the foundation for better patient stratification and treatment.  

1.3.1 Transplantation assays and lineage tracing studies  

The MG can undergo repeated cycles of substantial tissue remodeling which already in the 

late 1950s and early 1960s led to intensive research on the potential role of long-lived 

mammary stem cells (MaSC). Thereby the regenerative capacity of murine MECs was 

demonstrated by transplantation of epithelial fragments into the de-epithelialized mammary 

fat pads of recipient mice. The transplanted fragments regenerated an entire epithelial ductal 

network that filled the whole fat pad, consisted of both, basal/myoepithelial and luminal cells 

and even generated secondary outgrowths when transplanted again (C. W. Daniel & Young, 

1971; Deome et al., 1959; Faulkin & Deome, 1960; Young et al., 1971). The temporal and 

spatial origin of transplanted fragments was found to have no effect on successful 

engraftment, suggesting that a potential stem cell population was located along the entire 

epithelial tree, persisting throughout a life span of a mouse (C. W. Daniel et al., 1968; 

Hoshino, 1962; Smith & Medina, 1988; Young et al., 1971). Moreover, another study in 

which retro-virally labeled MECs clonally expanded and reconstituted an epithelial network 

with basal and luminal cells further implicated that mammary stem cells exist in the adult 

gland (Kordon & Smith, 1998). After these initial studies, various other research groups 

aimed to identify the MaSC population and tested the reconstitution efficiency of different 

epithelial populations, isolated via fluorescent-activated cell sorting (FACS). Based on the 

expression of cell surface markers integrin-β1 (CD29) and/or integrin-a6 (CD49f) together 

with moderate-to-high levels of CD24 (heat stable antigen) the epithelial populations could 

be separately isolated and transplanted independently form each other. Thereby, it was found 

that single cells from the basal population were capable of reconstituting an entire functional 

mammary gland with an estimated frequency of 1/60 to 1/90 basal cells (Shackleton et al., 

2006; John Stingl et al., 2006). Notably, regenerative capacity of basal cells was also found 

in studies with human mammary epithelial cells (HMECs). By injecting HMECs into the 
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humanized fat pad (Kuperwasser et al., 2004) or under the kidney capsule of immune-

compromised mice (Eirew et al., 2008) it was shown that regenerative capacity is enriched 

within the basal CD49f+/EpCAMneg/low population with a repopulation frequency of about 

1/1000 cells. Several subsequent studies aimed to define the population with regenerative 

capacity more preciously by using additional surface markers. In 2014, Prater et al. showed 

that regenerative cells can be further enriched based on the expression of α-SMA (Prater et 

al., 2014), the role of G-protein-coupled receptor Lgr5 in gland reconstitution was 

controversially discussed (De Visser et al., 2012; Plaks et al., 2013; Rios et al., 2014) and in 

2015, Wang et al. suggested that ProcR, a Wnt3A target, labels a MaSC-enriched population 

(D. Wang et al., 2015). 

However, the suitability of transplantation assays for the identification of MaSC has been 

challenged. Instead of reflecting the physiological behavior of cells, these experiments more 

likely asses the ability of transplanted cells to establish a functional cross-talk with the 

surrounding recipient stroma, rather than proving evidence for the existence of stem cells 

(Lu et al., 2019; Van Amerongen et al., 2012; Van Keymeulen et al., 2011). Interestingly, in 

2012, Spike et al. showed that embryonic MG precursors are able to reconstitute an entire 

ductal tree and their ability to do so increased during development (Spike et al., 2012). 

Notably, this observation is contradictory to the generally accepted notion that stem cell 

potential is highest in embryonic cells and might be indicative for the inability of embryonic 

cells to establish a functional cross-talk with the adult recipient stroma (Spike et al., 2012; 

Lu et al., 2019). In addition, the striking observation that plasticity of the basal population 

can be triggered, challenged the whole idea about MaSCs. It has been shown that 2D culture 

in the presence of a ROCK inhibitor (Prater et al., 2014), the culture of cells in the presence 

of fibroblast-derived growth factors (Makarem et al., 2013) or the overexpression of 

constitutively active PI3K (PIK3CAH1047R) (Koren et al., 2015; Van Keymeulen et al., 2015) 

which is among the most common mutations in breast cancer (Koboldt et al., 2012), can 

trigger plasticity. These experiments suggest that regenerative capacity can be generated de 

novo and it is potentially not necessary to start with a stem cell at all. In other words, a cell 

not showing regenerative capacity upon transplantation does not exclude that this cell is a 

stem cell and vice versa. The exact mechanisms and stimuli that trigger cellular plasticity 

need to be further defined, especially as they also play a role in breast cancer development 

and heterogeneity.   

An alternative approach to address stem cell identity is lineage tracing, where cell fate 

dynamics can be tracked in the physiological context of development and homeostasis in 
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situ. Thereby, mouse models are used in which a recombinase enzyme is expressed under a 

cell type specific promotor and activates the expression of a reporter gene, such as a 

fluorescent protein, allowing to follow the permanently labelled progeny of the initially 

marked cell (Rulands & Simons, 2016). A first cell fate mapping study, using fluorescent 

protein expression under tamoxifen and doxycycline inducible lineage specific keratin 

promotors showed that development and homeostasis in the postnatal MG relies on lineage 

restricted, unipotent basal and luminal cells, while bipotent progenitors/MaSCs were only 

observed during embryogenesis (Van Keymeulen et al., 2011). In contrast, by labeling and 

tracing of Wnt/ß-catenin responsive Axin2+ cells, another lineage tracing study suggested 

unipotent progenitors during puberty and adulthood, but bipotent progenitors during 

pregnancy (Van Amerongen et al., 2012). However, one observation that both studies had 

in common, was the fact that basal cells showed lineage restriction in vivo but gave rise to 

both, basal and luminal cells, upon transplantation, which again questions the significance 

of transplantations assays in addressing stem cell potential (Van Amerongen et al., 2012; 

Van Keymeulen et al., 2011). 

Following lineage tracing studies marked specific cell populations during distinct 

developmental stages utilizing certain nominated genes temporally or stably expressed and 

subsequently followed the progeny of those cells. Thereby, many studies relied on basal and 

luminal lineage specific keratin promotors, such as K5 (Rios et al., 2014; Van Keymeulen 

et al., 2011), K14 (Rios et al., 2014; Van Keymeulen et al., 2011; Wuidart et al., 2016) or 

K19 (Wuidart et al., 2016), while others focused on the family of Notch receptors (Lafkas 

et al., 2013; Lilja et al., 2018; Rodilla et al., 2015; Šale et al., 2013). In addition, targeted 

cell populations included those expressing the R-spondin receptor Lrg5 (De Visser et al., 

2012; Fu et al., 2017; Rios et al., 2014; Van Keymeulen et al., 2011; Wuidart et al., 2016), 

Procr (D. Wang et al., 2015), prominin1 (C. Wang et al., 2017), ER (Van Keymeulen et al., 

2017), p63 (Wuidart et al., 2018) and Blimp1 (Elias et al., 2017). However, these lineage 

tracing studies yielded conflicting results concerning the nature and potency of MaSC during 

the different stages of development. While the vast majority suggested that both lineages in 

the MG are self-sustained by unipotent progenitors during postnatal development, others 

found multipotent cells within the basal lineage. Reasons for these discrepancies could be 

differences in gene-labelling techniques, labelling time points and inducing agents. Notably, 

many chosen gene promotors for a given lineage lack specific and consistent expression, 

making it difficult to distinguish whether clones of basal and luminal cells labelled with the 

same fluorescent colour arise from initial independent labelling of two adjacent unipotent 
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cells or the differentiation of a bipotent stem cell (Davis et al., 2016; Lloyd-Lewis et al., 

2017; Wuidart et al., 2016). This problem was addressed by neutral lineage tracing 

strategies, which did not rely on prior assumptions regarding the expression of certain 

lineage specific genes and allowed for the expression of a reporter protein in any cell (Davis 

et al., 2016; Lloyd-Lewis et al., 2018). Thereby it was shown that basal and luminal lineage 

specification occurs before birth and that there is lack of basal contribution to the luminal 

populations postnatally (Davis et al., 2016; Lloyd-Lewis et al., 2018). 

1.3.2 3D assays for addressing regenerative capacity of mammary epithelial cells 

While lineage tracing and transplantation assays helped to gain sustainable insight into the 

cellular heterogeneity and lineage hierarchy of the murine MG, these techniques are not 

suitable for the characterization of HMECs: Due to obvious ethnical reasons, lineage tracing 

cannot be performed in humans and assessment of regenerative capacity of HMECs by 

transplantation into the cleared fat pad of mice was impaired by significant differences 

between the adipose murine host stroma and the collagenous human stroma. Although there 

have been several strategies to improve the growth of HMECs in murine transplantation, 

such as the humanization of the mouse stroma with immortalized human breast fibroblasts 

(Kuperwasser et al., 2004), successful transplantation still relies on the cells being 

transplanted as cellular fragments or pre-cultured organoids in collagen gels (Eirew et al., 

2008).  

An alternative approach to assess regenerative capacity of HMECs is in vitro culture. By 

development of special culture media and 3D matrices significant progress was achieved 

(Lim et al., 2009; Stingl et al., 2001), however many of the early 3D assays relied on 

established cell lines, pre-cultured cells and on the support from non-mammary derived 

stroma (Gudjonsson et al., 2002; Dontu et al., 2003; Stingl et al., 2005; Eirew et al., 2008). 

In 2015, a 3D regeneration assay was developed in the Scheel laboratory, based on a protocol 

published in 2005, where a breast carcinoma cell line generated tubular structures when 

cultured in freely floating Collagen type I gels (Linnemann et al., 2015; Wozniak & Keely, 

2005). Therefore, primary HMECs were sorted and directly seeded into a floating collagen 

type I gel without pre-culture in 2D. Within a period of 10 to 14 days, single cells gave rise 

to multicellular highly contractile, branched TDLU-like organoids with elongated ducts, 

which at around day 12 rounded up and formed alveoli (Figure 1.5). In line with previous 

studies suggesting that regenerative capacity in vitro resides in the basal MEC population in 

both the human and murine MG, the TDLU-like structure forming potential was found to be 
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contained within the basal population (EpCAM-/CD49fhi), while luminal cells 

(EpCAM+/CD49f+) predominantly formed non-branched spherical structures. Notably, 

mature TDLU-like organoids showed a polarized expression of basal lineage marker p63 

and luminal lineage marker GATA3, suggesting some degree of luminal differentiation 

within basal-cell derived organoids (Figure 1.5) (Linnemann et al., 2015). Together, with 

the ability of single basal cells to recapitulate major aspects of branching morphogenesis, 

the formation of TDLU-like organoids was used as a readout of regenerative potential found 

in approximately 1 out of 2000 basal HMECs. Importantly, by using CD10 as an additional 

marker it was shown that the EpCAMlow/CD49f+ population not only contains basal cells but 

also a CD10- stromal fraction. By isolation of a pure basal population 

(EpCAMlow/CD49f+/CD10+) it has been found that approx. 1 out of 400 cells can give rise 

to a TDLU-like structure thus showing a slightly lower regenerative capacity than previously 

measured for murine MECs (1/60) (Linnemann et al., 2015; Shackleton et al., 2006; John 

Stingl et al., 2006). Notably, Eirew et al. had previously determined that 1 out of 1000 human 

basal HMECs shows regenerative capacity upon transplantation into mice (Eirew et al., 

2008). Taken together, this assay provides a valuable tool to address regenerative capacity 

of HMECs and due to the complex architecture of generated organoids, also represents a 

model for studying branching morphogenesis of the human MG. However, comparable to 

the above-mentioned transplantation assays, in vitro culture of MECs only provides 

information about the regenerative capacity of certain epithelial populations triggered during 

the process of tissue isolation and subsequent culture. Importantly, the behavior of cells 

within an artificial 3D ECM does not necessarily reflect their physiological behavior and 

therefore is not suitable for the identification of MaSCs.  

 
Figure 1.5: 3D regeneration assay (Linnemann et al., 2015) 
Single primary basal HMECs cultured in a floating collagen type I gel give rise to multicellular 
branched organoids within a period of 14 days and show polarized expression of basal (p63) and 
luminal (GATA3) lineage markers. 

Culture of single basal 
HMECs in floating 
collagen type I gel

p63 GATA3TDLU-like organoid
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1.3.3 Deciphering cellular heterogeneity and lineage dynamics using single-cell 

transcriptomics 

As mentioned above, transplantation assays, 3D culture, and lineage tracing studies have 

yielded valuable insight into the cellular heterogeneity and plasticity of the murine and the 

human MG. Recent advances in single cell technologies, such as single cell RNA sequencing 

(scRNA-seq), now provide a snap shot of the transcriptional profile of individual cells and 

enable a high throughput analysis of mammary cell heterogeneity and differentiation 

hierarchies in a more unbiased way. Importantly, these technologies are not limited to the 

murine MG, like lineage tracing studies, and therefore represent a new ex vivo strategy for 

human MG research. Currently, droplet-based scRNA-seq systems, such as inDrop, Drop-

seq, and 10X Genomics Chromium have been widely used to study cellular heterogeneity 

and regulatory processes in complex tissues and helped to discover previously obscured cell 

populations (Briggs et al., 2018; Plasschaert et al., 2018). These methods have in common, 

that microfluidics is used to encapsulate single cells together with barcodes into small 

droplets, where cell lysis and subsequent barcoding occurs, allowing for the generation of 

cDNA libraries for thousands of cells within a single run. With the enormous increase in 

high throughput over the last years, multidimensional data analysis became more and more 

important and numerous algorithms have been developed to cluster the cells and to extract 

differentially expressed genes between certain cell clusters (Grün & Van Oudenaarden, 

2015; Tung et al., 2017). As a scRNA-seq data set can be made of thousands of cells 

spanning different developmental cell states, a large number of computational strategies 

have focused on inferring developmental trajectories from those data sets, thereby assuming 

that cells with a similar transcriptome are found in close proximity within these 

differentiation trajectories. Several research groups have already applied scRNA-seq to the 

human (Murrow et al., 2020; Nguyen et al., 2018) and the mouse MG (Bach et al., 2017; Pal 

et al., 2017; Pervolarakis et al., 2020; Sun et al., 2018; Wuidart et al., 2018) in order to 

decipher differentiation hierarchies and to unravel cellular heterogeneity. By using the 

Fluidigm C1 and the 10X Genomics Chromium platform, Pal et al. conducted scRNA-seq 

of mouse mammary epithelial cells isolated based on the markers CD29 and CD24 at 

different stages of development, including pre-puberty, mid-puberty, adult virgin and mid-

pregnant. Thereby, they identified two novel intermediate cell clusters, namely a rare basal 

subset, that expressed basal as well as luminal markers and a luminal intermediate population 

representing transient cells between the luminal progenitor and the luminal mature 

phenotype. Notably, the mixed-lineage basal subset was observed in different post-natal 
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developmental steps and was proposed to precede commitment towards the luminal lineage 

(Pal et al., 2017). Interestingly, another independent research group followed a comparable 

experimental setup and identified a rare basal subpopulation that was CDH5+ and claimed 

that those cells were bipotent progenitors present in the adult MG (Sun et al., 2018). 

Similarly, to Pal et al., Bach et al. also applied the 10X Genomics Chromium platform to 

analyze murine MECs isolated of four developmental stages: adult-virgin, mid-gestation 

pregnant, day 6 lactating and 11 days post involution. However, isolation of epithelial cells 

prior to sequencing was based on the expression of EpCAM. Instead of detecting defined 

cell states that can be characterized by only a few marker genes, they suggest a 

differentiation continuum, in which one common luminal progenitor population gives rise 

to intermediate, restricted alveolar and hormone-sensitive progenitors. Importantly, they 

observed a clear segregation between luminal and basal cells without any mixed-lineage 

population, arguing against a bipotent progenitor population during adult MG homeostasis 

(Bach et al., 2017). In line with these findings, other scRNA-seq studies focusing more on 

embryonic mammary epithelial cells, showed that a mixed basal-luminal phenotype is only 

present during embryogenesis and generates unipotent luminal and basal progenitors shortly 

after birth (Wuidart et al., 2018; Giraddi et al., 2018). Notably, luminal- or basal-oriented 

chromatin features have been found even shortly before birth via single-nucleus ATAC-

sequencing on fetal and adult mammary cells (Chung et al., 2019). 

Nguyen et al. analysed HMECs isolated from reduction mammoplasties by using the 10X 

Genomics Chromium platform. Prior to scRNA-seq, epithelial cells (basal and luminal) were 

enriched based on the surface markers EpCAM and CD49f and in line with previous results, 

they identified three main epithelial populations: basal/myoepithelial and two luminal 

populations that closely corresponded to the EpCAM+/CD49f+ and EpCAM+/CD49f- 

population designated as luminal progenitors and luminal mature cells. Importantly, they 

identified cellular heterogeneity within each main epithelial population and interpreted the 

resulting subclusters as different cell states rather than cell types. Within the basal cells they 

detected two subclusters that were named basal and myoepithelial, and differed in the 

expression level of myoepithelial markers genes, such as ACTA2, TAGLN, and KRT14. 

Similarly, heterogeneity was found within the luminal populations, specifically they 

identified a luminal progenitor cell state that can give rise to a more specified secretory 

population characterized by expression ELF5 and KIT and to a hormone-responsive luminal 

population. Via pseudotemporal reconstruction they found one trajectory that separates from 

a basal-like stem cell into the three main epithelial cell types and from that the authors 
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conclude that this continuous instead of sparsely connected differentiation trajectory 

suggests the existence of bipotent progenitors in the adult human MG (Nguyen et al., 2018). 

So far, there is only one study (Murrow et al., 2020) where mammary cells of the human 

gland were analysed without prior enrichment of certain populations. Via scRNA-seq of 

cells isolated from 28 reduction mammoplasties, this study identified one 

basal/myoepithelial population and two luminal populations, that matched the luminal 

subsets identified by Nguyen et al. and closely corresponded to the EpCAM+/CD49f+ and 

EpCAM+/CD49f- population designated as luminal progenitors and luminal mature cells. By 

comparing cells from non-parous and parous women, they found compositional shifts, 

specifically a stark increase in the proportion of basal/myoepithelial cells and a decrease in 

the proportion of luminal cells in parous women. Notably, as basal/myoepithelial cells have 

a reported tumor-suppressive function, first by being more resistant to oncogenic 

transformation  (Keller et al., 2012; Koren et al., 2015) and second by acting as a mechanical 

barrier (Sirka et al., 2018; M. D. Sternlicht & Barsky, 1997), the authors claim that the 

increase in basal/myoepithelial cells might explain the protective effect of pregnancy against 

breast cancer (Murrow et al., 2020). Importantly, they did not detect heterogeneity within 

the three main epithelial populations. 

Taken together, scRNA-seq studies yielded contradictory results concerning the cellular 

heterogeneity within the three main epithelial populations of the mouse and the human MG. 

Discrepancies between the studies mentioned above are likely to arise due to differences in 

data analysis strategies or as a consequence of the different markers used to isolate the 

epithelial populations via FACS prior to sequencing. However, there is cumulative evidence 

from those studies highlighting that rather than existing in fixed, distinct states, epithelial 

populations of the MG transvers through a continuous cascade of transcriptional states 

within the differentiation landscape (Figure 1.6). In addition, according to recent lineage 

tracing studies (Davis et al., 2016; Lloyd-Lewis et al., 2018) and ATAC sequencing 

experiments (Chung et al., 2019), multipotent MaSCs are only present in the fetal MG and 

become lineage restricted around birth (Figure 1.6). Given the fact, that mammary epithelial 

cells display a certain degree of plasticity depending on the environment, this differentiation 

landscape is thereby most likely not unidirectional (Anstine & Keri, 2019; Watson & 

Khaled, 2020). 
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Figure 1.6: Model of cellular differentiation in the human mammary gland 
Fetal multipotent MaSCs are present during embryogenesis but become basally and luminally 
restricted around birth and both lineages are subsequently maintained by lineage restricted basal- and 
luminal progenitor cells. Adapted and modified from (Anstine & Keri, 2019).  

1.4  The first step: Processing of human breast tissue  

While transplantation assays and 3D culture represent valuable tools for studying branching 

morphogenesis and to read out regenerative capacity and plasticity of HMECs, new 

advances in single cell technologies, such as scRNA-seq, now allow for an unbiased gene 

expression analysis in individual cells and thereby provide previously inaccessible insights 

into cellular heterogeneity and lineage hierarchies.  

A fundamental prerequisite for all studies working with human mammary cells is the 

isolation of cells from human breast tissue samples and the generation of a viable single cell 

suspension. While cancerous human breast tissue samples are rather small and mainly origin 

from biopsies, one common source of healthy human breast tissue are aesthetic reduction 

mammoplasties where different amounts of breast tissue are removed during surgery and 

can subsequently be further processed in the laboratory. Compared to murine tissue, many 

human organs, including the MG, are characterized by a dense, collagen-rich ECM encasing 

the epithelium. Thus, isolation of cells from human tissue often requires aggressive and 

laborious dissociation procedures. Dissociation of human breast tissue typically involves a 

multistep protocol, starting with a mechanical dissociation, where the tissue is cut into small 

pieces using scalpels. These small tissue pieces are then enzymatically digested with ECM 

degrading enzymes like collagenase and hyaluronidase. Thereby, different cellular fractions 

are isolated: single stromal cells, like fibroblasts, immune and endothelial cells as well as 

fragments of the epithelial ductal system, which in a subsequent enzymatic digest can be 

further dissociated into an epithelial single cell suspension using proteolytic enzymes, such 
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as trypsin and/or dispase. The majority of well-established dissociation protocols for human 

breast tissue rely on a 16 to 24-hour enzymatic digest with varying concentrations of ECM 

degrading enzymes at 37 °C. During this procedure the dissociation solution is shacked 

either gentle or slightly harsher. Notably, the dissociation process for human reduction 

mammoplasties has not changed much till the 1960´s (Table 1).  

During the dissociation process the cells are not only exposed to shear stress and high non-

physiological enzyme concentrations, but also experience severe changes in their 

microenvironment, like loss of cell-ECM and cell-cell contacts, unphysiological oxygen 

levels and a lack of nutrients. Recently, it has been shown that this can lead to the disruption 

of cell surface markers or to the induction of apoptosis, ultimately altering the flow 

cytometry profile of isolated cells and in the worst case to the loss of a certain cell population 

(Denisenko et al., 2020; Hines et al., 2014; O’Flanagan et al., 2019). Considering that the 

cellular transcriptome of mammalian cells can rapidly respond to changes in the 

microenvironment, it is conceivable that a harsh isolation procedure may induce disparate 

gene expression signatures in the cells. Indeed, it has recently been shown that enzymatic 

tissue dissociation at a physiological temperature of 37 °C induces the upregulation of stress 

response genes (Adam et al., 2017; Denisenko et al., 2020; O’Flanagan et al., 2019). Another 

kind of dissociation-induced gene expression artefact was recently found in muscle stem 

cells, where a commonly used dissociation protocol created a subpopulation of cells in an 

otherwise homogenous population and thus led to wrong assumptions regarding cellular 

heterogeneity (Van Den Brink et al., 2017). However, while it becomes more and more clear 

that tissue dissociation strategies heavily affect composition and transcriptome of isolated 

cells, there is a lack of tools to correct for those unwanted technical artefacts. Consequently, 

it must be assumed that dissociation-induced artefacts are present in many studies that aim 

to delineate cellular heterogeneity and possibly severely affect data interpretation. 

Table 1.1: Summary of enzymatic dissociation protocol parameters from selected 
publications 

Duration 
Agitation 
speed Enzymes Reference 

16-18 
hours 

n.d. 300 U/mL 
Collagenase, 
100U/mL 
Hyaluronidase 

Emerman, J. T. & Wilkinson, D. A. Routine 
culturing of normal, dysplastic and malignant 
human mammary epithelial cells from small 
tissue samples. Vitr. Cell. Dev. Biol. (1990) 

24 hours gentle 450 U/mL 
Collagenase 

Ögmundsdóttir, H. M. et al. Effects of 
lymphocytes and fibroblasts on the growth of 
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human mammary carcinoma cells studied in 
short-term primary cultures. Vitr. Cell. Dev. 
Biol. - Anim. (1993)  

16-18 
hours 

gentle 300 U/mL 
Collagenase, 
100U/mL 
Hyaluronidase 

Stingl, J., Eaves, C. J., Kuusk, U. & Emerman, J. T. 
Phenotypic and functional characterization in 
vitro of a multipotent epithelial cell present in 
the normal adult human breast. Differentiation 
(1998)  

24 hours n.d. 900 U/mL 
Collagenase  

Rønnov-Jessen, L., Villadsen, R., Edwards, J. C. & 
Petersen, O. W. Differential expression of a 
chloride intracellular channel gene, CLIC4, in 
transforming growth factor-β1-mediated 
conversion of fibroblasts to myofibroblasts. Am. 
J. Pathol. (2002)  

5-8 hours n.d. 150 U/mL 
Collagenase, 
50U/mL 
Hyaluronidase 

Lim, E. et al. Aberrant luminal progenitors as 
the candidate target population for basal tumor 
development in BRCA1 mutation carriers. Nat. 
Med. (2009)  

overnight 8 rpm 200 U/mL 
Collagenase, 
100U/mL 
Hyaluronidase 

Labarge, M. A., Garbe, J. C. & Stampfer, M. R. 
Processing of human reduction mammoplasty 
and mastectomy tissues for cell culture. J. Vis. 
Exp. 1–7 (2013)  

6-8 hours 300-500 
rpm 

2mg/mL 
Collagenase  Hines, W. C., Su, Y., Kuhn, I., Polyak, K. & Bissell, 

M. J. Sorting out the FACS: A devil in the 
details. Cell Rep. 6, 779–781 (2014).  18-24 

hours 
80 rpm 1mg/mL 

Collagenase  

6-8 hours 300 rpm 250U/mL 
Collagenase, 
1400U/mL 
Hyaluronidase 

Zubeldia-Plazaola, A. et al. Comparison of 
methods for the isolation of human breast 
epithelial and myoepithelial cells. Front. Cell 
Dev. Biol. 3, 1–9 (2015). 

overnight 50 rpm 200U/mL 
collagenase, 
100U/mL 
hyaluronidase 

overnight n.d. 2mg/mL 
collagenase 

Nguyen, Q. H. et al. Profiling human breast 
epithelial cells using single cell RNA sequencing 
identifies cell diversity. Nat. Commun. (2018)  

2 hou 
rs 

220 rpm 1mg/mL 
collagenase 

Rosenbluth, J. M. et al. Organoid cultures from 
normal and cancer-prone human breast tissues 
preserve complex epithelial lineages. Nat. 
Commun. (2020)  
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Aims of this study 

The MG is very dynamic and undergoes repeated cycles of remodeling until menopause, 

enabled by great regenerative capacity and phenotypic plasticity of mammary cells. 

However, those cellular features, which are a prerequisite for normal physiological processes 

such as branching morphogenesis and differentiation, can be exploited by cancerous cells 

for successful disease progression and are responsible for generation of intra- and 

intertumoral heterogeneity. Thus, it is crucial to gain detailed knowledge about normal 

mammary cell heterogeneity in the epithelial and the stromal compartment and to analyze 

the role of phenotypic plasticity during normal developmental processes, as this holds the 

key for optimal patient stratification and treatment as well as for the development novel 

cancer therapy strategies. Single-cell transcriptomics have provided insights into cellular 

heterogeneity and lineage dynamics of the human mammary gland (Murrow et al., 2020; 

Nguyen et al., 2018). At the same time, it is becoming increasingly clear that the laborious 

tissue processing steps, which are necessary to isolate cells from the dense, collagenous 

human mammary ECM, induce unavoidable compositional and transcriptional artefacts that 

can lead to misinterpretation of cellular heterogeneity and lineage dynamics (Denisenko et 

al., 2020; O’Flanagan et al., 2019; Van Den Brink et al., 2017). As human MG research does 

not allow for lineage tracing experiments to back up the sequencing results, there is currently 

a lack of suitable strategies to identify dissociation-induced artefacts. Therefore, I aimed to 

identify effects of human breast tissue dissociation on cellular heterogeneity and 

transcriptome of isolated cells using flow cytometry and scRNA-seq and to establish a 

strategy based on different dissociation protocols that could easily be applicable to identify 

and eliminate dissociation-induced error. In the second part of the study, I focused on the 

role of phenotypic plasticity during mammary morphogenesis, where it allows the growing 

epithelium to acquire traits for ECM invasion. Our current knowledge about mammary 

branching morphogenesis mainly relies on mouse models, but due to striking differences 

between murine and human MG architecture and ECM composition, these findings are only 

limited applicable to the human MG. Therefore, I aimed to analyze the dynamic processes 

involved in branching morphogenesis of the human MG, by using a 3D organoid assay in 

which primary basal HMECs form branched organoids that morphologically resemble 

TDLUs, recapitulate the histological architecture and also the functionality of the human 

MG. By using immunofluorescence, live-cell confocal microscopy and specific pathway 

interreference, the focus was put on the role of phenotypic plasticity, cellular dynamics and 

interactions with the surrounding collagen matrix. 
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2 Materials  

2.1 Reduction mammoplasty samples 

Reduction mammoplasty donor Age (years) Parity 

M38 47 2 

M40 65 1 

M43 54 2 

M44 19 0 

M45 54 1 

M46 51 1 

M47 55 2 

M48 49 1 

M49 68 1 

M50 58 1 

2.2 Cell lines 

Cell line Description Source 

HEK293T Human embryonic kidney cells containing the SV40 T-
antigen. HEK293T are highly transfectable and can 
produce high titers of infectious virus. In this study, 
HEK293T were used for production of lentivirus 

ATCC (CRL-
3216TM) 

2.3 Reagents and chemicals 

Reagents Supplier (Catalog number) 

Ampicillin sodium salt Roth (K029) 

Aqua-Poly/Mount Polysciences (18606)  

Bovine serum albumin, fraction V (BSA)  Roth (CP84.2)  

Collagen type I rat tail  Corning (354236)  

Cytochalasin D Thermo Fisher Scientific (PHZ1063) 

DAPI  Sigma (D9542)  

Dimethyl sulfoxide (DMSO)  Sigma (D8418)  
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Ethanol  Merck (100983)  

Forskolin  Biomol (AG-CN2-0089)  

Glutamine Sigma (G7513) 

4-(2-hydroxyethyl)-1-
piperazineethanesufonicacid, 1M (HEPES) 

Life Technologies (15630) 

LB Broth Roth (X964) 

LB Broth with agar (Lennox) Sigma (L2897) 

Marimastat Sigma (444289) 

Sodium hydroxide solution (1M) Sigma (28-3010) 

Normal donor donkey serum  GeneTex (GTX73205)  

Paraformaldehyde 16% (w/v) (PFA)  VWR International (43368.9M)  

Phosphate Buffered Saline (PBS) pH 7.4  Gibco®, Life Technologies™; 
Thermo Fisher Scientific (10010-
015)  

Polyethyleneimine (PEI), linear  Alfa Aesar (43896)  

S.O.C. Medium  Invitrogen™, Thermo Fisher 
Scientific (15544034)  

Triton X-100 Sigma (T8787)  

UltraPure™ DNase/RNase-Free Distilled Water Thermo Fisher Scientific (10977035)  

Y-27632  Biomol (AG-CR1-3564)  

UltraPureTM BSA  Thermo Fisher Scientific, AM2616 

Bovine serum albumin Fraction V (BSA) Roth (8076) 

Xylene (isomeric mixture) Sigma (1.08298) 

2.4 Enzymes and growth factors 

Reagents Supplier (Catalog number) 

Collagenase Sigma (C9407) 

DNase I Sigma, 11284932001 

Dispase Stem Cell Technologies, 07913 

Hyaluronidase Sigma, H3506 

Insulin Sigma, I6634 
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2.5 Cell culture media and solutions 

Product Supplier (Catalog number) 

Dulbecco's Modified Eagle Medium (DMEM)  Gibco®, Life Technologies™; 
Thermo Fisher Scientific (41965-
039) 

DMEM/F12 without phenol red Gibco®, Life Technologies™; 
Thermo Fisher Scientific (21041025) 

Fetal calf serum (FCS)  PAN-Biotech (30-2602)  

HBSS Gibco®, Life Technologies™; 
Thermo Fisher Scientific (14025092) 

HBSS (no Calcium, no Magnesium) Gibco®, Life Technologies™; 
Thermo Fisher Scientific (14175053) 

Mammary Epithelial Cell Growth Medium 
(MECGM) including Mammary Epithelial Cell 
Growth Medium Supplement Pack: 0.004 mL/mL 
Bovine pituitary Extract (BPE), 10 ng/mL 
Epidermal Growth Factor (EGF, recombinant 
human), 5 µg/mL Insulin (recombinant human), 
0.5 µg/mL Hydrocortisone  

PromoCell (C-21010, C-39115)  

Penicillin/Streptomycin (10,000 U/ml)  Gibco®, Life Technologies™; 
Thermo Fisher Scientific (15140122)  

Trypsin-EDTA 0.05%, 0.25%  Gibco®, Life Technologies™; 
Thermo Fisher Scientific (25300, 
25200) 

Trypsin Neutralizing Solution (TNS)  PromoCell (C-41120)  

2.6 Compositions of media, buffers and solutions 

Media/Buffer/Solution Composition 

Blocking solution PBS 

10 % BSA 

10 % donkey serum 

DAPI staining solution PBS 

167 ng/mL DAPI 

FACS buffer PBS 
10 % BSA 
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Freezing medium for freshly isolated cells 
(FRZM1) 

50% (v/v) FCS 

40% (v/v) WB 

10% (v/v) DMSO 

Freezing medium for cultured cells (FRZM2) 50% (v/v) FCS 

40% (v/v) Basic MECGM 

10% (v/v) DMSO 

HF buffer  HBSS 
100 U/ml Penicillin/Streptomycin  
10 mM HEPES 
10 % FCS 

Tissue digestion buffer (TDB) WB 

1 µg/mL Insulin  

100 U/mL Hyaluronidase 

300 or 800 U/mL Collagenase  

Washing buffer for breast tissue dissociation 
(WB) 

DMEM/F12 w/o phenol red 

100 U/ml Penicillin/Streptomycin  

10 mM HEPES 

2 mM glutamine 

Basic Medium for primary cells (Basic MECGM) MECGM  

100 U/ml Penicillin/Streptomycin  

Seeding medium for primary cells (Seeding 
MECGM) 

MECGM  

100 U/ml Penicillin/Streptomycin  

0.5% FCS  

10 μM Forskolin  

3 μM Y-27632  

Maintenance medium for primary cells 
(Maintenance MECGM) 

MECGM  

100 U/ml Penicillin/Streptomycin  

10 μM Forskolin  

Permeabilization solution PBS 

0.2 % Triton X 

Standard DMEM for HEK293T DMEM  
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10% FCS 

100 U/ml Penicillin/Streptomycin  

2.7 Plasmids 

Plasmid Description Source 

pLenti.PKG.LifeAct-
GFP.W 

Lentivector that expresses LifeAct-GFP 
from internal human PGK promotor, 
Ampicillin resistance 

Kindly provided by 
Rusty Lansford 
(Addgene #51010) 

pCMV-VSV-G VSV-G envelop protein expressing; 
necessary for lentiviral particle assembly, 
Ampicillin resistance 

Kindly provided by 
Robert A. Weinberg 
(Addgene #8454) 

pCMV-dR8.2 dvpr 2nd generation lentiviral packaging plasmid, 
Ampicillin resistance 

Kindly provided by 
Robert A. Weinberg 
(Addgene #8455) 

2.8 Antibodies and fluorescent dyes 

2.8.1 Antibodies and fluorescent dyes used for flow cytometry and cell sorting  

Epitope 
[Clone] 

Conjugation Host Volume (µL) * Supplier (Catalog 
number) 

7-AAD - - 2 BD (559925) 

CD10 [HI10A] APC Mouse 2.5 Biozol (312210) 

CD31 [WM59] PB Mouse 0.5 Biozol (303114) 

CD326/EPCA
M [VU-1D9] 

FITC Mouse 5 Biozol (GTX79849) 

CD45 [HI30] V450 Mouse 0.5 Biozol (560367) 

CD49f [GOH3] PE Rat 2.5 BD (555736) 

* Used to stain 1 x 106 cells 



Materials 

 39 

2.8.2 Primary antibodies and fluorescent stains used for immunofluorescence 

Epitope [Clone] Conjugation Host Dilution Supplier 
(Catalog number) 

Alpha smooth muscle 
actin 

- Rabbit 1/100 Abcam (ab5964) 

Atto 488nm - - - Sigma (41051) 

Cytokeratin 8/18 [5D3] - Mouse 1/250 Dianova (DLN-10750) 

4`,6-diamidino-2-
phenylindole (DAPI) 

 - 167 
ng/mL 

Sigma (D9542) 

E-cadherin [HECD1] - mouse 1/100 Abcam (ab1416) 

GATA3 [L50-823] - mouse 1/250 Biocare medical (CM405) 

Itga6 [GOH3]  rat 1/100 Santa Cruz (sc-19622) 

Ki67  rabbit 1/300 Abcam (ab15580) 

Laminin - rabbit 1/100 Sigma (L9393) 

P63 [EPR5701] - rabbit 1/300 Abcam (ab124762) 

Phalloidin Atto 647N - 1/250 Sigma (65906) 

sirDNA SPY650 - 1/1000 Spirochrome (SC501) 

ZO-1 - Mouse 1/100 Life Technologies 
(339100) 

2.8.3 Secondary antibodies used for immunofluorescence 

Host/Isotype Species 
reactivity Conjugation Dilution Supplier (Catalog 

number) 

Donkey/IgG Mouse Alexa 488 1/250 Life Technologies (A-
21202) 

Donkey/IgG Rabbit Alexa 546 1/250 Life Technologies (A-
10040) 

2.9 Consumables 

Product Supplier 

15mL Conical Centrifuge Tubes Corning  

50mL Conical Centrifuge Tubes  Corning  
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500 mL Easy Grip Poylstyrene storage bottle Corning 

6-, 24-, 48-well plates (Falcon) Becton Dickinson 

Cell culture flasks (T175)  Greiner Bio-One 

ibidi 2-wells ibidi GmbH 

Cell Strainer Snap 40 μM  Corning  

Falcon Round-Bottom Polypropylene Tubes  Corning  

Micro cover glasses 22 mm x 40 mm  VWR International  

Microscopy slides, cut edges, matt strip  Thermo Fisher Scientific  

Nitril® NextGen® Gloves  Meditrade 

Nunc® CryoTubes®  Thermo Fisher Scientific  

Nunc™ Cell Culture Dishes (6-cm, 15-cm)  Thermo Fisher Scientific  

Petri dish, polystyrene (for Agar plates)  Greiner Bio-One  

Pipette tips (filtered)  Starlab  

Pipette tips (unfiltered)  Starlab  

Protein LowBind Tubes, 1.5 ml  Eppendorf  

Safe-Lock Tubes 1.5 ml PCR clean  Eppendorf  

Safe-Lock Tubes 2.0 ml  Eppendorf  

Scalpels  VWR International  

Sterile Serological Pipets (2, 5, 10, 25, 50 ml)  Greiner Bio-One  

Test Tube with Cell Strainer Snap Cap (FACS tube)  Corning  

2.10 Kits 

Product Supplier 

ChromiumTM Single Cell 3`GEM, Library & Gel 
Bead Kit v3 10X Genomics (1000075) 

ChromiumTM Chip B Single Cell Kit 10X Genomics (100073) 

Chromium i7 Multiplex Kit 10X Genomics (120262) 

Dead Cell Removal Kit  Miltenyi Biotec (130-090-101) 

Trichrome Stain Kit (Connective Tissue) Abcam (ab150686) 

QIAGEN Plasmid Midi Kit  Qiagen (12143) 
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2.11 Technical devices 

Instrument Manufacturer 

2D Rocker IKA®  

Chromium Controller 10X Genomics 

FACSAria IIIu Becton Dickinson 

FLUOVIEW FV1200 inverted Confocal Laser 
Scanning Microscope  

Olympus 

HERAcell® 240i incubator  Thermo Fisher Scientific  

Heraeus™ Fresco™ 21  Thermo Fisher Scientific  

Heraeus™ Megafuge™ 40R centrifuge  Thermo Fisher Scientific  

Heraeus™ Pico™ 21  Thermo Fisher Scientific  

Horizontal Roller  CAT 

Intelli-Mixer RM-2L LFT Labortechnik GmbH 

Leica DFC 450 C camera module  Leica Microsystems  

Leica DM IL LED microscope Leica Microsystems  

Leica SP8 lighting confocal microscope Leica Microsystems  

NanoDrop® ND 1000 Spectrophotometer  Thermo Fisher Scientific  

NovaSeq S2 flow cell 
 

Safe 2020 Class II Biological Safety Cabinet  Thermo Fisher Scientific  

ThermoMixer® C 1.5 ml  Eppendorf  

Zeiss Axio Imager M.2 with Colibri 7  Carl Zeiss Microscopy  

2.12 Software 

Software product Manufacturer 

BioRender BioRender.com 

Cell ranger 10X Genomics 

FACS Diva™ v6.1.3  Becton Dickinson  

FlowJo® 10.5.0  FlowJo, LLC  

FV10-ASW software Ver 4.2.b  Olympus  

GIMP 2.8.22  The GIMP Team  

GraphPad Prism 8 GraphPad Software  



Materials 

 42 

Image Composite Editor 2.0.3.0  Microsoft Corporation  

ImageJ 1.52  NIH  

Leica Application Suite 4.2  Leica Microsystems  

MatLab MathWorks 

MS Office 2016  Microsoft Corporation  

R  https://www.r-project.org 
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3 Methods 

3.1 Dissociation of human reduction mammoplasties  

Human breast tissue from healthy women undergoing aesthetic reduction mammoplasties at 

the Nymphenburg Clinic for Plastic and Aesthetic surgery was obtained in accordance with 

the regulations of the ethics committee of the Ludwig-Maximillians University, Munich, 

Germany (proposal 397-12). Information concerning age and parity of donors is summarized 

in section 2.1. Breast tissue was directly taken from the operating room, transported on ice 

and immediately processed. The average amount of collected breast tissue per donor was 

300 g. First the tissue was cut into smaller pieces that were kept in washing buffer. Working 

on one small tissue pieces at a time, the tissue was cut using scalpels and minced into 2-3 

mm3 pieces. The minced tissue was collected and at the end of the mechanical dissociation 

process, tissue corresponding to roughly 5 mL was distributed to 50 mL falcons containing 

20 mL tissue digestion buffer (TDB) supplemented with 100 U/mL hyaluronidase and either 

300 U/mL collagenase (protocol A) or 800 U/mL collagenase (protocol B and C). Enzymatic 

dissociation was performed at 37 °C while vertical shaking at 10 rpm (protocol C) or 100 

rpm (protocol A and B) for 3 h (protocol A) or 16 h (protocol B and C). In order to ensure 

complete tissue digest, a small aliquot of the dissociation suspension was analysed 

microscopically. The enzymatic digest was considered successful, when cellular fragments 

were free of any attached extracellular matrix. Subsequently, the falcons were filled up with 

20 mL washing buffer and cells were pelleted by centrifugation at 300 rpm for 5 min. 

Afterwards, the fatty supernatant and overlaying medium were removed by aspiration and 

the pellets, containing epithelial fragments, stromal single cells and small blood vessels, 

were washed once again with 25 mL washing buffer. A subset of this suspension was 

transferred onto a 6 cm plastic dish and for morphological analysis brightfield images were 

taken. A subset of the obtained suspension was further dissociated into single cells. For 

generation of a single cell suspension, cellular fragments within the pellet were dissociated 

using first 0,15 % Trypsin-EDTA for 5 min while gently pipetting up and down. After 

addition of HF buffer, cells were pelleted and further dissociated in 5 mg/mL dispase and 1 

mg/mL DNase I for 3 min and after addition of HF buffer filtered through a 40 µm strainer. 

For cryopreservation, pellets of single cells or single cells together with cellular fragments 

were resuspended in freezing medium (FRZM1) at a cell density of roughly 5-7 x 

106 cells/mL and transferred to -80°C before being moved to liquid nitrogen for long term 

storage. 
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3.2 Determination of fragment morphology and measurement of fragment size 

Brightfield images of sing cells and fragments within the dissociation suspension from 

enzymatic dissociation protocols A, B, and C from reduction mammoplasty samples M38, 

M47, M48, M49 and M50 were taken in 5x or 10x magnification. For determination of 

fragment size, the area was measured using the acquired brightfield images and ImageJ 

software. In total 1228 fragments of reduction mammoplasty samples M48, M49, and M50 

were analysed (425 from protocol A, 400 from protocol B, 403 from protocol C). 

3.3 Methods working with tissue sections 

The tissue sections were anonymized in accordance with the ethics committee regulations.  

3.3.1 Hematoxylin and eosin staining 

Before mechanical dissociation of collected human reduction mammoplasties, small (1 cm 

x 2 cm) and thin (max. 0,5 cm) tissue sections were cut out using scalpels. Thereby, areas 

containing ductal epithelium were chosen. The tissue sections were transferred into tissue 

cassettes, fixed with 4% paraformaldehyde (PFA) for 12 hours and stored in PBS at 4 °C 

until further use. For hematoxylin and eosin (H&E) staining, formalin-fixed tissue sections 

were transferred to the Core facility Comparative Experimental Pathology at the Institute of 

Pathology (Technical University of Munich), where they were embedded in paraffin, cut 

into 2 µm thick sections and stained with H&E according to standard protocols. 

3.3.2 Trichrome staining 

A trichrome stain is used for the histologically visualization of collagenous connective tissue 

fibers in tissue sections.  After the staining process, collagen fibers are labeled in blue, while 

muscle fibers are labeled in red and nuclei appear dark red to blue. Tissue sections were 

fixed, paraffin embedded and cut as described above (see section 3.2.1). Prior to the staining, 

the empty tissue sections, were deparaffinized and rehydrated. Therefore, the sections were 

placed into a rack and incubated in xylene (6 min), xylenen:ethanol 1:1 (3 min), 100% 

ethanol (6 min), 95% ethanol (3 min), 70% ethanol (3 min) and 50% ethanol (3 min). 

Subsequently, the sections were rinsed with cold tap water and washed in deionized water 

twice for 5 min. The trichrome staining was performed using the Trichrome Stain Kit from 

Abcam, which provided all necessary staining solutions. In brief, sections were incubated in 

Bouin´s Fluid (at 60 °C for 60 min), Weigert´s Iron Hematoxylin Solution (5 min) and Acid 

Fuchsin Solution (15 min) and rinsed with tap water and distilled water between each 

incubation step. Subsequently, the sections are incubated in Phosphotungstic Acid solution 
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(10-15 min) and right afterwards in 1 % Acetic acid solution (5 min). Right afterwards, the 

sections were dehydrated and cleared, by incubation in 95 % ethanol (2 min), 100 % ethanol 

(2 min) and xylenen (2 min) and subsequently mounted.  

3.4 Cell biological methods and Imaging 

3.4.1 Cultivation of cells 

All cell culture experiments were performed in a sterile safety cabinet. Cells were cultured 

at 37 °C in an HERAcell incubator with humidified atmosphere of 5 % CO2. Primary cells 

were cultured at 3 % O2 (normoxia). All centrifugation steps are performed at 300 x g for 5 

min at 4 °C. Composition of media employed for maintenance of culture is shown in section 

2.6.  

3.4.2 Thawing of primary cells and cell lines and determination of cell numbers  

Cells were quickly thawed in a 37 °C water bath and subsequently transferred into 10 mL 

cell culture medium and centrifuged at 300 x g for 5 min. Primary cells that had been frozen 

as fragments were dissociated into single cells using trypsin and dipase as described before 

(section 3.1). The pellet of single cells was resuspended in appropriate medium and filtered 

using a 40 µm strainer. In order to determine the cell number, 10 µL of the cell suspension 

were transferred into a chamber of a KOVA Glasstic Slide and cells of three large grids were 

counted using a light microscope (Leica DM IL LED, 10x objective). The following formula 

was used to determine the total number of cells:  

 n (total number of cells/sample) = mean of two squares x total volume (ml) x 104   

3.4.3 2D-culture of cells 

A single cell suspension containing the desired number of cells in growth medium was 

prepared. Primary cells were cultured on 2-well µ-slides in seeding MECGM for the first 5 

days. Afterwards primary cells were cultured in maintenance MECGM.  HEK293T cells 

were cultured in T175 flasks in standard DMEM. Passaging of HEK293T cells was 

performed when they reached 70-80 % confluency. Therefore, the medium was aspirated 

and the cells were washed once with PBS before addition of 0.15 % Trypsin-EDTA. After a 

short (3-5 min) incubation at 37 °C cell detachment was confirmed using a light microscope 

(Leica DM IL LED, 10x objective) and the trypsinization process was stopped by the 

addition of 3 volumes of TNS. The cells were transferred into a 50 mL falcon tube and 
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centrifuged. The pellet was resuspended in standard DMEM and then reseeded into T715 

flasks at a density of 1:5 – 1:8.  

3.4.4 3D-culture of HMECs in collagen type I gels and drug treatments 

A single cell suspension of primary basal HMECs containing the desired number of cells in 

seeding MECGM was mixed with neutralizing solution (one-tenth of the volume of collagen 

I). Quickly, rat tail collagen type I at a final concentration of 1.3 mg/mL was added and 

mixed thoroughly by pipetting up and down on ice. 750 µL of this mixture was transferred 

into a well of a 2-well µ-slide (ibidi, uncoated) and left to polymerize for 1 hour at 37 °C. 

For the generation of fluorescently labeled collagen gels, the collagen was dialysed at 4 °C 

to reach pH 7 and subsequently conjugated with Atto 488 by incubation over night at 4 °C. 

In order to remove non-bound dye, the collagen was further dialysed for another 8 hours 

followed by dialyse overnight using acid to prevent polymerization. Collagen labeling was 

performed by Gabriele Chmel. After polymerization, 750 µL seeding MECGM was added. 

After 5 days of culture a full medium change was performed and from now on the 

maintenance MECGM was used. Subsequently, only partial medium changes were 

performed exchanging 350 µL of medium. Inhibitors used to analyze the role of specific 

pathways or proteins on branching morphogenesis of mammary organoids in 3D collagen 

type I gels were added to the medium during a medium change. Y-27632 (10 µM) was used 

for inhibition of Rho-associated kinase (ROCK), Cytochalasin D (1 µg/mL) to inhibit actin 

polymerization, Marimastat (10 µM) to inhibit collagen degradation by matrix 

metalloproteinases and the E-cadherin blocking-antibody HECD1 (1:50) was used to block 

cell-cell adhesion via E-cadherin. 

3.4.5 3D-culture in Matrigel 

A single cell suspension of primary basal HMECs in seeding MECGM was resuspended in 

cold growth factor reduced Matrigel in ice. 750 µL of this mixture was plated into a well of 

2-well µ-slide (ibidi, uncoated). After 30 min of polymerization at 37 °C, 750 µL of seeding 

MECGM was added and subsequent culture was done like for the 3D collagen gels.  

3.4.6 Extreme limiting dilution analysis 

For an extreme limiting dilution analysis, sorted basal HMECs were seeded in degrading 

dilutions into 3D collagen type I gels. Therefore at least eight collagen gels per cell dilution 

were prepared in 48-well plates as described in section 3.4.4. In order to determine the 

structure forming units (SFU), cells were seeded in dilutions up to doses in which no 
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structure formation could be observed (Hu et al., 2009). Subsequently, gels which contained 

at least one structure were counted as positive. A structure was thereby defined as containing 

at least two branching points and being 0.057 mm2 or more in size as previously described 

(Linnemann et al., 2015). For analysis of the limiting dilution, the ELDA software was used, 

which represents a webtool described previously (Hu & Smyth, 2009). This webtool was 

designed especially for the analysis of limiting dilution data acquired from stem cell 

researchers. It not only implements methods that yield reliable confidence intervals in 

situations when all assays give positive or negative results but also includes a test to compare 

active cell frequencies between multiple data sets (Hu & Smyth, 2009). By using this 

technique and webtool, 95 % confidence intervals for the frequency of active cells in a group 

can be determined. In addition, p-values to compare differences in active cell frequencies 

are given. 

3.4.7 Determination of cell counts of organoids during the ductal elongation phase 

For determination of the total cell count of mammary organoids, single organoids were cut 

out of the collagen matrix using a scalpel. Subsequently, organoids were transferred to a 1.5 

mL Eppendorf containing 1 mL 600 U/mL Collagenase in PBS and incubated for 5 mins at 

37 °C. After digest of the surrounding collagen, the organoids were centrifuged and then 

dissociated into single cells using 0,15 % Trypsin-EDTA for 4 min. Trypsin activity was 

stopped by the addition of TNS and single epithelial cells were pelleted via centrifugation 

and subsequently counted manually as described in section 3.4.2.  

3.4.8 Live cell confocal microscopy 

Live cell confocal microscopy was performed by Benedikt Buchmann (Department for 

Biophysics, Technical University of Munich) using a Leica SP8 lighting confocal 

microscope equipped with an ibidi gas incubation system for carbon dioxide (CO2) and 

oxygen (O2) and with a HCX PL APO 10x/0.40 CS dry objective, a HC PL APO 40x/1.10 

water immersion objective or a HC PL APO 63x/1.40 oil immersion objective. Cell nuclei 

were visualized using sirDNA (10 µM) staining prior to measurement. For visualization of 

collagen fibers, the samples were either illuminated with 488 nm and the reflected signal 

was detected or organoids were grown directly in fluorescently labeled collagen type I. 

Accumulation of collagen around the organoids/collagen cage was imaged in high-resolution 

by using an implemented adaptive deconvolution algorithm and the usage of a HC PL APO 

63x/1.40 oil immersion objective. 
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3.4.9 Laser ablation experiments 

Laser ablation experiments of collagen matrix were performed by Marion Raich 

(Department for Biophysics, Technical University of Munich). In brief, a custom-made 

nano-dissection setup was used based on a previously described setup (Weitkunat et al., 

2017). The setup included a spinning-disc unit equipped with an Andor NEO sCmos camera, 

a 633 nm and a 488 nm laser for fluorescent imaging and a HAMAMATSU Orca Flash 4 for 

bright field imaging along a separate optical path. The cuts were performed by a 400 psec 

UV-laser pulse (72 kW peak power, 25 mW average power) through a HC PL APO 40x/1.10 

water objective. The working distance was set to 0.65 mm.  

3.5 Flow cytometry analysis and Fluorescence-activated cell sorting (FACS) 

For analysis or sorting, a single cell suspension of primary mammary cells was taken up in 

FACS buffer at a cell density of approx. 1 x 107 cells/mL and stained with fluorescent 

conjugated antibodies CD31-PB, CD45-V450, EpCAM-FITC, CD49f-PE and CD10-APC 

(list of flow cytometry antibodies is given section 2.8.1) for 40 min on ice and protected 

from light. Afterwards the samples were washed with FACS buffer and then resuspended 

again in FACS buffer. In order to ensure sufficient cell sorting and to prevent cell clumping, 

the cell density was again adjusted to 1 x 107 cell/mL and in order to distinguish between 

live and dead cells 7-AAD was added to the sample and the single stain control 15 min prior 

to analysis/sorting. Analysis and cell sorting were performed on a FACSAriaTM III cell 

sorter using a 100 µm nozzle and the FACSDivaTM 6.0 Software. Using the forward and 

sideward scatter area (FSC-A / SSC-A) cell debris was excluded followed by exclusion of 

doublets using forward and sideward scatter width (FSC-W / SSC-W). Live cells (7-AAD-) 

were analysed for stromal markers CD31 and CD45 (stroma1 = CD31+/CD45+) and the 

stroma1- population was separated into three populations based on expression of EpCAM 

and CD49f: EpCAM-/CD49f- = stroma2; EpCAM+ = luminal cells and EpCAM-/low/CD49f+. 

By applying the marker CD10 onto the EpCAM-/low/CD49f+ population another stromal 

population (EpCAM-/low/CD49f+/CD10- = stroma3) and the basal population (EpCAM-

/low/CD49f+/CD10+ = basal) was revealed. Desired populations were sorted using the purity 

precision mode into FACS collection tubes containing 1 mL of basic MECGM. Directly 

after sorting, the purity of sorted populations was ensured by reanalysis. Afterwards the 

collection tubes were centrifuged and the pellet was resuspended in seeding MECGM. For 

post-analysis of flow cytometry data, the FlowJo V10 software was used. For determination 

of the percentages of different stromal and epithelial populations isolated from reduction 
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mammoplasties M46, M47, M48, M49, and M50 using the enzymatic dissociation protocols 

A, B, and C, at least 1x 106 events were recorded for each sample. Subsequently, the number 

of viable, single cells was determined based on the gating strategy described above and as 

depicted in Figure 4.3. By setting this number to 100 percent, the percentages of the two 

epithelial (luminal and basal/myoepithelial) and the three stromal (stroma 1, 2 and 3) 

populations was determined based on the gating strategy described above and as depicted in 

Figure 4.6. A list of percentage numbers of isolated stromal and epithelial populations is 

provided in Table 7.1. In order to calculate the total cell count per population and flacon of 

dissociation suspension, the percentages of viable stromal and epithelial fractions were 

applied onto the total amount of isolated cells for each dissociation protocol and reduction 

mammoplasty sample. 

3.6 3D-Immunofluorescence 

All steps were carried out on an orbital shaker and each washing step was performed with 1 

ml PBS for 10 min. For fixation, the gels were washed once with PBS and fixed with 1 mL 

4 % PFA for 15 min. Afterwards gels were washed three times with PBS and then stored in 

PBS at 4 °C until further use. For permeabilization of cells within the collagen gels, the gels 

were incubated in 1 mL permeabilization solution for 10 min and subsequently washed twice 

with PBS. Afterwards, 1 mL blocking solution was added and the gels were incubated 

overnight at 4 °C. After a PBS washing step, 200 µL of primary antibody solution was added 

and the gels were again incubated overnight at 4 °C. After three PBS washing steps, 200 µL 

of respective secondary antibody solution was added and the gels were incubated for 2-3 

hours at RT in the dark, followed by two PBS washing steps. For visualization of cell nuclei, 

the gels were incubated in 300 µL DAPI staining solution for 3 min before washing twice 

with PBS and twice with Milli-Q water for 5 min. Images were acquired on a FLUOVIEW 

FV1000 inverted confocal laser scanning microscope equipped with four laser lines (405, 

488, 543, and 633 nm) and UPLSAPO 60x, 40x and 20x objective lenses. A list of primary 

and secondary antibodies used for immunofluorescence is given in section 2.8.2 and 2.8.3.  

 

3.7 Cytospin and 2D-Immunofluorescence 

For analysis of lineage marker expression of primary HMECs prior to culture, a single cell 

suspension was generated as described above using trypsin and dispase treatment (section 

3.1). Dead cells were eliminated via MACS using the Dead Cell Removal Kit from Milteny 



Methods 

 50 

Biotec. Subsequently, a highly concentrated cells suspension (1x106 cells / 50 µL PBS) was 

generated and 10 µL of this suspension were placed into the center of an ibidi 8-well dish. 

After centrifugation for 5 min at 2000 rpm, excess liquid is removed and the cells were fixed 

using 4 % PFA (10 min). After washing three times with PBS, the cells were permeabilized 

using permeabilization solution for 10 min and subsequently incubated in blocking solution 

for 2-3 hours. Afterwards, the blocking solution was removed, the cells were washed once 

with PBS and incubated in 100 µL primary antibody solution overnight at 4 °C. After three 

PBS washing steps, 100 µL of respective secondary antibody solution was added and 

incubated for 2-3 hours at RT in the dark, followed by two PBS washing steps. For 

visualization of cell nuclei, the cells were incubated in 100 µL DAPI staining solution for 2 

min before washing twice with PBS and twice with Milli-Q water. Images were acquired on 

a FLUOVIEW FV1000 inverted confocal laser scanning microscope equipped with four 

laser lines (405, 488, 543, and 633 nm) and UPLSAPO 60x, 40x and 20x objective lenses. 

A list of primary and secondary antibodies used for immunofluorescence is given in section 

2.8.2 and 2.8.3. 

3.8 Single-cell RNA sequencing 

3.8.1 Sample preparation for single-cell RNA sequencing 

Breast tissue samples frozen as a mixture of epithelial cellular fragments and stromal single 

cells were used for single-cell RNA sequencing experiments. After thawing, a single cell 

suspension was generated as described above using trypsin and dispase treatment (section 

3.1). Dead cells were eliminated via MACS using the Dead Cell Removal Kit from Milteny 

Biotec. Subsequently, cells were resuspended in 0,05 % UltraPure BSA and counted 

manually using an improved Neubauer chamber. Cell concentration was adjusted to 800 

cells/µL and equal numbers of cells from reduction mammoplasty sample M46 were 

subjected to library preparation, which was performed according to the 10X Chromium 

Single Cell 3’ kit v3 instructions with the help of Michael Sterr and Ines Kunze (Institute of 

Diabetes and Regeneration Research, Helmholtz Center Munich).  

3.8.2 Library preparation, sequencing and data pre-processing 

Library preparation was performed according to the 10X Chromium Single Cell 3’ kit v3 

instructions and with the help of Michael Sterr and Ines Kunze (Institute of Diabetes and 

Regeneration Research, Helmholtz Center Munich). Briefly, single cells together with 

reverse transcription (RT) reagents, gel beads containing barcoded oligonucleotides/primers, 
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and oil are loaded onto a microfluidic chip to form Gel Beads in Emulsion (GEMs), the 

reaction vesicles. Besides a barcode, the primers contain a TruSeq Read 1 primer sequence, 

unique molecular identifiers (UMIs) and a poly (dT) sequence. The single cell within each 

GEM is lysed and a reverse transcription reaction of polyadenylated mRNA is performed. 

Due to the barcoded RT oligonucleotides, the resulting cDNA from one single cell has the 

same barcode, allowing the sequencing reads to be mapped back. Subsequently, the GEM-

RT is cleanup using Silane magnetic beads. Then the barcoded cDNA is amplified via PCR, 

followed by a reaction cleanup step using the bead-based SPRIselect reagent and a 

subsequent quality control using an Agilent Bioanalyzer. The cDNA is then used to construct 

the sequencing library. Therefore, enzymatic fragmentation and size selection are used to 

optimized the cDNA amplicon size. During subsequent end repair, A-tailing, adaptor 

ligation, and PCR, additional primers (P5, P7 and the TruSeqRead 2) and a sample index are 

added. The resulting paired-end constructs begin and end with the P5 and P7 primers used 

in Illumina bridge amplification. While the barcode and the UMI are encoded in the Read 1 

primer sequence, the Read 2 primer is used to sequence the cDNA fragment itself. 

Subsequently, the libraries were pooled and sequenced in one run on a NovaSeq600 S2 in 

cooperation with Sandy Loesecke at the Helmholtz sequencing core. The Cell Ranger single-

cell Suite version 3.0.2. and the 10X Genomics analysis workflow was used for pre-

processing of sequencing data which was performed by Thomas Waltzhöni (Bioinformatics 

core facility, Institute of Computational Biology, Helmholtz Center Munich). Briefly, read 

processing was performed and samples were demultiplexed using barcode assignment and 

UMI quantification. For read alignment a pre-built reference package obtained from the 10X 

Genomics website was used, specifically the reads were aligned to the pre-built human hg19 

reference genome (10XGenomics:https://support.10xgenomics.com/single-cell-gene-

expression/software/ pipelines/latest/advanced/references). From the Chromium Single Cell 

Software Suite the following applications were used: ´cellranger count` function was used 

to process all lanes per sample and the output from different lanes was subsequently 

aggregated using the ´cellranger aggr` function with -normalize set to ´none` 

(https://support.10xgenomics.com/single-cell-gene-

expression/software/overview/welcome).  
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3.9 Single-cell RNA sequencing data analysis 

3.9.1 Data processing and quality control 

Raw scRNA-seq data need to undergo a quality control process. Low-quality libraries in 

scRNA-seq data can arise at various steps during sample preparation or library construction 

and usually manifest as “cells” with only few expressed genes, low total counts and high 

mitochondrial reads. The identification of low-quality libraries is crucial, as they can lead to 

misinterpretations during downstream analysis. The aim is to filter the data set in order to 

only include true cells of high quality into downstream analysis. Thereby, great care must 

be taken when choosing the thresholds for filtering in order to avoid the exclusion of 

biologically relevant cell types. For this study, data processing and quality control were 

performed in collaboration with Alecia-Jane Twigger (Institute of Stem cell Research, 

Helmholtz Center Munich). In brief, all downstream analysis steps were conducted using the 

software R version 4.0.0. For the identification of poor-quality cells, first a threshold was set 

on the number of unique molecules/molecular identifiers (UMIs) detected. Low counts of 

UMIs likely result from ambient RNA, while very high counts of UMIs hint toward doublets. 

By using the function ́ emptyDroplets` from the DropletUtils package, barcodes arising from 

single droplets were filtered to ensure that cleaned barcodes contained at least 1000 UMIs. 

Second, a threshold was set to the number of genes detected (> 500 genes / cell). Third, only 

cells where the percentage of mitochondrial genes compared to overall annotated genes were 

not higher than 3x the median absolute deviation were used for further analysis, as cells with 

higher mitochondrial counts are considered as non-viable or apoptotic cells. Overall, 11,191 

high quality cells were obtained: 3,586 cells for Protocol A, 2,809 cells for Protocol B and 

4,796 cells for Protocol C. Then, cleaned barcodes were normalized and logged using the 

´computeSumFactors` from scran version 1.16.0 and ´logNormCounts` from the scater 

package version 1.16.1.  

3.9.2 Principal Component Analysis, Uniform Manifold Approximation and 

Projection graphing and clustering  

For dimensionality reduction of data, Principal Component Analysis (PCA) and Uniform 

Manifold Approximation and Projection (UMAP) was used. PCA represents a linear 

algebraic method used to reduce the dimensionality of a data set by transforming a large set 

of variables into a smaller one, while preserving most of the information from the large set. 
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Therefore, all variables are first transformed to the same scale by a process called 

standardization, so that variables with a larger range will not dominate those will smaller 

ranges during subsequent analysis. Subsequently, a covariance matrix computation is used 

to identify how the variables of the input data set are varying from the mean with respect to 

each other and to see if there is any relationship between them. From that, principal 

components can be identified, which represent new variables constructed as linear 

combinations/mixtures of the initial variables. Thereby, the first principal component (PC1) 

accounts for the largest possible variance in the data set and geometrically can be seen as the 

line/axes the captures the maximal amount of variance. The second principal component 

(PC2) is determined similarly, however is uncorrelated with PC1 (geometrically 

perpendicular to PC1) and accounts for the next largest variance. This procedure can be 

continued until several principal components have been identified (Jaadi, 2019). Here, PCA 

was performed on the normalized cells using PCA tools version 2.0.0. and the samples were 

represented by four principal components and plotted in two-dimensional scatter plots. 

Uniform Manifold Approximation and projection (UMAP) works similarly to t-SNE (t-

distributed Stochastic Neighbor Embedding) and in contrast to PCA they both rely on non-

linear, graph-based dimensionality reduction algorithms. Compared to t-SNE, UMAP is 

much faster and provides a better preservation of the global structure and therefore can be 

seen as a more effective tool for visualizing high dimensional data. Briefly, UMAP generates 

a high dimensional graph representation of a data set and subsequently, it optimizes a low-

dimensional graph to be as structurally similar as possible. For constructing the initial high-

dimensional graph, UMAP uses parameters such as ´n_neighbour`, which is the number of 

approximate nearest neighbors. Thereby, neighboring points are connected and the lower 

this value is, the more UMAP focuses on the local structures, while high values will lead to 

a loss of fine detail and a focus on the global structure. Another parameter is the ´min_dist`, 

or minimum distance between points. It controls how tightly points are being packed 

together, with low values leading to tighter packing and larger values making the packing 

looser. Together those parameters effectively control how local and global structure are 

balanced in the final graph projection. Here, UMAP was run from the top PCs using the R 

package umap 0.2.6.0. Clustering was performed with the Louvain algorithm/method in R 

package igraph and using R package scran. Overall, 14 clusters were identified. However, 

cluster C2 and C13 contained cells with low UMI counts (Table 2). A closer analysis of 

marker expression revealed that cells of cluster C2 expressed commonly used luminal 

lineage markers, such as KRT18, while cluster C13 did not uniformly express markers 
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associated with any mammary subpopulations (Figure 3.1). Therefore, cluster C13 was 

excluded from further analysis. For ease of interpretability and graphical representation of 

clusters, the number of cells per digest was down-sampled to 2,700 cells and reclustering 

analysis then revealed 12 clusters for the equal numbers of subset cells per digest. Those 

were subsequently use for downstream analysis. Plots of genes of interest were created using 

the R packages ggplot2 or pheatmap. Costume colors were generated by RcolourBrewer 

package. Analysis and clustering were performed in collaboration with Alecia-Jane Twigger 

(Institute of Stem cell Research, Helmholtz Center Munich).  

Table 3.1: Number of cells, UMIs and gene numbers per cell clusters  
Cluster Number 

of cells 

UMI 

count 

(min) 

UMI 

count 

(max) 

UMI 

count  

(median) 

Gene 

number 

(min) 

Gene 

number 

(max) 

Gene 

number 

(median) 

C1 228 1492 62888 22035 514 4371 2368 

C2 795 1001 15398 1405 471 4237 694 

C3 296 1036 101270 14191 594 9464 3872 

C4 741 1031 18696 3080 486 4200 1300 

C5 583 1054 56843 6402 471 6975 2119 

C6 1294 1050 26975 4320 539 4890 1654 

C7 1074 1004 214979 13770 560 10139 3340 

C8 838 1016 107445 9830 527 8652 2926 

C9 586 1015 103110 12227 540 9762 3643 

C10 1947 1058 177299 14441 576 10401 3581 

C11 1210 1004 28063 5770 603 5756 2431 

C12 1148 1000 50323 8655 540 7498 2690 

C13 226 1000 6952 1444 414 2586 788 

C14 225 1080 26000 7448 430 4596 2034 
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Figure 3.1: Unbiased cluster analysis of all cells from protocol A, B, and C 
All cells isolated with dissociation protocols A, B, and C of reduction mammoplasty sample M46 
were visualized in a UMAP plot as 14 clusters. The clusters are colored individually. Cells with low 
UMI counts and no uniform marker expression associated to any mammary subpopulation were 
identified in Cluster 13 (C13), which was therefore excluded from further analysis. Analysis and 
clustering were performed in collaboration with Alecia-Jane Twigger (Institute of Stem cell 
Research, Helmholtz Center Munich). 

3.9.3 Differential gene expression analysis and GO term enrichment 

After having identified the cellular identities of the scRNA-seq clusters, Differential Gene 

Expression (DGE) analysis was performed for an overall as well as for a cell type specific 

dissociation duration comparison. In order to determine genes differentially expressed on the 

population level (not the individual level of single cells) a pseudobulk approach was used. 

Therefore, first a pseudo bulk signature for each cell type within the two dissociation duration 

groups (3-hour and 16-hour) was generated using the ´aggregateAcrossCells` function from the 

scater package. Next, for the overall dissociation comparison, averaged cell type counts were 

converted to a DGEList, filtered for lowly expressed genes and normalized using function with 

the R package edgeR version 3.30.3. The average counts for cells derived from the 16-hour 

dissociation were removed from the 3-hour dissociated cell counts. Subsequently, genes with a 

log fold change of at least 1.5 were determined as being differentially expressed overall. By 

using the ´ggplot` function from the ggplot2 package DEGs were visualized as MA plots. 

Similarly, for cell type specific DEGs identification, lowly expressed genes were removed and 

the average counts for the same cell type were normalized. Genes with a log fold change of at 

least 2.0 between the 3-hour and the 16-hour dissociation were determined. For a classification 

of overall and cell type specific DEGs, a gene set enrichment analysis was performed for gene 

ontology (GO) terms associated with biological process and molecular function using the topGO 

package version 2.40.0. A list of GO term annotations is provided in Tables 7.6 – 7.9. DGE 
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analysis and gene set enrichment analysis were performed in close collaboration with Dr. 

Alecia-Jane Twigger (Institute of Stem cell Research, Helmholtz Center Munich). 

3.9.4 Determining enrichment for gene expression signature across individual cells 

In order to examine whether a certain cell type was more affected by oxidative stress than 

others, a list of 14 genes was compiled: Genes that are involved in cellular oxidant 

detoxification, glutathione metabolism, iron metabolism and NADPH production, are 

associated with the corresponding GO terms and are found among the top upregulated genes 

after the 16-hour dissociation process. This gene expression signature could then be tested 

for enrichment within each mammary cell subtype. Therefore, the overall expression of gene 

signatures identified from highly expressed DEGs in all cells was examined using the 

“AddModuleScore” function from the Seurat package version 3.1.5. Five genes, that were 

randomly selected, were used as a control for these genes. An “oxidative stress” signature 

score was determined for each of the cells. While being unitless, the resulting signature score 

is indicative of signature enrichment when compared between cell type groups. The list of 

genes used for the oxidative stress response gene set is shown in Figure 4.14. 

3.10 Methods working with bacteria 

3.10.1 Transformation of chemically competent bacteria 

XL10-Gold bacteria, stored at -80 °C, were thawed on ice for 10 min. 25 µL of bacteria were 

transferred into a 1.5 mL Eppendorf tube on ice and plasmid DNA (1 µg; in approx. 1 µL) 

was added to the bacteria. After 10 min incubation on ice, bacteria were heat shocked in a 

42 °C water bath for 30 sec and then immediately placed back on ice for 2 min. Then 200 

µL S.O.C. medium was added to the bacteria and the tube was placed on a Thermomixer for 

60 min at 37 °C with constant shaking at 1000 rpm. Subsequently, the bacteria were plated 

on LB agar plates blended with Ampicillin (100 µg/mL) for selection and incubated either 

over night at 37 °C or over the weekend at RT.  

3.10.2 Isolation of bacterial plasmid DNA 

From the agar plate (see Section 3.10.1) one colony was picked and transferred into 100 mL 

LB medium containing ampicillin (100 µg/mL). Inoculated cultures were incubated 

overnight a 37 °C and shaking at 100 rpm. For isolation of plasmid DNA, the QIAGEN 

plasmid midi kit was use according to the manufacturer’s instructions. A NanoDrop 
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spectrophotometer at landa=260nm was used in order to determine the DNA concentration 

and only high purity DNA (260/280 nm > 1.8) was used for subsequent experiments.  

3.11 Lentivirus productions and transduction of target cells 

All work involving virus was performed in agreement with the recommended guidelines of 

BSL-2 safety class. In this study, second generation vectors were used to produce replication 

defective, self-inactivating lentiviruses which are safe to work with.  

3.11.1 Lentivirus production 

For preparation of the transfection mix, 1500 µL basic DMEM was blended with 18 µg of 

lentiviral vector, 6.3 µg pCMV-VSV-G, 11.7 µg pCMV-dR8.2 dvpr and 108 µL 

polyethyleneimine (PEI). The mixture was mixed by pipetting up and down and incubated 

for 15 min at RT. Subsequently, the transfection mix was added dropwise to HEK293T high 

performance cells culture at 70-80 % confluency in a T175 flask. The next day, the 

transfection mix was removed by a complete medium change with standard DMEM 

medium. 24 h later the virus containing supernatant was collected, filtered through a 0.45 

µm PVDF filter and concentrated via high-speed ultracentrifugation for 2-3 h at 50000 x g 

at 4 °C. Subsequently the supernatant was removed and the viral particles were resuspended 

in 150 µL Basic MECGM and stored at -80 °C.  

3.11.2 Lentiviral transduction of primary basal mammary epithelial cells 

Basal HMECs were sorted (see section 3.5) and seeded into the well of a 24-well plate. When 

respective cell density was reached (usually around day 9 of culture), fresh medium was 

added to the cells together with 50 µL of viral particles (see section 3.11.1). The cells were 

incubated at 37 °C for approximately 14 hours, before the medium containing the viral 

particles was removed and fresh medium was added to the cells. The next day, the cells were 

washed twice with PBS and then trypsinized with 0.5 mL 0.15 % trypsin/EDTA. After 

detachment of cells, 1.5 mL TNS was added to neutralize the trypsin, cells were centrifuged 

at 300 rpm for 5 min and the pellet was resuspended in Basic MECGM. Subsequently, cells 

were seeded into 3D collagen gels (see section 3.4.4). 

3.12 Image analysis and processing 

3D and 2D immunofluorescence images were processed and edited using FV-10-ASW 1.7 

Viewer, Gimp 2.8.2 and FIJI (ImageJ) software. Adjustment of brightness was done across 

the entire image field. Analysis of live-cell imaging data was performed by Benedikt 
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Buchmann (Department of Biophysics, Technical University of Munich) using FIJI (ImageJ) 

and Matlab software. In brief, a self-written Matlab code was used for drift correction. For 

the detection of fluorescent tracer particles/beads the images were first masked by an 

intensity threshold and after defining the bead position, the bead tracks were calculated by 

matching coordinates in three consecutive images. The cumulative bead displacement was 

calculated by summing up the individual displacement of a bead in the near field and by 

averaging over beads in the same area the mean was determined. The matrix in front of 

elongated branches was segmented in 100 µm wide strips and by averaging the bead 

displacement within those stripes, the displacement in dependency to the distance to the 

organoid could be calculated. For the calculation of the internal flow field the Farneback 

algorithm implemented in Matlab was used. Analysis of laser ablation data FIJI (ImageJ) 

software was used and the in order to measure the relaxation directly after the UV cut, the 

tip cell was tracked manually.   

3.13 Statistics, reproducibility and data presentation 

Flow cytometry experiments were performed with at least five different reduction 

mammoplasty samples, unless stated otherwise in the figure legends and plots have been 

generated with GraphPad Prism 8.0 software. A paired, two-tailed student´s t-test was used 

for statistics on flow cytometry-based cell viability analysis. Statistical analysis was 

conducted using Excel 2016 and GraphPad Prism 8.0 software. P-values below 0.05 

(p<0.05) were considered significant. P-value: *<0.05, **<0.01, ***<0.001, n.s = not 

significant. All experiments with human mammary organoids cultured in collagen type I gels 

were conducted with at least three different reduction mammoplasties, unless stated 

otherwise. Statistical analysis of mammary organoid morphology, collagen intensity, 

collagen fiber alignment, and cell dynamics within organoid branches was performed by 

Benedikt Buchmann (Department of Biophysics, Technical University of Munich) using 

Matlab R2019. P-values were determined using a two-tailed Mann-Whitney test. P-values 

below 0.05 (p<0.05) were considered significant. P-value: *<0.05, **<0.01, ***<0.001, n.s 

= not significant.  

3.14 Data availability  

The RNA sequencing data have been deposited in the ArrayExpress database at the EMBL-

EBI (www.ebi.ac.uk/arrayexpress) under accession number E-MTAB-9844. 
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4 Results 

4.1 Human breast tissue dissociation induces compositional and transcriptional bias 

detected via flow cytometry and scRNA-seq  

Single cell technologies, such as scRNA-seq, have evolved as promising tools for effective 

characterization and classification of individual cell subpopulations and differentiation 

dynamics in the MG. A critical interrogation of mammary subpopulations represents the key 

to understanding the mechanisms behind breast cancer initiation and progression. For the 

isolation of single cells, human breast tissue samples, in contrast to mouse samples, require 

laborious dissociation, as the tissue is characterized by a dense, collagen-rich matrix. As a 

consequence, compositional and transcriptional data generated from human breast tissue 

samples are more prone to be affected by dissociation-induced artefacts and due to 

experimental limitations, the identification and elimination of this bias is challenging for 

human MG research. It is evidently impossible to perform lineage tracing experiments in 

humans in order to verify human species-specific scRNA-seq findings. In addition, due to 

obvious ethnical reasons, human breast tissue samples at specific developmental stages are 

largely inaccessible, which makes it almost impossible to generate cellular differentiation 

trajectories based on developmentally distinct tissue samples. Thus, I set out to analyze 

whether variations in human breast tissue dissociation introduce bias that is subsequently 

detectable via flow cytometry and scRNA-seq and potentially also affects functional readout 

of in vitro regenerative capacity of epithelial cells. The overall aim was to develop a strategy 

for the identification of dissociation-induced bias based on the comparison of effects of 

different dissociation parameters. It is increasingly important for the mounting number of 

human MG researchers to identify dissociation-induced bias in order to allow for the 

comparison of generated data sets and to robustly determine human species-specific 

mammary subpopulations. 

4.1.1 Isolation of morphologically complex epithelial fragments from human 

reduction mammoplasties using different enzymatic dissociation protocols 

Several aspects of breast tissue dissociation potentially affect composition and viability of 

isolated cells. Commonly used dissociation protocols for human breast tissue involve an 

enzymatic digest during which the tissue is treated with various digestive enzymes such as 

collagenase and hyaluronidase, but vary in agitation speed and duration (Table 1.1). Those 

parameters have previously been shown to impact cell yield and FACS profile of isolated 

mammary cells (Hines et al., 2014; Zubeldia-Plazaola et al., 2015). In order to clarify how 
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variations in the enzymatic dissociation process influence yield, viability and composition 

of isolated cells, I collected human reduction mammoplasties from healthy women (section 

2.1) and after mechanical dissociation subjected them to three different enzymatic 

dissociation protocols related to commonly used protocols and varying in duration (3 hours 

vs. 16 hours) and in agitation speed (10 rpm vs. 100 rpm) (Fig. 4.1, A) (Engelbrecht et al., 

2021). The enzymatic dissociation process was considered successful, when the digestion 

solution was free of visible tissue pieces and showed a clear separation from the overlaying 

fat layer (Fig. 4.1, B) and as previously described, contained cellular fragments of ductal or 

alveolar morphology with no attached ECM (Labarge et al., 2013) (Fig. 4.1, C) (Engelbrecht 

et al., 2021).  

The first protocol, protocol A, was a short, 3-hour protocol during which the suspension was 

shacked at 100 rpm. In line with another comparative study (Hines et al., 2014), I used a 

higher enzyme concentration for this short protocol in order to ensure a complete tissue 

digest within 3 hours. With a collagenase concentration of 800 U/mL, I observed a complete 

tissue digest based on the parameters mentioned before. Lowering the collagenase 

concentration to 300 U/mL led to an incomplete tissue digest indicated by visible tissue 

pieces in the digestion solution and reducing the agitation speed to 10 rpm had a similar 

effect. These findings suggest that in order to ensure a complete tissue digest within 3 hours 

a higher agitation speed and enzyme concentration is necessary. For the longer, 16-hour 

protocols (protocol B and C) different agitation speeds were applied (protocol B: 100 rpm; 

protocol C: 10rpm) and only 300 U/mL collagenase were used, as a disruption of cell surface 

markers is reported when the collagenase concentration is too high (Taghizadeh et al., 2018). 

Indeed, I found that treatment with 800 U/mL collagenase for 16 hours led to a 

downregulation of cell surface marker CD49f/Integrin alpha 6, a marker typically used to 

distinguish between human mammary populations via flow cytometry (Eirew et al., 2008) 

(Fig. 4.1, D) (Engelbrecht et al., 2021). 
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Figure 4.1: Enzymatic dissociation of human reduction mammoplasties 
(A) Reduction mammoplasties are first mechanical dissociated using scalpels. Minced tissue is then 
distributed over 50 mL falcons and subjected to three enzymatic dissociation protocols (protocol A, 
B, C) varying in agitation speed (100 and 10 rpm) and duration (3 and 16 hours) to yield epithelial 
fragments and stromal cells. Created with BioRender.com. (B/C) A successful enzymatic 
dissociation was indicated by (B) a dissociation suspension free of remaining tissue clumps and a 
clear separation from the overlaying fat layer and (C) isolated fragments with no attached ECM. 
Scale bar = 500µm. Reduction mammoplasty: M48. (D) Flow cytometry analysis shows 
downregulation of cell surface marker CD49f when applying 800 instead of 300 U/mL collagenase 
during a 16-hour enzymatic dissociation process at 10 rpm. Flow cytometry analysis after exclusion 
of doublets, dead cells (live=7-AAD-) and the stroma1 population (stroma1-=CD31-/CD45-) is shown 
(see Fig.4.3). n = 1 reduction mammoplasty sample (M46).  

For each enzymatic dissociation protocol, I microscopically examined the isolated cell 

suspension directly after the dissociation process. Thereby, I found that the suspensions 

contained cellular fragments of various morphologies: small round and stick-like cell 

clusters, large ductal fragments that showed intact side branches and fragments with a ductal-

alveolar morphology (Figure 4.2, A) (Engelbrecht et al., 2021). As a vigorous shaking speed 

of 100 rpm could potentially lead to a disruption of larger fragments, I determined the 

fragment size by measuring the area of isolated fragments using brightfield images and 

found a comparable size distribution for all three protocols (Figure 4.2, B) (Engelbrecht et 

al., 2021). Independently of size and morphology, I identified the isolated fragments as 

epithelial-like with a layer of aSMA positive basal/myoepithelial cells surrounding CK18 

positive luminal cells as detected via immunofluorescence and confocal microscopy (Figure 
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4.2, C) (Engelbrecht et al., 2021). Larger fragments mostly showed a uniform outer layer of 

basal/myoepithelial cells, while full myoepithelial coverage was often lost in smaller 

fragments (Figure 4.2, C) (Engelbrecht et al., 2021). Together, these findings show that in 

order to ensure complete tissue dissociation within 3 hours a higher agitation speed and 

enzyme concertation is necessary. Irrespectively of agitation speed and duration of 

enzymatic dissociation, all three protocols yielded morphologically complex epithelial 

fragments and single cells. 

 
Figure 4.2: Isolation of morphologically complex mammary epithelial fragments 
(A) Brightfield images after enzymatic dissociation protocols A, B, and C show heterogenous 
morphologies of cellular fragments. n=5 reduction mammoplasties (M38, M47, M48, M49, M50) 
Scale bar = 500 µm (upper two rows), 200 µm (lower row). (B) Measurement of size of cellular 
fragments after enzymatic dissociation protocols A, B, and C. Total number of fragments analysed 
= 1228 (425 protocol A, 400 protocol B, 403 protocol). n=3 reduction mammoplasties (M48, M49, 
M50). (C) Immunofluorescence staining: Representative confocal images of mammary epithelial 
fragments embedded in collagen gels: expression of basal marker aSMA in outer cell layer (magenta) 
and luminal marker CK18 in inner position (cyan). n=2 reduction mammoplasties (M48, M49). Scale 
bar = 50 µm. 

4.1.2 Dissociation strategy influences cell yield, but not viability of isolated cells 

Each enzymatic dissociation protocol yielded morphologically complex epithelial fragments 

and single cells. However, it is conceivable that agitation speed and duration of the 

enzymatic dissociation had an impact on the total cell yield and potentially also on the 

viability of isolated cells. During the dissociation process, the cells lose anchorage to the 

ECM and experience shear stress and unphysiological enzyme concentrations, which could 

result in cell death especially during a long 16-hour dissociation. Therefore, in order to 
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compare cell yield and viability of cells isolated with protocol A, B, and C prior to 

cryopreservation, a subset of the epithelial fragments containing suspension from each 

dissociation protocol was subjected to trypsinization and dispase/DNase treatment. The 

resulting single cell suspension was analysed via flow cytometry using the live-dead marker 

7-AAD after exclusion of doublets (Fig. 4.3, A) (Engelbrecht et al., 2021). Interestingly, I 

found that each protocol yielded highly viable cells (> 95 %) (Fig. 4.3, B, C) (Engelbrecht 

et al., 2021). Importantly, a high-quality single cell suspension represents a prerequisite for 

subsequent experimental steps, such as processing for scRNA-seq, where a high cell viability 

helps to reduce ambient RNA and to ensure high quality sequencing results (10X Genomics, 

n.d.). 

 
Figure 4.3: High cell viability after enzymatic dissociation protocols A, B, and C 
(A) Flow cytometry gating strategy for exclusion of doublets and dead cells (live=7-AAD-). (B) Flow 
cytometry-based viability analysis prior to cryopreservation using live-dead marker 7-AAD after 
enzymatic dissociation protocols A, B and C. (live=7-AAD-); Representative plots shown for 
reduction mammoplasty M48. (C) Cell viability of isolated cells from n=5 reduction mammoplasties 
(M46, M47, M48, M49, M50) determined via flow cytometry using live-dead marker 7-AAD prior 
to cryopreservation.  

Next, I determined the total cell yield isolated from reduction mammoplasty samples using 

the dissociation protocols A, B and C. As the amount of obtained breast tissue differed 

between the samples, I determined the cell yield per 50 mL falcon of digested tissue. It has 

been reported previously, that a long and slow tissue digest helps to obtain a greater number 

of total cells (Hines et al., 2014) and in line with this observation, I found that consistently 

across five breast tissue samples a roughly 10 times greater number of total cells was isolated 
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at a lower agitation speed of 10 rpm (protocol C) (Figure 4.4) (Engelbrecht et al., 2021). 

Considering that each protocol yielded highly viable cells, this finding showed that a high 

agitation speed, as used for protocol A and B, yields less cells in total, potentially due to cell 

bursting during the dissociation process. 

 
Figure 4.4: Increased cell yield with protocol C 
Cell-yield after enzymatic dissociation determined per 50 mL flacon of dissociation suspension. n=5 
reduction mammoplasties samples (M46, M47, M48, M49, M50). 

4.1.3 Increased cell viability after cryopreservation by freezing cellular fragments 

A comparisons of cell viabilities directly after the dissociation process and prior to 

cryopreservation showed equally high cell viabilities for each enzymatic dissociation 

protocol. For single cell technologies, such as single cell transcriptomics, a cell viability of 

greater than 90 % is required to keep the amount of RNA from lysed cells at a minimum 

(10X Genomics, n.d.). However, for many experimental designs it is logistically impossible 

to use fresh, unfrozen human samples and therefore, I determined the cell viability after 

cryopreservation in cryomedium containing 10 % dimethylsulfoxide (DMSO) as a 

cryoprotective agent. Interestingly, I found differences in cell viability dependent on the 

digestion status of isolated cells. When a suspension of stromal cells and epithelial fragments 

was frozen, a consistently high cell viability of approximately 90 % was detected after 

thawing, whereas the viability was significantly decreased down to 50 % when cellular 

fragments were dissociated into a single cell suspension prior to cryopreservation (Fig 4.5, 

A, B) (Engelbrecht et al., 2021). One reason for this could be cell-cell-contacts, which have 

been reported to suppress apoptosis (Wei et al., 2011) and were maintained in non-

trypsinized fragments. 

Taken together, I showed that irrespectively of agitation speed and duration of enzymatic 

dissociation, morphologically complex epithelial fragments containing highly viable cells 

were isolated and freezing those fragments instead of single cells helped to maintain a high 

cell viability even after cryopreservation. However, I observed that the dissociation agitation 
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speed had an impact on the total cell yield, as much more cells were isolated at a lower 

agitation speed with protocol C. 

 
Figure 4.5: Discrepancies in cell yield, but not viability after different dissociation protocols 
(A) Mammary cells frozen as a mixture of epithelial fragments and single cells (left panel) showed 
higher viability than cells subjected to trypsinization and dispase treatment first and then frozen as a 
single cell suspension (right panel). Flow cytometry-based cell viability analysis after exclusion of 
doublets using the live-dead marker 7-AAD (7-AAD- = live); Representative plots shown for 
reduction mammoplasty M44. Created with BioRender.com. (B) Cell viability of isolated cells from 
n=5 reduction mammoplasties (M30, M38, M43, M44, M45) determined via flow cytometry using 
live-dead marker 7-AAD after cryopreservation as single cells and as fragments. Statistics: two-
tailed, paired T-test (p-value: *<0.05, **<0.01; ***<0.001).  

4.1.4 Stromal populations are most efficiently isolated at a low agitation speed 

I found that modulating the agitation speed and duration of enzymatic dissociation of breast 

tissue had no impact on the viability of isolated cells, however, I observed discrepancies in 

the total cell yield. Specifically, in line with previous reports approximately 10 times more 

cells were isolated with a long and slow tissue dissociation (protocol C) compared to both 

short (protocol A) as well as long dissociation with high agitation speed (protocol B). These 

findings led me to question, whether certain mammary cell subpopulations are preferentially 

isolated depending on the agitation speed and duration of tissue dissociation. To investigate 

subpopulations of cells yielded from different enzymatic dissociation protocols, I performed 

flow cytometry analysis utilizing commonly used markers for human mammary cell 

identification (Eirew et al., 2008). After exclusion of doublets and dead cells (live = 7-AAD-

) (Fig. 4.3, A), I utilized the markers CD31 and CD45 to identify endothelial and 
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hematopoietic cells (Stroma1 = CD31+/CD45+) (Fig. 4.6, A) (Engelbrecht et al., 2021). 

Subsequently, using the markers EpCAM and CD49f on CD31-/CD45- cells as previously 

described, yielded another stromal population (Stroma2 = EpCAM-/CD49f-, which mainly 

consists of fibroblasts) and the two main epithelial populations: EpCAM+ luminal cells, 

consisting of a luminal progenitor (EpCAM+/CD49f+) and a luminal mature 

(EpCAM+/CD49flow) subpopulation, as well as the EpCAM-/low/CD49f+ population, which 

has previously been shown to contain basal/myoepithelial cells (Fig. 4.6, A) (Eirew et al., 

2008; Engelbrecht et al., 2021). Previous work of the Scheel laboratory has shown that use 

of membrane-bound metalloprotease CD10, which has an identical expression pattern to 

aSMA in basal/myoepithelial cells (De Moraes Schenka et al., 2008; Mahendran et al., 1989; 

Moritani et al., 2002; Popnikolov et al., 2003; Santagata et al., 2014) is essential to purify 

basal/myoepithelial cells from the EpCAM-/low/CD49f+ population (Linnemann et al., 2015). 

Cells that are EpCAM-/low/CD49f+ and CD10-, denoted here as stroma3 (Fig. 4.6, A), were 

previously characterized as a mixture of different stromal cells including endothelial as well 

as immune cells that fail to be excluded using the markers CD31 and CD45 (Engelbrecht et 

al., 2021; Linnemann et al., 2015). Flow cytometry analysis of five reduction 

mammoplasties showed that an agitation speed of 100 rpm (protocol A and B) yielded higher 

proportions of epithelial (basal and luminal) cells. On average, 60 % of isolated cells from 

protocol A and 85 % from protocol B were epithelial, while an agitation speed of 10 rpm 

(protocol C) lead to increased proportions of stromal fractions (on average 80 %) (Figure 

4.6, B, C) (Engelbrecht et al., 2021). This observation was particularly striking for the 

stroma2 and for the EpCAM-/low/CD49f+/CD10- stroma3 population. I found, that the size of 

the EpCAM-/low/CD49fhigh/CD10- stroma3 population was substantially higher for protocol 

C with an average of 30 % of total isolated cells compared to only 5% for protocol A and B, 

which utilized a higher agitation speed (Fig. 4.6, B, C) (Engelbrecht et al., 2021). Strikingly, 

while the EpCAM-/low/CD49fhigh population in protocol A and B mainly consisted of CD10+ 

basal/myoepithelial (> 80 %) and only a small fraction of CD10- stroma3 cells, this ratio was 

reversed for protocol C. Next, I used the flow cytometry data together with the total number 

of isolated cells to determine the absolute cell numbers of stromal and epithelial populations 

per falcon of dissociated tissue. Thereby, I found that the number of isolated epithelial cells 

per 50 mL flacon of dissociation suspension was comparable between the dissociation 

protocols (Fig. 4.6, D), however the number of stromal cells was substantially higher for 

protocol C (Fig. 4.6, E) (Engelbrecht et al., 2021). I concluded, that whilst epithelial cells 
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were equally represented for the different dissociation protocols, the stromal fractions were 

preferentially isolated at a lower agitation speed (protocol C). Importantly, this applied for 

all stromal fractions identified via flow cytometry. Whereas these compositional differences 

were observed across all five reduction mammoplasties, I noticed that the size of the luminal 

population showed the greatest variations between the different reduction mammoplasties 

(Fig. 4.6, D). This is most likely due to differences in parity and estrous cycle status of the 

donors as morphological remodeling and cyclic turnover of epithelial cells is heavily 

influenced by the level of circulating hormones (J. E. Fata et al., 2001; P. Schedin & 

Mitrenga, 2000) which could be an explanation for the observed differences in luminal cell 

content between reduction mammoplasty samples.  
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Figure 4.6: Stromal cells are preferentially isolated at a low agitation speed 
(A) Representative flow cytometry analysis of mammary cells from reduction mammoplasty sample 
M46 after enzymatic dissociation protocol A, B and C and after exclusion of doublets and dead cells 
(live = 7-AAD-). Stroma1 population was characterized by CD31 and CD45 expression. Among the 
CD31-/CD45- cells, EpCAM and CD49f were used to delineate the stroma2 (EpCAM-/CD49f-), the 
luminal (EpCAM+) and the EpCAM-/low/CD49f+ population. The latter was subdivided into stroma3 
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(EpCAM-/low/CD49f+/CD10-) and basal (EpCAM-/low/CD49f+/CD10+). Created with BioRender.com. 
(B/C) Proportions of stromal and epithelial populations isolated with enzymatic dissociation 
protocols A, B and C based on flow cytometry analysis shown in Figure 4.3, A and Figure 4.6, A. 
(B) shows average percentage of isolated populations across n=5 reduction mammoplasties (M46, 
M47, M48, M49, M50) while (C) shows percentages for each reduction mammoplasty individually. 
(D/E) Average total cell yield of epithelial (D) and stromal (E) cells isolated with enzymatic 
dissociation protocols A, B, and C per 50 mL falcon of n=5 reduction mammoplasties (M46, M47, 
M48, M49, M50).  

4.1.5 Single cell RNA sequencing reveals major mammary cell types and suggests 

dissociation duration dependent transcriptional changes 

Using flow cytometry, I have identified substantial compositional differences in isolated 

cells between the different dissociation protocols. However, flow cytometry is limited by 

low multiplexing ability and is therefore not suitable for studying greater heterogeneity 

within the main mammary cell populations, a problem overcome by emerging high-

throughput single cell transcriptomic approaches. Therefore, in order to further specify the 

compositional differences in isolated cells and to determine potential transcriptomic effects 

of different dissociation protocols, I performed scRNA-seq on the reduction mammoplasty 

sample M46 digested with protocol A, B, and C using the 10X chromium platform. For this 

purpose, I generated a single-cell suspension from thawed fragments and prepared the cells 

for loading onto the microfluidic chip. Gel Beads in Emulsion (GEMs) generation and 

library preparation was performed according to instructions in the 10X Chromium single-

cell kit and in collaboration with Michael Sterr and Ines Kunze (Institute of Diabetes and 

Regeneration Research, Helmholtz Center Munich). Subsequently, the libraries were pooled 

and sequenced in one run on a NovaSeq600 S2 in collaboration with the Helmholtz 

sequencing core and Sandy Loesecke. Further bioinformatic processing of sequencing data 

was performed by Thomas Waltzhöni (Bioinformatics core facility, Institute of 

Computational Biology, Helmholtz Center Munich) and Alecia-Jane Twigger (Institute of 

Stem cell Research, Helmholtz Center Munich). The cell ranger software was used for pre-

processing steps including read alignment and demultiplexing of samples and poor-quality 

cells were excluded by setting a threshold on the number of genes detected, the RNA counts 

and the percentage of molecules mapped to mitochondrial genes. In total 12,226 cells were 

sequenced: 3,586 cells from protocol A, 2,809 cells from protocol B and 4,796 cells from 

protocol C. Thereby, an average of 7,427 unique molecular identifiers and 2,445 genes were 

detected per cell (Fig. 4.7, A). By plotting the Uniform Manifold Approximation and 

Projection (UMAP) dimensionality reduction, 14 clusters (C1-14) were identified (Fig. 4.7, 
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B) (Engelbrecht et al., 2021). However, one cluster (C13) did not uniformly express markers 

associated with any mammary subpopulation and contained cells with very low UMI counts 

(section 3.9.2, Table 2, Figure 3.1). For these reasons, C13 was excluded from the 

subsequent analysis.  

 
Figure 4.7: Quality control of single-cell RNA sequencing data 
(A) Summary of number of cells sequenced from dissociation protocol A, B and C of reduction 
mammoplasty sample M46 and quality control criteria per sample such as number of unique 
molecules and genes detected. (B) Unbiased clustering analysis of all cells isolated from dissociation 
protocol A, B and C revealed 14 clusters that were visualized plotting the Uniform Manifold 
Approximation and Projection (UMAP) dimensionality reduction. Bioinformatic processing of 
sequencing data was performed by Thomas Waltzhöni (Bioinformatics core facility, Institute of 
Computational Biology, Helmholtz Center Munich) and Alecia-Jane Twigger (Institute of Stem cell 
Research, Helmholtz Center Munich). 

Re-clustering of total 8,100 cells (2,700 randomly sampled cells per dissociation protocol), 

yielded 12 clusters (C1-C12), again visualized by UMAP dimensionality reduction (Figure 

4.8, A) (Engelbrecht et al., 2021). Interestingly, a UMAP plot with the same clusters colored 

by dissociation protocol origin clearly showed that some clusters (C2, C4, C5) consisted of 

cells derived from both 16-hour dissociation (protocol B and C), while other clusters (C1, 

C3) originated solely form the 3-hour dissociation (protocol A). The remaining clusters (C6 

- C12) contained cells from all three dissociation protocols (Figure 4.8, B) (Engelbrecht et 

al., 2021). Overall, I overserved that cell clusters derived from the 16-hour dissociation 

(protocol B and C) overlapped, while clusters of cells that were isolated with the 3-hour 

dissociation (protocol A) showed a shift in UMAP coordinates, suggesting transcriptional 

differences based on the duration of the dissociation process. As expected, principal 

component analysis (PCA) of the same 8,100 randomly samples cells also clearly showed 

that cell clusters identified previously via UMAP mapping, showed great variance depending 

on cluster and dissociation origin (Figure 4.8, C, D) (Engelbrecht et al., 2021).  
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Figure 4.8: Single-cell RNA sequencing analysis of cells isolated with different enzymatic 
dissociation protocols showed dissociation duration induced transcriptional differences 
(A) 8,100 randomly sampled cells from dissociation protocol A, B and C of reduction mammoplasty 
M46 (2,700 cells per dissociation protocol) were visualized as 12 clusters in a UMAP plot and 
colored by cluster. (B) Upper plot: Same as in (A) but cell clusters were colored by dissociation 
protocol origin (blue: protocol A, yellow: protocol B, brown: protocol C). Lower plots: all 12 clusters 
are shown in grey and clusters derived from each dissociation protocol are labeled accordingly. (C/D) 
PCA of the same 8,100 randomly sampled cells as shown in (A/B). (C) Cells are labeled by UMAP 
cluster origin comparable to (A). (D) Cell are colored by dissociation protocol origin comparable to 
(B). Bioinformatic processing was performed by Alecia-Jane Twigger (Institute of Stem cell 
Research, Helmholtz Center Munich). 

Before further analyzing transcriptional differences between cells derived from different 

dissociation protocols, I first focused on identifying the major cell types present in the human 

MG by utilizing previously identified marker genes. Thereby, I identified three epithelial 

populations for each dissociation protocol: basal/myoepithelial (BA) and two luminal 

populations, that closely correspond to the EpCAM+/CD49f+ and EpCAM+/CD49f- 

population designated as luminal progenitors and luminal mature cells and that I termed here 

as luminal hormone-receptor negative (LHR–) and luminal hormone-receptor positive 

(LHR+) cells. Two separate clusters (C1 from protocol A; C2 from protocol B/C) expressed 

known basal/myoepithelial lineage markers such as ACTA2 (encoding aSMA), OXTR 
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(encoding oxytocin receptor) and TP63 (encoding transcription factor p63) whereas in four 

clusters (C3 - C6), I detected high levels of the luminal marker KRT18 (encoding for 

Cytokeratin 18) (Fig.4.8, A; Figure 4.9, A, B). Specifically, in cluster C6, I detected 

expression of PGR and ESR1, which encode for progesterone and estrogen receptor, and 

AREG, which encodes for the estrogen target amphiregulin, indicative for LHR+ cells. I 

contrast, I found the gene encoding for aldehyde dehydrogenase 1A3 (ALDH1A3) which is 

a known progenitor marker (Eirew et al., 2012) and indicative of LHR- cells expressed in 

luminal clusters C3 from protocol A and in C4 and C5 from protocol B/C (Fig.4.8, A; Figure 

4.9, A, B) (Engelbrecht et al., 2021).  

In addition to three epithelial populations, four stromal cell populations contributed to by all 

dissociation protocols were identified based on lineage marker expression, namely 

fibroblasts (FB, cluster C7), vascular accessory cells (VA, cluster C8), endothelial cells (ED, 

cluster C9) and immune cells (IM, clusters C10 - C12). Fibroblasts expressed collagens, 

including COL1A1, and extracellular matrix protein genes such as DCN, encoding for 

decorin and LUM, encoding for lumican (Fig.4.8, A; Figure 4.9, A, B) (Engelbrecht et al., 

2021). Contractility and known lineage markers of basal/myoepithelial cells ACTA2 

(encoding for aSMA) and TAGLN (encoding for transgelin), were highly expressed also for 

vascular accessory cells, which additionally expressed GJA4, a component of gap junctions. 

Together with vascular accessory cells, endothelial cells expressed the endothelial adhesion 

molecule ESAM and showed high levels of know lineage marker PECAM1, encoding for 

CD31 and SELE, a cell surface glycoprotein. PTPCR, encoding for CD45, was used to 

specifically identify immune cells and I found it to be expressed by three different clusters 

(C10 - C12), reflecting immune cell heterogeneity (Fig.4.8, A; Figure 4.9, A, B) 

(Engelbrecht et al., 2021). Notably, compositional differences between the dissociation 

protocols as found by flow cytometry analysis, were largely reflected in the scRNA-seq data 

(Figure 4.9, C). Comparable to the flow cytometry analysis an agitation speed of 100 rpm 

(protocol A and B) led to a higher representation of epithelial fractions (> 70 %). However, 

I observed that the proportion of stromal populations isolated at a low agitation speed 

(protocol C) was approximately 90 % according to the flow cytometry data and only 

approximately 60 % according to the scRNA-seq data (Figure 4.9, C) (Engelbrecht et al., 

2021). As a reason behind that discrepancy, I suspect the greater vulnerability of many 

stromal fractions, especially immune cells, compared to epithelial populations (Cohen, 

1999). In addition, different strategies for the exclusion of non-viable and apoptotic cells 
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were utilized for flow cytometry and for scRNA-seq which could also be a possible 

explanation. In summary, based on commonly used lineage markers, I identified mammary 

epithelial and stromal cell types comparable to previous studies (Murrow et al., 2020; 

Nguyen et al., 2018). However, as visualized by UMAP mapping, I found spatial shifts 

between cell clusters derived from the 16-hour (protocol B and C) compared to the 3-hour 

(protocol A) dissociation. While this observation was most dramatic for the epithelial 

populations, it suggested transcriptional changes due to the enzymatic dissociation duration. 
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Figure 4.9: Major epithelial and stromal cells types identified by single-cell RNA sequencing 
(A) Key marker genes that were used to identify putative identities of mammary cell clusters shown 
in a heatmap. Upper bars represent cell type and dissociation protocol origin of cells. Color scale 
represents log-transformed and normalized counts scaled to a maximum of 1 per row. For better 
visualization, 100 randomly selected cells per sample of the epithelial clusters and 25 cells per sample 
of the stromal clusters from each dissociation protocol are displayed. (B) UMAP plots as shown in 
Fig.4.8 colored by normalized log-transformed expression of selected cell type-specific marker 
genes. (C) Proportions of epithelial (basal, luminal) and stromal cells isolated with enzymatic 
dissociation protocols A, B, and C from reduction mammoplasty M46 as detected either via flow 
cytometry (1) or scRNA-seq. (2).  
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4.1.6 Stromal cell heterogeneity is affected by tissue dissociation 

As detected by flow cytometry and scRNA-seq, a low agitation speed of 10 rpm (protocol 

C) yielded higher proportions of stromal cells. Next, I used the scRNA-seq data to further 

analyze the heterogeneity within the stromal compartment. Thereby, I was especially 

interested in whether specific populations were enriched or reduced as a consequence of the 

dissociation protocol applied. Therefore, the identified stromal clusters (C7 - C12; Fig. 4.8, 

A) were subdivided and subsequently re-clustered which revealed 12 stromal subclusters 

(SC1 - SC12; Figure 4.10, A). In general, subdivision of the three previous identified 

immune cell clusters yielded five immune subclusters (SC8 - 12; Figure 4.10, A) and each 

subcluster contained a mixture of cells derived from all three dissociation protocols (Figure 

4.10, A, B) (Engelbrecht et al., 2021). Overall, these findings suggested that all dissociation 

protocols represented the same immune cell types, although in different numbers. In 

addition, I concluded that no large transcriptional changes occurred as a result of the long 

enzymatic dissociation. This is in contrast to the remaining stromal clusters of fibroblasts, 

vascular accessory and endothelial cells (C7 - C9; Fig. 4.8, A), where subdivision revealed 

7 subclusters (SC1 - SC7) that were distinguishable by differences in enzymatic dissociation 

duration (either 3 hours: protocol A or 16 hours: protocol B and C) (Figure 4.10, A, B). 

Again, I performed marker analysis, to further characterize the obtained stromal subclusters. 

Marker analysis of the five immune cell subclusters (SC8 - SC12) revealed different immune 

cell types. I detected T-lymphocytes characterized by high expression of CD3D (TL, 

subcluster SC8 and SC9), CD79A positive B-lymphocytes (BL, subcluster SC11) and 

myeloid cells (MC, subcluster SC10) expressing macrophage and monocyte markers C1QB 

and CD68 (Figure 4.10, C, D) (Engelbrecht et al., 2021). The fifth immune cell subcluster 

(SC12) was identified as plasma cells (PC) and showed high levels of JCHAIN, encoding 

for an IgA and IgM protein component, as well as SLAMF7, a cell surface glycoprotein 

found on plasma cells. In addition, plasma cells were negative for MS4A1, which encodes 

for CD20 and is typically downregulated during differentiation from B-lymphocytes (F. & 

A.C., 2006; Hoyer et al., 2005) and indeed I detected MS4A1 expression only for B-

lymphocytes (Figure 4.10, C, D) (Engelbrecht et al., 2021). The remaining 7 subclusters 

(SC1 - SC7) described the other stromal cell types: Fibroblasts (FB), vascular accessory 

(VA) and endothelial (ED) cells. Comparable to the epithelial cell populations, differences 

in enzymatic dissociation duration (either 3 or 16 hours) and agitation speed (either 100 or 

10 rpm) appeared to explain the subclusters arising within fibroblasts (SC1 - SC3), vascular 

accessory (SC4, SC5) and endothelial cells (SC6, SC7). I noticed, that for those subclusters, 
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protocol C (16h, 10rpm) yielded five subclusters (SC1 - SC3, SC5, SC7), while protocol A 

(3h, 100rpm) and B (16h, 100rpm) only yielded three subclusters: SC1, SC6, SC4 for 

protocol A and SC2, SC5, SC7 for protocol B (Figure 4.10, A, B) (Engelbrecht et al., 2021). 

This increased number of subclusters suggested increased stromal heterogeneity for protocol 

C and was particularly striking for the population of fibroblasts, where more than 80 % were 

isolated with protocol C giving rise to three fibroblasts subclusters (SC1 - SC3), while 

protocol A and B yielded less fibroblasts that clustered in only one subcluster each (SC1 for 

protocol A, SC2 for protocol B) (Fig.4.10, A, B). 
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Figure 4.10: Heterogeneity within the immune cell compartment 
(A) Stromal clusters C7 - C12 identified in Fig. 4.8 were subsetted and re-clustered, resulting in 12 
subclusters (SC1 - SC12) that were visualized in a UMAP plot and colored according to subcluster. 
(B) Same as (A) but clusters are colored in grey and by dissociation protocol origin (blue: protocol 
A, yellow: protocol B, brown: protocol C). (C) Heatmap with key marker genes used for 
identification of immune cell types/subclusters. In the map all cells of the subclusters SC8 - SC12 
are shown. Color scale of upper bars represent cell type/subcluster and dissociation protocol origin 
of cells. Color scale of heatmap represents log-transformed and normalized counts scaled to a 
maximum of 1 per row. (D) UMAP plots of stromal subclusters as shown in (A) colored by 
normalized log-transformed expression of selected immune cells marker genes used for identification 
of different immune cell types. Bioinformatic processing was performed by Alecia-Jane Twigger 
(Institute of Stem cell Research, Helmholtz Center Munich). 

A closer look at the endothelial subclusters showed that further distinctions could be found 

in the marker expression of endothelial cells caused by the agitation speed applied. Within 
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the endothelial cell subcluster arising mostly from protocol C (SC7), expression of known 

lymphatic markers, such as PDPN (encoding for glycoprotein podoplanin), CCL21 

(encoding for a cytokine) and LYVE1 (encoding for a glycoprotein, that acts as a hyaluronan 

receptor) further separated the endothelial cells into vascular and lymphatic endothelial cells 

(Figure 4.11, A, B) (Engelbrecht et al., 2021). As mentioned earlier, lymphatic endothelial 

cells have previously been detected in the EpCAM-/low/CD49f+/CD10- stroma3 population 

identified via flow cytometry (Linnemann et al., 2015), a population preferentially isolated 

with protocol C at a low agitation speed. Interestingly, I noticed that both, vascular and 

lymphatic endothelial cells expressed low levels of ITGA6, which encodes for CD49f, and 

in line with previous reports, LYVE1+ lymphatic cells expressed PECAM1 (encoding CD31) 

at only very low levels (Figure 4.11, C,D) (Engelbrecht et al., 2021; Podgrabinska et al., 

2002). Plasma cells were also previously identified within the EpCAM-/low/CD49f+/CD10- 

stroma3 population (Linnemann et al., 2015) and in line with previous reports (Tarte et al., 

2003), I found ITGA6 expression on plasma cells. Upon closer inspection, I observed that 

plasma cells, compared to the other immune cell populations, expressed rather low levels of 

PTPCR (encoding CD45) (Figure 4.11, C, D) (Engelbrecht et al., 2021). Importantly, a 

progressive decline of CD45 during differentiation of plasma cells from B-lymphocytes has 

been described (Pellat-Deceunynck & Bataille, 2004). Taken together, ITGA6 expression on 

plasma and lymphatic endothelial cells together with only low expression levels of PTPCR 

(encoding CD45) and PECAM1 (encoding CD31) might explain their presence within the 

stroma3 population, despite prior exclusion of such cells using CD31 and CD45. Thus, these 

data reinforce the usage of CD10 as an additional cell-surface marker for the identification 

and purification of basal/myoepithelial cells by flow cytometry, as previously described 

(Linnemann et al., 2015). Lymphatic and small blood vessels within the MG are often found 

in close proximity to the epithelium (Alitalo & Detmar, 2012; Betterman et al., 2012) which 

highlights a potentially very specialized function of those cells. In line, trichrome staining 

of human breast tissue sections showed many small vessels within the intralobular stroma in 

close proximity to the epithelium (Figure 4.11, E).  
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Figure 4.11: Isolation of lymph endothelial and plasma cells with protocol C  
(A) Same as Figure 4.10 (A); displayed here for better understanding of Figure 4.11 (B) and (D). (B) 
UMAP plots showing the subclusters SC7 and SC6 colored by normalized log-transformed 
expression of lymphatic endothelial marker genes PDPN, CCL21 and LYVE1. (C) Box plot showing 
average expression levels of PTPCR, PECAM1, ITGA6, and MME by stromal cell types. (D) UMAP 
plots showing all stromal subclusters (SC1 - SC12) as in (A) colored by normalized log-transformed 
expression of PTPCR, PECAM1, ITGA6 and MME. (E) Representative trichrome staining of human 
breast tissue section. Staining: Collagen (blue), cell nuclei (red). n=2 reduction mammoplasties 
(M46, M48), Scale bar: 100 µm. 
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Strikingly, more than 70 % of the stroma3 population were isolated with protocol C at a low 

agitation speed of 10 rpm (Figure 4.12, A, B) (Engelbrecht et al., 2021). In addition, protocol 

C also yielded increased fibroblast heterogeneity as described above. Together, I conclude 

that protocol C is particularly suitable for the isolation of large numbers of stromal cells and 

especially if delineation of stromal heterogeneity is desired, particular with respect to 

fibroblasts and endothelial cells. Although the number of stromal cells was reduced at a 

higher agitation speed of 100 rpm, other stromal populations such as immune and vascular 

accessory cells were well-represented when the dissociation duration was limited to 3 hours 

(protocol A). In contrast, I observed a reduction of all stromal cell types, when a high 

agitation speed was applied for a longer period of time (16 hours, protocol B) (Figure 4.12, 

A, B) (Engelbrecht et al., 2021). This led me to conclude, that for the effective isolation of 

stromal populations a low agitation speed applied for a longer period of time (Protocol C) is 

beneficial.  

 
Figure 4.12: Isolation of larger numbers of stromal cells with protocol C  
(A) Bar graph showing proportions of stromal cell subclusters as identified in Fig. 4.10 and 4.11 
derived from dissociation protocol A, B, and C of reduction mammoplasty sample M46. (B) Table 
displaying number of cells that make up the stromal subclusters shown in (A) derived from 
dissociation protocol A, B, and C of reduction mammoplasty sample M46.  

4.1.7 Longer enzymatic breast tissue dissociation leads to an oxidative stress response  

Using the scRNA-seq data, I identified the major mammary cell types previously described 

and in line with the flow cytometry data, I observed that several stromal populations were 

preferentially isolated at a lower agitation speed, while more vigorous shaking during 

enzymatic dissociation led to a compositional shift towards the epithelial fractions and to an 

underrepresentation of the stromal cells. Besides those compositional differences, I noticed 

discrepancies in the transcriptomic profiles of cell populations based on differences in 

enzymatic dissociation duration (3 hours vs. 16 hours) which was indicated by different 

clustering (Fig. 4.8) (Engelbrecht et al., 2021). Except for the immune cell clusters, all 
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stromal and epithelial subclusters resulted from differences in enzymatic dissociation 

duration and while clusters derived from the 16-hour protocols (protocol B and C) 

overlapped, clusters from the 3-hour protocol (protocol A) were shifted in UMAP 

coordinates (Fig. 4.8)(Engelbrecht et al., 2021). 

I wanted to further investigate how the transcriptional state of isolated cells changed in 

response to increased dissociation time. Therefore, an average gene expression score for 

cells isolated with the 16-hour (protocol B and C) compared to the 3-hour (protocol A) 

dissociation was generated. Cell subpopulation discrepancies were thereby accounted for by 

firstly averaging across cell type, then normalizing within each dissociation duration group. 

Differential gene expression analysis was used to identify genes for which the log fold 

change in expression between the 16-hour and 3-hour dissociation was greater than 1.5. In 

total, 192 genes were found to be differentially expressed and among those, 60 genes were 

upregulated and 132 genes were downregulated after a 16-hour compared to a 3-hour 

dissociation (Figure 4.13, A; Table 7.2) (Engelbrecht et al., 2021). First, I focused on the 60 

genes upregulated after a 16-hour dissociation and Gene Ontology (GO) term analysis 

revealed an enrichment for enzymes with oxidoreductase activity indicative of a cellular 

response to oxidative stress (Fig. 4.13, B) (Engelbrecht et al., 2021). Included in these 

pathways were genes encoding for detoxifying enzymes with known antioxidant capacity 

and reported to protect from oxidative stress such as microsomal glutathione S-transferase 

(MGST1) (Maeda et al., 2005), NAD(P)H quinone dehydrogenase 1 (NQO1) (Joseph et al., 

1994) and heme oxygenase 1 (HMOX1) (Gozzelino et al., 2010). Besides that, I found TKT 

and TALDO upregulated, which both encode for rate limiting enzymes of the pentose 

phosphate pathway and are involved in the production of NADPH, which provides important 

reducing potential to redox regulatory enzymes and antioxidants (Grant, 2008; Holmgren & 

Lu, 2010; Xu et al., 2016). In addition, cells isolated with the 16-hour dissociation protocols 

showed upregulation of GCLM, which encodes for a glutamate cysteine synthase subunit, 

an enzyme crucial for the synthesis of one of the most important cellular antioxidant, 

glutathione (GSH) (Griffith & Mulcahy, 1999; Krejsa et al., 2010; Meister & Anderson, 

1983). Another upregulated gene, such as the aldo-keto reductase AKR1B1, is known for its 

important role in the detoxification of reactive carbonyl species generated by ROS-triggered 

lipid peroxidation reactions (O’Connor et al., 1999; Singh et al., 2015). Moreover, I detected 

the two subunits, FTH1 and FTL, of iron storage protein ferritin, which helps to reduce 

accumulation of reactive oxygen species and thereby protects against iron-mediated lipid 

peroxidation (Cozzi et al., 2000; Epsztejn et al., 1999; Orino et al., 2001). Taken together, 
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these data suggested that cells upregulate antioxidants and detoxifying enzymes as a 

protective mechanism against oxidative stress caused by a 16-hour tissue dissociation 

process.  

 
Figure 4.13: Markers of oxidative stress are among the upregulated genes after a 16-hour 
dissociation process 
(A) MA plot visualizing fold changes for differentially expressed genes between cells derived from 
the 16-hour dissociation (protocol B and C) and cells derived from the 3-hour dissociation (protocol 
A). Genes with a log fold change of at least 1.5 are colored in red within the graph and among those 
genes, 60 were higher expressed (upregulated) after a 16-hour dissociation (protocol B and C) and 
132 genes after a 3-hour dissociation (downregulated, protocol A). (B) GO term analysis of the 60 
genes upregulated in cells after a 16-hour dissociation (Protocol B and C) compared to a 3-hour 
dissociation (protocol A). Selected significantly enriched GO terms (p < 0.01) are displayed with 
selected associated genes. Also see Table 7.2 for a complete list of upregulated genes and Table 7.7 
and 7.8 for GO-terms and associated genes. Bioinformatic processing was performed by Alecia-Jane 
Twigger (Institute of Stem cell Research, Helmholtz Center Munich). 
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upregulated genes with an average of 244 genes, compared to an average 37 genes 

upregulated in the two luminal LHR+ and LHR- and the immune cell population (Figure 

4.14, A) (Engelbrecht et al., 2021). When analyzing the genes most consistently upregulated 

across cell types, again many detoxifying genes were detected, which suggested that genes 

indicative of an oxidative stress response were upregulated systemically in all cells yielded 

from the 16-hour compared to 3-hour dissociation process. To further examine whether 

certain cell populations are impacted more than others, I compiled a list of 14 genes involved 

in cellular oxidant detoxification, glutathione metabolism, iron metabolism and NADPH 

production found among the top upregulated genes after the 16-hour dissociation process 

and generated a stress response gene set (Figure 4.14, B) that could be tested for enrichment 

within each mammary cell subtype (Engelbrecht et al., 2021). By applying the stress 

response gene set on the different cell types, it was found that across all mammary 

subpopulations, cells isolated from the 16-hour protocols had higher levels of the stress 

response signature. However, the expression levels varied between the different cell types 

and was strongest for basal/myoepithelial cells and only weak for immune cells (Figure 4.14, 

C) (Engelbrecht et al., 2021). 
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Figure 4.14: Overall oxidative stress response in isolated mammary cell populations 
(A) Bar graph showing number of genes differentially expressed with a log fold change > 2.0 per 
cell type. Genes displayed next to the bars were selected among the top upregulated genes for each 
cell type. (B) Oxidative stress response genes set: 14 genes that play role in cellular oxidant 
detoxification, GSH synthesis, iron metabolism and NADPH production and are associated with the 
corresponding GO-terms, were selected among the top upregulated genes after a 16-hour dissociation 
to test for the expression within the individual cell types. (C) Violin plots showing expression of 
oxidative stress response gene set displayed in (B). Expression levels are displayed per cell type for 
the 3-hour (protocol A) and the 16-hour dissociation (protocol B and C). Also see Table 7.3 - Table 
7.6 for a complete list of differentially expressed genes per cell type. Bioinformatic processing was 
performed by Alecia-Jane Twigger (Institute of Stem cell Research, Helmholtz Center Munich). 
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Besides slightly different levels of stress response, a closer look into the cell type specific 

gene expression showed that MGST1 was upregulated specifically in both epithelial 

populations and fibroblasts after a 16-hour dissociation (Figure 4.15, A, B), whereas 

basal/myoepithelial and endothelial cells showed the strongest upregulation of TXNRD1, a 

member of the thioredoxin system and essential for redox homeostasis (Figure 4.15, A, B) 

(Engelbrecht et al., 2021). Taken together, although, individual cell populations show 

slightly different levels of specific oxidative stress associated genes and seem to rely on 

different protective mechanisms indicated by discrepancies in gene expression profiles, on 

the whole, I concluded that cells isolated from the 16 compared to 3-hour dissociation 

process show an overall oxidative stress response, presumably as a protection mechanism. 

 
Figure 4.15: Cell types rely on slightly different protective mechanisms against oxidative 
stress 
(A) and (B) Heatmaps showing genes selected for oxidative stress response gene set in epithelial 
populations (A) and stromal populations (B). For better visualization 150 randomly selected cells of 
epithelial populations (A) and 30 of stromal populations (B) are displayed and the color scale 
represents log-transformed and normalized counts scaled to a maximum of 1 per row. Upper bars 
represent cell type/cluster and dissociation protocol origin of cells, 3-hour (protocol A) and 16-hour 
dissociation (protocol B and C). Bioinformatic processing was performed by Alecia-Jane Twigger 
(Institute of Stem cell Research, Helmholtz Center Munich). 
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et al., 2021). GO term analysis of those genes showed an enrichment for genes encoding for 

heat shock proteins, ECM constituents and ECM binding proteins, as well as genes involved 

in immune receptor activity (Figure 4.16, A; Table 7.9, Table 7.10) (Engelbrecht et al., 

2021). I checked again for differentially expressed genes in the individual cell types and 

comparable to the number of upregulated genes after a 16-hour dissociation, the number of 

downregulated genes varied between the different isolated cell types. Basal/myoepithelial 

cells, fibroblasts, vascular accessory and endothelial cells downregulated on average 217 

genes, while the luminal populations (LHR+ and LHR-) and the immune cell populations 

showed only an average of 74 genes downregulated (Figure 4.16, B) (Engelbrecht et al., 

2021).  

 
Figure 4.16: Mammary cell types downregulate distinct genes after a 16-hour dissociation 
(A) GO term analysis of the 132 genes downregulated in cells after a 16-hour dissociation (protocol 
B and C) compared to a 3-hour dissociation (protocol A). Selected significantly enriched GO terms 
(p < 0.01) are displayed with selected associated genes. (B) Bar graph showing number of genes 
differentially expressed with a log fold change > 2.0 per cell type. Genes displayed next to the bars 
were selected among the top downregulated genes for each cell type. Also see Table 7.2 for a 
complete list of overall differentially expressed genes and Table 7.9 and Table 7.10 for GO terms 
and associated genes. Bioinformatic processing was performed by Alecia-Jane Twigger (Institute of 
Stem cell Research, Helmholtz Center Munich). 
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basal/myoepithelial and vascular accessory lineage markers, such as ACTA2, TAGLN and 

MYL9 were also downregulated after a 16-hour dissociation (Figure 4.17, A, B) (Engelbrecht 

et al., 2021). ACTA2 encodes for alpha smooth muscle actin (aSMA), a marker consistently 

expressed by basal cells both in ducts and lobular acini (Santagata et al., 2014) and a 

component of the contractile apparatus not only of basal/myoepithelial but also of vascular 

accessory cells. Transgelin, encoded by TAGLN, also plays an important role in cellular 

contractility as it crosslinks actin filaments (Assinder et al., 2009) and MYL9, which encodes 

for myosin light chain 9, regulates contractility via its phosphorylation (Kumar et al., 1989). 

Specifically, for the basal/myoepithelial cells, I also observed a downregulation of TUBB2A, 

encoding for Tubulin, a major constituent of microtubules and therefore an important part 

of the cytoskeleton. On the other hand, vascular accessory cells showed a strong 

downregulation of TPM1, which encodes for Tropomyosin, an actin-binding protein that 

plays a crucial role in regulating the function of actin filaments.  
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Figure 4.17: Downregulation of contractility markers and structural constituents of the 
cytoskeleton 
(A) GO term analysis of genes downregulated with a log fold change > 2.0 in basal/myoepithelial 
and vascular accessory cells after a 16-hour dissociation (protocol B and C) compared to a 3-hour 
dissociation (protocol A). For both populations, a list of GO term molecular functions is shown as a 
bar chart. The colour of the bars represents the p-value of the term and the bar length is proportional 
to the overlapping genes. Also see Table 7.11 and Table 7.12 for a complete list of GO terms and 
associated genes. (B) Heatmap showing genes downregulated in basal/myoepithelial and vascular 
accessory cells with a log fold change > 2.0 after a 16-hour (protocol B and C) compared to a 3-hour 
dissociation (protocol A). The genes displayed were assigned to the GO term “structural constituents 
of the cytoskeleton”. The color scale represents log-transformed and normalized counts scaled to a 
maximum of 1 per row. For better visualization, 60 randomly selected basal/myoepithelial and 30 
vascular accessory cells are displayed. The upper two bars represent cell type/cluster and dissociation 
protocol origin of cells. Bioinformatic processing was performed by Alecia-Jane Twigger (Institute 
of Stem cell Research, Helmholtz Center Munich). 

Importantly, a closer analysis of ACTA2 expression levels between the different dissociation 

protocols revealed a more homogenous expression level among basal/myoepithelial cells 

after a 3-hour dissociation, whereas a 16-hour dissociation process (protocol B and C) 

yielded a heterogeneous population containing two basal subclusters with either high or low 

ACTA2 levels (Figure 4.18, A, B) (Engelbrecht et al., 2021). Interestingly, similar gene 

expression profiles were observed for genes encoding basal lineage marker keratins, KRT14 

and KRT17 (Figure 4.18, A) (Engelbrecht et al., 2021). PCA of basal/myoepithelial cells 

clearly showed the highest variance between cells derived from the 3-hour dissociation 

(Protocol A) and the 16-hour dissociation (Protocol B and C) and in addition, cells derived 

from the 16-hour dissociation showed great variance along PC2 when coloring the cells by 

normalized log-transformed expression of the marker gene ACTA2 (Figure 4.18, B) 

(Engelbrecht et al., 2021). These findings clearly showed that a long breast tissue 
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dissociation of 16-hours affected the expression of know lineage markers and created 

heterogeneity within the basal/myoepithelial population. Importantly, this heterogeneity is 

dissociation-induced and does not reflect the “in situ” state of this population. 

 
Figure 4.18: Dissociation-induced heterogeneity within the basal/myoepithelial population 
(A) UMAP plots of the basal/myoepithelial cell clusters C1 and C2. In the upper row, clusters are 
colored by normalized log-transformed expression of genes ACTA2, KRT14 and KRT17. In the lower 
row, all cells from cluster C1 and C2 are colored in grey and by dissociation protocol origin (blue: 
protocol A, yellow: protocol B, brown: protocol C). (B) Basal/myoepithelial cell clusters C1 
(protocol A, 3-hour dissociation) and C2 (protocol B and C, 16-hour dissociation) are displayed by 
principal component analysis. Cell are colored by normalized log-transformed expression of key-
marker gene ACTA2. Bioinformatic processing was performed by Alecia-Jane Twigger (Institute of 
Stem cell Research, Helmholtz Center Munich). 

4.1.9 Downregulation of lineage specific markers including cancer-associated and 

developmentally regulated genes 

Cells with a contractile phenotype, such as basal/myoepithelial and vascular accessory cells, 

were among the cell types that showed the highest number of downregulated genes after a 

16-hour dissociation. In accordance to their phenotype, downregulated genes were enriched 

for contractility marker genes and genes encoding for constituents of the cytoskeleton. 

Besides their contractile activity, fibroblasts are well-known for the deposition of 

extracellular matrix proteins and for their ability to heavily interact and arrange surrounding 

collagen, the main constituent of the human mammary ECM. Interestingly, genes 

downregulated by fibroblasts after a 16-hour dissociation were enriched for constituents of 

the ECM and genes involved in cell-ECM adhesion (Figure 4.19, A, B) (Engelbrecht et al., 

2021). Specifically, I found genes downregulated encoding for collagen (COL1A1 and 

COL3A1), fibronectin (FN), elastin (ELN) and the collagen binding proteoglycan decorin 

(encoded by DCN) (Figure 4.19, A; Table 7.5). Decorin is an important regulator of collagen 
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fibrillogenesis and matrix organization and has been shown to be regulated by the 

matricellular protein hevin, encoded by the gene SPARCL1 (Sullivan et al., 2006), which I 

found downregulated by several cell types, including fibroblasts, endothelial, vascular 

accessory and basal/myoepithelial cell (Fig. 4.19, C) (Engelbrecht et al., 2021). It is worth 

mentioning that SPARCL1 has been reported to act as a tumor suppressor downregulated in 

many cancers including breast cancer (Claeskens et al., 2000; T. Li et al., 2017). Thus, a 

dissociation-induced downregulation of SPARCL1 could potentially lead to 

misinterpretation, especially when comparing cancerous and healthy breast tissue samples. 

Conversely, lipophilin B (encoded by SCGB1D2) and mammaglobin A (encoded by 

SCGB2A2), both belonging to the secretoglobin family, are known to be co-overexpressed 

in breast cancer (Zafrakas et al., 2006) and here I found both genes strongly downregulated 

in luminal HR- cells after a 16-hour compared to a 3-hour dissociation (Figure 4.19, A) 

(Engelbrecht et al., 2021). Moreover, I detected a downregulation of PTN, which encodes 

for the heparin-binding growth factor pleiotrophin and has previously been shown to 

decrease in mice mammary glands during lobular-alveolar differentiation around mid-

pregnancy (Bach et al., 2017; Rosenfield et al., 2012). Next, I had a closer look at the genes 

downregulated by the luminal HR+ population and among the downregulated genes I found 

several key estrogen target genes such as TFF1, AGR2 and AREG (Figure 4.19, A) 

(Engelbrecht et al., 2021). A lineage specific response to a long 16-hour dissociation was 

also observed for endothelial cells, where I found, Aquaporin 1 (encoded by AQP1) and 

metallothionein 2A (encoded by MT2A) downregulated (Figure 4.19, A, B) (Engelbrecht et 

al., 2021). While aquaporins are important for the permeability of micro-vessels, 

metallothionein 2A plays a crucial role in endothelial proliferation and is linked to 

angiogenesis (Schulkens et al., 2014; Verkman, 2002). Within the immune cell population, 

several genes encoding for heat shock proteins, such as HSP90AA1 and DNAJB1, were 

downregulated (Figure 4.19, A) (Engelbrecht et al., 2021), which play an important role in 

antigen presentation and activation of many immune cell subtypes (Z. Li et al., 2002; Wallin 

et al., 2002). In summary, these data demonstrated that gene expression is altered during a 

long tissue dissociation leading to downregulation of certain lineage specific marker genes 

as well as genes reported to be involved in cellular differentiation or cancer progression. 

This is especially of concern when comparing gene expression levels between healthy and 

malignant tissue or between different developmental stages. 
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Figure 4.19: Lineage-specific gene expression changes 
(A) Violin plots showing expression levels of selected genes downregulated after a 16-hour (protocol 
B and C) compared to a 3-hour dissociation (protocol A) in fibroblasts, immune and endothelial cells 
and in the two luminal populations, LHR+ and LHR-. Cells are displayed in grey behind the violin 
plots. (B) GO term analysis of genes downregulated with a log fold change > 2.0 in fibroblasts and 
endothelial cells after a 16-hour (protocol B and C) compared to a 3-hour dissociation (protocol A). 
For both populations, a list of GO term molecular functions is shown as a bar chart. The colour of 
the bars represents the p-value of the term and the bar length is proportional to the overlapping genes. 
Also see Table 7.13 for a complete list of GO terms and associated genes. (C) Violin plot showing 
differences in expression levels of SPARCL1 between basal/myoepithelial (BA), fibroblasts (FB), 
vascular accessory (VA), and endothelial cells (ED) derived from the 16-hour (protocol B and C) 
compared to the 3-hour dissociation (protocol A). Bioinformatic processing was performed by 
Alecia-Jane Twigger (Institute of Stem cell Research, Helmholtz Center Munich). 
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4.1.10 Tissue dissociation and freezing strategy influence regenerative capacity of the 

basal/myoepithelial population 

Besides flow cytometry and single cell transcriptomics, another important ex vivo tool for 

studying cellular heterogeneity and plasticity in the human MG is 3D organoid culture. As 

described in the introduction, using a 3D collagen-gel based assay, developed in the Scheel 

laboratory, regenerative capacity of basal/myoepithelial cells can be determined, as single 

basal cells give rise to multicellular branched structures over a period of approximately 14 

days when embedded in Collagen type I. With the help of this assay, it was found that 1 out 

of 400 basal/myoepithelial cells can give rise to a TDLU-like organoid, thus showing 

regenerative potential (Linnemann et al., 2015). However, in order to read out the maximal 

intrinsic regenerative potential of a population, it is absolutely crucial to work with a single 

cell suspension of highly viable cells. I found that human mammary cells isolated with a 16-

hour (protocol B and C) compared to a 3-hour (protocol A) dissociation protocol experience 

oxidative stress, indicated by the upregulation of protective antioxidant genes. The 

subsequent cryopreservation of cells, further contributed to a reduced cellular fitness. 

Therefore, I was interested in whether reducing oxidative and freezing-induced stress by 

working with unfrozen cells isolated with a 3-hour protocol (protocol A), influences the 

regenerative capacity of basal/myoepithelial cells in vitro. To test this, I isolated 

basal/myoepithelial cells (EpCAM-/low/CD49f+/CD10+) using FACS and seeded the cells 

into an extreme-limiting dilution analysis (ELDA), which allows to determine the frequency 

of cells possessing regenerative potential and to quantify branched structure forming units 

(B-SFU) (Hu & Smyth, 2009). Thereby, I found that by using freshly isolated, unfrozen cells 

the regenerative potential of basal/myoepithelial cells was increased to approximately 1 out 

of 100 cells (average B-SFU = 1/113) (Table 4.1), thus showing a regenerative capacity close 

to the one measured for murine MECs (Shackleton et al., 2006; John Stingl et al., 2006). 

Notably, the process of FACS can be toxic to a proportion of sorted cells, suggesting that 

the B-SFU of the human basal/myoepithelial population is likely still an underestimation of 

their true regenerative ability. Thus, sample processing drastically influenced the readout of 

regenerative capacity of human MECs and the results clearly showed that branched structure 

forming basal/myoepithelial cells are not rare. 
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Table 4.1 Determination of regenerative capacity of basal/myoepithelial cells 

Cells seeded Positive gels/total gels 
(Average number of structure/gels) 

 M29 M30 M35 
25 4/8 (0.50) n.d. 2/8 (0.25) 
50 3/8 (0.38) 4/8 (0.50) 3/8 (0.38) 
100 7/8 (0.88) 5/8 (0.63) 4/8 (0.50) 
250 8/8 (1.00) 8/8 (1.00) 5/8 (0.63) 
500 8/8 (1.00) 8/8 (1.00) 6/8 (0.75) 

B-SFU 
(95% CI) 

1/56 
(1/34 – 1/94) 

1/70 
(1/40 – 1/121) 

1/215 
(1/130 – 1/357) 

Average B-SFU 1/113 

Extreme limiting dilution analysis (ELDA): Determination of branched structure-forming units (B-
SFU) of sorted, unfrozen basal/myoepithelial cells (EpCAM-/low/CD49f+/CD10+) isolated from 
reduction mammoplasty samples M29, M30 and M35 using a short 3-hour dissociation (protocol A). 
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4.2 Self-organization of single-cell derived human mammary organoids  

Development of the MG during puberty and pregnancy is characterized by tremendous 

remodeling and expansion of the epithelium. These processes involve great phenotypic 

plasticity, as the cells need to switch from a state characterized by strong cell-cell adhesion 

to a more mesenchymal state, that allows them to invade the surrounding matrix in order to 

expand the ductal system (Nelson et al., 2006; Revenu & Gilmour, 2009). It is absolutely 

crucial to gain precise knowledge about how the involved processes are orchestrated, 

because many of the involved cellular features are also implicated to play an important role 

during breast cancer progression, where tumor cells invade the surrounding matrix and 

potentially give rise to metastasis (Friedl & Gilmour, 2009; Ingthorsson et al., 2016; 

Micalizzi et al., 2010; Nieto, 2013). To date, little is known about epithelial expansion and 

branching morphogenesis of the human MG and discrepancies in anatomical architecture 

and ECM composition between mouse and human gland, complicate a direct translation of 

findings (Cardiff & Wellings, 1999; Dontu & Ince, 2015; Parmar & Cunha, 2004). Culturing 

single human primary basal HMECs in floating collagen gels results in the formation of 

complex organoids that morphologically resemble TDLUs of the human MG, recapitulate 

the histological architecture and also the functionality of the human MG (Linnemann et al., 

2015). Therefore, this organoid model represents a valuable tool to study self-organization 

processes such as ductal elongation, as well as cell-matrix interactions and to analyze the 

role of phenotypic plasticity in these processes. While it has been shown before that the self-

organization relies heavily on the contractile activity of basal cells and the mechanical 

interaction with the surrounding collagen matrix (Linnemann et al., 2015), the cellular 

dynamics and how exactly the different steps of morphogenesis are orchestrated still remains 

elusive.  

4.2.1 Basal-cell derived organoids undergo distinct steps of morphogenesis 

In order to analyze how a single basal cell grows into a multicellular TDLU-like organoid, I 

first set out to better characterize the morphogenesis process. Therefore, primary basal 

HMECs were isolated via FACS (see section 3.5) and seeded into freely floating collagen I 

gels. Within a period of 14 days the cells proliferated and self-organized into multicellular 

complex branched organoids (Figure 4.20, A) as previously shown (Linnemann et al., 2015). 

Thereby, three different phases of organoid growth could be identified based on organoid 

morphology and lineage marker expression: During the establishment phase (day 1 to 7) 

single basal cells gave rise to small cell clusters of approximately 120 µm length (Figure 
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4.20, B) (Buchmann et al., 2021). This initial phase was followed by the branch elongation 

phase (day 7 to 10) during which the branches invaded the collagen matrix and developed 

side-branches. Notably, at around day 10, parts of the organoid became thicker and cells at 

an inner position downregulated the basal lineage marker p63 and gained the luminal lineage 

marker GATA3 (Figure 4.20, C). The tips of elongating branches remained p63 positive 

until the elongation stopped and round alveoli formed at the end of the branches 

(alveologenesis phases (day 11-14). Around day 14 of culture, mammary organoids reached 

a diameter of approximately 1 mm (Figure 4.20, B) (Buchmann et al., 2021) and displayed 

a p63 positive outer cell layer while inner cells expressed the luminal marker GATA3 as 

previously described (Linnemann et al., 2015), hinting towards luminal differentiation of 

inner cells (Figure 4.20, C) (Buchmann et al., 2021). Importantly, immunofluorescence 

analysis of bulk cells prior to culture clearly showed separate expression of the luminal 

marker GATA3 and the basal markers p63 and ⍺SMA (Figure 4.20, D). Throughout 

organoid growth, proliferative cells indicated by positive Ki67 staining, were detected, 

however, while Ki67+ cells were found throughout the organoid during branch elongation, 

they were localized only within the outer cell layers of organoids during alveologenesis 

(Figure 4.20, E). Closer analysis of elongating branches at day 10 of culture suggested an 

invasive elongation mode with directional polarity and leader cells that showed high 

expression of integrin ⍺6 compared to follower cells (Figure 4.20; F) (Buchmann et al., 

2021; Friedl & Gilmour, 2009). Moreover, in line with previous reports on mouse mammary 

epithelial fragments embedded in a collagen I matrix, I observed a clear interaction of leader 

cells with the surrounding collagen indicated by extending actin-rich protrusions (Figure 

4.20; G) (Brownfield et al., 2013; Buchmann et al., 2021; Ewald et al., 2008). These findings 

suggested an invasive elongation mode of organoid branches, where leader cells invade the 

matrix, followed by a cohort of stalk cells. At a later stage of organoid growth, the invasive 

elongation stopped, alveoli formed at the end of the branches and at this stage no cellular 

protrusions were detectable anymore (Figure 4.20; G). 
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Figure 4.20: Characterization of mammary organoid growth phases 
A) When seeded into a floating collagen I gel, single human mammary epithelial basal cells give rise 
to multicellular branch organoids over a period of 14 days. Brightfield images show characteristic 
organoid morphologies at different developmental stages. Scale bars: 100 µm (day 4,7), 200 µm (day 
9,11,14). B) Measurement of organoid diameter of the long axis during the three developmental 
stages shows increase of dimeter during ductal elongation (day1-6: n=36, day7-9: n=75; day10-14: 
n=111); P values are from two-tailed Mann Whitney test, *** P < 0,0001. Measurement was 
performed by Benedikt Buchmann. C) Immunofluorescence staining: Representative confocal 
microscopy images of basal-cell derived organoids at different developmental stages. Staining: p63 
(magenta), GATA3 (cyan). Scale bar: 100 µm. D) Immunofluorescence staining: Representative 
confocal microscopy images of a cytospin of bulk uncultured HMECs. Staining upper panel: DAPI 
(blue), p63 (magenta), GATA3 (cyan). Staining lower panel: DAPI (blue), ⍺SMA (magenta), 
GATA3 (cyan). Scale bar: 50 µm. E) Immunofluorescence staining: Representative confocal 
microscopy images of basal-cell derived organoids. Staining: Ki67 (red), F-actin visualize by 
phalloidin staining (white). Scale bar: 100 µm. F) Immunofluorescence staining: Representative 
confocal microscopy images of basal-cell derived organoid during branch elongation phase (day 10 
of culture). Staining: DAPI (blue), integrin-⍺6 (green). Scale bars: 100 µm. G) Immunofluorescence 
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staining: Representative confocal microscopy images of basal-cell derived organoids at different 
stages of development (day 10, day 12 and day 14 of culture). Staining: DAPI (blue), F-actin 
visualize by phalloidin staining (white). Scale bar: 25 µm.  

4.2.2 Basal cell-derived mammary organoids induce anisotropic matrix deformations  

The phase of branch elongation during mammary organoid morphogenesis was found to 

have invasive features, such as directional polarity with leader cells that form actin-rich 

protrusions (Figure 4.20) (Buchmann et al., 2021). In order to gain a more precise knowledge 

about the role of endogenous contractility and interaction of leader with the collagen I 

matrix, fluorescent tracer particles/beads were embedded into the collagen matrix during the 

initial cell seeding. Subsequently, bead displacement during branch elongation was observed 

via live-confocal-microscopy in collaboration with the Department of Biophysics (TUM) 

and Benedikt Buchmann. As the beads stick to the collagen fibers, matrix deformations 

caused by the elongating branch can be measured indirectly. Thereby, it was found that 

during branch elongation each branch of an organoid induced a significant long-ranged 

deformation field within the collagen matrix directed towards the branch and indicated by 

the displacement of beads (Figure 4.21, A) (Buchmann et al., 2021). Specifically, collagen 

fibers and the attached beads were pulled towards the tip of the branch. It has been shown 

that during 14 days of culture those matrix deformations can add up and ultimately lead to 

the shrinkage of the whole collagen gel (Linnemann et al., 2015). Interestingly, a closer look 

at the deformation field close to the elongating branch revealed local heterogeneities in bead 

displacement: deformations were strongest directly in front of the branch tip in extension to 

the direction of elongation, while deformations at the side of the branch were weaker or 

absent (Figure 4.21, A, B) (Buchmann et al., 2021). Thus, as shown by measurement of 

beads displacement, elongating branches of mammary organoids induced an anisotropic 

deformation field. Notably, this anisotropic deformation field was also reflected in collagen 

fiber alignment. Imaging of fluorescently labelled collagen showed that fibers in the 

periphery of the organoid displayed no preferred orientation, while directly in front of the 

elongating branches highly aligned collagen fibers were detected (Figure 4.21, C) 

(Buchmann et al., 2021). This suggested, that basal cells within elongating branches induced 

matrix deformations and remodeled the collagen matrix, however both was limited to the 

invasive front. In line with these results, it has been observed that murine mammary 

epithelial fragments embedded into a collagen I matrix that lacks any bias in collagen fiber 

orientation, generated oriented collagen I paths via Rho-ROCK-mediated contractions 
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(Brownfield et al., 2013). In order to determine, whether the endogenous contractility of the 

basal cells is responsible for matrix deformations, the Rho (ROCK)-inhibitor Y-27632 was 

added to the organoids during the establishment phase (from culture day 1 on) and the branch 

elongation phase (from culture day 10 on). Notably, already during the establishment phase, 

small cell clusters consisting of only a few basal cells induced considerable deformations in 

the surrounding collagen matrix (Figure 4.21, D) (Buchmann et al., 2021) and inhibition of 

cellular contractility during this phase prevented branch initiation and resulted in organoids 

that displayed an unstructured star-like morphology (Figure 4.21, E) as described previously 

(Linnemann et al., 2015). Moreover, inhibition of cellular contractility when branches had 

already formed, prevented further branch elongation and in contrast to the oriented matrix 

deformations observed at the invasive front of control organoids, inhibitor treated organoids 

showed rare deformations perpendicular to the branch together with cellular protrusions 

along the whole organoid body (Figure 4.21, F) (Buchmann et al., 2021). In line with their 

non-contractile properties, luminal-cell derived spheres only induced short-ranged and 

localized deformations (Figure 4.21, D) (Buchmann et al., 2021). Taken together, while 

invading the collagen matrix, branches of mammary basal cell derived organoids induced a 

highly anisotropic deformation field with aligned collagen fibers in the direction of branch 

elongation as a result of their endogenous contractility.  
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Figure 4.21: Elongating organoid branches induce an anisotropic deformation field 
(A) An anisotropic deformation field is detected by measuring the displacement of fluorescent beads 
via live-cell imaging. Deformations are strongest along the branch elongation axis and no 
deformations are detected at the side of the branches (n=24). The near field is defined as the area 
between the branch tip and the ECM 300 µm away from it. Staining: cell nuclei labelled with sirDNA 
(red), beads (green). (B) Average bead displacement at the side (blue) and the front (yellow) of the 
branch. Representative measurement is shown. C) Upper image: aligned collagen fibers in front of 
elongating branches. Lower image: collagen fibers in the periphery of the organoids without 
preferred orientation. Collagen fibers were visualized by imaging fluorescently labeled collagen and 
cell nuclei were labeled using sirDNA (red). Scale bar: 50 µm. D) Representative deformation field 
of basal cells at day 7 over a time course of 45 hours (left image) and luminal cells at day 7 over a 
time period of 19 hours (right image). Graph: Quantification of bead displacement for basal and 
luminal structures (over a period of 12 hours). E) Representative brightfield images of organoids 
after continuous treatment with 10 µm Y-27632 (left image) and DMSO as control (right image). 
Scale bars: 200 µm (left image), 500 µm (right image). F) Left: Representative brightfield image of 
organoid after treatment with 10 µm Y-27632 during branch elongation at day 10. Right: Alternated 
deformation field after treatment with Y-27632. Scale bars: 100 µm. Live-cell imaging and 
associated measurements (A-D, F) were performed by Benedikt Buchmann (Department of 
Biophysics, Technical University of Munich).  
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4.2.3 Collective back-and-forth movement of cells within elongating branches 

correlates with non-continuous bead displacement 

Live-cell imaging of mammary organoids has shown that during branch elongation basal 

cells induce anisotropic deformations within the collagen matrix as a consequence of their 

endogenous contractility. In addition, live-cell imaging provided information about the 

dynamics of the deformations and interestingly, it was observed that the collagen 

deformations were non-continuous, as within an hour scale bead movement towards the 

elongating branch was followed by a relaxation into the opposite direction (Figure 4.22, A) 

(Buchmann et al., 2021). This periodic displacement was found to be long ranging as it was 

not limited to the close proximity of the elongating branches but could also be detected 

further away from the organoid (Figure 4.22, B) (Buchmann et al., 2021). Over a period of 

60 hours, the periodic bead displacement summed up and the cumulative displacement 

showed a steady increase towards the elongating branch (Figure 4.22, C) (Buchmann et al., 

2021). Concurrently, by taking a closer look at the elongating branches, it was observed that 

the epithelial elongation process also occurred discontinuously in time (Figure 4.22, C) 

(Buchmann et al., 2021). Analysis of cell migration within elongating branches showed high 

cellular dynamics and looking at the cellular rearrangements by nuclei labeling and live-

confocal-microscopy revealed highly motile cells that were detected throughout the organoid 

branches. Notably, the cells migrated in a collective manner and moved in cohorts in the 

same direction. Thereby, the cell movement was predominately parallel to the branch axis 

and small movements in the orthogonal direction were only rarely observed (Figure 4.22, D) 

(Buchmann et al., 2021). While the size of those moving cellular cohorts varied from only a 

few cells to more persistent movement within whole branches, cell migration speeds of up 

to 1 µm/min were detected (Figure 4.22, E) (Buchmann et al., 2021).  
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Figure 4.22: Collective cell movements within elongating branches 
(A) Bead displacement measured over a period of 12 hours is non-continuous with contractions of 
the beads towards the branches followed by relaxations into the opposite directions (n=14). (B) 
Periodic collagen deformations (alternating contractions and relaxations) slowly diminish with 
increasing distance to the organoid (n=23). (C) Cumulative bead displacement in front of the 
branches is increasing over time (red line, n=5), while the branch elongation is discontinuous in time 
(grey line, n=7). (D) Internal collective cell migration (n=16). Top panel: Nuclei channel representing 
the organoid morphology (left). Total velocity measurement of the cells inside the organoid reveals 
highly dynamic cells (right). Low panel: Velocity in x- (left) and y-direction (right) shows clusters 
of cells collectively moving in the same direction. (E) Cell velocity distribution within one branch 
over time. Only the velocity parallel to the branch is plotted. Signs are defined as depicted in the 
according nuclei channel. Live-cell imaging and associated measurements (A-D) were performed by 
Benedikt Buchmann (Department of Biophysics, Technical University of Munich). 

Interestingly, cell movement within elongating branches showed different phases of 

migration, switching between directed collective and individual random movement: Phases 

of collective outward movement away from the organoid center and phases of collective 

inward movement towards the organoid center were interrupted by phases in which cells 

moved individually in a more random manner (Figure 4.23, A) (Buchmann et al., 2021). 

Strikingly, the direction of the net movement of cells was thereby synchronous with the 
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ECM deformation field in front of the branch tip (Figure 4.23, A, B) (Buchmann et al., 2021). 

Specifically, phases in which collective cell movement was directed away from the branch 

tip towards the organoid center, correlated with large ECM deformations in front of the 

branch that showed the same direction. When the cells collectively moved outward away 

from the organoid center, mainly relaxations in the ECM were detected (Figure 4.23, A, B) 

(Buchmann et al., 2021). As observed before, no directed cell movements and ECM 

deformations were observed perpendicular to the long axis of the branches. Thus, these 

results suggested, that collagen deformations in front of elongating branches were a direct 

consequence of a collective back-and-froth movement of the cells within the branches.  

 
Figure 4.23: Collective back-and-forth movement within elongating branches 
(A) Cell motion (red line) and bead displacement (grey line) are both discontinuous in time and for 
some periods their direction correlates and is pointing into the same direction (n=11). (B) During 
phases of highly correlated cell movement (red line in graph) and deformation field (grey line in 
graph), inward pointing cell migration leads to a bead displacement towards the organoid and during 
outward pointing cell migration relaxations of the beads in front of the branches are observed. Scale 
bar: 100 µm. Live-cell imaging and associated measurements (A, B) were performed by Benedikt 
Buchmann (Department of Biophysics, Technical University of Munich). 

During the process of elongation of epithelial cohorts, invasive leader cells are known to 

remodel the ECM and to guide the direction of migration while follower cells are rather 

dragged behind (Khalil & Friedl, 2010). In order to clarify, whether the periodic matrix 

deformation observed here, was solely a result of leader cell dynamics or caused by the 

internal collective migration patterns, live-cell imaging focusing on the tip of elongating 

branches was performed. Thereby, it was found that leader cells were highly motile and 

formed actin-rich protrusions while invading the collagen matrix, as observed by 

immunofluorescence staining (Figure 4.20, F, G) and by imaging of organoids expressing 

LifeAct-GFP (Figure 4.24, A) (Buchmann et al., 2021). However, cellular protrusions were 

often transient in nature and thereby only small-ranged deformations were induced (Figure 

4.24, B) (Buchmann et al., 2021). From that one can conclude, that the observed non-

continuous collagen deformations in front of elongating branches resulted from the 
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collective migration patterns of cells within the branches and did not originate from the tip 

cells only. Indeed, very small cell clusters consisting of only 2 to 3 cells could not induce 

comparable long ranging deformations as observed during the branch elongation phase 

(Figure 4.24, C) (Buchmann et al., 2021), where mammary organoids contained up to 2.500 

cells (Figure 4.24, D). 

 
Figure 4.24: Matrix deformations as a result of collective cellular back-and-forth movements  
A) Live-cell confocal microscopy of a basal-cell derived organoid branch over a period of 60 
minutes. Cells were labelled with lifeAct-GFP via lentiviral transduction prior to 3D culture. (B) 
Small and transient matrix deformations induced by leading cells indicated by collagen fiber 
alignment (yellow circle). Scale bar: 50 µm. (C) Deformation field of a small cell cluster of 
approximately 2 to 3 basal cells. Bead tracks (green). (D) Basal-cell derived organoids at day 9 (n=3) 
were cut out and dissociated to a single cell suspension to determine absolute cell numbers, which 
are depicted in the small table. Live-cell imaging and associated measurements (A-C) were 
performed by Benedikt Buchmann (Department of Biophysics, Technical University of Munich). 

Interestingly, a closer analysis of cellular dynamics at the invasive front showed that leader 

cells were occasionally overtaken by cells behind them, which hereafter established the new 

tip of the branch, while the former leading cell stayed behind. In the time course of 24 hours, 

in 51 % of analysed branches (n=47) at least one exchange of a leader cell was observed and 

rarely the former leader cell then integrated into the cellular motion of the stalk cells (n=3) 

(Figure 4.25) (Buchmann et al., 2021). In summary, instead of supporting the branch 

elongation process via intercalation processes as it is described for collective invasion during 

endothelial sprouting or tube elongation of the Drosophila tracheal (Gerhardt et al., 2003; 

Samakovlis et al., 1996), cells within elongating branches were observed to be highly 

dynamic showing discontinuous collective migration patterns characterized a by a back-and-

forth movement of cellular cohorts. This collective back-and-forth movement caused the 

observed long-ranging non-continuous ECM deformations. Leader cells were also observed 
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to be highly dynamic but only induced transient ECM deformations. In addition, the leader 

and follower cells occasionally switched places, which showed that leader cell specification 

in elongating branches was not of permanent nature (Buchmann et al., 2021). Regarding the 

specialized role of leader cells in interacting with the ECM and transferring generating 

forces, this suggested a high cellular plasticity which allows the cells to dynamically switch 

between the leader and the follower position, a process so far only described during 

endothelial sprouting (Arima et al., 2011; Boas & Merks, 2015; Jakobsson et al., 2010).  

 
Figure 4.25: Leader cell dynamics 
Left: Live-cell imaging over 216 minutes reveals an exchange of a leader cell (cyan) with a follower 
cell (red). Right: Within 24 hours leader cell exchange was observed in about half of the branches 
analysed (n=47). Scale bar: 10 µm. Live-cell imaging and associated measurements were performed 
by Benedikt Buchmann (Department of Biophysics, Technical University of Munich). 

4.2.4 Anisotropic ECM deformations are enabled through a tension equilibrium 

The long ranging nature of collagen deformations that could not be observed in single cell 

experiments suggested that tractions forces of individual cells within an elongating branch 

potentially integrate, leading to a tension built-up spanning the full branch, which then 

allows for long ranging deformations at the invasive front. In order to build up tension, cells 

need to be mechanically coupled (Khalil & Friedl, 2010) and indeed, in elongating branches 

of mammary organoids I detected high expression of ⍺SMA in basal cells of the outer cell 

layer adjacent to the ECM generating a kind of contractile rim (Figure 4.26, A) (Buchmann 

et al., 2021). Moreover, a phalloidin staining revealed overarching thick actin cables 

coupling the cells of an elongating branch (Figure 4.20, E). In addition, strong E-cadherin 

expression was detected at cell-cell contacts, which is essential for mechanically coupling 

of cells (Figure 4.26, B) (Buchmann et al., 2021), as it allows cellular contractility to be 

converted into tissue-levels forces (Lecuit & Yap, 2015; Martin et al., 2010) and mechanical 

information to be transduced in leader-follower cell specification during collective migration 

(Khalil & de Rooij, 2019).  
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Figure 4.26: Mechanical coupling of cells within organoid branches 
A) and B) Immunofluorescence staining: Representative confocal microscopy images of basal-cell 
derived organoids during the branch elongation phase. A) Staining: ⍺SMA (magenta), E-cadherin 
(cyan), DAPI (blue). Scale bars: 50 µm. B) Staining: E-cadherin (green), DAPI (blue). Scale bar: 50 
µm. 

In order to test for mechanical tension in elongating branches, mammary organoids were 

treated with Cytochalasin D, a potent inhibitor of actin polymerization (May et al., 1998), 

which leads to actin network disruption and a loss of tension built up by actin myosin 

interactions. As a consequence of lost tension, an instantaneous relaxation of the organoid 

branches was observed within 60 min, reflected in a branch expansion and a bead retraction 

into to the opposite direction of the initial displacement field (Figure 4.27, A, B) (Buchmann 

et al., 2021). This observation indicated the existence of tension within the branch and an 

elastic counterforce applied by the surrounding ECM. Indeed, UV laser ablation of the 

aligned collagen matrix in front of elongating branches was followed by an immediate 

relaxation of the whole branch towards the organoid body within just 30 seconds and 

accordingly, an ECM relaxation in the opposite direction away from the branch (Figure 4.27, 

C, D, E) (Buchmann et al., 2021). Taken together, while the disruption of the actin network 

via Cytochalasin D led to further branch elongation due to restoring forces in the collagen 

matrix, the branch retracted and became shorter after laser ablation of the collagen right in 

front of the branch due to tension built up by the epithelial layer (Figure 4.27, F) (Buchmann 

et al., 2021).  

Fig.4.26
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Figure 4.27: Tension built-up within elongating branches is counterbalanced by the ECM 
(A) Treatment of basal-cell derived organoid with 304 µg/mL Cytochalasin D leads to a relaxation 
of branches and beads retract into the opposite direction of the initial displacement field (white arrow) 
(n=31). (B) Cumulative bead displacement in front of elongating organoid branch (green line) shows 
relaxation upon treatment with 304 µg/mL Cytochalasin D (purple line). Graph shows representative 
behaviour of beads in front one branch. (C) Collagen fibers in front of elongating branches are 
aligned and alignment is conserved after Cytochalasin D treatment. (D) UV-cut (black line) of the 
collagen matrix in front of an elongating branch: Directly after the cut, the branch tip contracts 
towards the organoid body (green line: position of branch tip before UV cut; purple: position of 
branch tip after UV cut). Scale bar: 15 µm. (E) Tracking of the branch tip after the UV cut shows a 
fast contraction towards the organoid body. (F) Length change of organoid branches after 
Cytochalasin D treatment (n=31) and after UV laser ablation of the collagen matrix in front of the 
branch (n=21). Live-cell imaging and associated measurements (A-C) were performed by Benedikt 
Buchmann (Department of Biophysics, Technical University of Munich). Laser ablation experiments 
(D, E) were performed by Marion Raich (Department of Biophysics, Technical University of 
Munich). 

In order further test for collective tension built-up, cell-cell adhesion was lowered by the 

addition of a function-blocking anti-E-cadherin antibody (HECD1) throughout the whole 

organoid culture. The resulting organoids were very thin, spindly branched and lacked 

alveologenesis, compared to control organoids (Figure 4.28) (Buchmann et al., 2021). In 

summary, contractile basal cells in elongating branches of mammary organoids were 

mechanically coupled and collectively built up tension, which was counterbalanced by the 

ECM in front of the branch and these joined forces allowed for long-ranging matrix 

deformations.  
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Figure 4.28: Lowering cell-cell adhesion prevents branch formation 
Upon treatment with E-cadherin blocking antibody HECD1 (1/50), basal-cell derived organoids 
appear predominately thin and spindly branched (n=56). Scale bars: 50 µm. 

4.2.5 Plastic remodeling of collagen and formation of a mechanically stable cage 

As mentioned above, aligned collagen fibers and bundles in front of elongating branches 

represented a direct consequence of the contractile deformation field resulting from 

collective motion and tension built-up within elongating branches. Thereby, collagen fiber 

alignment displayed an anisotropic orientation as alignment of fibers was strongest directly 

in front of the branch and decreased towards the side of the branch. These collagen 

deformations accumulated during branch elongation and organoid growth, ultimately 

leading to the shrinkage of the whole collagen gel (Linnemann et al., 2015) . Interestingly, 

during the relaxation experiments collagen deformations were only partially released and 

collagen fibers kept their orientation and alignment even upon tension release due to 

Cytochalasin D treatment (Figure 4.27, C) (Buchmann et al., 2021). These observations 

indicated that the deformations of the collagen network were predominately plastic in nature. 

In other words, the collagen was irreversibly remodeled by cellular traction forces and 

captured the history of the contractile deformation field, as already described for other 

systems (Kim et al., 2017; Mohammadi et al., 2015; Nam et al., 2016; Petroll et al., 2004). 

During branch elongation not only fiber alignment in front of the branches was observed but 

also an accumulation of collagen along the branch axis, which was visualized by using 

fluorescently labeled collagen (Figure 4.29, A) (Buchmann et al., 2021). This accumulation 

ultimately led to the formation of a continuous collagen cage surrounding the elongating 

branch. High resolution microscopy showed that the cage had a thickness of 4 to 5 µm in the 

majority of analysed organoids and in a few cases even reached a thickness of up to 12 µm 

(Figure 4.29, B) (Buchmann et al., 2021). Interestingly, the collagen cage was stable even in 

the absence of the epithelial cells making up the organoid branches. Treatment with Triton 

X, a detergent that lyses cells, removed the epithelial cells and left behind an empty collagen 
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cage, lining the borders of the vanished structure (Figure 4.29, C) (Buchmann et al., 2021). 

Thus, the plastic deformation of the collagen generated a dense collagen cage which encased 

the organoid and, once formed, remained mechanically stable even in the absence of cells. 

Importantly, while the collagen cage seemed to be fully closed around alveoli which form 

during the alveologenesis phase, it thinned out towards the invasive front in branches during 

the elongation phase (Figure 4.29, C, D) (Buchmann et al., 2021). During the elongation 

phase, a closer analysis of collagen intensity revealed that the collagen densification was 

highest at the side of the elongating branches, while less collagen was detected directly in 

front of the branches and in the far-field (Figure 4.29, C, D) (Buchmann et al., 2021). This 

suggested, that branch elongation was guided by local heterogeneities in collagen density, 

allowing for branch outgrowth only at the invasive front.  
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Figure 4.29: Formation of a stable collagen cage around elongating branches 
A) Collagen accumulates arounds growing organoids. Collagen fibers were visualized by imaging 
fluorescently labeled collagen (white) and cell nuclei were labeled using sirDNA (red). Scale bar: 30 
µm. B) Distribution of the collagen cage width (n=153 organoids). C) Measurement of intensity of 
fluorescently labeled collagen at the side (n=25) and in the front of elongation branches (n=25) and 
in the far-field (n=25). D) Collagen cage remains after treatment with Triton X and subsequent 
collapse of epithelial branch. Scale bar: 10µm. Live-cell imaging and associated measurements were 
performed by Benedikt Buchmann (Department of Biophysics, Technical University of Munich). P-
values are from a two-tailed Mann-Whitney test (***p < 0.001). 

In order to test whether local matrix degradation could be a possible explanation for the 

collagen cage being weaker at the invasive front, I checked for expression of MMP9, a 

metalloproteinase previously described to have a dominate role in matrix remodeling in the 

mammary gland (Zaragozá et al., 2007) and found a localized expression at the tip of the 

invading branch (Figure 4.30, A) (Buchmann et al., 2021). As a consequence, the collagen 

cage at the invasive front of elongating branches displayed pores that were large enough for 

individual cells to squeeze through (Figure 4.30, B) (Buchmann et al., 2021). In order to 

further test for the interplay of plastic deformations and local degradation of the matrix, 

activity of MMPs was inhibited by addition of Marimastat, a broad-spectrum MMP inhibitor. 

Strikingly, MMP inhibition during the branch elongation phase induced an arrest of leader 
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cell invasion into the collagen matrix thereby hampering further branch elongation (Figure 

4.30, C) (Buchmann et al., 2021). However, filopodia-like actin-rich protrusions were still 

observed and importantly, cell proliferation was not affected by MMP inhibition as shown 

by the presence of Ki67+ cells throughout branches (Figure 4.30, D). This continuous 

proliferation resulted in increased cell density and a thickening of the structures (Figure 4.30, 

C) (Buchmann et al., 2021). Thus, one can conclude that the formation of a stable collagen 

cage resulted from a combination of mechanically induced collagen accumulation and 

densification together with local collagen degradation at the invasive front, allowing for 

further cell migration and branch elongation. In line, with this hypothesis, analysis of 

branching events showed that new branches only formed via bifurcation of branch tips, 

indicating that increased collagen density at the side of elongating branches might prevented 

further outgrowth along already establish branches (Figure 4.30, E).  
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Figure 4.30: Local matrix degradation allows for branch elongation 
(A) Immunofluorescence staining: Representative confocal microscopy image of basal-cell derived 
organoid branch during the elongation phase (n=5). Staining: DAPI (red), MMP9 (cyan). Scale bar: 
50µm. (B) At the invasive front of elongating branches, leader cells squeeze through pores in the 
collagen network (white) as observed by nucleus (red) deformation. Scale bar: 10µm. (C) Inhibition 
of MMPs by addition of 10µm Marimastat: body width (orange line) is still increasing, while branch 
length (blue line) remains unchanged among treatment with Marimastat. Representative brightfield 
images of an organoid treated with 10 µm Marimastat are shown. Scale bar: 300µm. (D) 
Immunofluorescence staining: Representative confocal microscopy image of basal-cell derived 
organoid branch during the elongation phase treated with 10 µM Marimastat. Staining: DAPI (blue), 
Ki67 (red), F-Actin (white). Scale bar: 50µm. (E) Representative brightfield images of a basal-cell 
derived organoid taken every 24 h for analysis of branching events (n=10). Scale bar: 100 µm. Live-
cell imaging and associated measurements (B, C) were performed by Benedikt Buchmann 
(Department of Biophysics, Technical University of Munich). 

Already during the branch elongation phase, I detected deposition of the basement 

membrane component laminin I along the branches (Figure 4.31, A). During the subsequent 

alveologenesis phase, more and more branches stopped invading the collagen matrix, the 

branch tips rounded up and formed alveoli. At this stage the collagen cage was observed to 

be fully closed (Figure 4.29, C) and lined with a laminin I layer covering the formed alveoli 

(Figure 4.31, B). Other basement membrane components, such as fibronectin and Collagen 

IV were not found. In vivo, a layer of collagen around mammary ducts has been reported for 

the murine gland where it is thought to stabilize the duct and to constrain it´s expansion 
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(Hinck & Silberstein, 2005). In order to examine, whether collagen accumulation can also 

be found around human mammary epithelial ducts, I prepared a trichrome staining of human 

mammary gland tissue sections. Those sections clearly showed that epithelial cells of human 

mammary ducts are surrounded by a layer of collagen which separates the epithelium from 

the surrounding cellular ECM (Figure 4.31, C). As a trichrome staining is used to visualize 

all types of collagen, the exact composition of the collagen layer surrounding human 

mammary ducts is unclear. However, with a thickness of 10 - 20 µm the collagen layer is 

easily distinguishable from the basement membrane which is known to be only 20-50 nm 

thin (Nicholas A. & Jacques P., 2005). In summary, due to the plastic nature of collagen, 

mammary organoids accumulated a thick layer of collagen around expanding branches 

which closely resembles collagen densifications found around murine and human mammary 

ducts in situ. These findings suggest that plastic collagen remodeling represents an important 

process during epithelial expansion of the MG and might also explain, why single basal cell-

derived mammary organoids could not be grown in Matrigel, which displays a completely 

different rheology and no plasticity (Nam et al., 2016) (Figure 4.31, D). 
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Figure 4.31 Collagen densification around human mammary epithelial ducts  
(A) and (B) Immunofluorescence staining: Representative confocal microscopy image of basal-cell 
derived organoids during (A) the elongation phase (day10) and (B) the alveologenesis phase (day14).  
Staining: DAPI (blue), laminin (green). Scale bar: 25µm. (C) Trichrome staining of human 
mammary gland tissue sections shows collagen densification around epithelial ducts. Staining: 
Collagen (blue), cell nuclei (red). Scale bar: 200µm (upper images), 100µm (lower images). (D) 
Brightfield images taken on day 11 of organoid growth, show typical branched organoids in Collagen 
type I matrix but only single cells and small cell clusters in Matrigel. Scale bar: 200 µm. 
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5 Discussion 

5.1 Identification of dissociation-induced compositional and transcriptional bias in 

human breast tissue  

Unraveling the cellular heterogeneity and epithelial cell fate conversions in the human MG 

is essential as these aspects are of great relevance during breast cancer initiation and 

progression. During the last years single cell technologies, such as scRNA-seq, rapidly 

advanced and helped to provide valuable insight into the cellular composition of the MG by 

revealing previously unknown cell types and/or cell states in human and mice. For a 

successful downstream analysis of scRNA-seq data it is absolutely crucial to be able to 

distinguish between the technical and the biological components of variation. An 

experimental step that introduces technical artefacts is the dissociation of human breast 

tissue and the isolation of mammary cell populations, a prerequisite for all ex vivo MG 

research techniques. However, such dissociation-induced bias in human breast tissue 

samples is hard to identify as human MG research is strictly limited to ex vivo techniques 

and does not allow for lineage tracing experiments to back up the sequencing results and 

lineage hierarchy assumptions. Therefore, I have developed a strategy that allows for the 

identification of dissociation-induced bias in human breast tissue samples. By comparing the 

influence of different tissue dissociation parameters on isolated mammary cells via flow 

cytometry and single-cell RNA sequencing, I was able to determine sources of dissociation-

induced compositional and transcriptional bias. While a long dissociation procedure 

characterized by gentle agitation yielded a much greater stromal heterogeneity, a shorter 

dissociation procedure using a higher agitation speed allowed to better preserve the “in situ” 

cellular gene expression state but at the expense of stromal heterogeneity. Importantly, this 

dissociation-induced bias was found to heavily influence downstream analysis and data 

interpretation, ultimately leading to a wrong assumption of lineage hierarchies in the human 

MG, particularly by creating cellular heterogeneity within the basal/myoepithelial 

population. Thus, the complex composition as well as the primary transcriptional state of 

human mammary cell populations can only be captured by applying both dissociation 

procedures on human breast tissue samples. In addition, I have shown that dissociation 

duration as well as the freezing strategy of epithelial cells heavily decrease the cellular 

fitness and consequently impact the readout of regenerative capacity of the 

basal/myoepithelial population. Cells that have undergone a long dissociation process, 

upregulated markers of oxidative stress and freezing epithelial cells as single cells instead of 



Discussion 

 115 

fragments drastically reduced the viability after thawing. By keeping the oxidative stress 

level low and protecting the cellular fitness during cryopreservation, I was able to show 

increased regenerative capacity of the basal/myoepithelial population by using an in vitro 

3D regeneration assay. 

5.1.1 The importance of capturing full mammary stromal heterogeneity  

The human MG is a very complex and heterogeneous organ that contains an epithelial 

branched network embedded in a collagenous ECM. Within the surrounding ECM many 

different stromal cell types are present, including fibroblasts, adipocytes, immune, and 

endothelial cells. This stromal microenvironment fundamentally influences MG 

developmental by engaging with the epithelium during both embryogenesis and postnatal 

development and by regulating mammary specification, cell differentiation, and branching 

morphogenesis (Howard & Lu, 2014; Wiseman & Werb, 2002). Although breast cancer 

arises from the epithelial compartment, it is well known that tumor progression is driven 

through bi-directional interaction between tumor and stromal cells. Thereby, it has been 

demonstrated that a specialized cancer-associated stroma provides tumor-promoting signals 

absolutely crucial for tumor development (Bissell & Radisky, 2001; Bussard et al., 2016; 

McAllister & Weinberg, 2010; Rønnov-Jessen et al., 1996; Werb & Lu, 2015). The cancer-

associated stroma becomes more and more therapeutically targeted, for example by immune 

checkpoint inhibition therapies (Vargas et al., 2018). On the other hand, it is recognized that 

the tumor associated stroma plays an important role in therapy response as it can confer 

resistance to cancer cells upon certain therapies (velaei et al., 2016). Therefore, a detailed 

knowledge of stromal cell phenotypes present in the normal and cancerous 

microenvironment is absolutely crucial for understanding development, cancer progression, 

and response to therapy. Consequently, in order to fully capture the stromal cell 

heterogeneity and to enable comparative studies between healthy and cancerous tissue, the 

dissociation procedure chosen for the isolation of stromal cell fractions from human breast 

tissue must be carefully chosen. Importantly, I found that stromal cell composition as well 

as yield heavily depended on the dissociation protocol used for the isolation of mammary 

cells. By comparing three enzymatic dissociation protocols varying in agitation speed and 

duration, I found that a long 16-hour digest at a low agitation speed of 10 rpm (protocol C) 

yielded an around 10 times greater number of cells compared to protocol A (3 hours) and B 

(16 hours), that utilized a more vigorous agitation speed of 100 rpm. Interestingly, while the 

amount of isolated epithelial cells was comparable between the dissociation protocols, 
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protocol C additionally yielded high numbers of stromal cells. I suspect, that at a higher 

agitation speed many stromal cell types suffer from the resulting shear stress, which leads to 

cell bursting and consequently to a loss of those cells, especially when the shear stress acts 

on the cells for a longer period of time (16 hours, protocol B). Epithelial cells were isolated 

from breast tissue as cellular fragments with remaining cell-cell contacts which might better 

protect them from dissociation-induced stress.  

5.1.2 The role of fibroblasts and lymph endothelial cells in healthy and cancerous 

human mammary gland 

With the help of flow cytometry and scRNA-seq and in line with previous reports (Murrow 

et al., 2020), I was able to detect four main stromal populations: fibroblast, endothelial, 

vascular accessory, and immune cells. The population of fibroblasts represents one stromal 

cell type that was preferentially isolated at a lower agitation speed (10 rpm, protocol C). 

Interestingly, besides an increased number of fibroblasts, scRNA-seq revealed increased 

fibroblast heterogeneity for protocol C, indicated by the presence of three fibroblasts 

subclusters, whereas for protocol A and B only one subclusters each was detected, 

respectively. Fibroblast heterogeneity within the human MG is well reported and spatially 

distinct fibroblast subpopulations have previously been found: Epithelial cells within the 

TDLUs are surrounded and in close contact with lobular fibroblasts, while interlobular 

fibroblasts reside outside the TDLUs in the interlobular stroma (Parmar & Cunha, 2004; 

Schor et al., 1994). The different proximity of these fibroblast populations to the epithelial 

ductal system suggests distinct functions and indeed it has been shown that lobular 

fibroblasts specifically enhance growth and branching morphogenesis of luminal progenitor 

cells in 3D culture (Morsing et al., 2016). When it comes to the analysis of fibroblast 

heterogeneity in the healthy human breast, detailed scRNA-seq studies are still lacking, as 

most of them so far focused mainly on the epithelial compartment and described the 

fibroblasts as one homogenous population (Murrow et al., 2020). However, fibroblast 

heterogeneity has been described for human cancerous breast tissue using scRNA-seq 

(Kieffer et al., 2020; Wu et al., 2020). Thereby, distinct subclusters of cancer-associated 

fibroblasts (CAFs) have been identified in human TNBC samples, namely myofibroblast-

like CAFs and inflammatory CAFs (Wu et al., 2020). The myofibroblast-like CAF subset 

was thereby characterized by the expression of activated fibroblast markers, such as ACTA2, 

and collagen-related genes, such as COL1A1. Importantly, in the here presented scRNA-seq 

analysis, I could show that fibroblasts isolated from healthy human breast tissue 
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downregulated COL1A1 in response to a long, 16-hour compared to a 3-hour dissociation. 

In addition, several other ECM related genes, such as fibronectin (FN) and elastin (ELN) 

were downregulated. Fibroblasts represent a major player in remodeling the breast ECM by 

not only secreting ECM proteins, but also by constant remodeling of the ECM via MMP-

dependent degradation as well as traction force driven fiber alignment. Due to the fact that 

these cells detach from the ECM and loose anchorage during the enzymatic dissociation, it 

can be assumed that especially the expression level of genes encoding cytoskeletal proteins 

or proteins involved in ECM adhesion are affected by a long dissociation period. 

Considering the differences in fibroblast yield, heterogeneity, and transcription status based 

on the dissociation protocol applied, future studies will greatly benefit from combining 

different tissue dissociation procedures as described in this study. This will be of special 

interest for comparative studies analyzing fibroblast heterogeneity in healthy and cancerous 

human breast tissue samples, which to date is still lacking.  

Another cell population exclusively isolated at a lower agitation speed (10 rpm, Protocol C) 

is the lymph endothelium, which represents a specialized endothelium distinct from the 

vascular endothelium. Lymph endothelial cells are part of lymphatic vessels, which take up 

lymph, a protein-rich exudate from blood vessels. Due to the leaky nature of the lymphatic 

endothelium, cells from the tissue, such as macrophages and dendritic cells, can enter the 

lymph system and travel to regional lymph nodes. Thus, the lymph system represent an 

important part of the human immune defense (Angeli & Randolph, 2006). However, the 

lymphatic system also plays a major role in cancer progression, as it increases in size as a 

response to soluble factors secreted by tumor-associated macrophages and malignant cells 

(Ran & Volk-Draper, 2020). In this context, tumor cells can easily enter the lymphatic 

system and travel to local lymph nodes, a process that strongly increases systemic metastasis 

(Brown et al., 2018; Ran et al., 2010). Despite their important role in homeostasis but also 

in cancer progression, so far lymph endothelial cells have not been described in scRNA-seq 

studies of the human MG.  

Taken together, I have shown that stromal heterogeneity and cell yield depends on the 

dissociation procedure of human breast tissue. Cell populations heavily affected include 

fibroblasts and lymph endothelial cells, which are both of great relevance not only during 

normal developmental but also during cancer progression. Future scRNA-seq studies 

focusing on the mammary stroma in healthy and cancerous tissue, will benefit by preforming 

both, a long and gentle (protocol C), as well as a short tissue digest with more vigorous 
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shaking (protocol A). This will allow to fully picture stromal phenotypes in their primary 

transcriptional state.  

5.1.3 Identity of the Stroma3 population and importance of the basal marker CD10  

Lymph endothelial cells were found within the stroma3 population, that resides within the 

basal/myoepithelial EpCAM-/low/CD49f+ fraction identified via flow cytometry (Linnemann 

et al., 2015). The isolation of this population heavily depends on the agitation speed applied 

and it is preferentially isolated at 10 rpm (protocol C). In line with previous results, I found 

that this population contains plasma cells and as well as vascular and lymphatic endothelial 

cells (Linnemann et al., 2015). Interestingly, I observed that plasma cells expressed only low 

levels of PTPCR, which encodes for CD45, which might explain, why the marker CD45 

fails to exclude those cells from the EpCAM-/low/CD49f+ population identified via flow 

cytometry. Similarly, the surface marker CD31, which is used to identify endothelial cells 

via flow cytometry, might not detect LYVE1+ lymphatic cells as those express only very 

low levels of PECAM1 (encoding CD31) (Podgrabinska et al., 2002). Importantly, I showed 

that plasma cells and endothelial cells were the only two stromal subpopulations that express 

low levels of ITGA6, which encodes for CD49f. Together, these findings highlight the 

importance of CD10 as an additional marker to obtain a pure basal/myoepithelial population 

via FACS, especially when cell sorting is used to enrich for epithelial populations prior to 

downstream analysis, such as scRNA-seq. 

CD49f/Integrin alpha 6 is a receptor for laminin, one major component of the basement 

membrane, which might suggest that cells that reside within the stroma3 population are in 

close proximity to the basement membrane and the epithelium in vivo. Indeed, a trichrome 

staining of breast tissue sections showed many small vessels within the intralobular stroma 

and high-resolution imaging of the adult human MG has previously revealed the presence of 

lymph endothelium and small blood vessels in close contact to MECs (Alitalo & Detmar, 

2012; Betterman et al., 2012). Plasma cells are also well-known members of the intralobular 

stroma (Lategan, 2020) where they contribute to the MG mucosal immune system by 

producing antibodies that during lactation are transferred into breast milk (Niimi et al., 2018; 

Weisz-Carrington et al., 1977). Thus, I hypothesize that the stroma3 population represents a 

special stromal fraction that due its close proximity to the epithelium might play an important 

role in MG morphogenesis and potentially during breast cancer progression. Indeed, recent 

data showed that plasma cells located in tumors or in tumor-draining lymph nodes correlate 

with improved prognosis in TNBC (McIntire et al., 2018; Yeong et al., 2018) and ER+ breast 
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cancer (S. C. Zhang et al., 2019). The fact that the stroma3 population is preferentially 

isolated at a lower agitation speed, suggests that those cells might be especially susceptible 

to shear stress and easily burst when the agitation speed is too high. It is, however, crucial 

to capture those populations, considering that some of them serve as biomarkers for various 

subtypes of breast cancer and their absence or presence correlates with prognosis (McIntire 

et al., 2018; Yeong et al., 2018; S. C. Zhang et al., 2019). By highlighting the susceptibility 

of certain stromal populations, the use of different dissociation strategies can help to prevent 

potential misinterpretation of population sizes and cellular heterogeneity in future studies.  

5.2 Digest duration-dependent transcriptional changes 

While the agitation speed applied during enzymatic dissociation heavily impacted the 

composition of isolated stromal cells, the duration of the digest influenced the transcriptome 

of isolated epithelial and stromal cell populations. Thereby, I identified overall 

transcriptional changes such as the upregulation of protective genes against oxidative stress 

after a 16-hour compared to a 3-hour dissociation. Besides that, I found cell type specific 

genes downregulated after a 16-hour tissue dissociation process and among those where 

important lineage markers as well as genes associated with normal mammary gland 

development and breast cancer progression. 

5.2.1 Dissociation-induced cellular heterogeneity within the basal/myoepithelial 

compartment 

For the basal/myoepithelial cells many downregulated genes after a 16-hour enzymatic 

dissociation encoded for structural constituents of the cytoskeleton and important members 

of the contractile apparatus, such as ACTA2 (encoding ɑ-SMA). Importantly, ACTA2 

represents an important lineage marker of basal/myoepithelial cells in the murine as well as 

the human MG, where it is consistently expressed by basal cells both in ducts and lobular 

acini (Howard & Gusterson, 2000). The downregulation of ACTA2 as detected via scRNA-

seq, induced heterogeneity in the basal population after the 16-hour dissociation and 

suggested the existence of two basal subpopulations that differ in the expression levels of 

ACTA2, while only one homogenous basal/myoepithelial cluster was found after a 3-hour 

dissociation. As already mentioned in the introduction, a recent scRNA-seq study on pre-

enriched HMECs also identified cellular heterogeneity within the basal population based on 

the expression level of ACTA2 and other markers, such as TAGLN and KRT14 (Nguyen et 

al., 2018). The authors described a population of basal cells with low ACTA2 levels and 
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notably via pseudotemporal reconstruction they identified this population as a pool of stem 

cells that separates into the three main epithelial cell types, thus representing adult bipotent 

progenitors (Nguyen et al., 2018). However, it should be noted that this study used a 16-hour 

enzymatic dissociation protocol, suggesting that the observed heterogeneity displays an 

artefact induced by long dissociation duration rather than different cell states. This 

hypothesis is further strengthened by the fact that also vascular accessory cells 

downregulated similar contractility genes, which highlights that this is likely a response of 

contractile cell types to loss of anchorage and cell-cell contacts.  

In order to fully clarify whether heterogeneity within the human basal/myoepithelial 

population exists, different tissue dissociation strategies as presented here, will help to 

prevent misinterpretations and in combination with other single-cell technologies, such as 

single-nucleus ATAC sequencing, might represents a promising strategy. Single-nucleus 

ATAC sequencing could give valuable information about chromatin accessibility and 

whether a population of adult HMECs exists with luminal- and basal-oriented chromatin 

features, like it has been done for fetal and adult mouse mammary epithelial cells (Chung et 

al., 2019; Pervolarakis et al., 2020). This will help to clarify the ongoing debate on the 

existence of bipotent mammary progenitors and the precise time and mechanism by which 

they become luminally and basally restricted.  

5.2.2 Why are some cell type more affected by dissociation-induced transcriptional 

changes? 

Analysis of differentially expressed genes showed that basal/myoepithelial cells were more 

affected by transcriptional changes due to a long tissue dissociation compared to luminal 

cells. In accordance to their contractile function and their role in the adhesion of the 

mammary epithelium to the basement membrane, basal/myoepithelial cells express many 

contractility and cell-matrix adhesion related proteins. The collagenous ECM that surrounds 

the epithelial ductal network provides structural support and constituents of the 

basal/myoepithelial cytoskeleton, including keratins and contractility markers, are directly 

coupled via cell-matrix adhesion complexes to the ECM (Deugnier et al., 2002). During 

breast tissue dissociation the basal/myoepithelial cells experience a complete loss of cell-

matrix adhesion and I hypothesize that, as a result, structural constituents of their 

cytoskeleton are downregulated (Deugnier et al., 2002). Importantly, also other cell types 

with contractile features and strong ECM contact, such as fibroblasts and vascular accessory 

cells were affected and showed high numbers of differentially expressed genes. Taken 
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together, this suggest that during enzymatic dissociation, cell types that strongly rely on the 

interaction with the ECM, are affected most by ECM degradation and loss of anchorage and 

as a consequence downregulate structural constituent of the cytoskeleton and/or genes 

encoding for constituent of the ECM as well as ECM binding proteins. 

Epithelial fragments isolated from breast tissue mostly showed a uniform coverage with 

basal/myoepithelial cells surrounding luminal epithelial cells. The maintenance of this 

bilayered architecture during dissociation assures a more protected position for the luminal 

population, where cell-cell contacts between luminal cells and with the myoepithelium are 

maintained. I hypothesize, that as a consequence of this more protected inner position, 

luminal cell showed less transcriptional changes after a long, 16-hour dissociation compared 

to basal/myoepithelial cells. In addition, the maintenance of cell-cell contacts provided 

within the epithelial fragments might also support the cellular fitness of both, 

basal/myoepithelial and luminal cells, during cryopreservation, where I could show that 

freezing of cellular fragments drastically increased cell viabilities after thawing. 

5.2.3 Expression levels of developmentally-regulated and cancer-associated genes 

Even so the luminal populations were less affected by tissue dissociation regarding the 

number of downregulated genes, a 16-hour dissociation led to transcriptional changes of 

important lineage markers. PGR, which encodes for progesterone receptor, is an important 

marker used to distinguish between the different luminal subsets in the mammary 

epithelium, namely LHR+ and LHR-, and here I found this marker downregulated in LHR+ 

cells after a 16-hour dissociation (Lim et al., 2009). In addition, I detected the 

downregulation of genes that have previously been described to be developmentally 

regulated such as TFF1, an oestrogen target gene, that I found downregulated for LHR+ cells 

after a 16-hour dissociation. Interestingly, this gene has recently been detected in parous 

compared to nulliparous human breast tissue samples (Murrow et al., 2020). Similarly, for 

the LHR- population the gene PTN was downregulated, which encodes for the heparin-

binding growth factors pleiotrophin. The expression levels of PTN are described to decrease 

in mice MGs during lobular-alveolar differentiation around mid-pregnancy (Bach et al., 

2017; Rosenfield et al., 2012). Dissociation-induced downregulation of developmentally-

regulated genes is particularly concerning for experimental designs involving the 

comparisons of gene expression between different developmental stages of the MG, as it 

might lead to wrong differentiation assumptions. Particularly for human MG research, where 
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tissue samples at certain developmental stages are almost inaccessible, it is extremely 

important to detect and to eliminate those dissociation-induced artefacts. 

Besides developmentally regulated genes, I found several cancer-associated genes 

downregulated after a 16-hour compared to a 3-hour dissociation. Among those were 

SCGB2A2 and SCGB1D2 which encode for mammaglobin A and lipophilin B, expressed by 

LHR- cells. Both, mammaglobin A and lipophilin B belong to the family of secretoglobin 

proteins and are frequently overexpressed in estrogen receptor positive tumors (O’Brien et 

al., 2002; Span et al., 2004; Zafrakas et al., 2006). Thereby, the expression of mammaglobin 

A and lipophilin B significantly correlates as they form a covalent complex (Carter et al., 

2002; Colpitts et al., 2001; O’Brien et al., 2002). SPARCL1 represents another cancer-

associated gene, which was downregulated in several cell types after a 16-hour compared to 

3-hour enzymatic dissociation, including fibroblasts, vascular accessory, endothelial and 

basal/myoepithelial cells. SPARCL1 encodes for the matricellular protein hevin and has 

recently been reported to regulate decorin expression and collagen fibril assembly levels 

(Sullivan et al., 2006). It is a member of the SPARC gene family, which is known for its 

anti-adhesive properties, meaning that these kind of matricellular proteins inhibit cell 

adhesion by e.g. disrupting focal adhesions (Girard & Springer, 1996; Hambrock et al., 2003; 

Murphy-Ullrich et al., 1991). Therefore, it is not surprising that SPARCL1 has been 

identified as a tumor suppressor downregulated in many cancers, including breast cancer 

(Cao et al., 2013; T. Li et al., 2017). A downregulation of SPARCL1 on mRNA and protein 

level has been found in human breast cancer tissues and absence of SPARCL1 expression 

strongly correlated with lymphatic metastases and poor grade of breast cancer (Cao et al., 

2013). Taken together, I have shown that breast tissue dissociation impacts the expression 

levels of several lineage marker genes, developmentally-regulated and cancer-associated 

genes. A detailed knowledge about genes affected most by the dissociation process will help 

to distinguish between gene expression level changes as an artefact of tissue dissociation or 

as a result of different developmental cell states or malignant transformation. In future, these 

findings might help to determine marker genes that irrespective of tissue dissociate duration 

show stable expression patterns, thus representing kind of housekeeping lineage marker 

genes.  
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5.3 Regenerative capacity of basal HMECs is impacted by tissue processing 

Transplantation assays and 3D culture have been intensively used to define the ability of 

different adult human and murine MEC populations to self-renew and regenerate epithelial 

structures, containing cells of both major mammary lineages, luminal and basal. Identifying 

regenerative epithelial stem/progenitor populations is a major focus of MG research and 

represents the basis for analyzing normal and aberrant differentiation processes. Here, I 

found that the regenerative capacity of basal/myoepithelial HMECs in vitro heavily depends 

on the fitness of isolated cells. While previous experiments have detected a B-SFU of 1/400 

basal/myoepithelial cells (Linnemann et al., 2015), I found that this number can be increased 

to a B-SFU of approximately 1/100 basal/myoepithelial cells when reducing the cellular 

stress level to a minimum, by working with fresh, unfrozen cells that were isolated using a 

fast 3-hour enzymatic dissociation protocol. I hypothesize, that a B-SFU of 1/100 basal cells 

still represents an underestimation of the true regenerative ability of this population as the 

cell viability is further reduced during other experimental steps, especially during FACS, 

which after seeding into the 3D collagen environment might affect the cellular ability to 

adjust to the new environmental conditions and to adhere to the provided matrix. 

Importantly, regenerative capacity of murine basal MECs in vitro was detected in 1 out of 

60 cells, which shows that both, the human and the murine basal MEC population, contain 

a high number of basal cells with regenerative capacity. These observations suggest that 

probably every basal cell can acquire regenerative capacity, as long as their cellular fitness 

allows them to interact and adhere to an artificial matrix in vitro or to establish a functional 

crosstalk with the mammary fat pad in case of transplantation assays. It thereby remains 

open whether basal/myoepithelial cells contain regenerative capacity which is revealed on 

demand or under certain circumstances in vivo like changes in the microenvironment, 

wounding or genetic aberration during breast cancer progression or whether it is generated 

de novo and triggered by the isolation of the cells from tissue samples and subsequent 

transplantation or in vitro culture. A recent in vivo study showed, that basal mammary cells 

can acquire luminal traits upon depletion of luminal cells from the epithelium, which 

suggests that MECs can acquire progenitor characteristics on demand (Centonze et al., 

2020), which contradicts the concept of rare stem cells. However, the question about the 

existence of quiescent, rare stem cells in the MG is still not completely solved, but it becomes 

more and more clear that transplantation assays and in vitro culture are not suitable to solve 

this question but only to readout the regenerative potential. Many recent lineage tracing 

studies show that there are no multipotent stem cells in the adult murine MG (Davis et al., 
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2016; Lloyd-Lewis et al., 2018). On the other hand, single cell transcriptomics represent a 

promising tool to solve this question, however so far have delivered conflicting results on 

the different cell types or cell states present in the murine and human MG, which highlights 

again the importance of identifying tissue processing induced bias.  

5.4 The role of cellular phenotypic plasticity and matrix plasticity in human 

mammary morphogenesis  

The MG like many other organs, is organized into a ductal tree-like structure, however, 

unique to the MG is that its developmental mainly takes place after birth, where especially 

during puberty and pregnancy the mammary epithelium shows massive proliferation and 

expansion (Mark D. Sternlicht, 2005). Thereby, MECs switch to a more migratory 

phenotype which allows them to collectively invade the surrounding matrix and to generate 

a complex branched tubular network. Our current knowledge about mammary epithelial 

expansion is based on mouse models, however, in contrast to the murine gland, the human 

mammary epithelium is surrounded by a collagenous matrix with Collagen type I as the main 

constituent, suggesting differences in the development of the branched tissue and 

highlighting that results obtained from mouse studies cannot easily be transfer on human 

MG morphogenesis. It is becoming more and more clear that patterns of epithelial outgrowth 

are determined by the mechanical characteristics of the surrounding ECM and suggests that 

it encodes architectural cues for branching morphogenesis (Brownfield et al., 2013; 

Gjorevski et al., 2015; Guo et al., 2012; Pepper Schedin & Keely, 2011). In order to better 

understand how the human MG is evolving and how this self-organization process is affected 

by phenotypic plasticity of HMECs and cell-matrix interactions, single, primary basal 

HMECs were cultured in freely floating 3D Collagen type I gels and subsequently underwent 

distinct steps of self-organization starting with the formation of small cell clusters which 

developed branches and invaded the collagen matrix. As a consequence of the contractile 

nature of basal HMECs and the observed strong cell-cell coupling of cells within elongating 

branches, significant tension was generated which led to long-ranging plastic collagen 

deformations and fiber alignment in front of elongating branches. Importantly, by tracking 

internal cellular dynamics, a collective back-and-forth movement of cells within branches 

was found to strongly correlate with the deformation field in the ECM. Thus, these results 

show for the first time, that long-ranging plastic ECM remodeling can result from collective, 

periodic cell movements. Due to the plastic nature of collagen, not only collagen fiber 

alignment in front of elongating branches was observed, but also an accumulation of 



Discussion 

 125 

collagen around growing branches, which ultimately lead to the formation of a mechanically 

stable cage. The dense collagen cage fully covered the organoid branches and prevented 

invasion of the cells into the ECM, while at the front local collagen degradation by leading 

cells allowed for further branch elongation. Comparable to a thickened layer of collagen 

found around murine and human mammary ducts in vivo, the here identified collagen cage 

provides a mechanical constrain to the expanding epithelium, thereby guiding its elongation 

and allowing for branch initiation solely at the branch tip via bifurcation. At the leading edge 

of invading branches, cells were found to be highly dynamic and to support the elongation 

process by local MMP-mediated matrix degradation. Occasionally, those leading cells were 

overtaken by follower cells, a phenomenon so far only recorded during endothelial sprouting 

(Arima et al., 2011; Boas & Merks, 2015; Jakobsson et al., 2010) and suggesting a high 

degree of phenotypic plasticity to be involved. When the invasive elongation process slowed 

down, branch tips rounded up and formed alveoli which were found to be fully covered by 

a dense layer of accumulated collagen and deposited laminin I, as previously described 

(Linnemann et al., 2015). Overall, by following the self-organizational steps of mammary 

organoid formation from single primary HMECs, a general mechanical tension model for 

branch elongation is revealed in which collective cellular back-and-forth movements within 

branches generate tension which is counterbalanced by the ECM and leads to plastic 

collagen fiber alignment and the formation of a stable collagen cage. This integrated 

dynamic process is characterized by high cellular phenotypic plasticity allowing for branch 

elongation through invasive outgrowth. Therefore, it not only provides the basis for 

understanding branching morphogenesis and elongation of tubule-like structures, but might 

also be relevant for invasive processes as observe during breast cancer progression.  

5.4.1 Determinants of branch elongation orientation 

After seeding of single primary basal HMECs into Collagen type I gels, the cells start to 

proliferate and organize into small cell clusters before establishing branches that invaded the 

matrix and elongated by collective cell migration of invasive leader cells and non-invasive 

follower cells. As the surrounding collagen during the initial establishment phase does not 

provide pre-existing asymmetries, it is unclear how leader and follower cells are specified 

and how branch formation is initiated during this early phase. As small basal cell clusters 

can already induce significant deformations in the collagen matrix, I speculate that the cells 

themselves create asymmetry in the surrounding collagen matrix, providing guidance to the 

growing epithelium. This hypothesis is further supported by the observation that inhibition 
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of endogenous contractility during the establishment phase prevented the formation of 

branches resulting in star-like organoids with thin cellular protrusions that lack any specific 

orientation. In addition, asymmetry created via the contractile activity of small cell clusters, 

could also allow for spatial differences in the concentration of autocrine morphogens, which 

then further stimulates collective outgrowth as reported before (Guo et al., 2012; Nelson et 

al., 2006).  

After the initial establishment phase, branches started to invade the matrix and further 

elongated. Within those elongating branches actomyosin contractility of individual cells was 

found to be mechanically linked leading to a tension built-up spanning the whole branch. 

These joined forces thereby relied on E-cadherin dependent force transmission and 

overarching actin cables, comparable to mechanisms for tension generation previously 

identified in 2D epithelial sheets (Trepat et al., 2009) and in 3D murine mammary explants 

(Padmanaban et al., 2019). The tension built up by the organoid branches was 

counterbalanced by the ECM which led to long-ranged plastic matrix deformations and 

collagen fiber alignment in the direction of branch elongation, as observed previously (Ban 

et al., 2018; Gjorevski et al., 2015; Kim et al., 2017; K. V. Nguyen-Ngoc et al., 2014; 

Piotrowski-Daspit et al., 2017). Those collagen fiber bundles further guide the branch 

outgrowth, as they can serve as tracks for cell migration by directly influencing the direction 

and persistence of cell movements, which has been shown in both single- and multicellular 

contexts (Gjorevski et al., 2015; Riching et al., 2015). Similarly, collagen alignment can 

facilitate tumor progression as fibers oriented perpendicular to the tumor boundary can serve 

cancer cells to invade the ECM (Carey et al., 2013; Conklin et al., 2011; Provenzano et al., 

2006; Riching et al., 2015). Thus, cell-induced changes in matrix topography can act as 

guiding cues for epithelial cells.  

The migratory morphology of the expanding organoid branches is further shaped by 

mechanical tension provided by a aSMA positive outer cell layer, that acts as some kind of 

contractile rim. Contractile actomyosin bundles that constrain the lateral side of migrating 

cohorts have been shown to provide tension that suppresses the formation of cellular 

protrusions by cells at the lateral side and limits them to the invasive front (Carey et al., 

2016; Friedl et al., 2014; Reffay et al., 2014; Heng Wang et al., 2020). Notably, inhibition 

of contractility during branch elongation using a ROCK-inhibitor yielded organoids that 

displayed cellular protrusions along the whole branch surface, whereas protrusions were 

observed in leading cells only in control organoids. Thus, mechanical tension provided by 
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the contractile aSMA positive cell layer represents a constrain the further guides branch 

outgrowth. Another kind of constrain is the geometrical constrain provide by the 

accumulation of collagen around growing branches, which ultimately resulted in the 

formation of a mechanically stable and dense collagen cage. By constricting the 

circumference of the organoid branches, the cage forces collective migration and branch 

elongation along the perpendicular axis. Similar observations were made during Drosophila 

egg elongation, where oriented collagen fibers act as a molecular ´corset` allowing 

expansion only along the anterior-posterior axis (Haigo & Bilder, 2011). Notably, a 

thickened layer of collagen was found around murine mammary ducts in vivo and it was 

speculated that it might stabilize the duct and constrain its expansion (Hinck & Silberstein, 

2005; Silberstein & Daniel, 1982). In accordance to that, I detected a thick densification of 

collagen also around ducts in human breast tissue sections. 

Together, the direction of branch elongation is determined by multiple parameters that can 

be summarized in a tension-driven self-organization model. Thereby, tension spanning the 

whole branch allows for collective migration and limits cellular invasion, matrix 

deformation and fiber alignment to the leading edge. The ultimately formed collagen cage 

represent a mechanical constrain maintaining the asymmetric geometry of the epithelial 

sheet and thereby reinforcing the collective migration and the orientation of growth and fiber 

alignment.  

5.4.2 The role of cellular collective back-and-forth movement in shaping the 

surrounding matrix 

In contrast to the non-invasive, proliferation-driven ductal elongation mode described for 

the murine MG based on 3D Matrigel culture (Huebner & Ewald, 2014; Neumann et al., 

2018), human primary cell-derived mammary organoid branches elongated via an invasive 

process with leader and stalk cells, comparable to what has been described during endothelial 

sprouting and during tube elongation of the Drosophila tracheal (Gerhardt et al., 2003; 

Samakovlis et al., 1996). However, while stalk cells during endothelial sprouting and tube 

elongation of the Drosophila tracheal are reported to support the elongation process mainly 

via intercalation processes, follower cells in mammary organoid branches were found to be 

highly dynamic. Instead of being passively dragged behind the leader cells, cells within 

elongating branches displayed collective movements. Thereby, the direction of collective 

migration was found to be oscillating between a collective outward movement towards the 

branch tip and a collective inward movement towards the organoid center. Importantly, those 
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migration patterns correlated with the matrix deformations in front of the branch. While the 

role of collective cell migration in remodeling the ECM through tensile forces has been 

described previously (Gjorevski et al., 2015; Kim et al., 2017; Piotrowski-Daspit et al., 

2017), plastic matrix deformations resulting from collective back-and-forth movement of 

cells represents a novel observation. A prerequisite for collective migration patterns is the 

existence of a spatial confinement. In 2D, such confinements can be realized by 

functionalization of a substrate (Segerer et al., 2015; Vedula et al., 2012). In the here 

presented model for branch elongation, the formed collagen cage creates a spatial 

confinement for cellular movements. The adhesion to the collagen cage and the migration 

along this confinement allows for the integration of individual contractile forces and the 

exertion of large anisotropic tension.  

The periodic movement of the cells within elongating branches and the correlating matrix 

deformations have not been described before, however there are studies describing other 

kinds of orchestrated, repeated cycles of cellular movements. For example, cultured cysts of 

mammalian epithelial cells, including hollow spheres of the mammary epithelial cell line 

MCF-10A, spontaneously rotate within 3D ECMs. Thereby, these rotational movements 

were found to contribute to the organization of surrounding collagen and the assembly of 

basement membrane components, such as laminin (Tanner et al., 2012; Hui Wang et al., 

2013). Similar observations are described for Drosophila egg chamber elongation, where 

collective rotational movement leads to alignment of collagen and basement membrane, 

thereby creating a corset that confines the epithelium and drives the elongation process 

(Cetera et al., 2014; Haigo & Bilder, 2011; Horne-Badovinac, 2014). These observations 

suggest that the collective back-and-forth movement of cells within elongating branches 

could not only lead to tension-induced matrix deformation in front of elongating branches, 

but potentially serve the alignment of accumulated collagen type I fibers and deposited 

laminin I, which then further strengthens the cage and thereby the confinement for collective 

migration. While the Drosphila egg chamber or epithelial spheres generated by MCF10A 

cells form a topologically closed epithelium, where all cells seem to contribute equally to 

tissue movement (Uechi & Kuranaga, 2017), branches of human mammary organoids 

display a free leading edge and consist of follower and leader cells. However, during 

alveologenesis, when proliferative pressure is reduced, the tips round up and the collagen 

cage appears to be fully closed around the alveoli. It remains to be elucidated whether this 

closed confinement without a free leading edge and the lack of a clear leader cell population 

induces rotational movements of mammary cells within the alveoli. Interestingly, 
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orchestrated rotational movement could not be observed for spheres derived by breast cancer 

cell lines MCF7 and T47D and those spheres showed weak matrix organization and 

assembly (Hui Wang et al., 2013), suggesting that defects in orchestrated cellular collective 

movements might also play a role during breast cancer progression. 

Taken together, collective migration characterized by a back-and-forth movement of cells 

within elongating branches is reflected by synchronous ECM deformations and enabled 

through spatial and tensional confinement. On the other hand, the collective migration might 

itself assist in the assembly of the cage and strengthen it. The underlying mechanism behind 

the periodic collective cell migration within elongating branches of human mammary 

organoids remains to be further elucidated in future in-depth analysis. Thereby, biochemical 

signaling pathways such as cycles of MLC (myosin-light-chain) phosphorylation and 

dephosphorylation via Rho/ROCK and FAK/Rac signaling might play a role (He et al., 2010; 

Raymond et al., 2011).  

5.4.3 Plastic remodeling of collagen networks 

In humans, mammary epithelial ducts and their associated basement membrane are 

surrounded by a collagenous ECM with Collagen Type I as the most abundant protein 

(Howard & Gusterson, 2000). It not only lends structural support to the gland but also 

provides binding moieties for cells thereby affecting biochemical signaling pathways 

(Birgersdotter et al., 2005; Taddei et al., 2008). Collagen expression is spatially and 

temporally regulated during mammary ductal formation (Keely et al., 1995) and aligned 

collagen fibers present in the murine mammary stroma prior to branching morphogenesis 

orient the epithelial growth (Brownfield et al., 2013). All those observations highlight the 

significant role of cell-collagen interactions during MG development.  

The self-organization of single basal HMECs into complex branched organoids also heavily 

relied on the physical interactions of the cells with the surrounding collagen and already 

small clusters of basal HMECs were sufficient to induce significant collagen deformations 

by pushing forces from cellular protrusions and contractile pulling forces. Due to the strong 

cohesiveness of the cells within elongating branches, the individual tractions forces summed 

up and resulted in long-ranged collagen deformations and the generation of a collagen cage. 

Importantly, the observed collagen deformations persisted even after tension release, which 

is due to the unique mechanical properties of collagen type I networks showing a non-linear 

and plastic reorganization upon tension being applied. This means that collagen networks 

dramatically increase their stiffness/elastic modulus when strained and induced matrix 
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deformations, such as fiber alignment and matrix densifications are partly irreversible and 

consequently persist even after abolishing the cellular forces. This memory effect is based 

on structural changes within the network such as the formation of weak crosslinks between 

approaching collagen fibers and plastic fiber elongation (Ban et al., 2018; Diani et al., 2009; 

Münster et al., 2013). Importantly, the strain stiffening and the plasticity of collagen allows 

for force transmission over relatively long distances and therefore enables cells to create far-

reaching mechanical gradients (Abhilash et al., 2014; Harris et al., 1981; Ma et al., 2013; 

Rudnicki et al., 2013). Therefore, the plastic behavior of collagen most likely plays an 

important role in normal tissue development. Notably, aligned collagen fibers present in the 

mammary stroma prior to ductal outgrowth seem to act as guiding cues for the mammary 

epithelium (Brownfield et al., 2013). Those topographic cues were suggested to be induced 

by stromal cells, such as macrophages and fibroblasts (Ingman et al., 2006) and the here 

presented data show that the epithelium itself can generate far-reaching matrix deformations 

based on the plastic nature of the collagen matrix. Besides the role of collagen plasticity 

during branching morphogenesis, it is also relevant during breast cancer progression. 

Collagen densification is used as a marker for determining breast cancer risk (Boyd et al., 

2001) and indentation testing of human breast tumor tissue revealed substantial mechanical 

plasticity (Wisdom et al., 2018). It has been suggested that sufficient matrix plasticity allows 

cancer cells to either migrate along irreversibly aligned collagen fibers at the tumor-stromal 

boundary (Carey et al., 2013; Conklin et al., 2011; Provenzano et al., 2006; Riching et al., 

2015) or to migrate through the matrix in a protease-independent mode by physically 

expanding tissue pores (Wisdom et al., 2018).  

In comparison to collagen matrices, matrigel, a basement membrane protein mix produced 

by a mouse sarcoma cell line and commonly used for the culture of MECs, displays 

completely different mechanical properties. When stress is applied, matrigel shows a rather 

linear response and only very little plasticity (Nam et al., 2016). These different mechanical 

responses might also explain the different branching modes observed for MECs in collagen 

and matrigel environments. Based on culture of murine mammary epithelial fragments in 

matrigel, a proliferation-driven branch elongation process for MECs was described without 

a clear mechanical interaction of the cells with the matrix, while collagen led to a more 

invasive branch elongation characterized by more elongated branches and cellular 

interactions with the matrix, as described here and by others (Ewald et al., 2008). Regarding 

that the human breast ECM is very collagenous and displays a complex rheology (Plodinec 

et al., 2012), the linear elastic response of Matrigel does not provide a growth environment 
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resembling the tissue context of HMECs in vivo. However, it should be noted that Matrigel 

offers a mixture of essential components of the basement membrane, such as laminin and 

heparan sulfate, which are not provided by a pure collagen network, but known to regulate 

numerous developmental processes including cell differentiation (Campbell & Watson, 

2009). In the 3D collagen type I based assay used for this study, basement membrane 

components fibronectin and Collagen IV were not observed, however, I found laminin I to 

be produced by the cells forming a uniform layer around the alveoli, as previously observed 

(Linnemann et al., 2015). This suggests, that the cells themselves create an environment that 

at least partly mimics the in vivo conditions.  

5.4.4 Phenotypic plasticity of HMECs allows for branch elongation and luminal 

differentiation  

Human mammary organoids are generated by single basal cells, that proliferate and give rise 

to small clusters from which branches initiate. During the invasive elongation process of 

organoid branches, the collective nature of migration allows the cells to act as one unit and 

mechanically link their traction forces which leads to the exertion of large tension at the tip 

of the branch. The concentration of mechanical stress at the leading edge creates polarity 

within elongating branches and a unique position for leader cells (Khalil & Friedl, 2010). 

This unique position at the invasion front is accompanied by a certain phenotype of leader 

cells, characterized for example by the expression of substrate-binding integrins, such as 

Integrin alpha 6, which allows for substrate attachment, detection of extracellular guidance 

cues and traction-mediated translocation. Besides that, leader cells of elongating branches 

express MMP9, which allows them to locally degrade and remodel the matrix and to generate 

small pores to squeeze through. Interestingly, in line with the invasive characteristics of 

branch outgrowth, MMP9 expression has been reported before as a factor involved in the 

invasion of ductal carcinoma in situ-associated myoepithelial cells (Allen et al., 2014). 

Moreover, besides its proteolytic activity, MMP9 has been shown to regulate collagen 

contraction by smooth-muscle-cells (Defawe et al., 2005), highlighting the important role of 

leader cells of elongating mammary organoid branches in balancing the interplay between 

invasion and contractility mediated tension built-up. Thus, during collective branch 

elongation, the leader cells play a significant role and are phenotypically different compared 

to the follower cells. Such a phenotypical heterogeneity between leader and follower cells 

of collectively migrating cohorts has been described before and is often also linked to an 

upregulation of mesenchymal genes by leader cells (K. Lee et al., 2011).  
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However, the specification of leader cells in elongating branches was found to be very 

dynamic, as tip cells were occasionally exchanged by follower cells which subsequently took 

over the leading position. This is comparable to tip cell dynamics observed during 

endothelial and Drosophila tracheal sprouting, where the cells compete for the leading 

position and migrating stalk cells occasionally challenge and replace the tip cells (Arima et 

al., 2011; Boas & Merks, 2015; Jakobsson et al., 2010). Interestingly, the exchange of leader 

cells by follower cells has recently also been described for migrating cohorts of the breast 

cancer cell line MDA231. Thereby it was found, that the leader cell position during 

collective cancer cell invasion requires more energy than the follower position. In order to 

sustain the invasive process even when the leader cell runs out of energy, follower cells can 

take over the leading position (J. Zhang et al., 2019). In the here presented study, for the first 

time the phenomenon of tip cell exchange is described for healthy mammary epithelial 

collective migration. The obtained observations suggest, that the specification of leader and 

follower cells in healthy epithelial cell migration does not represent permanent cell fate 

decisions but allows for dynamic phenotypic switches, which might be regulated by the 

cellular energetic state comparable to collective cancer cell invasion.  

Later during organoid growth and particularly during the alveologenesis phase, the branches 

stop invading the matrix and the tips round up and form thick alveoli, that lack a clear 

invasive leader cell population. At this stage the collagen cage was found fully closed around 

the alveoli and lined with laminin I, as previously reported (Linnemann et al., 2015). 

Notably, the thickening of the branches and the formation of alveoli coincided with cells at 

an inner position acquiring a luminal-like cell fate indicated by a loss of the basal marker 

p63, while at the same time expression the luminal lineage marker GATA3 was upregulated. 

The exact mechanism that leads to those phenotypic changes remains unclear, but one could 

hypothesize, that luminal differentiation is specifically triggered in inner cells by a stress 

gradient, generated in floating collagen gels but absent in attached collagen gels, where the 

branches remain invasive and lack alveologenesis and GATA3 expression (Linnemann et 

al., 2015). In addition, inner cells lose contact to the surrounding collagen matrix, which 

might represent another gradient-like trigger for differentiation.  

Together, these findings highlight, that HMECs can become very plastic when exposed to 

changes in their microenvironment. Phenotypic plasticity of single basal cells seeded into a 

3D collagen matrix allows for self-organization into complex branched organoids via a 

leader-follower migration mode and for luminal differentiation of inner cells at a later stage 

of organoid growth. Importantly, basal cells acquiring luminal markers has recently been 
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observed in mice upon a depletion of luminal cells, which is in line with the previous 

mentioned assumption, that under regenerative conditions bipotency of basal MECs is 

triggered, which under normal physiological conditions are lineage restricted (Centonze et 

al., 2020).  
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7 Appendix 

Table 7.1: Percentage of populations identified via flow cytometry 
Reduction 
mammoplasty 
sample 

Enzymatic 
dissociation 
protocol 

Percentages of populations identified via flow cytometry (%) 

Stroma1 Stroma2 Stroma3 Luminal Basal 
M46 Protocol A 14 13,8 4,1 43 25,1 

Protocol B 3 4,9 3,5 62,1 26,5 
Protocol C 21 40,3 29,1 4 5,6 

M47 Protocol A 9 4,6 1,1 68,3 17,1 
Protocol B 3 1,9 0,8 87,3 7 
Protocol C 14 40,4 32,9 8,6 4,1 

M48 Protocol A 22 22,6 6,8 28,1 20,5 
Protocol B 6 3,8 2,3 79,9 8 
Protocol C 17 40,7 20,2 18,2 3,9 

M49 Protocol A 16 19,3 5 39,5 20,2 
Protocol B 3 3,9 1,1 80,5 11,5 
Protocol C 15 50,2 28,8 1,7 4,3 

M50 Protocol A 18 12,3 3,8 42,6 23,3 
Protocol B 5 2,9 1,6 80,8 9,7 
Protocol C 18 43,5 13,1 22,1 3,3 

Reduction mammoplasty samples M46-M50 were subjected to dissociation protocols A, B, and C and 
flow cytometry was used to determine the percentage of stromal and epithelial populations. Data from 
this table are displayed as graphs in Figure 4.6.  

Table 7.2: List of genes up- and downregulated after a 16-hour enzymatic dissociation  
Overall downregulated  Overall upregulated 

Gene_ID logFC Gene_ID logFC 
COL1A1 3,61984788 PLA2G4C -3,362 
RGS16 3,27688399 TRIB3 -3,122 
ACTA2 3,22029845 NQO1 -2,916 
SPARCL1 2,87033035 FDCSP -2,887 
CCN2 2,82936103 S100A9 -2,763 
GADD45B 2,70451711 ASNS -2,724 
RND1 2,69008071 WFDC2 -2,691 
MYL9 2,67959294 C17orf58 -2,555 
TAGLN 2,6535609 EIF4EBP1 -2,491 
A2M 2,62618309 AKR1B1 -2,434 
SOCS3 2,60564423 HTATIP2 -2,362 
RGS2 2,58614821 CXCL8 -2,335 
ZFP36 2,46392699 PTGES -2,317 
IGFBP5 2,342216 NMB -2,313 
CYB5D1 2,33903437 ND6 -2,305 
ID1 2,28325638 ARG2 -2,298 
RBM3 2,27071956 FBXO2 -2,173 
MT1X 2,27009332 AARS1 -2,151 
BCAM 2,27006941 ST6GALNAC4 -2,146 
SLC25A44 2,24558178 SLC43A3 -2,121 
PCOLCE 2,22181093 S100A2 -2,109 
FKBP9 2,21847623 MGST1 -2,104 
HLA-DPA1 2,17615733 TFPI2 -2,103 
PLAT 2,16410687 TNFAIP6 -2,087 
NFATC2 2,1479958 GSTO1 -2,065 
APOD 2,14792288 CARS1 -2,040 
PER2 2,09699368 PLAU -2,027 
FOSB 2,09400106 FTH1 -2,021 
RRAD 2,06479093 CSTB -1,938 
IFI44 2,03837896 PGD -1,932 
FN1 2,03589638 AGTRAP -1,895 
HSPA6 2,02615517 SHMT2 -1,894 
EGR3 2,01886804 CNST -1,874 
S100A4 2,00080116 TMEM158 -1,871 
SLC25A25 1,99925089 GULP1 -1,868 
HLA-DPB1 1,99044549 CARHSP1 -1,840 
CTSF 1,98084636 PHGDH -1,828 
EPOP 1,97688923 HOMER3 -1,826 
EGR1 1,96518569 WIPI1 -1,819 
EFNB2 1,94123496 BEST1 -1,815 
CTSO 1,93421163 GCLM -1,811 
FOS 1,92195753 AMN1 -1,808 
IFI27 1,89275987 NUPR1 -1,786 
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MTRNR2L8 1,88492086 IL32 -1,785 
METTL7A 1,85872888 GRPEL2 -1,752 
LDLRAD4 1,84456787 QPCT -1,746 
HSPA1B 1,84015953 TMEM132A -1,733 
GSN 1,83540602 DHRSX -1,733 
MTRNR2L2 1,81747651 ODC1 -1,719 
LHFPL6 1,80818616 AP5B1 -1,712 
MAP3K8 1,79991045 LOC100507551 -1,708 
ADIRF 1,79745749 FTL -1,704 
PPP1R12B 1,79273592 INHBA -1,701 
DUSP2 1,79062114 EPRS1 -1,695 
KLF4 1,78290642 HMOX1 -1,691 
SSPN 1,77563207 C11orf96 -1,673 
ABHD14A 1,73835494 MARS1 -1,673 
CD109 1,72388002 TRIM47 -1,672 
MTRNR2L1 1,70760434 SMIM29 -1,657 
HSPA1A 1,70708293 ANXA5 -1,654 
SELENOP 1,70610278 BAX -1,638 
SERTAD1 1,70268436 KITLG -1,633 
AREG 1,68400946 TXNRD1 -1,625 
KRT14 1,6765906 CYP1B1 -1,625 
DNAJB1 1,65117608 TKT -1,593 
SGMS2 1,63245374 LY6K -1,588 
RALGDS 1,63222395 KNOP1 -1,585 
RNASET2 1,61979422 ANO10 -1,569 
HSPA2 1,61896952 PTGR1 -1,564 
SERPINB9 1,618416 USP28 -1,553 
MYC 1,61833573 PPFIBP2 -1,541 
IFI6 1,61684207 ABCC3 -1,537 
IFI27L1 1,60643186 CTSL -1,534 
SPARC 1,6021951 MKKS -1,531 
PLPP1 1,60192108 ACSL4 -1,527 
KCNQ1OT1 1,59992279 G6PD -1,525 
TUBB2A 1,59675333 LSS -1,524 
TSC22D2 1,59637611 FADS1 -1,513 
IFITM1 1,59396775 TALDO1 -1,508 
CD74 1,59071631 LONP1 -1,507 
GJA1 1,59006064 EEF2KMT -1,504 
SH3BGRL 1,58222225 KDM7A -1,501 
ANGPTL4 1,57810615 

  

GBP1 1,57628961 
  

TAF4B 1,57202169 
  

CEBPA 1,56541221 
  

TPM2 1,55334511 
  

ALDH7A1 1,54347082 
  

CCL2 1,54211143 
  

STING1 1,5388445 
  

HLA-DMA 1,53531319 
  

ZNF331 1,5344451 
  

HAPLN3 1,53065902 
  

HLA-DRA 1,52876021 
  

CAVIN3 1,5247303 
  

CRIP1 1,52249299 
  

IKZF4 1,51917435 
  

KLF9 1,51800222 
  

LOC102724889 1,5173544 
  

ODF3B 1,51069992 
  

MIR22HG 1,50989043 
  

PRKCA 1,50837366 
  

RASA4 1,50008219 
  

Genes displayed in this table were detected as up- and downregulated with a log fold change of at 
least 1.5 after a 16-hour compared to a 3-hour enzymatic dissociation. Data from this table were 
visualized in an MA plot in Figure 4.13.  
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Table 7.3: List of genes up- and downregulated after a 16-hour dissociation in the 
basal/myoepithelial and vascular accessory population  

 Downregulated in BA Upregulated in BA Downregulated in VA Upregulated in VA 
Genes logFC Genes logFC genes logFC Genes logFC 
CXCL14 5,966 HMOX1 -6,394 MT1M 5,411 CXCL8 -6,660 
SYT8 5,631 SLC7A11 -5,690 RGS16 4,335 IL24 -5,709 
KRT15 4,295 PSAT1 -5,385 CRIP1 4,231 CNST -4,222 
PER1 4,137 UCHL1 -4,813 CCL21 4,126 C17orf58 -4,063 
FRZB 4,114 EIF4EBP1 -4,157 THY1 4,031 IL1RL1 -3,856 
IGFBP5 4,055 TNFAIP6 -4,102 PLAC9 4,003 TLCD5 -3,793 
MYH11 4,032 NQO1 -3,898 PCOLCE 3,978 PLIN2 -3,561 
IL17B 4,024 STEAP1 -3,851 FRZB 3,915 CCL3 -3,535 
CTSF 3,995 ND6 -3,689 OLFML2B 3,912 TNFAIP6 -3,190 
CXCL2 3,988 TMEM132A -3,614 LGALS3BP 3,823 NQO1 -3,158 
SNCG 3,954 SLC7A2 -3,397 ID1 3,798 CMSS1 -3,075 
SPARCL1 3,947 COPG1 -3,350 ACTA2 3,785 INHBA -3,054 
ADAMTS4 3,931 MMP3 -3,300 CCL2 3,773 IL1R1 -2,965 
ADRB2 3,890 PIR -3,254 SEPTIN4 3,745 H1-2 -2,840 
PER2 3,863 MGST1 -3,236 S100A4 3,697 NGF -2,653 
NRARP 3,851 DESI1 -3,174 SSPN 3,696 HTATIP2 -2,624 
RGCC 3,838 SMIM29 -3,129 TPPP3 3,696 WIPI1 -2,618 
GADD45B 3,683 TST -3,072 SNCG 3,684 AKR1B1 -2,611 
CNN1 3,680 SEL1L3 -3,065 SOCS3 3,663 CYP1B1 -2,600 
STAC2 3,653 MRPL58 -3,056 NET1 3,659 GCNA -2,584 
NR4A2 3,594 ASNS -3,041 WFDC1 3,607 HMGA1 -2,576 
RNF152 3,555 LCN2 -3,028 ARHGDIB 3,602 GSTO1 -2,476 
MATN2 3,548 AIMP2 -3,012 NDUFA4L2 3,551 PAM -2,468 
NPPC 3,546 HTATIP2 -3,011 GSN 3,545 PITPNC1 -2,468 
HSPA6 3,544 QPCT -3,006 BCAM 3,485 FTH1 -2,461 
EFNB2 3,513 AARS1 -2,977 CCN2 3,471 CSTB -2,436 
MME 3,495 MRGPRX3 -2,975 TINAGL1 3,464 PI15 -2,429 
LYPD3 3,460 AKR1B1 -2,914 STEAP4 3,440 STX3 -2,415 
PPP1R14A 3,450 AGTRAP -2,908 CPM 3,374 KCNE4 -2,392 
ACTA2 3,442 TRIB3 -2,866 GADD45B 3,367 TMEM158 -2,383 
FOLR1 3,429 GPX8 -2,842 ELMSAN1 3,353 LIF -2,380 
ZBTB16 3,419 KNOP1 -2,826 COX4I2 3,338 PRKAR1A -2,378 
FOSB 3,391 SHMT2 -2,825 ARHGEF17 3,331 KDM4B -2,360 
ITIH5 3,388 IL1B -2,819 AOC3 3,316 ATP13A3 -2,314 
PCDH7 3,377 UBE2D4 -2,804 SERPINF1 3,304 PDZRN3 -2,313 
C7orf61 3,376 ALDH1A3 -2,798 RERGL 3,296 CMAS -2,310 
EPHB6 3,360 SLC16A9 -2,778 MYL9 3,268 EDNRB -2,300 
GEM 3,319 CD320 -2,754 KRT17 3,264 NTMT1 -2,276 
KCNJ14 3,315 UXS1 -2,734 PTP4A3 3,263 CTSL -2,245 
TUBB2A 3,303 ZDHHC16 -2,718 ANGPTL4 3,262 HIPK2 -2,228 
ARC 3,246 ST6GALNAC4 -2,713 C20orf27 3,259 SFRP4 -2,206 
RALGDS 3,238 SMUG1 -2,709 CAVIN3 3,259 SRGN -2,196 
SCML1 3,223 EPRS1 -2,706 ECRG4 3,259 NPC1 -2,185 
FOXO1 3,221 TRIM16L -2,699 AVPR1A 3,252 FEM1B -2,184 
KCNQ1OT1 3,219 GCLM -2,691 NEXN 3,248 SCAMP2 -2,175 
PLAT 3,218 CARS1 -2,681 GGT5 3,244 SLC43A3 -2,170 
ARHGAP20 3,149 TMA16 -2,664 MGP 3,244 ITPKB -2,169 
MT1X 3,115 EEF1AKMT1 -2,661 PBXIP1 3,226 OTUD7B -2,144 
KLF4 3,098 LONP1 -2,607 TNS2 3,210 PLAU -2,129 
SLC2A3 3,082 PYCR1 -2,606 STING1 3,209 LY6K -2,119 
HMGB3 3,068 VNN1 -2,605 RERG 3,205 LSS -2,101 
CAMK2B 3,068 KIF1A -2,589 HCFC1R1 3,201 STARD10 -2,083 
EPOP 3,049 GMPPA -2,575 PPP1R14A 3,199 TXNRD1 -2,079 
ACTG2 3,047 ARG2 -2,565 COPZ2 3,167 CD276 -2,068 
NRBP2 3,043 PRR5 -2,564 CFD 3,128 LUCAT1 -2,065 
TSC22D2 3,025 C4orf48 -2,552 CCN5 3,126 ATP6V1A -2,057 
BCAM 3,019 SORD -2,541 PODN 3,123 FTL -2,043 
KLK6 3,007 GULP1 -2,539 IGFBP5 3,120 SH3GL1 -2,020 
SLC25A44 3,006 SFT2D1 -2,533 TAGLN 3,066 ZNF562 -2,018 
MXRA5 3,004 C1orf131 -2,529 COL1A1 3,063 RAB9A -2,012 
MAFB 2,978 SLFN5 -2,518 RCAN2 3,061 TBK1 -2,008 
HLF 2,956 IL17RB -2,506 SMOC2 3,057 CREB5 -2,005 
CCDC74A 2,955 MRPL12 -2,504 MXRA8 3,055 

  

SH3BGRL 2,954 ME2 -2,501 FOSB 3,053 
  

MYL9 2,948 AP1S1 -2,487 CST3 3,039 
  

CLIC3 2,939 TTC14 -2,482 LBH 3,028 
  

GASK1B 2,930 EXT2 -2,482 PGF 3,025 
  

COL9A2 2,924 MTHFD1L -2,482 LGI4 3,023 
  

COPZ2 2,869 TYMP -2,453 ANXA4 2,994 
  

EPPK1 2,866 TAGLN3 -2,448 TGFBI 2,980 
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AQP3 2,863 IRAK2 -2,445 SYTL2 2,962 
  

NRG2 2,845 TALDO1 -2,444 FXYD1 2,959 
  

EFNA3 2,833 EPHX1 -2,439 CCL8 2,959 
  

RRAD 2,831 MKKS -2,429 MT1X 2,958 
  

SEMA3B 2,826 COQ9 -2,428 PPP1R12B 2,932 
  

MTRNR2L8 2,805 COQ5 -2,426 LMOD1 2,922 
  

POSTN 2,798 SCAMP2 -2,422 KRT14 2,920 
  

ZNF503 2,796 CYP4F11 -2,415 CRIM1 2,917 
  

ING2 2,774 GORAB -2,407 ATP1B2 2,905 
  

TENT5B 2,773 ARTN -2,407 ADGRL3 2,882 
  

EFHD1 2,765 PPID -2,403 SELENBP1 2,878 
  

JUND 2,764 TMEM154 -2,398 ZFP36 2,859 
  

RBM3 2,764 PTGES2 -2,395 CLU 2,855 
  

ZFP36 2,763 SH2D5 -2,389 RARRES2 2,853 
  

TNS1 2,761 JAGN1 -2,388 NTRK2 2,838 
  

ERF 2,758 PPIL1 -2,388 IRF1 2,834 
  

SPTBN5 2,746 MTRES1 -2,378 EPHX1 2,821 
  

ITM2A 2,736 DCPS -2,377 ARHGAP1 2,820 
  

RHEBL1 2,732 BAX -2,365 KIAA0040 2,814 
  

RASSF5 2,731 CMAS -2,362 GUCY1A1 2,798 
  

KRT86 2,726 HMGA2 -2,357 ANKRD29 2,786 
  

CFI 2,721 PSPH -2,356 COL14A1 2,786 
  

PTN 2,720 RIOX2 -2,350 EGR1 2,776 
  

ADM5 2,718 HPF1 -2,347 CXCL12 2,775 
  

SYNM 2,706 FTH1 -2,346 SLC25A25 2,762 
  

ANGPTL2 2,701 CIAPIN1 -2,345 PCYOX1 2,749 
  

HOTAIRM1 2,699 CHCHD4 -2,342 RASL11A 2,744 
  

MYLIP 2,697 CDCP1 -2,341 ALDH2 2,739 
  

MIR22HG 2,696 COPZ1 -2,340 FHL1 2,733 
  

HEXIM1 2,695 FKBP15 -2,336 ADGRA2 2,730 
  

FOXO4 2,693 PI3 -2,336 SPARC 2,717 
  

TNS2 2,684 BET1 -2,329 MARVELD1 2,713 
  

FOS 2,681 KCTD17 -2,327 HNMT 2,689 
  

MYC 2,680 FAM241B -2,327 ACTN4 2,688 
  

PYGM 2,678 DGAT2 -2,321 LTBP2 2,684 
  

TMEM238 2,676 DDIT4 -2,302 TMEM176B 2,678 
  

TAGLN 2,667 MUTYH -2,299 FKBP5 2,677 
  

FAM43A 2,663 CHMP6 -2,299 SPARCL1 2,674 
  

ITGBL1 2,661 L3MBTL2 -2,299 ASAH1 2,661 
  

EZH2 2,661 PGD -2,299 REX1BD 2,661 
  

ZSWIM6 2,659 POLD2 -2,297 FOS 2,660 
  

PER3 2,657 PSMB10 -2,296 ABCC9 2,660 
  

CEBPA 2,649 FADD -2,287 MGMT 2,655 
  

CITED4 2,644 TUBG1 -2,286 ADGRF5 2,632 
  

CRY1 2,639 ARL14EP -2,277 EGR3 2,629 
  

CBX4 2,635 WNT6 -2,273 A2M 2,623 
  

TLE4 2,629 GPR180 -2,270 ADIRF 2,620 
  

SYCE1L 2,626 GSTO1 -2,268 KANK2 2,616 
  

DACT1 2,619 S100A9 -2,268 EHD2 2,608 
  

SOCS3 2,617 PLAU -2,263 SCP2 2,607 
  

PDK4 2,617 RIDA -2,262 SH3BGRL 2,606 
  

HSPA2 2,611 DHX32 -2,261 MAFB 2,599 
  

CIRBP 2,608 TRUB1 -2,247 TPM1 2,589 
  

DUOX1 2,579 TMEM69 -2,244 GBP1 2,587 
  

CCSAP 2,570 MRPL1 -2,242 INMT 2,574 
  

ZNF57 2,569 CSE1L -2,240 CFH 2,560 
  

APOD 2,564 SLC35B4 -2,240 GPC3 2,554 
  

FKBP9 2,563 SIRT6 -2,240 RASL12 2,554 
  

RGS2 2,559 MARS1 -2,236 ANGPTL1 2,551 
  

SERPINF1 2,556 FARSA -2,236 JUNB 2,547 
  

ARID5B 2,556 APBA3 -2,235 PDE5A 2,529 
  

KRT5 2,554 IL1A -2,232 LHFPL6 2,516 
  

MAP2K6 2,553 TTLL12 -2,231 TMEM176A 2,513 
  

APOC1 2,552 DHRS13 -2,229 GPNMB 2,497 
  

KRT17 2,551 RNF20 -2,225 CCL19 2,496 
  

LRATD1 2,542 CXCL8 -2,219 SORBS3 2,494 
  

CSRNP1 2,535 GSDME -2,218 ACTG2 2,494 
  

PRSS22 2,535 SAAL1 -2,218 EFEMP2 2,486 
  

KDM6B 2,529 CEPT1 -2,215 DUSP2 2,478 
  

MTRNR2L2 2,528 IDE -2,209 CSRP1 2,477 
  

TOB2 2,525 MTX2 -2,209 IER2 2,461 
  

FXYD6 2,521 GK -2,208 CRIP2 2,460 
  

ID1 2,521 PPP4R4 -2,204 RRAD 2,459 
  

HIC2 2,515 ODC1 -2,203 NOTCH3 2,455 
  

MT1M 2,504 PCBD1 -2,203 PDLIM2 2,452 
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GRIA4 2,504 CCL20 -2,202 CCDC80 2,451 
  

CKS2 2,503 CEP295 -2,197 C12orf75 2,449 
  

SEPTIN1 2,500 CPNE2 -2,196 CAMK2G 2,448 
  

REL 2,493 TFB1M -2,194 GSTK1 2,444 
  

IPMK 2,487 AIFM1 -2,194 PACSIN2 2,443 
  

MTRNR2L1 2,487 MRPL19 -2,193 DDIT4 2,439 
  

DUSP2 2,485 SLC27A1 -2,190 TIMP3 2,430 
  

HLA-DRB5 2,485 SHKBP1 -2,184 NUDT4 2,420 
  

SERTAD1 2,483 MAL2 -2,174 SOD3 2,418 
  

SCGB2A2 2,479 CMC1 -2,169 CCN3 2,411 
  

ATAD3C 2,479 UQCC2 -2,169 HOPX 2,400 
  

SIK1 2,475 B4GALNT1 -2,168 NDN 2,395 
  

ECRG4 2,475 ZSCAN26 -2,164 SEMA6D 2,368 
  

RASSF10 2,459 HDHD2 -2,164 UTRN 2,363 
  

HEY2 2,446 CGNL1 -2,160 TNFSF12 2,355 
  

PNRC1 2,446 GPT2 -2,158 G0S2 2,355 
  

HLA-DMA 2,444 PSMD13 -2,154 SURF1 2,351 
  

CENPL 2,444 YIF1A -2,153 FAM162B 2,347 
  

DLC1 2,444 SLC35F6 -2,150 LINGO1 2,336 
  

MAFF 2,443 IL34 -2,149 SOCS1 2,318 
  

CDK2 2,442 EIF2S2 -2,149 SERPING1 2,312 
  

SIRT2 2,438 ARFRP1 -2,147 ARHGEF25 2,303 
  

TAF4B 2,435 LRRC61 -2,146 MIDN 2,295 
  

JCHAIN 2,434 NCF4 -2,146 CAVIN1 2,295 
  

ORC6 2,431 USP28 -2,135 HSPB6 2,292 
  

MAP3K8 2,422 TOMM34 -2,135 NRARP 2,290 
  

MED26 2,417 SIGMAR1 -2,130 IFI6 2,270 
  

VWA1 2,412 CSTF2 -2,130 S100A13 2,267 
  

HLA-DRA 2,409 RNF175 -2,129 SRPX 2,240 
  

MAT2A 2,408 CCK -2,123 SMIM19 2,240 
  

TIPARP 2,407 LINC02802 -2,120 SEMA5A 2,234 
  

MLF1 2,399 MAGOHB -2,119 PBX1 2,225 
  

NR4A1 2,397 HSDL1 -2,113 ZBTB16 2,222 
  

TENT5C 2,397 ATIC -2,113 IFITM1 2,214 
  

POU2F2 2,395 GPR176 -2,108 HIC1 2,210 
  

ZC3H12A 2,394 CCDC167 -2,105 EPHA2 2,205 
  

GLT8D2 2,382 ELP6 -2,105 LGALSL 2,203 
  

ACP5 2,380 SSNA1 -2,103 NCKAP5 2,202 
  

ADAMTS2 2,380 HSD17B7 -2,100 ANTXR1 2,200 
  

NEDD4L 2,372 LRRC8D -2,099 DAAM2 2,178 
  

SIX4 2,369 ACO1 -2,098 GRHPR 2,178 
  

TRAPPC6A 2,357 QRSL1 -2,097 TBX2-AS1 2,178 
  

JPH2 2,355 GMDS -2,096 CDC42EP4 2,173 
  

WIF1 2,351 NUDT5 -2,093 SELENOP 2,169 
  

RNF103 2,349 ZNF507 -2,093 NIBAN1 2,166 
  

MARCKSL1 2,341 TSEN15 -2,093 LY6E 2,164 
  

MYLK 2,341 GCLC -2,090 MBNL2 2,149 
  

IL6 2,334 RPS6KA2 -2,087 ATRAID 2,145 
  

H2AX 2,321 ZNRD2 -2,086 NTN4 2,139 
  

FZD5 2,317 LAMTOR2 -2,084 SLC30A1 2,131 
  

CCDC3 2,314 MCRIP2 -2,083 SLC44A1 2,131 
  

AMD1 2,310 DPAGT1 -2,081 PLPP1 2,128 
  

ZNF574 2,308 UNKL -2,080 NUCB1 2,127 
  

KLF5 2,307 LPCAT1 -2,077 DKK3 2,111 
  

FKBPL 2,304 CHAC1 -2,077 FLNA 2,109 
  

TUFT1 2,303 EEF2KMT -2,073 MTRNR2L8 2,109 
  

SOX11 2,297 FEZ1 -2,073 SCPEP1 2,106 
  

TPM2 2,297 COMMD8 -2,071 INTS6 2,104 
  

FRAT2 2,294 HDHD5 -2,068 ANXA6 2,102 
  

GAN 2,294 RFT1 -2,067 SETBP1 2,100 
  

TNFRSF10D 2,289 SKIV2L -2,064 PNKD 2,097 
  

CENPN 2,287 PLS1 -2,060 MT1A 2,074 
  

CHKA 2,287 ACOT8 -2,060 GUCY1A2 2,070 
  

MIDN 2,287 MRPL27 -2,059 KLF10 2,062 
  

MAP3K9 2,276 DPM2 -2,056 MEF2C 2,060 
  

INTS6L 2,275 SNAPIN -2,055 APOE 2,055 
  

SGK1 2,271 ARL6 -2,049 CHN1 2,054 
  

IRF2BP2 2,267 DDX50 -2,045 EFNA1 2,048 
  

KIAA1614 2,266 ABHD4 -2,045 IGFBP7 2,044 
  

PBXIP1 2,263 CTSC -2,044 IER5L 2,039 
  

ZNF296 2,261 NIF3L1 -2,039 DZIP1 2,035 
  

DST 2,259 MPHOSPH6 -2,038 ANKRD36C 2,035 
  

KLF9 2,254 TRAP1 -2,035 MYOF 2,035 
  

YPEL2 2,244 DBT -2,033 SERTAD1 2,027 
  

ZNF92 2,244 CDKN2AIPNL -2,032 ANO1 2,025 
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MCAM 2,242 EIPR1 -2,026 FN1 2,023 
  

BAZ1A 2,239 SNUPN -2,026 MYH11 2,022 
  

INTS6 2,239 TMEM199 -2,024 PER2 2,020 
  

MT1A 2,238 IL32 -2,020 HELB 2,015 
  

TINCR 2,236 YIF1B -2,015 SYDE1 2,009 
  

ARL6IP1 2,235 FBXO6 -2,013 SNTB2 2,005 
  

FILIP1L 2,227 USP5 -2,012 ISYNA1 2,001 
  

CAVIN2 2,226 NBPF20 -2,008 
    

IDI1 2,226 AKAP10 -2,008 
    

SLC22A4 2,223 FAM174C -2,008 
    

CEP131 2,223 MRPS31 -2,006 
    

IL11RA 2,223 GEMIN2 -2,005 
    

PEG10 2,219 
      

EGR3 2,216 
      

GSN 2,213 
      

MXRA8 2,212 
      

CDC42 2,211 
      

CD109 2,211 
      

CSRP1 2,208 
      

PSMD6-AS2 2,208 
      

IGFBP2 2,207 
      

FAM184A 2,205 
      

CLYBL 2,205 
      

CXCL10 2,199 
      

CD164L2 2,198 
      

DENND4A 2,198 
      

KLK5 2,192 
      

NR6A1 2,188 
      

LMOD1 2,187 
      

LONRF3 2,186 
      

SLC1A2 2,185 
      

KRT14 2,185 
      

C1orf61 2,184 
      

FAM117B 2,184 
      

LTBP2 2,180 
      

BCORL1 2,180 
      

RBBP6 2,171 
      

KLF16 2,169 
      

CDKN2D 2,167 
      

MIA 2,166 
      

COX7A1 2,164 
      

SORL1 2,162 
      

KCNK6 2,162 
      

FBLN1 2,162 
      

PROS1 2,161 
      

PPM1D 2,158 
      

TPPP 2,155 
      

TUBA1A 2,153 
      

SSPN 2,150 
      

KPNA2 2,150 
      

GLIS2 2,147 
      

LIMS2 2,141 
      

ALDH7A1 2,141 
      

SCPEP1 2,135 
      

RTN4R 2,134 
      

NFKBID 2,130 
      

RDH10 2,130 
      

FAM126A 2,130 
      

WNK2 2,119 
      

ZNF711 2,114 
      

GPR37 2,114 
      

MAF 2,112 
      

MYADM 2,112 
      

KRT8 2,111 
      

ZNF799 2,111 
      

KALRN 2,109 
      

MGP 2,104 
      

LTB4R 2,102 
      

MAMLD1 2,099 
      

CAMKK1 2,095 
      

DNAJB1 2,095 
      

RNASET2 2,093 
      

METRNL 2,090 
      

FXYD3 2,089 
      

FERMT3 2,088 
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MEGF9 2,086 
      

BACH2 2,085 
      

IFI27L1 2,082 
      

ODF3B 2,081 
      

CNFN 2,080 
      

SOWAHC 2,079 
      

CORO7 2,077 
      

USP2 2,073 
      

PIM2 2,072 
      

BAMBI 2,072 
      

MAMDC2 2,071 
      

HLA-DRB1 2,071 
      

UBE2S 2,070 
      

ZNF331 2,068 
      

PPP1R15A 2,058 
      

LSMEM1 2,056 
      

TAF5 2,056 
      

RSRP1 2,055 
      

ZNF304 2,054 
      

EPHA4 2,054 
      

POLN 2,054 
      

SLC66A3 2,053 
      

PTGER3 2,053 
      

TNS4 2,045 
      

HAPLN3 2,041 
      

CITED2 2,029 
      

AHDC1 2,025 
      

SNORC 2,024 
      

DUSP4 2,020 
      

SKIL 2,015 
      

WDR47 2,015 
      

CATSPERG 2,014 
      

TMEM217 2,009 
      

ZNF34 2,009 
      

PRTFDC1 2,009 
      

KLHL15 2,007 
      

COL7A1 2,006 
      

ING1 2,005 
      

PRELP 2,005 
      

ANKRD37 2,004 
      

LOC105369332 2,001 
      

Genes displayed in this table were detected as up- and downregulated with a log fold change of at 
least 2.0 after a 16-hour compared to a 3-hour enzymatic dissociation in the basal/myoepithelial (BA) 
and vascular accessory (VA) population. Data from this table were visualized as bar graphs in Figure 
4.14 and Figure 4.16. 

Table 7.4: List of genes up- and downregulated after a 16-hour dissociation in the 
LHR- and LHR+ population  

Downregulated in LHR- Upregulated in LHR- Downregulated in LHR+ Upregulated in LHR+ 

Genes logFC Genes logFC genes logFC Genes logFC 
SCGB1D2 6,12644083 AKR1C2 -7,2827211 SCGB1D2 5,49297782 HMOX1 -7,1899457 
STAC2 4,90523707 AKR1C1 -6,5407608 PNMT 3,9326802 AKR1C3 -5,3883892 
MUCL1 4,64790245 PSAT1 -5,4704827 PTN 3,88889368 CYP1A1 -4,9474784 
AK5 4,50080406 SLC7A11 -5,358758 SCGB2A2 3,80430604 IL1B -4,2772397 
MIR155HG 4,21299347 JCHAIN -5,1363948 PEG10 3,29762211 INHBA -4,2417085 
RGS2 4,07042204 AKR1C3 -5,0856656 HSPA6 3,18858373 CP -3,9275079 
TFF3 3,93609808 HMOX1 -5,0581843 SNORC 3,13509028 S100A4 -3,830791 
CXCL14 3,88492324 SBSN -5,0162339 ARC 3,06621426 CFB -3,7603116 
ROPN1B 3,85112047 ADGRF1 -4,7760522 TNFRSF11B 3,01243937 TMEM40 -3,6937066 
AGR3 3,63673194 SLITRK6 -4,6709421 SCGB2A1 2,99348318 CNN1 -3,6912969 
ROPN1 3,56001216 S100A7 -4,42795 RBM3 2,96467954 GDF15 -3,6461678 
SCUBE2 3,39796841 RPS6KA2 -4,4176951 MMP7 2,89209467 SBSN -3,6388248 
LUZP2 3,39365225 ADAMTS5 -4,3114309 NTRK2 2,82418293 FBXO2 -3,6139494 
GJC3 3,38520836 HSD11B1 -4,2663959 GNMT 2,76044458 S100P -3,4218817 
CD14 3,37978206 DNER -4,1346765 GJC3 2,68797182 TNFSF10 -3,4031789 
SCGB2A2 3,37072781 PIR -4,0109095 RELT 2,64246309 ID1 -3,362104 
ATP2A3 3,2923127 FBN1 -3,9702623 AK5 2,58400608 CARHSP1 -3,3359656 
MNS1 3,28861177 S100P -3,9532709 PPP1R1B 2,55739635 CYP1B1 -3,1985623 
LRRC26 3,2580584 NOXO1 -3,920174 LRP2 2,49928181 SLC7A11 -3,1916667 
SELENBP1 3,24121254 ATP6V1C2 -3,9076947 NCAM2 2,49203749 IL32 -3,1352676 
CCT6B 3,20769131 IGFL1 -3,8242242 MUC6 2,48671585 C5orf46 -3,1167647 
TFF1 3,16277608 DCHS2 -3,8166239 PLAT 2,42713321 KYNU -3,1038204 
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ITM2A 3,12433775 CYP1A1 -3,7695881 SCGB3A1 2,42373153 PLA2G4C -3,0908981 
S100B 3,10882585 SERPINB4 -3,7467238 MFSD2A 2,42329899 IER5L -3,0849071 
PTN 3,08950249 ADAM8 -3,70202 FYB2 2,40491907 TINCR -3,0652692 
AFF3 3,07665475 SERPINB7 -3,6890222 SFRP1 2,33916975 KRT16 -3,0569208 
PAPPA 3,05763299 GDF15 -3,6857083 PDZK1 2,33455977 KLHDC7B -3,0429209 
CXCL10 3,02238164 PI3 -3,6841796 SERPINA11 2,3189102 TRIM16L -3,0360775 
MT1X 2,95784428 CLLU1OS -3,5795288 RGCC 2,30214873 CCDC9B -2,9753203 
HSPA6 2,88698617 CCL5 -3,5300651 SCUBE2 2,28309593 TRIB3 -2,9543197 
FRZB 2,88461209 KLHDC7B -3,5160358 ABHD14A 2,28010008 RIN2 -2,9497508 
FAM3D 2,87751885 FERMT1 -3,5096686 ANKRD30B 2,27579104 DDIT4 -2,945844 
ACTG2 2,87176312 SH2D4A -3,5033588 FASN 2,24867609 QPCT -2,9334157 
CNN1 2,8046194 QPCT -3,4746088 FOSB 2,23644293 LINC02015 -2,9244027 
GBP1 2,78354936 SLC6A9 -3,4690998 MAGED1 2,17603273 EGFL7 -2,9042351 
PIP 2,77665727 FOXI1 -3,4678566 TSPYL2 2,16754354 C11orf96 -2,8982307 
PPP1R1B 2,726878 IL34 -3,4636942 NAP1L5 2,15443571 S100A8 -2,8849722 
COL14A1 2,71576895 SERPINB2 -3,429705 PGR 2,13976954 IMPA2 -2,8542176 
CRY1 2,70468752 TLR6 -3,3304543 ARHGEF6 2,12010876 HMGB3 -2,7782897 
DSG1 2,70433626 CDC25B -3,3176524 TNIK 2,10225087 PHGDH -2,7759464 
SCGB2A1 2,69469494 LTB -3,3059603 SLC14A1 2,10202159 SOD2 -2,7709633 
STC1 2,65217961 UNC13A -3,3013474 MT1X 2,09349153 PTGR1 -2,7573922 
CXCL3 2,63216332 EPPIN -3,2951096 GCNT1 2,09260705 ST6GAL1 -2,743298 
MAPK15 2,62648147 PGLYRP4 -3,2878346 TFF1 2,07827023 KITLG -2,735509 
DUSP2 2,60505083 IDO1 -3,2805681 DHRS2 2,07728053 UCA1 -2,7304714 
CXCL9 2,59216148 PRDM1 -3,2236558 PRSS22 2,06829309 FTH1 -2,7205719 
NFATC2 2,58984018 FBXO2 -3,2043554 DENND2C 2,03427898 IRF2BPL -2,7201222 
MYH11 2,58534601 CIB2 -3,1989958 CLSTN2 2,0142833 TMEM156 -2,714754 
IL33 2,58252173 NUPR1 -3,1807189 CCDC18 2,00142003 SLC6A9 -2,7033708 
CRACR2B 2,56859295 HSD17B2 -3,1629608 C1orf53 2,00142003 S100A6 -2,7020488 
RBM3 2,50570342 MARCO -3,142463 

  
SLC16A3 -2,696528 

PLEKHB1 2,499064 TNFRSF11B -3,1400524 
  

HES2 -2,6911542 
BTBD19 2,48763113 ADM2 -3,1384816 

  
IL23A -2,688741 

SLC13A2 2,48734029 FDCSP -3,1361371 
  

ASNS -2,6354725 
LRRC4 2,47939206 NQO1 -3,1237853 

  
OSGIN1 -2,6271551 

HSD17B8 2,45762172 WFDC2 -3,1117692 
  

LGALS1 -2,5874968 
FABP4 2,42834556 S100A8 -3,1056727 

  
PIK3C2B -2,5831751 

VCAM1 2,42374571 TRIB3 -3,1033079 
  

DPYD -2,5758177 
CXCL2 2,41209773 LINC01191 -3,0966345 

  
MAP2 -2,5750352 

H1-1 2,40797683 WFDC3 -3,0905001 
  

PSMB9 -2,5718791 
KIF9 2,40716162 CYP1B1 -3,0551987 

  
SPNS2 -2,5562394 

BBOF1 2,40012455 JDP2 -3,0516742 
  

SH2D4A -2,5349649 
NDST1-AS1 2,38000646 CHAC1 -3,0395989 

  
PPFIBP2 -2,5156244 

RRAD 2,36920796 MAP2 -2,9935628 
  

AKR1B1 -2,5065975 
CRABP1 2,36450569 NR1D1 -2,9491323 

  
EFEMP1 -2,487478 

TGFBI 2,34104796 CYP1B1-AS1 -2,9452468 
  

HCAR1 -2,4598165 
PGR 2,32533079 THEMIS2 -2,9105145 

  
HTATIP2 -2,4579368 

LIN7A 2,3232871 ABTB1 -2,894489 
  

PIK3IP1 -2,4542769 
DIPK1A 2,31771238 ABCC3 -2,8730502 

  
MS4A7 -2,4503173 

LOC101927402 2,31531773 GPT2 -2,8593828 
  

PLEKHF1 -2,4481575 
KCNE1 2,3063377 MYRFL -2,8534401 

  
NUPR1 -2,44076 

RGS5 2,28775747 INHBB -2,8511904 
  

NNMT -2,4379048 
MESP2 2,2789203 VNN1 -2,8427429 

  
ID3 -2,4275803 

CDC42 2,26156269 RASD2 -2,8337134 
  

ABCC3 -2,4179009 
MXRA8 2,24891422 ATP2C2 -2,8189431 

  
PTPRM -2,4170933 

INPP4B 2,24166875 LGALS7 -2,8009369 
  

ERAP2 -2,3951863 
FBXO36 2,24120789 C1S -2,7797908 

  
EMP3 -2,3942399 

FN1 2,23485907 TMEM200C -2,7736558 
  

PRR15 -2,3484539 
DGKI 2,23177864 SERPINE1 -2,7652429 

  
BEST1 -2,3435405 

AGR2 2,23099041 IL1RN -2,7622239 
  

PATZ1 -2,332699 
PRPS1 2,22638678 EBI3 -2,7505944 

  
CCDC69 -2,3265265 

FBP1 2,2141534 PLA2G4C -2,7328274 
  

IFIT2 -2,3178458 
PDLIM3 2,21182749 LINC02015 -2,7314443 

  
FKBP1B -2,3104733 

IGFBP5 2,2102812 RAC2 -2,7194361 
  

PLAU -2,3031498 
TIMP3 2,20974374 CSTA -2,7008831 

  
GLRX -2,3007925 

C9orf116 2,208612 ND6 -2,6912883 
  

CALHM2 -2,293096 
MLF1 2,18891358 EGFL7 -2,665679 

  
HOXA10-AS -2,2880369 

CCDC74A 2,16322421 AGTRAP -2,6545648 
  

PDGFA -2,2788695 
FBLN1 2,15894124 ASNS -2,6242442 

  
SDC1 -2,2779844 

CCND2 2,15486638 RNASE1 -2,6177768 
  

SP6 -2,2694963 
LONRF3 2,15157668 S100A9 -2,6130732 

  
PLD1 -2,2630432 

RELA-DT 2,14465802 ZMYND8 -2,6124511 
  

IGFBP7 -2,2588723 
WDR90 2,13787923 VNN3 -2,5993455 

  
ACSL1 -2,2511011 

C17orf97 2,10799611 PAQR4 -2,5854253 
  

KCTD17 -2,2414511 
LRP2 2,1033685 MID1IP1 -2,5843752 

  
TUSC8 -2,2265854 

HELLS 2,09897706 CORO2A -2,582426 
  

MATN3 -2,2200037 
FOLR1 2,09375631 KRT81 -2,5649488 

  
H4C8 -2,2177974 
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HSPB8 2,07657295 TRIM16L -2,5534851 
  

SLC2A6 -2,2004465 
CENPK 2,0742515 LGALS2 -2,5425514 

  
MYL9 -2,2003604 

DPYSL3 2,06008535 LINC02188 -2,5344944 
  

ADM2 -2,1998086 
APOM 2,05453179 VASN -2,5337482 

  
APOL1 -2,1956614 

FOSB 2,05432673 GOLT1A -2,5312345 
  

ENC1 -2,191476 
PNPLA7 2,03984089 NCCRP1 -2,4970735 

  
LOC105369779 -2,1799494 

LOC101928002 2,03402206 MMP1 -2,4908848 
  

LINC02762 -2,1705269 
TESC 2,03139273 IDH1 -2,4908009 

  
POU2F3 -2,1620309 

RASL11A 2,02912466 SEL1L3 -2,4897488 
  

FTL -2,1563256 
MAP3K8 2,02679185 SYT14 -2,4887097 

  
PIGV -2,1406386 

ERBB4 2,01829487 RGS3 -2,4838617 
  

GULP1 -2,1296013 
TRAPPC6A 2,01259215 PDZD2 -2,4789457 

  
TLR2 -2,1224336 

GSTM2 2,00464353 CLEC7A -2,4647025 
  

CSGALNACT1 -2,1212855 
CFI 2,00155929 TRANK1 -2,4633211 

  
FDCSP -2,1210022   

IL3RA -2,4360082 
  

CDC25B -2,1206957   
DDIT4 -2,4304031 

  
TPRN -2,1169911   

PLD1 -2,4135416 
  

POT1-AS1 -2,116917   
FIGN -2,4075989 

  
ST6GALNAC4 -2,1153261   

HSPB1 -2,4053811 
  

INHBB -2,1142101   
CASP9 -2,3974927 

  
CISH -2,113231   

INHBA -2,3940884 
  

TPPP3 -2,1074258   
SLC1A4 -2,3923811 

  
AJUBA -2,1026862   

MST1R -2,3732355 
  

TIMP2 -2,1014376   
IRF2BPL -2,373133 

  
DUSP15 -2,0975662   

LOXL4 -2,367902 
  

DIO2 -2,0962126   
NCF4 -2,3578902 

  
TRIM58 -2,0875672   

CDSN -2,3563654 
  

GPT2 -2,0846003   
TMCC3 -2,3552937 

  
ASS1 -2,080379   

B3GNT3 -2,3511735 
  

SRPX2 -2,0725612   
SULT2B1 -2,3506125 

  
LOC101927809 -2,0696725   

TLR5 -2,3501416 
  

MAPK8IP2 -2,0653692   
SLC2A6 -2,3499584 

  
ADGRG1 -2,0551963   

C5orf46 -2,3495944 
  

DEFB1 -2,0384675   
TCIM -2,3483708 

  
FGF13 -2,0360724   

LOC105370854 -2,3471381 
  

FGD3 -2,0337238   
MAMDC4 -2,34706 

  
PIK3R1 -2,0276775   

LOC91370 -2,3463967 
  

TRIM22 -2,0185356   
FIBIN -2,3364607 

  
PCLO -2,0163108   

LPCAT4 -2,320969 
  

TLR3 -2,0141245   
ETV4 -2,3082281 

  
NEDD4 -2,0129689   

ST6GAL1 -2,299675 
  

GMPR -2,0037694   
LINC02487 -2,2972227 

  
CBR1 -2,0032003   

NCF1 -2,29059 
    

  
CPNE8 -2,2895357 

    
  

TRIM7 -2,2650931 
    

  
PSG4 -2,2640199 

    
  

STAC -2,2547172 
    

  
ADD3 -2,2522795 

    
  

MAFB -2,2413137 
    

  
NAV3 -2,2405325 

    
  

CLIP4 -2,2395986 
    

  
ELOVL4 -2,2329188 

    
  

C1QL2 -2,2314305 
    

  
REPS2 -2,225321 

    
  

FBXL19-AS1 -2,2159537 
    

  
HOXA10 -2,2149105 

    
  

EHHADH -2,2135971 
    

  
DEFB1 -2,1992602 

    
  

MUC16 -2,1909765 
    

  
CCL7 -2,1831096 

    
  

N4BP3 -2,1699039 
    

  
IGFBP3 -2,1697598 

    
  

OSGIN1 -2,1623955 
    

  
TPRN -2,154481 

    
  

H4C8 -2,1541059 
    

  
SLC26A2 -2,1526969 

    
  

SLCO4A1 -2,144291 
    

  
GK -2,1412804 

    
  

PNMA8A -2,1400663 
    

  
C15orf62 -2,1398295 

    
  

GIMAP2 -2,1356333 
    

  
ACSL6 -2,1343213 

    
  

SOX6 -2,1333339 
    

  
PPP1R14B-AS1 -2,132195 

    
  

ADAM28 -2,1297117 
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HTR2A -2,1248243 

    
  

ADGRG1 -2,1245623 
    

  
GLRB -2,1207778 

    
  

ARSG -2,1115625 
    

  
ACSS1 -2,1088045 

    
  

EIF4EBP1 -2,1057331 
    

  
CFB -2,1026642 

    
  

JAK3 -2,0997311 
    

  
KIAA1107 -2,0985133 

    
  

SLC7A7 -2,0959382 
    

  
OLFM4 -2,0898676 

    
  

ME1 -2,0885199 
    

  
BBOX1 -2,0831744 

    
  

TAFA5 -2,0829561 
    

  
SNCAIP -2,0815338 

    
  

UCA1 -2,0798854 
    

  
TMEM154 -2,0795853 

    
  

SLC43A1 -2,077793 
    

  
WIPI1 -2,0775412 

    
  

VNN2 -2,0772021 
    

  
CPA4 -2,0763979 

    
  

GJB5 -2,0751436 
    

  
FAH -2,0743267 

    
  

RNF144A -2,0732349 
    

  
PTPRU -2,0682149 

    
  

LINC01558 -2,0624547 
    

  
EPHB3 -2,0610614 

    
  

ANXA3 -2,0602959 
    

  
TXLNB -2,0582357 

    
  

AIFM2 -2,0573557 
    

  
GSE1 -2,0557661 

    
  

AARD -2,0556787 
    

  
GPX8 -2,0536183 

    
  

TRPV3 -2,0464317 
    

  
ALDH3A2 -2,0427049 

    
  

LINC01133 -2,041253 
    

  
GCLC -2,0398592 

    
  

NATD1 -2,0391562 
    

  
FAM217B -2,0389931 

    
  

TMEM204 -2,0370316 
    

  
GABRP -2,0281613 

    
  

ZPLD1 -2,0272516 
    

  
RUNX2 -2,0111494 

    
  

FST -2,0110518 
    

  
NR1D2 -2,0035623 

    
  

FAM114A1 -2,0022688 
    

  
C1orf116 -2,0018713 

    
  

TEF -2,0016945 
    

  
AJUBA -2,0003847 

    

Genes displayed in this table were detected as up- and downregulated with a log fold change of at 
least 2.0 after a 16-hour compared to a 3-hour enzymatic dissociation in the luminal populations 
LHR- and LHR+. Data from this table were visualized as bar graphs in Figure 4.14 and Figure 4.16. 

Table 7.5: List of genes up- and downregulated after a 16-hour dissociation in 
fibroblasts and endothelial cells 

Downregulated in FB Upregulated in FB Downregulated in ED Upregulated in ED 
Genes logFC Genes logFC genes logFC Genes logFC 
JCHAIN 7,44730212 CSF3 -5,7055242 AQP1 7,04023781 GDF15 -5,2632061 
CXCL13 5,89293693 MMP10 -5,5707221 ACKR1 6,23688149 CYP1A1 -4,5833099 
CCN2 5,33904923 CCL3 -5,2772827 IFIT1 5,78123027 F2RL3 -4,5444641 
ISLR 4,66041244 NMB -5,0241922 FBLN2 5,62253763 PGF -4,2187242 
FMO2 4,65892341 CXCL8 -4,9595572 TSPAN7 5,27866663 TNFRSF4 -4,1522949 
TNN 4,53742739 MMP3 -4,8768737 AREG 5,18240375 EIF4EBP1 -4,1067436 
INMT 4,34959792 AKR1C1 -4,4768378 MT1E 5,16353186 TMEM158 -4,0502218 
CD248 4,34959792 FST -4,2602798 A2M 5,11122716 SHMT2 -3,8599323 
COL3A1 4,31220361 ARSG -3,9891494 IFIT2 5,01898299 MMP10 -3,7491971 
SCGB2A2 4,21916507 TFPI2 -3,9527176 CAVIN2 4,97899186 SLC7A11 -3,6453294 
CXCL14 4,15300006 MEDAG -3,8281306 JCHAIN 4,82644538 ST3GAL6 -3,6094232 
ELN 4,12360501 GSTO1 -3,8152936 RAMP3 4,57143696 PTGS2 -3,5771219 
PER2 4,11841543 SLC7A11 -3,698099 VCAM1 4,47972812 MMP1 -3,5069132 
MXRA5 4,05199909 DESI1 -3,6043137 IFIT3 4,47697117 TRIB3 -3,4970111 
COL1A1 4,02116639 INHBA -3,5105795 ENPP2 4,43029577 TP53I11 -3,4781361 
PLXDC1 3,96027387 PTGES -3,5002305 SNCG 4,34009461 CXCL8 -3,4403287 
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FRZB 3,89028148 OSGIN2 -3,4380441 ICAM4 4,33482657 ST6GALNAC4 -3,3943189 
GAS1 3,82675301 G0S2 -3,4338304 CCL14 4,32072071 HOMER3 -3,3441079 
OLFML1 3,81845915 MGST1 -3,3906499 IFI44L 4,31744701 TNFAIP6 -3,3372547 
TNFSF13B 3,77581431 PRG4 -3,3692804 MT1X 4,27809422 CD276 -3,3372506 
GADD45B 3,7723997 CHCHD1 -3,3371051 PLAT 4,22174534 CRYAB -3,3264011 
SPON2 3,75357511 NPC1 -3,288024 CYB5D1 4,11699983 MYZAP -3,3239748 
CYB5D1 3,70446748 AIFM2 -3,2173014 MX2 4,10364157 CLDN14 -3,3195538 
LAMA2 3,65676191 LIF -3,2001132 LIMS2 4,06702859 AKR1C1 -3,2702251 
TMEM119 3,61463983 CXCL6 -3,1490485 EGR3 4,03114346 PLA2G4C -3,2515261 
PLXDC2 3,58811272 UCHL1 -3,0730754 RND1 4,02875845 MSMO1 -3,1499034 
MXRA8 3,58722483 TRAF1 -3,0593057 TAGLN 3,90841334 C4orf48 -3,0972908 
STRA6 3,54128465 GREM1 -3,0288165 ODF3B 3,86340595 PDGFA -3,0710059 
TSPAN8 3,50991852 ZNF397 -3,008893 ITGB4 3,86306391 NQO1 -3,0406982 
ALDH1A1 3,50883548 NRP2 -2,9932584 RAMP2 3,85885846 CXCL1 -3,0265069 
SEMA5A 3,50715898 NAV2 -2,9364229 CD34 3,85645741 PXDN -3,004268 
ADAMTSL3 3,4897223 IL33 -2,8977496 PDK4 3,85468994 TCP11L2 -2,9847311 
GDF10 3,46547791 ORAI1 -2,893316 ADIRF 3,85074528 AARS1 -2,9403445 
OLFML3 3,3898623 GNPDA1 -2,8880923 HLA-DMB 3,83658956 GRPEL2 -2,9366473 
RNASET2 3,36610656 FZD10 -2,8657052 F8 3,81688371 SMAD1 -2,892505 
ENPP2 3,35909513 TMEM38B -2,845575 GSN 3,80971219 ND6 -2,856342 
PHYHD1 3,35342364 ODC1 -2,8148722 SLC2A3 3,77682134 PGD -2,8484907 
AQP3 3,34701884 C1QTNF1 -2,8120575 CXCL12 3,76333407 AKR1C2 -2,838689 
SELENOP 3,32599494 TRNT1 -2,8030345 PCDH17 3,73420946 ARG2 -2,8116485 
HTRA1 3,32531232 GNPTAB -2,7953235 TMEM88 3,72834134 AFAP1L1 -2,7759641 
RGS16 3,30207761 SIRPA -2,7946498 MTRNR2L8 3,72582189 TFPI2 -2,7725369 
TSC22D3 3,30189731 AKR1B1 -2,7943663 TIMP3 3,71568076 IQCA1 -2,7637193 
COL1A2 3,29771577 IRAK2 -2,7854593 NR4A2 3,71519395 TNFAIP8L3 -2,7251518 
PDGFD 3,29070135 IMP4 -2,7670787 IFITM1 3,69297704 PCDH12 -2,7249857 
TAGLN 3,2793146 RRAGD -2,7616875 MYRIP 3,69169225 DESI1 -2,647264 
SPARCL1 3,2561635 MARCHF3 -2,7507896 IFI44 3,67694915 NUPR1 -2,633971 
IGSF10 3,25015605 NGF -2,743598 EPSTI1 3,65371085 CCND1 -2,6230439 
OMD 3,24365684 ZNF593 -2,7147511 BTNL9 3,63798571 TXNRD1 -2,6142287 
OLFML2A 3,22794487 BDKRB1 -2,7081112 THSD7A 3,63354723 FTH1 -2,6061288 
C7 3,21395416 ALG3 -2,6688828 MTRNR2L2 3,60821307 ISG20 -2,5874485 
MATN2 3,20204392 CHTOP -2,6531007 SCARB1 3,6044241 STT3A -2,5855667 
ANGPTL1 3,19994779 HTATIP2 -2,6526705 RASA4 3,56642345 UNC5B -2,5697885 
PRELP 3,19436931 ACSL4 -2,6430455 LTC4S 3,56061252 CXCR4 -2,5492442 
FOS 3,19308983 FTH1 -2,6344415 MTRNR2L1 3,5531686 H2AC6 -2,5454529 
ID1 3,19216546 RSAD2 -2,6334902 KRT17 3,53861789 F3 -2,5401686 
FIBIN 3,18767443 PPP6R1 -2,6300222 MYOF 3,52785454 EPRS1 -2,5398621 
RGCC 3,17950721 MGA -2,615272 FOS 3,52425148 FADS1 -2,5172206 
CD34 3,17191324 LYSMD2 -2,615272 NOSTRIN 3,51876283 TGFB2 -2,5086112 
CALCRL 3,16322589 SLC43A3 -2,599302 LRRC1 3,4943057 TMEM223 -2,5006113 
C1QTNF4 3,15438377 SLC9B2 -2,5968208 LEPR 3,49222182 IL32 -2,5000287 
PTCH2 3,14401789 FAM110B -2,5919956 KLF5 3,4864557 IDO1 -2,4921825 
ITIH5 3,14148204 LACC1 -2,5900858 SELE 3,48368908 COMMD2 -2,4862325 
GAS7 3,13745651 SLC7A2 -2,587885 ADRB2 3,46685206 NSDHL -2,4802215 
RGS2 3,13346254 SMS -2,5843095 CCN2 3,44397995 GARS1 -2,4557279 
ZBTB16 3,13250175 SLC12A8 -2,583321 SGMS2 3,43191119 NEURL3 -2,4385564 
SOCS3 3,09774901 PAPPA -2,5531876 DUSP2 3,41342541 BCL7A -2,4279493 
ECRG4 3,09271929 SUPT20H -2,5350572 IL6 3,39575322 CSTB -2,4223406 
PDE5A 3,05746855 PSMA5 -2,5325571 TNFAIP3 3,39056734 GOT1 -2,4207444 
VEGFD 3,0566343 NQO1 -2,5150353 BCAM 3,38860291 TBC1D2B -2,4172637 
MEGF6 3,04747036 PYCR2 -2,513868 CLEC14A 3,38501842 LONP1 -2,4161471 
SLC25A44 3,03999269 CSTB -2,5063134 AOC3 3,35535885 SCD -2,4074101 
FOXP2 3,02221438 SOAT1 -2,5015265 RGS2 3,34503748 AMN1 -2,3956521 
FOSB 3,01449328 IREB2 -2,499567 SOCS3 3,33732956 CARS1 -2,3812766 
FBLN5 3,00486363 RSPO3 -2,4926167 FGL2 3,3093685 GCHFR -2,3687488 
PPL 2,9788053 BRD7 -2,4834389 KLF4 3,29944875 ACAT2 -2,3647353 
SULF1 2,97122327 CXCL5 -2,4786117 RHOU 3,29577757 FTSJ1 -2,3626153 
ACP5 2,97122327 RCSD1 -2,4778461 KRT14 3,2894135 HSD17B7 -2,3526454 
TGFBI 2,96403035 MAVS -2,4778461 LIFR 3,26645576 RGL1 -2,3401628 
THBS4 2,95129321 TXNDC9 -2,4656925 ID3 3,26180694 WFDC2 -2,3109089 
CTSO 2,93804736 ELK1 -2,4605993 CD274 3,24184578 LRWD1 -2,3083912 
DIO2 2,93454734 TNFRSF1B -2,4400451 MT1A 3,24170545 PPID -2,2933719 
CCN3 2,92428149 PGD -2,4389851 APOLD1 3,23356301 DHCR7 -2,2903294 
DEPP1 2,91242348 DPH3 -2,429679 SERPINB9 3,20357911 JAG1 -2,2880102 
COPZ2 2,90044247 FAM89A -2,427678 DSG2 3,20325833 PYCR2 -2,2878316 
ANK2 2,89794051 CLPB -2,425855 MAP3K8 3,1969178 AIMP2 -2,2878316 
SYNE1 2,88896027 DIMT1 -2,4244349 ZFP36 3,19002133 KDM7A -2,2809229 
GAA 2,88366633 EXOSC4 -2,4139334 HLA-DRA 3,17942895 ANXA6 -2,2788141 
A2M 2,86770672 KCNK1 -2,4122845 TCN2 3,17914699 PDCD11 -2,2728435 
UTRN 2,86137735 WIPI1 -2,3921246 RAB3C 3,16820793 FTL -2,2721768 
FZD1 2,83567203 ATP6V1E1 -2,3786094 ST8SIA4 3,14950655 VRK3 -2,2719836 
SLC22A18 2,83526517 BASP1 -2,3784329 PALMD 3,1489535 C3orf80 -2,2587076 
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TNFSF10 2,83191409 FAM207A -2,3711462 FN1 3,13632132 TM4SF18 -2,2500003 
NEGR1 2,81365837 PLA2G4A -2,3665831 CFI 3,09671541 GABRE -2,2345642 
EGR1 2,80888686 MRPL44 -2,3646641 HSPA1B 3,0927857 TBC1D16 -2,2345642 
ASPN 2,79328996 MRPL15 -2,3602481 FOSB 3,07093395 TRIM47 -2,232233 
LOXL1 2,79219589 DEF8 -2,3547681 SPARCL1 3,06822293 RGCC -2,2292721 
BTG2 2,79074734 IGF2R -2,3499044 EPAS1 3,05092618 ESRRA -2,2196674 
LMNA 2,78790336 ATF6B -2,3481729 NCOA7 3,03255755 ITGA2 -2,2078928 
FSCN1 2,78573343 ATP6V1H -2,3475826 ARHGDIB 3,03217847 EIF2B2 -2,2061948 
PODN 2,78540846 AKR1C2 -2,3411765 ID1 3,01662696 C1orf174 -2,2059723 
BACH2 2,75519424 TEX30 -2,3382019 EPOP 2,98671475 LGALS1 -2,1901298 
COL6A6 2,746401 LSS -2,3360815 TSC22D3 2,98652437 AEBP1 -2,1850306 
UBASH3B 2,73617729 AP1S2 -2,322705 SMAD7 2,9831198 MED11 -2,1850306 
CRIP1 2,73375724 GLIS3 -2,3182401 TNS2 2,98147503 TMEM38B -2,1786664 
CXCL9 2,72724275 IL6 -2,315976 PEBP4 2,97917016 MARS1 -2,171936 
MMP16 2,71747871 NPAS2 -2,3158898 HSPA1A 2,97652453 ITPKB -2,170298 
EPB41L1 2,71376915 UPP1 -2,3046055 CD109 2,96393763 IL4I1 -2,159611 
PPP1R12B 2,71143578 BET1 -2,3044876 RNASE1 2,9550068 TALDO1 -2,1575919 
ACAP3 2,70588824 BEST1 -2,2911944 HES5 2,94594096 RASGRP3 -2,1572973 
MARVELD1 2,70280845 C15orf48 -2,2911944 SULF1 2,94585887 PLPP2 -2,1472482 
MAN1C1 2,68697031 TOMM34 -2,2757778 IL1R1 2,94303261 LPIN2 -2,1470951 
KLF4 2,68537633 TMEM138 -2,2744928 FOXC1 2,94067746 TNFAIP8L1 -2,1406785 
ADGRA2 2,68026689 THAP7 -2,2699666 NFKBID 2,9401211 MRPS31 -2,1387361 
LAMB1 2,67250581 GDF15 -2,2696929 ANKRD29 2,9350743 NT5DC2 -2,1367952 
BGN 2,65326628 FASTKD2 -2,2660689 EGR1 2,91226215 ESM1 -2,1326273 
ABHD14A 2,6439493 KCNMB1 -2,2660689 DIXDC1 2,90657805 ANXA5 -2,1268463 
LTBP2 2,6367816 CREG1 -2,2577424 PDE2A 2,8837798 SAA1 -2,1231974 
ITGA11 2,63220252 PPID -2,2552211 FKBP9 2,87559792 SSR3 -2,1220358 
CCDC159 2,63220252 G6PD -2,2541408 GJA1 2,8688135 MGAT4B -2,1162638 
C4orf46 2,62494371 ISG20 -2,2538536 EFNB2 2,86368457 BCL6B -2,1032159 
F2R 2,61314391 SQOR -2,2481376 KCNK5 2,85145414 G6PD -2,0918393 
BNC2 2,61135412 GNPNAT1 -2,2432798 CCDC68 2,85076859 MUL1 -2,0805492 
FHL1 2,60473791 SLC7A1 -2,2286196 RBM3 2,84223565 ARSJ -2,0805492 
ADH1B 2,6030845 NUP42 -2,2231955 SERPINB1 2,84092007 UBL4A -2,0796749 
SFRP2 2,5989815 IL1R1 -2,2189363 IGFBP4 2,83265658 CLPB -2,0757923 
IQGAP2 2,59517995 SMPD2 -2,2144657 LMCD1 2,8320843 CTU1 -2,0757923 
KCTD12 2,59390371 SLC30A5 -2,2105301 NSUN6 2,8270388 COL6A2 -2,0747402 
GLT8D2 2,58620304 PDPN -2,2042851 CYGB 2,81359054 FAM43A -2,0639109 
TMEM150C 2,58289652 C17orf58 -2,1996209 TXNIP 2,80936812 CISD2 -2,0569845 
COL5A1 2,58241575 TUBG1 -2,1879551 TAPBPL 2,79558779 NARS1 -2,0393039 
EGLN3 2,58082681 CNOT9 -2,1860524 IFI6 2,78981853 LXN -2,027106 
FKBP9 2,58032695 MCFD2 -2,1847975 MCTP1 2,78647558 DEAF1 -2,0253269 
LTF 2,57982438 EDNRB -2,1838629 MX1 2,78487865 ADD3 -2,0252264 
ID3 2,57449408 MT2A -2,175883 EVA1C 2,78273263 RPA2 -2,0237342 
RDH10 2,57097705 SNAPC1 -2,1755792 TGIF2 2,78213521 MYO1D -2,0147105 
NAALADL2 2,56547429 CCDC86 -2,1700067 ALDH7A1 2,78201144 TRAF1 -2,0142436 
MNS1 2,56547429 ADSS2 -2,1690673 SH3BGRL2 2,78097978 NR2F1 -2,0098957 
RUNX1T1 2,56508855 TRMT61A -2,1609481 PIK3R3 2,77760466 PNPLA6 -2,0019109 
CRIP2 2,56508855 HOXB2 -2,1574409 SLC25A25 2,75836496 

  

STING1 2,56022519 SERPINE2 -2,1553062 CENPL 2,7534131 
  

NFIA 2,55945663 TRIM5 -2,1518323 MMRN2 2,7466593 
  

FBLN7 2,55772632 CSTF3 -2,1518323 IGFBP2 2,72918902 
  

CDKN1C 2,55200347 CRYAB -2,1480292 ANXA2R 2,72806362 
  

LOC112268124 2,54879102 GULP1 -2,1476853 TNXB 2,72806362 
  

PRTFDC1 2,54829319 C17orf67 -2,1426585 SCRN2 2,72806362 
  

LSP1 2,54777718 CCBE1 -2,1358149 SLC25A44 2,7273974 
  

ZFP36 2,5433003 SNX8 -2,1334259 POSTN 2,71578208 
  

HMCN1 2,54022186 STEAP1 -2,1264136 NPDC1 2,70392173 
  

GSTM5 2,52513114 NEDD4L -2,124134 CFH 2,69854287 
  

RALGPS2 2,52513114 SAMD4B -2,1207476 RBMS3 2,69813012 
  

GALM 2,52166723 DOCK7 -2,1165154 C21orf91 2,69646751 
  

LOC102724889 2,52166723 THUMPD2 -2,1147817 TSC22D2 2,68871214 
  

LAMC3 2,52122586 PARP16 -2,1147817 GPR146 2,66458193 
  

SCARA5 2,51724293 AP5B1 -2,1100245 ZNF503 2,66458193 
  

COLEC12 2,51535865 CFB -2,1075064 LAP3 2,66259197 
  

HCFC1R1 2,50630339 ZNF579 -2,1053685 FLOT2 2,66120257 
  

ABCA8 2,50630339 C14orf119 -2,1041205 VWF 2,65789246 
  

SESN3 2,50486127 MSMO1 -2,1038922 MMP7 2,65376471 
  

ARHGAP18 2,49774011 MICU3 -2,1025189 MTUS1 2,64994978 
  

SPARC 2,49633771 ATP6V1A -2,0969626 HLA-DMA 2,64854786 
  

SUCNR1 2,48185475 MED7 -2,0958934 ABLIM1 2,63823901 
  

SYNPO 2,47883272 TNFAIP6 -2,09053 HLA-DQB1 2,63676155 
  

EPHA2 2,47575875 PTX3 -2,0869225 TACR1 2,63157238 
  

GUCY1A1 2,47499952 THAP1 -2,0863557 GCH1 2,63104594 
  

HBEGF 2,47153608 TRMT6 -2,0863557 HOXD1 2,62168765 
  

PAPLN 2,47153608 ITGA2 -2,0823947 OAS3 2,60705939 
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TIMP3 2,45958961 KIF3B -2,0771243 MEOX2 2,60626731 
  

ARC 2,45315141 MIPOL1 -2,0767546 CD74 2,60300948 
  

LSMEM1 2,45023709 MFSD2A -2,0686254 CPXM2 2,59914051 
  

METTL7A 2,44929721 AGPAT4 -2,0573584 ZNF620 2,59367767 
  

HEPH 2,44843411 ASNS -2,0573584 HBEGF 2,59273557 
  

VWA5A 2,44843411 PRPF3 -2,0570179 SRGAP1 2,58733361 
  

KRT8 2,44434847 UBAP2L -2,0570179 CSRP2 2,58620188 
  

HSPB6 2,43799483 GAR1 -2,0568382 LPAR6 2,58436247 
  

FAM184A 2,43342563 COPZ1 -2,056497 HLA-DPA1 2,57768025 
  

BOC 2,42773074 GOT1 -2,0475616 LRRC8B 2,57266056 
  

AHNAK2 2,42708325 ARL14EP -2,0464874 HIRIP3 2,56150079 
  

CD74 2,42617002 DDX27 -2,0461019 PLCB4 2,54690061 
  

HMGN3 2,42607922 TARS1 -2,0457828 ITM2A 2,53732123 
  

GALNT16 2,41942006 GTPBP6 -2,0414189 LRATD2 2,53666555 
  

TMEM176A 2,41638947 CNIH1 -2,0381647 CELF2 2,53183958 
  

CRISPLD2 2,40286684 C1orf174 -2,0376978 BTG2 2,53126425 
  

TAPBPL 2,40173909 RPP38 -2,0376978 LHX6 2,52497104 
  

THBS3 2,40155064 METTL21A -2,0366274 IL18R1 2,50999543 
  

NKD2 2,40155064 HMGA1 -2,0360126 ANXA3 2,50824214 
  

ALDH7A1 2,40097268 ALDH1A3 -2,0331394 HDDC3 2,50522771 
  

LDB2 2,40017121 PFDN4 -2,0319147 MGP 2,49500204 
  

SNAI1 2,40017121 CCT5 -2,0284105 ZBTB16 2,48803085 
  

TCN2 2,40017121 C1orf216 -2,0228718 SENCR 2,48803085 
  

CTSH 2,39451861 KDM7A -2,0094538 GIMAP6 2,48468327 
  

RBP1 2,39273043 PID1 -2,0074103 GSE1 2,48437251 
  

MBNL2 2,3892881 CD59 -2,0066082 TSHZ2 2,47536589 
  

PBXIP1 2,37413366 DTX2 -2,0019893 ATP1B1 2,47496586 
  

MEST 2,37036471 
  

GADD45B 2,47035015 
  

LSAMP 2,36547156 
  

PLAGL1 2,46450279 
  

MIDN 2,36273843 
  

DNMBP 2,46450279 
  

DNM1 2,35835789 
  

CCL2 2,45534345 
  

SNHG18 2,35460651 
  

SAMD9L 2,4484936 
  

F3 2,35233394 
  

MIR4435-2HG 2,44245587 
  

IFFO2 2,34944525 
  

LRIG3 2,44235105 
  

EGR3 2,34543686 
  

TMTC1 2,43911419 
  

COLCA1 2,34305644 
  

TINAGL1 2,42643238 
  

RHOJ 2,34305644 
  

ZC3H12A 2,42130096 
  

CSRNP1 2,341638 
  

SELENOP 2,41740821 
  

KIAA0040 2,33983866 
  

MAFB 2,41515485 
  

HPSE2 2,33494296 
  

HSPA6 2,4138836 
  

C16orf89 2,33494296 
  

TMTC2 2,41219309 
  

CAMKK1 2,33494296 
  

OAS2 2,41209451 
  

SPRY1 2,33163819 
  

CCDC18 2,40832853 
  

ITM2A 2,33099641 
  

LRP5 2,40832853 
  

MT1M 2,3300962 
  

LY6E 2,4082884 
  

TPPP3 2,32379963 
  

DHX58 2,40307416 
  

RGMA 2,32167447 
  

ALDH1A2 2,39375089 
  

TGIF2 2,32045865 
  

FAM189A2 2,38779161 
  

MIR99AHG 2,31811537 
  

PDLIM1 2,37864813 
  

ENTPD1 2,31551611 
  

GIMAP7 2,37121734 
  

KDELR3 2,30988606 
  

NEDD9 2,36802213 
  

JUND 2,30335369 
  

BMP6 2,36594183 
  

OLFML2B 2,29850724 
  

PLLP 2,36567085 
  

PTGDS 2,29503191 
  

LRMDA 2,36524502 
  

DPYSL3 2,29483701 
  

NFIA 2,3616703 
  

PTPN13 2,2943519 
  

GADD45A 2,36089313 
  

SERTAD1 2,28867467 
  

CCND3 2,35852982 
  

LOC101927151 2,28811694 
  

GGT5 2,3549161 
  

RGS5 2,2879801 
  

SCN1B 2,35224927 
  

FGL2 2,28777627 
  

MAT2A 2,35098625 
  

MRC2 2,27997819 
  

ETFRF1 2,35043002 
  

CILP 2,27952021 
  

SLC16A7 2,34842222 
  

SNED1 2,27816085 
  

HLA-DPB1 2,3475183 
  

RASEF 2,27816085 
  

CLDN11 2,34656429 
  

FKBP7 2,27647282 
  

IFI27 2,33930089 
  

LOC105369332 2,27291636 
  

BCL9L 2,33850406 
  

BST1 2,27243181 
  

HAPLN3 2,33143509 
  

CTSF 2,27207581 
  

CYYR1 2,3261085 
  

PLAC9 2,27037789 
  

PSMC3IP 2,3258797 
  

TCF4 2,27019293 
  

PLSCR1 2,32193444 
  

WNT11 2,26651027 
  

CEP112 2,31777714 
  

FAM117A 2,26651027 
  

PROS1 2,31490378 
  

VSIR 2,26416061 
  

ATP2B1-AS1 2,31279982 
  

AVIL 2,26301986 
  

HES1 2,30941776 
  

COL15A1 2,25995908 
  

CLU 2,3081201 
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TMEM100 2,25737441 
  

LPCAT4 2,30004405 
  

MGST2 2,25246281 
  

NRARP 2,29818593 
  

TXNIP 2,24485304 
  

FAM110D 2,29725305 
  

CRABP2 2,24431689 
  

DUSP1 2,29685353 
  

MEX3B 2,23944184 
  

SERPING1 2,28703666 
  

SPPL2B 2,23944184 
  

CST3 2,28430515 
  

GADD45A 2,23559954 
  

NPEPL1 2,28204534 
  

ZFP36L2 2,23463599 
  

TRIM69 2,2800921 
  

PRKCA 2,23423567 
  

EDN1 2,27729245 
  

ADAM33 2,23423567 
  

ATP11C 2,27729245 
  

BAIAP2 2,23148853 
  

S1PR1 2,2643004 
  

GHR 2,22440063 
  

ELOVL7 2,26381093 
  

ZNF92 2,22440063 
  

CASZ1 2,26105883 
  

GNAL 2,22440063 
  

BHLHE40 2,25949706 
  

HIC1 2,21918623 
  

TAF4B 2,25772564 
  

CYS1 2,21344694 
  

FAM117A 2,25497326 
  

SCUBE2 2,21344694 
  

TNFSF9 2,25497326 
  

SLPI 2,20812892 
  

BAG3 2,24189632 
  

KLF12 2,20631165 
  

PKP4 2,24155115 
  

DTX1 2,20510457 
  

SP110 2,22209332 
  

IGFBP3 2,20209067 
  

MYL9 2,21957554 
  

GGT5 2,19823478 
  

RUNX1 2,19949516 
  

CD109 2,19183134 
  

PBX1 2,1949885 
  

POSTN 2,18895817 
  

HS3ST2 2,19327359 
  

FKBP5 2,18348531 
  

MPZL2 2,19200224 
  

SULF2 2,18304333 
  

TMEM238 2,19001399 
  

NOTCH3 2,18272561 
  

ZNF385A 2,18236784 
  

TMEM176B 2,17484336 
  

PRADC1 2,17885184 
  

SGMS2 2,17240418 
  

CD24 2,17700415 
  

KANK2 2,16890302 
  

NHSL2 2,17700415 
  

KLF9 2,16788694 
  

DNAJB1 2,17666737 
  

SH3BGRL 2,16761633 
  

P4HTM 2,16713794 
  

GPM6B 2,16722799 
  

RASSF9 2,16713794 
  

MIR155HG 2,1650031 
  

CD36 2,16322491 
  

ACOT7 2,1615912 
  

TACSTD2 2,15986342 
  

CPVL 2,15984898 
  

SPNS2 2,14955005 
  

PLCL2 2,15729132 
  

TBC1D4 2,14521219 
  

CRISPLD1 2,15633217 
  

ANXA1 2,14516536 
  

CXCL12 2,15626331 
  

LIMA1 2,14214694 
  

MLF1 2,15411815 
  

PLCG2 2,13758109 
  

SMARCA2 2,14516225 
  

CACHD1 2,13108502 
  

APOD 2,14500214 
  

B4GALT6 2,12960529 
  

COMMD9 2,14369844 
  

NOCT 2,12616644 
  

ATF3 2,1389751 
  

TPD52 2,12616644 
  

PTN 2,13719664 
  

SYNE2 2,12332909 
  

SAMD9L 2,13683771 
  

TRIB2 2,12215189 
  

LIMS2 2,13483618 
  

THBD 2,11866453 
  

LPAR6 2,13483618 
  

ARHGAP26 2,11846807 
  

SPATA7 2,13483618 
  

NET1 2,11439505 
  

ERF 2,13252837 
  

LRRC32 2,11227672 
  

PCOLCE 2,13200731 
  

ADAMTS4 2,10642525 
  

FOXO1 2,13135121 
  

SERTAD1 2,10637759 
  

SULT1A1 2,12915465 
  

INHBB 2,10616096 
  

APOBEC3C 2,12915465 
  

GADD45G 2,10449978 
  

LANCL2 2,12040733 
  

GIMAP8 2,10243554 
  

TMTC2 2,12040733 
  

TLE4 2,10198028 
  

C20orf96 2,12040733 
  

CNKSR3 2,10183418 
  

GSTA4 2,1182154 
  

GALNT18 2,10009434 
  

CAB39L 2,1182154 
  

PCED1A 2,10009434 
  

EMILIN1 2,11413368 
  

GBP3 2,09744705 
  

CCN1 2,1121312 
  

GIPC2 2,09580364 
  

COL4A4 2,1069442 
  

PLVAP 2,09511423 
  

AGA 2,10139267 
  

EBF3 2,09371157 
  

CCDC6 2,09721046 
  

GBP1 2,0936212 
  

MAP3K8 2,09598331 
  

MRTFB 2,09276079 
  

CAT 2,09078069 
  

PARP9 2,09189233 
  

ARHGEF25 2,09078069 
  

CYTOR 2,08871137 
  

PDK4 2,08830265 
  

KAZN 2,08854627 
  

CIRBP 2,08711537 
  

VIM 2,0856735 
  

GAS6 2,08433062 
  

HELLS 2,07686359 
  

ANTXR1 2,08275584 
  

MIR22HG 2,06957169 
  

RBMS3 2,07657214 
  

NRN1 2,06919848 
  

TNS2 2,07338616 
  

C11orf1 2,0677045 
  

PIK3R1 2,06704337 
  

LRIG1 2,06296898 
  

LRRN4CL 2,06653679 
  

POU2F2 2,05641799 
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MYADM 2,06460666 
  

MT2A 2,05394192 
  

ANKRD50 2,06069396 
  

SERTAD2 2,04368697 
  

RASSF2 2,06069396 
  

TPM2 2,04135891 
  

EPB41L2 2,06066104 
  

NFKBIZ 2,03738383 
  

NTM 2,05838073 
  

BMPR2 2,03505287 
  

CACNA1C 2,05838073 
  

CAMK1D 2,03083366 
  

MYH11 2,05838073 
  

ACACB 2,02789559 
  

CLEC2D 2,05403856 
  

FES 2,02619282 
  

GXYLT2 2,05255653 
  

AFF1 2,02614308 
  

SORBS1 2,04846881 
  

CYTB 2,02211496 
  

LRRK2 2,04846881 
  

REL 2,0213459 
  

RNF152 2,04846881 
  

CTSC 2,02024469 
  

ZNF503 2,04261675 
  

TSC22D1 2,01702284 
  

GSN 2,04242406 
  

COBLL1 2,01457658 
  

AOX1 2,04100858 
  

ALKAL2 2,01249036 
  

KRT6B 2,04100858 
  

DDX60 2,00950287 
  

ZHX3 2,04100858 
  

IL33 2,0089088 
  

DYRK1B 2,04100858 
  

INTS2 2,00815499 
  

EGR2 2,03894908 
  

TRIM16 2,00772499 
  

CCN5 2,0367954 
  

FRY 2,00323869 
  

PARD3B 2,03519045 
  

SHB 2,00291142 
  

RGS3 2,03461077 
  

PCDHB4 2,00285225 
  

PTGIS 2,03428867 
  

THEM6 2,00285225 
  

DENND2C 2,03052597 
      

MYL9 2,02486978 
      

SLC2A3 2,0228089 
      

TP53I3 2,02080965 
      

PCDH9 2,02080965 
      

HIC2 2,01849051 
      

CEP85L 2,01316177 
      

CCDC80 2,011021 
      

FILIP1L 2,00800328 
      

SSPN 2,00255497 
      

Genes displayed in this table were detected as up- and downregulated with a log fold change of at 
least 2.0 after a 16-hour compared to a 3-hour enzymatic dissociation in the populations of fibroblasts 
(FB) and endothelial cells (ED). Data from this table were visualized as bar graphs in Figure 4.14 
and Figure 4.16. 

Table 7.6: List of genes up- and downregulated after a 16-hour dissociation in 
immune cells 

Downregulated in IM Upregulated in IM 
Genes logFC Genes logFC 
HSPA6 5,30564987 CXCL5 -6,1140643 
C1QA 5,03067754 IL24 -4,780884 
AREG 4,67349946 S100A8 -4,2839267 
AIF1 4,57009701 PLA2G7 -3,9780978 
FCGBP 4,30485555 MT1G -3,6768014 
CCL5 4,2463295 S100A9 -3,5862444 
HSPA1B 4,24490558 FABP4 -3,5401861 
OLR1 4,03745828 CYP1B1 -3,4051464 
HES4 3,74872929 PHGDH -3,3695272 
PLD4 3,62845165 FBXO2 -2,8981578 
HSPA1A 3,57874546 C11orf96 -2,7884573 
IL6 3,4549813 AGTRAP -2,7581404 
CPVL 3,35035559 ADAMDEC1 -2,7180375 
C1QB 3,32062185 TMEM140 -2,6684034 
AXL 3,28548958 HEBP1 -2,6343242 
MS4A6A 3,24876353 ANPEP -2,6256517 
LST1 3,21075615 MGST1 -2,5942105 
ATP1B1 3,11425141 CMC1 -2,5826691 
FCGR3A 3,10155911 COPZ1 -2,5250481 
A2M 2,99256643 HIF1A-AS3 -2,4997766 
DNAJB1 2,99145391 JSRP1 -2,4854646 
APOC1 2,98878016 RAB13 -2,4773277 
SDS 2,7347892 CDK14 -2,4447623 
THAP2 2,72351446 SLC11A1 -2,4135002 
CCL4L2 2,71224959 MDK -2,4033442 
C3 2,66711308 IL2RA -2,2832408 
C1QC 2,65286042 SHMT2 -2,2489899 
LTC4S 2,62813528 H4C8 -2,2261253 
RGS1 2,62508317 AARS1 -2,2244857 
CLEC7A 2,57997677 TNFAIP6 -2,2086695 
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CXCR6 2,57599199 FRA10AC1 -2,20097 
LDLRAD4 2,55540645 RAMP1 -2,197244 
IL1A 2,52630044 CXCL1 -2,1837359 
LY86 2,51837158 TRADD -2,1689528 
ANKRD37 2,51010812 CD300E -2,1686897 
SKI 2,5079371 MMP9 -2,1626735 
MMP7 2,49080529 IL3RA -2,13105 
KRT14 2,4865923 EIF2AK4 -2,0812721 
CST3 2,43665426 DAB2 -2,0793106 
HLA-DPB1 2,42758682 GJB2 -2,0580092 
MGP 2,42706677 TP53INP1 -2,0391652 
HOMER1 2,42340494 PTGR1 -2,034784 
RBM3 2,41593909 TMEM9 -2,0291279 
CLIC3 2,38644461 PYCR2 -2,0246163 
BAG3 2,38229919 RRAS -2,0246163 
HSP90AA1 2,3783307 

  

FRMD4A 2,37068927 
  

LOC102724889 2,34431848 
  

XCL2 2,34171306 
  

GRAMD1B 2,32762261 
  

RNASE6 2,32472533 
  

HLA-DPA1 2,31865602 
  

BCL2A1 2,29521737 
  

CTSW 2,28554621 
  

CXCR3 2,27878855 
  

MSR1 2,27266618 
  

KRT17 2,26794531 
  

ATP1B3 2,26779077 
  

NR4A3 2,2570127 
  

ID2 2,25595902 
  

LMNA 2,25103671 
  

ZNF165 2,24830541 
  

GRASP 2,22608631 
  

GZMM 2,21258413 
  

PBX4 2,19798601 
  

GZMB 2,19160564 
  

EZR 2,16036447 
  

TSPYL2 2,13889741 
  

SLC16A1 2,12627887 
  

TAGLN 2,12238227 
  

HSPH1 2,08460238 
  

MTRNR2L2 2,0733187 
  

GPR18 2,05986473 
  

XCL1 2,05665757 
  

PTGS2 2,03981509 
  

NR4A1 2,0343869 
  

SPOCK2 2,01396003 
  

GPR183 2,00394163 
  

Genes displayed in this table were detected as up- and downregulated with a log fold change of at 
least 2.0 after a 16-hour compared to a 3-hour enzymatic dissociation in the immune cell population. 
Data from this table were visualized as bar graphs in Figure 4.14 and Figure 4.16. 

Table 7.7: GO terms for overall upregulated genes after 16-hour dissociation 
(Biological process) 

GO terms biological process 
GO.ID Annotated 

genes 
Significant 

genes 
Expected 

genes 
Classic 
Fisher 

Gene names 

GO:0046364 55 5 0,5 3,00E-08 AKR1B1, G6PD, PGD, TALDO1, TKT 
GO:0006098 11 4 0,1 2,00E-06 G6PD, PGD, TALDO1, TKT 
GO:0055114 551 22 5 4,40E-06 AKR1B1, CYP1B1, DHRSX, FADS1, FTH1, FTL, 

G6PD, GSTO1, HMOX1, HTATIP2, KDM7A, 
MGST1, ND6, NQO1, PGD, PHGDH, PTGES, 
PTGR1, SHMT2, TALDO1, TKT, TXNRD1 

GO:0006805 30 5 0,27 6,40E-06 CYP1B1, GSTO1, MGST1, NQO1, PHGDH 
GO:0006749 26 4 0,24 8,00E-05 G6PD, GCLM, MGST1, PTGES 
GO:0034698 10 3 0,09 8,20E-05 ASNS, GCLM, INHBA 
GO:0034599 187 7 1,7 8,60E-05 CYP1B1, G6PD, HMOX1, LONP1, MGST1, NQO1, 

TXNRD1 
GO:0019369 11 3 0,1 0,00011 CYP1B1, PLA2G4C, PTGES 
GO:0098869 46 5 0,42 0,00022 GSTO1, MGST1, NQO1, S100A9, TXNRD1 
GO:0022900 136 5 1,23 0,00033 AKR1B1, ND6, NQO1, PHGDH, TXNRD1 
GO:0008584 68 5 0,62 0,00036 BAX, INHBA, KITLG, MGST1, NUPR1 
GO:0006418 39 4 0,35 0,0004 AARS1, CARS1, EPRS1, MARS1 
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GO:0009069 17 3 0,15 0,00044 GCLM, PHGDH, SHMT2 
GO:0048147 19 3 0,17 0,00063 BAX, FTH1, NUPR1 
GO:0097066 16 4 0,15 0,00113 AKR1B1, ANXA5, CTSL, GCLM 
GO:0046888 25 3 0,23 0,00162 ANXA5, INHBA, NMB 
GO:0001541 28 3 0,25 0,002 BAX, INHBA, KITLG 
GO:0006081 30 3 0,27 0,00244 CYP1B1, TALDO1, TKT 
GO:0043525 32 3 0,29 0,00294 BAX, NQO1, NUPR1 
GO:0043524 67 4 0,61 0,00311 AARS1, BAX, GCLM, HMOX1 
GO:0097327 53 4 0,48 0,00339 ASNS, EIF4EBP1, HMOX1, PTGR1 
GO:0097067 10 2 0,09 0,00349 CTSL, GCLM 
GO:0006809 34 3 0,31 0,00351 ARG2, CYP1B1, NQO1 
GO:0051924 84 5 0,76 0,00397 BAX, BEST1, G6PD, GSTO1, HOMER3 
GO:1901687 11 2 0,1 0,00424 GSTO1, MGST1 

 

Table 7.8: GO terms for overall upregulated genes after 16-hour dissociation 
(Molecular function) 

GO terms molecular function 
GO.ID Annotated 

genes 
Significant 

genes 
Expected 

genes 
Classic 
Fisher 

Gene names 

GO:0016209 39 5 0,36 4,20E-05 GSTO1, MGST1, NQO1, S100A9, TXNRD1 
GO:0004364 11 3 0,1 0,00012 GSTO1, MGST1, PTGES 
GO:0016616 57 5 0,53 0,00017 AKR1B1, G6PD, PGD, PHGDH, PTGR1 
GO:0004812 35 4 0,32 0,00029 AARS1, CARS1, EPRS1, MARS1 
GO:0016491 378 18 3,5 0,00052 AKR1B1, CYP1B1, DHRSX, FADS1, FTH1, FTL, 

G6PD, GSTO1, HMOX1, HTATIP2, KDM7A, 
MGST1, ND6, NQO1, PGD, PHGDH, PTGR1, 
TXNRD1 

GO:0016705 58 4 0,54 0,00147 CYP1B1, FADS1, HMOX1, KDM7A 
GO:0005125 38 4 0,35 0,00204 CXCL8, IL32, INHBA, KITLG 
GO:0048037 255 11 2,36 0,00241 ASNS, CYP1B1, G6PD, HMOX1, MGST1, PGD, 

PHGDH, PTGES, SHMT2, TKT, TXNRD1 
GO:0017046 10 2 0,09 0,00363 ANXA5, INHBA 
GO:0009055 76 4 0,7 0,00526 AKR1B1, NQO1, PHGDH, TXNRD1 
GO:0042803 430 10 3,98 0,00597 ASNS, BAX, CARS1, EPRS1, G6PD, GRPEL2, 

HMOX1, MGST1, ODC1, TKT 
GO:0008198 13 2 0,12 0,00617 FTH1, FTL 
GO:0005254 14 2 0,13 0,00716 ANO10, BEST1 
GO:0005544 14 2 0,13 0,00716 ANXA5, PLA2G4C 
GO:0000049 49 3 0,45 0,01035 AARS1, CARS1, MARS1 
GO:0004867 18 2 0,17 0,01175 TFPI2, WFDC2 
GO:0016597 19 2 0,18 0,01306 AARS1, SHMT2 
GO:0004869 20 2 0,19 0,01442 CSTB, WFDC2 
GO:0042625 29 2 0,27 0,01825 ABCC3, ANXA5 
GO:0042802 917 19 8,49 0,02073 ASNS, BAX, BEST1, CARS1, EPRS1, FTH1, FTL, 

G6PD, GRPEL2, HMOX1, HOMER3, INHBA, 
MGST1, NQO1, ODC1, PPFIBP2, S100A2, SHMT2, 
TKT 

GO:0050661 26 2 0,24 0,02381 G6PD, PGD 
GO:0004252 28 2 0,26 0,02736 LONP1, PLAU 
GO:0072341 30 2 0,28 0,03112 MGST1, PTGES 
GO:0004620 32 2 0,3 0,03507 HMOX1, PLA2G4C 
GO:0020037 32 2 0,3 0,03507 CYP1B1, HMOX1 

 

Table 7.9: GO terms for overall downregulated genes after 16-hour dissociation 
(Biological process) 

GO term biological process 
GO.ID Annotated 

genes 
Significant 

genes 
Expected 

genes 
Classic 
Fisher 

Gene names 

GO:0051085 26 6 0,32 5,30E-07 CD74, DNAJB1, HSPA1A, HSPA1B, HSPA2, 
HSPA6 

GO:0010837 16 5 0,19 9,50E-07 AREG, CD109, EFNB2, KLF9, ZFP36 
GO:0051591 40 6 0,49 4,10E-06 AREG, COL1A1, FOS, FOSB, IGFBP5, SPARC 
GO:0090083 13 4 0,16 1,40E-05 DNAJB1, HSPA1A, HSPA1B, HSPA2 
GO:0034620 113 5 1,38 1,90E-05 CCL2, HSPA1A, HSPA1B, HSPA2, HSPA6 
GO:0043434 247 8 3,01 2,20E-05 AREG, CCN2, COL1A1, EGR1, GJA1, IGFBP5, 

SOCS3, SPARC 
GO:0044344 71 5 0,86 3,30E-05 CCL2, CCN2, COL1A1, EGR3, ZFP36 
GO:0061448 102 6 1,24 8,90E-05 ACTA2, CCN2, COL1A1, CRIP1, EGR1, SLC25A25 
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GO:0019886 65 6 0,79 0,00013 CD74, CTSF, HLA-DMA, HLA-DPA1, HLA-DPB1, 
HLA-DRA 

GO:0071356 158 7 1,92 0,00035 CCL2, CEBPA, COL1A1, GBP1, HSPA1A, 
HSPA1B, ZFP36 

GO:0042026 29 4 0,35 0,00039 HSPA1A, HSPA1B, HSPA2, HSPA6 
GO:0051384 62 6 0,76 0,00047 AREG, FOS, FOSB, KLF9, SPARC, ZFP36 
GO:0051385 14 3 0,17 0,00058 CCN2, FOS, FOSB 
GO:2001240 15 3 0,18 0,00072 HSPA1A, HSPA1B, IFI6 
GO:0002576 59 5 0,72 0,00072 A2M, CD109, FN1, SELENOP, SPARC 
GO:0032757 16 3 0,19 0,00087 CD74, HSPA1A, HSPA1B 
GO:0070374 63 5 0,77 0,00097 CAVIN3, CCL2, CCN2, CD74, PRKCA 
GO:0060333 53 5 0,65 0,00097 GBP1, HLA-DPA1, HLA-DPB1, HLA-DRA, SOCS3 
GO:2000272 18 3 0,22 0,00125 MTRNR2L1, MTRNR2L2, MTRNR2L8 
GO:0001937 19 3 0,23 0,00147 CCL2, GJA1, SPARC 
GO:0001568 289 16 3,52 0,00167 ACTA2, ANGPTL4, APOD, CCL2, CCN2, COL1A1, 

EFNB2, EGR1, EGR3, FN1, GJA1, ID1, KLF4, 
PRKCA, SOCS3, SPARC 

GO:0010043 20 3 0,24 0,00172 CRIP1, KRT14, MT1X 
GO:0002250 148 5 1,8 0,00179 CD74, HLA-DMA, HLA-DPA1, HLA-DPB1, HLA-

DRA 
GO:0071276 21 3 0,26 0,00199 FOS, GSN, MT1X 
GO:1900117 21 3 0,26 0,00199 MTRNR2L1, MTRNR2L2, MTRNR2L8 

 

Table 7.10: GO terms for overall downregulated genes after 16-hour dissociation 
(Molecular function) 

GO term molecular function 
GO.ID Annotated 

genes 
Significant 

genes 
Expected 

genes 
Classic 
Fisher 

Gene names 

GO:0044183 17 5 0,2 1,10E-06 CD74, HSPA1A, HSPA1B, HSPA2, HSPA6 
GO:0030545 80 6 0,94 4,90E-05 AREG, CCL2, CCN2, MTRNR2L1, MTRNR2L2, 

MTRNR2L8 
GO:0031072 87 7 1,02 5,20E-05 DNAJB1, GBP1, HSPA1A, HSPA1B, HSPA2, 

HSPA6, ZFP36 
GO:0051787 21 4 0,25 9,10E-05 HSPA1A, HSPA1B, HSPA2, HSPA6 
GO:0019955 37 5 0,43 0,00018 A2M, CD109, CD74, GBP1, ZFP36 
GO:0097718 26 4 0,3 0,00022 FN1, GJA1, HSPA1A, HSPA2 
GO:0005518 26 4 0,3 0,00022 FN1, PCOLCE, SPARC, SPARCL1 
GO:0023026 12 3 0,14 0,00032 CD74, HLA-DMA, HLA-DRA 
GO:0005201 29 4 0,34 0,00034 COL1A1, FN1, PCOLCE, SPARC 
GO:0042605 15 3 0,18 0,00064 HLA-DPA1, HLA-DPB1, HLA-DRA 
GO:0004867 18 3 0,21 0,00112 A2M, CD109, SERPINB9 
GO:0140375 21 3 0,25 0,00195 CD74, HLA-DPA1, HLA-DRA 
GO:0050840 22 3 0,26 0,0027 BCAM, SPARC, SPARCL1 
GO:0001228 177 7 2,08 0,00464 CEBPA, EGR1, FOS, FOSB, KLF4, MYC, NFATC2 
GO:0051082 94 5 1,1 0,00481 DNAJB1, HSPA1A, HSPA1B, HSPA2, HSPA6 
GO:0035014 10 2 0,12 0,00576 KLF4, SOCS3 
GO:0005509 188 7 2,2 0,00642 FKBP9, GSN, MYL9, S100A4, SLC25A25, SPARC, 

SPARCL1 
GO:0005520 12 2 0,14 0,00832 CCN2, IGFBP5 
GO:0001618 36 3 0,42 0,00843 EFNB2, HSPA1A, HSPA1B 
GO:0001968 13 2 0,15 0,00976 CCN2, IGFBP5 
GO:0002020 75 4 0,88 0,01144 A2M, COL1A1, FN1, SERPINB9 
GO:0032561 227 5 2,66 0,01155 GBP1, RND1, RRAD, STING1, TUBB2A 
GO:0008201 41 3 0,48 0,01207 CCN2, FN1, PCOLCE 
GO:0005102 584 17 6,85 0,01447 A2M, AREG, CCL2, CCN2, CD74, EFNB2, FN1, 

GJA1, HSPA1A, HSPA1B, MTRNR2L1, 
MTRNR2L2, MTRNR2L8, PLAT, PRKCA, RND1, 
S100A4 

GO:0070412 17 2 0,2 0,0165 FOS, LDLRAD4 

 

Table 7.11: GO terms for downregulated genes after 16-hour dissociation in 
basal/myoepithelial cells (Molecular function) 

GO.ID Annotated 
genes 

Significant 
genes 

Expected 
genes 

Classic 
Fisher 

Gene names 

GO:0001228 232 22 6,83 1,30E-06 CEBPA, CSRNP1, FOS, FOSB, FOXO4, GLIS2, 
HLF, IRF2BP2, JUND, KLF4, KLF5, MAF, MAFB, 
MAFF, MYC, NR4A1, NR4A2, NR6A1, POU2F2, 
REL, SIX4, SOX11 
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GO:0005201 82 11 2,42 5,60E-05 COL7A1, COL9A2, FBLN1, LTBP2, MATN2, MGP, 
MXRA5, POSTN, PRELP, TUFT1, VWA1 

GO:0000978 320 22 9,42 0,00083 CEBPA, CRY1, EZH2, FOS, FOSB, JUND, KDM6B, 
KLF16, KLF4, KLF5, MAF, MAFB, MAFF, MYC, 
NR4A1, NR4A2, NR6A1, PER1, POU2F2, SIX4, 
SKIL, SOX11 

GO:0008307 26 5 0,77 0,00085 CSRP1, MYH11, MYL9, SYNM, TPM2 

GO:0004888 243 17 7,16 0,0017 ADRB2, BCAM, EFNA3, EPHA4, EPHB6, FZD5, 
GPR37, GRIA4, HLA-DRA, IL11RA, INTS6, 
KRT17, LTB4R, PTGER3, RTN4R, SORL1, 
TNFRSF10D 

GO:0001540 44 6 1,3 0,00171 ADRB2, EPHA4, FZD5, GRIA4, ITM2A, SORL1 

GO:0005200 61 7 1,8 0,002 KRT14, KRT15, KRT17, KRT5, SYNM, TUBA1A, 
TUBB2A 

GO:0005005 10 3 0,29 0,0026 EFNA3, EPHA4, EPHB6 

GO:0017080 21 4 0,62 0,00297 FXYD3, FXYD6, NEDD4L, SGK1 

GO:0000977 441 31 12,99 0,003 ARID5B, CEBPA, CRY1, EGR3, EZH2, FOS, FOSB, 
GLIS2, HEY2, HIC2, HLF, IRF2BP2, JUND, 
KDM6B, KLF16, KLF4, KLF5, MAF, MAFB, 
MAFF, MYC, NR4A1, NR4A2, NR6A1, PER1, 
POU2F2, REL, SIX4, SKIL, SOX11, ZNF711 

 

Table 7.12: GO terms for downregulated genes after 16-hour dissociation in vascular 
accessory cells (Molecular function) 

GO.ID Annotated 
genes 

Significant 
genes 

Expected 
genes 

Classic 
Fisher 

Gene names 

GO:0008201 62 15 1,94 4,20E-10 ANXA4, APOE, CCDC80, CCL8, CCN2, CCN3, 
CCN5, CFH, FN1, GPNMB, LTBP2, PCOLCE, PGF, 
SMOC2, SOD3 

GO:0005201 61 13 1,91 8,10E-08 COL14A1, COL1A1, EFEMP2, FN1, IGFBP7, 
LTBP2, MGP, PCOLCE, PODN, SPARC, SRPX, 
TGFBI, TINAGL1 

GO:0005509 189 20 5,92 1,50E-06 ACTN4, ADGRL3, ANXA4, ANXA6, AOC3, 
EFEMP2, EHD2, GSN, LTBP2, MGMT, MGP, 
MYL9, NOTCH3, NUCB1, S100A13, S100A4, 
SLC25A25, SMOC2, SPARC, SPARCL1 

GO:0005520 14 6 0,44 2,10E-06 CCN2, CCN3, CCN5, CRIM1, IGFBP5, IGFBP7 

GO:0005518 37 8 1,16 1,40E-05 ANTXR1, COL14A1, FN1, PCOLCE, PODN, 
SPARC, SPARCL1, TGFBI 

GO:0005178 63 10 1,97 2,20E-05 ACTN4, CCN2, CCN3, CCN5, CXCL12, FN1, 
GPNMB, TGFBI, THY1, UTRN 

GO:0008009 13 5 0,41 3,00E-05 CCL19, CCL2, CCL21, CCL8, CXCL12 

GO:0048020 11 4 0,34 0,00026 CCL19, CCL2, CCL21, CCL8 

GO:0043394 21 5 0,66 0,00039 APOE, CFH, FN1, GPNMB, SEMA5A 

GO:0008307 21 5 0,66 0,00039 CSRP1, MYH11, MYL9, NEXN, TPM1 

 
Table 7.13: GO terms for downregulated genes after 16-hour dissociation in 
fibroblasts (Molecular function) 

GO.ID Annotated 
genes 

Significant 
genes 

Expected 
genes  

Classic 
Fisher 

Gene names 

GO:0005201 91 28 3,31 9,30E-12 ASPN, BGN, CCN1, CILP, COL15A1, COL1A1, 
COL1A2, COL3A1, COL4A4, COL5A1, COL6A6, 
ELN, EMILIN1, FBLN5, FGL2, HMCN1, LAMA2, 
LAMB1, LTBP2, MATN2, MXRA5, PCOLCE, 
PODN, POSTN, PRELP, SPARC, TGFBI, THBS3 

GO:0008201 86 18 3,13 1,20E-09 CCDC80, CCN1, CCN2, CCN3, CCN5, COL5A1, 
CRISPLD2, CXCL13, FBLN7, HBEGF, LTBP2, 
LTF, PCOLCE, POSTN, PRELP, PTN, THBS3, 
THBS4 

GO:0005178 87 18 3,16 1,50E-09 CCN1, CCN2, CCN3, CCN5, COL3A1, COL5A1, 
CXCL12, EMILIN1, FBLN5, LAMB1, PRKCA, 
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PTN, SFRP2, TGFBI, THBS4, TNN, TSPAN8, 
UTRN 

GO:0005509 270 28 9,82 4,90E-07 ASPN, CD248, ENPP2, FBLN5, FBLN7, FKBP7, 
FKBP9, GAS6, GSN, HMCN1, LTBP2, MAN1C1, 
MATN2, MEGF6, MEX3B, MYL9, NKD2, 
NOTCH3, PCDH9, RASEF, SCUBE2, SNED1, 
SPARC, SPARCL1, SULF1, SULF2, THBS3, 
THBS4 

GO:0030020 21 7 0,76 5,90E-06 COL15A1, COL1A1, COL1A2, COL3A1, COL4A4, 
COL5A1, COL6A6 

GO:0019838 87 17 3,16 1,30E-05 A2M, CCN1, CCN2, CCN3, CCN5, CD109, 
COL1A1, COL1A2, COL3A1, COL5A1, CXCL13, 
GHR, HTRA1, IGFBP3, LTBP2, NKD2, PTN 

GO:0050840 34 8 1,24 2,20E-05 BGN, CCN1, CD248, ELN, OLFML2A, SPARC, 
SPARCL1, TGFBI 

GO:0005520 18 6 0,65 2,80E-05 CCN1, CCN2, CCN3, CCN5, HTRA1, IGFBP3 

GO:0005518 49 9 1,78 5,60E-05 ANTXR1, ASPN, ITGA11, MRC2, PCOLCE, PODN, 
SPARC, SPARCL1, TGFBI 

GO:0005539 110 24 4 0,00013 BGN, CCDC80, CCN1, CCN2, CCN3, CCN5, 
COL5A1, CRISPLD2, CXCL13, DPYSL3, FBLN7, 
HBEGF, JCHAIN, LTBP2, LTF, PCOLCE, POSTN, 
PRELP, PTN, SEMA5A, SULF1, SULF2, THBS3, 
THBS4 
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