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Abstract: 

The human breast can undergo cyclical development and involution over a woman’s 

lifespan from puberty to menopause. This regenerative ability suggests the presence of 

stem cells capable of reproducing the necessary structures and cell types for tissue 

function. However, a lack of suitable models has hindered understanding of this epithelial 

regrowth and its signaling mechanisms. In this study, I enhanced a novel hydrogel model 

through the incorporation of single primary breast cells to form ductal-lobular organoids, 

enabling fresh developmental insights and diverse scientific applications. Using this 

model to observe both morphological and expression-based alterations, I uncovered a 

novel signaling pathway involving the receptor tyrosine kinase DDR1 and the 

transcription factor RUNX1.  
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Chapter I: Introduction 
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1.1. Epithelial Breast Tissue 

The mammary gland is a tissue that defines the class Mammalia within the 

kingdom Animalia (Capuco and Akers, 2009; Gregory, 1910; Oftedal, 2002). The 

development of this organ changed the way that mothers pass nutrition and 

immunological factors to their young. Response to pregnancy hormones as well as those 

released after birth triggers the organogenesis allowing for secretion of proteins and lipids 

forming milk from specialized cells (Russo and Russo, 2004), and permits for nutrient 

transfer between mother and offspring, greatly increasing their chances of survival. The 

ability of the body to form its own highly digestible and nourishing nutrients to feed 

progeny allows greater safety and increased fitness compared to species whose offspring 

are either left to defend themselves upon hatching from eggs or whose parents have to 

immediately hunt for their young, allowing predators increased chances to get into the 

nest (Oftedal, 2002).  

The evolutionary history of the breast predates the emergence of mammals, with 

proto-mammals, or synapsids, believed to have possessed flat sweat glands capable of 

producing a nutrient-rich secretion to nourish offspring (Figure 1.1.) (Oftedal, 2002). 

Over millennia, early mammals further shaped the primitive mammary gland, enhancing 

its structure, invaginating it within the body, and promoting the development of alveoli 

for more efficient nutrient delivery to the young (Oftedal and Dhouailly, 2013). Today, 

among placental mammals, the mammary gland exhibits vast variability in anatomical 

features, cellular composition, and microenvironmental responses, reflecting millennia of 

evolutionary adaptation to a diverse ecological population (Capuco and Akers, 2009; 
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Gregory, 1910). The human breast, in particular, stands as a uniquely refined example of 

this organ, embodying millennia of selective pressures (Oftedal, 2002). 

 

Figure 1.1. Evolutionary History of the Mammary Gland: It is believed that synapsids 
were the first lactating organisms and that their basic sweat glands formed the basis for 
today’s mammary gland. Reprinted with permission Oftedal, O.T., Dhouailly, D. Evo-
Devo of the Mammary Gland. J Mammary Gland Biol Neoplasia 18, 105–120 (2013). 

 

Undergoing millions of years of evolution, the mammary gland  is a complex 

organ that is incredibly diverse amongst the class, reflecting the great diversity of both 

body plan and reproductive strategies evolutionarily entrenched in Mammalia (Capuco 

and Akers, 2009; Oftedal, 2002; Russo and Russo, 2004). Although with some variation, 

the mammary gland assumes a compound configuration consisting of two bilayered 

structures each comprised of luminal and basal cells. These compound structures, lobules 

and ducts, are responsible for the production of nutrients for the young and subsequent 

delivery to intended location respectively (Oftedal, 2002; Russo and Russo, 2004). While 
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these general structures remain similar across species, the networks that they form, the 

signals they receive from their microenvironment, and their response to said signals 

widely vary. 

This lack of direct comparability can have implications when attempting to 

understand the development of both healthy and diseased tissue of the breast. As both 

structures, interlobular stroma, response to hormones, developmental cycles, and 

microenvironment vary between the human breast and the mammary gland of other 

organisms, animal models do not fully recapitulate the development of human tissue or 

its response to external stimuli (Mukherjee et al., 2022; Sugimoto and Sato, 2021). 

Additionally, 2D cell culture and current humanoid models do not retain physiologically 

relevant morphology, preventing the proper transduction of signals from the 

microenvironment to specialized tissue types (Kapałczyńska et al., 2018). As these 

models do not accurately replicate the intricate signaling seen in human breast tissue, 

translation of research to a clinical setting may not lead to expected results (Hockney et 

al., 2023; Kim et al., 2020). To combat these discrepancies, a collagen-based hydrogel 

scaffolding that allows for the formation of biomimetic breast organoids derived from 

healthy primary tissue has been developed (Sokol et al., 2016) and has already shown its 

potential by defining a novel role for the transmembrane tyrosine kinase receptor 

Discoidin Domain Receptor 1 (DDR1) (Rauner et al., 2021). 

This thesis work strives to advance research and make an impact in the field in 

two ways. The first of these is through the enhancement of a novel 3D hydrogel model 

used to grow physiologically relevant primary breast organoids. This study reveals that 

the dissociation of organoid initiating units from an undefined cluster of epithelial cells to 
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single cells reduces challenges in reproducibility and quantification across primary 

samples allows for new stages of development to be observed and increases the 

applications possible through a primary breast organoid model. The second is the 

discovery of a novel downstream signaling axis from DDR1 to the essential transcription 

factor RUNX1, observed through use of this single cell derived primary breast organoid 

model. This investigation highlights the role of a DDR1-RUNX1 axis in cellular 

differentiation and morphological development of primary breast organoids was defined 

and may help to inform therapy options for clinical use in specific breast cancer subtypes.   

 

1.1.1. Anatomy and Development of Mammary and Human Breast Tissue 

Within a matrix of collagen, adipose tissue, and other stromal cells, exists the 

functional tissue that derives the mammary gland. This epithelial tissue is developed from 

progenitor cells that drive the proliferation and maturation of two cell types in distinct 

layers, the external basal cells that are oriented towards the microenvironment, and the 

internal luminal cells that are positioned towards the hollow lumen (Muschler and Streuli, 

2010). These specialized cell types form both the network of ducts and the lobules that 

develop along these ductal structures (Figure 1.2.). Each lobule is made of functional 

alveoli where specialized cells respond to hormones, producing milk that collects and is 

pulled down the ducts to the teat (Arendt et al., 2014; Russo and Russo, 2004; Wellings 

et al., 1975). 

The structure and function of human breast tissue is comparable to the structures 

of its anatomical counterpart, which is made up of the same cell types and is in part  



 6 

 

Figure 1.2. Human Breast Anatomy: Schematic of human breast anatomy and cross 
section of a TDLU with compound ductal alveolar structure. Both structural components 
are comprised of basal cells (red) on ECM facing layer and luminal cells (blue and green) 
on the interior. 
 
distinguished from other mammary tissue by the development of the functional terminal 

ductal lobular unit at the end of its extensive ductal networks that promotes both 

development and alveologenesis (Russo and Russo, 2004). Breast tissue, like mammary 

tissue, also goes through a multitude of dynamic developmental phases throughout a 

woman’s life and the duration of the tissues regenerative capacity that change both the 

composition and the functionality of the organ (Arendt et al., 2014; Russo and Russo, 

2004; Williams and Daniel, 1983).  

However, breast tissue is also unique in many ways. In contrast to the mammary 

tissue of other organisms, human breast tissue does not retain the same physiology, 

cellular makeup, and microenvironment characteristics (Holen et al., 2017). For example, 

the mouse mammary gland and human breast tissue are incredibly different (Bresslau, 
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1920; Daniel et al., 1968; Holen et al., 2017). Beyond major anatomical differences 

between the two species such as location, quantity, and size, the architecture of the 

functional glandular tissue in humans is more complex with a more extensive ductal 

lobular network, different classifications of lobules, and different terminal units (Dontu 

and Ince, 2015). These comparative tissues also respond differently to extracellular cues 

such as hormones and go through different signaling prompts during reproductive cycles. 

In addition, the intralobular stroma that surrounds the glandular tissue is different 

between that of mice and women: with adipose cells primarily encompassing mouse 

tissue and a more collagenous stromal compartment in humans. Together, these major 

differences, along with the many subtle distinctions between these tissues, creates a need 

for a more replicative model of human breast tissue. This need is particularly critical for 

understanding the intricate developmental phases underlying tissue formation, in which 

lack of a proper model has impeded a comprehensive understanding of the human 

breast’s regenerative potential. 

While the intricacies and signaling that drive this development in humans is not 

understood, the morphological traits of breast development have been characterized. 

These developmental phases begin during embryogenesis, when nipples connecting to 

15-20 simple ductal structures form through the enfolding of a bud on the ectoderm. The 

developmental process then remains on pause until puberty when these ductal structures 

begin to network, becoming more complex as branches increase in their secondary and 

tertiary branching as well as their length (Williams and Daniel, 1983). During this time 

the functional alveoli also begin to bud to create the proper specialized cells to receive 

hormones, such as estrogen, progesterone, and prolactin, upon pregnancy to initiate 
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cyclical breast tissue growth (Williams and Daniel, 1983). In response to these hormones, 

the tissue enlarges through the proliferation and maturation of both ductal and alveolar 

structures. Lobules, in preparation for the formation of milk secretion, greatly increase in 

both number and size (Arendt et al., 2014; Russo and Russo, 2004). The tissue retains 

this mass and function until post-pregnancy regression where shifts in hormones direct 

involution of the tissue and apoptosis of the epithelial tissue begins to return close to pre-

pregnancy levels (Russo and Russo, 2004). Upon receiving proper hormonal signaling, 

triggered by a subsequent pregnancy, the tissue will once again begin to proliferate to 

restore the glandular tissue to a functional orientation. These cycles occur until onset of 

menopause when the tissue atrophies and loses its regenerative capacity (Arendt et al., 

2014; Hutson et al., 1985; Russo and Russo, 2004; Wellings et al., 1975).  

 

1.1.2. Cellular Hierarchy and Stem Cells of the Breast 

The cyclical process of human breast development and regeneration strongly 

suggests the presence of an adult stem cell compartment within the breast. Stem cells 

possess the remarkable capacity for self-renewal and pluripotency, enabling them to 

either replicate themselves or asymmetrically differentiate into specialized cell types 

(Reya et al., 2001). These cells exhibit varying degrees of pluripotency depending on 

developmental stage and tissue type, broadly classified into embryonic and adult stem 

cells. Embryonic stem cells, prevalent during fetal development, display high 

pluripotency, contributing to the formation of the entire body plan (Young, 2011). In 

contrast, adult stem cells are more tissue-specific and demonstrate a more limited 

capacity for tissue formation (Ferraro et al., 2010; de Morree and Rando, 2023). While 
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embryonic stem cells are implicated in breast initiation, the mechanisms governing 

human epithelial breast tissue regeneration are not as well understood, primarily due to 

challenges in the modeling of human breast tissue. 

Thus, the field currently does not agree upon the types of cells that maintain this 

heterogeneous population (Arendt et al., 2014; Ferraro et al., 2010; Petersen and Polyak, 

2010; Rios et al., 2014; Van Keymeulen et al., 2011; Visvader, 2009; Visvader and Stingl, 

2014). Current cellular hierarchy dogma (Figure 1.3.) states that the multipotent breast 

stem cell does not persist beyond embryogenesis, however, its direct progeny, bipotent 

progenitors as well as long term unipotent cells, can regenerate the entirety of the adult 

mammary gland cellular hierarchy and maintain homeostasis within the tissue (Rios et 

al., 2014; Van Keymeulen et al., 2011; Visvader and Stingl, 2014). Research into this 

question, through the utilization of lineage tracing, has produced mixed results depending 

on models and techniques. Some data suggests that long term unipotent progenitor cells, 

when signaled, drive tissue regeneration during pregnancy through the generation of 

increasingly differentiated basal and luminal cells (Van Keymeulen et al., 2011).  

 

Figure 1.3. Human Breast Cellular Hierarchy: Common differentiation pathway and 
cellular subtype that makes up the mammary gland and the breast. 
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Other data from transplantation studies suggests that the cells driving tissue 

regeneration may be more defined and undergoing plasticity to recapitulate necessary cell 

types. In this vein, it has been observed that rather than a single cell type serving as the 

sole stem cell, experiments conducted under various conditions reveal that basal and 

luminal cell types exhibit plasticity and contribute to repopulating both epithelial lineages 

(Gupta et al., 2019; Keller et al., 2012; Shackleton et al., 2006). In these cases, cells act 

as “facultative’ stem cells and give rise to both basal and luminal progenitor cells which 

through signaling differentiate from this progenitor state to that of a mature basal or 

luminal cell type respectively. Furthermore, it has been shown that there are specialized 

cell subtypes in both the basal and luminal lineages, such as estrogen receptor positive 

luminal cells (Jordan and Koerner, 1975; Stender et al., 2010). Each of these diverse cell 

types serves a variety of different functions within the structure based on their location 

and the molecular signals that they are exposed to (Arendt et al., 2014).  

Basal cells, observed to be spindle-shaped, are the external cell layer of the 

human breast derived from basal progenitors and are acknowledged to specifically 

express epithelial markers such as; alpha smooth muscle actin (⍺SMA), and cytokeratin 

14 (CK14), as well as being EpCAMneg/low CD49fhigh  (Arendt et al., 2014; Sarrio et al., 

2012). These cells are also known as myoepithelial cells due to their ability to act as a 

pseudo-muscular tissue through contractility, activated by oxytocin, to drive secreted 

milk from lobules to the nipple during lactation (Reversi et al., 2005). Basal cells across 

epithelial tissues are known to exhibit an essential interaction with the specialized extra 

cellular matrix (ECM) of the basement membrane that supports structural development. 

In the breast, basal cells are thought to act as the protective layer to the epithelial 
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glandular tissue and the interacting layer with the collagen-rich ECM microenvironment 

and immune cells, while also playing a role of dispersing signals from the 

microenvironment into the tissue (Gieniec and Davis, 2022; Williams and Daniel, 1983). 

While basal cells are located on the ECM facing compartment, luminal cells line 

the apical surface and the lumen of glandular tissue. Luminal cells, derived from luminal 

progenitor cells, are the primary functional cell type of the organ as they some develop 

into specialized hormone-sensing cells that respond in turn with a response of 

proliferation, hollowing of the lumen, the production of milk, or a combination of the 

three (Brisken and O’Malley, 2010; Brisken et al., 1999; Haslam and Shyamala, 1979). 

Along with the expression of hormone receptors (HRs), these cells are characterized by 

the expression of markers such as Cytokeratin 8/18 (CK8/18) and E-Cadherin (E-Cad), as 

well as being EpCAMhigh CD49fneg/low (Arendt et al., 2014; Rauner et al., 2021; Sarrio et 

al., 2012). 

While current paradigms may not fully explain the breadth of the breast's 

regenerative capacity, the ability to recapitulate all required cell types strongly suggests 

the existence of a facilitative stem cell population within mammary tissue. Until recently, 

studies investigating the breast stem cells have been limited due to differences between 

human tissue and the available models (Bresslau, 1920; Gregory, 1910; Holen et al., 

2017; Russo and Russo, 2004). Recent advances in the 3D modeling of human tissue has 

allowed for the development of biologically relevant structures in conditions that allow 

for regular monitoring during the development of these tissues (Linnemann et al., 2015, 

2017; Rauner et al., 2021; Sokol et al., 2016). Through the further enhancement of one of 

these novel 3D hydrogel models, this thesis aims to contribute clinically translatable 
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knowledge on the stem cell compartment of the breast and the signaling that occurs 

during human breast development. 

 

1.2. Enhancement of Scientific Exploration Through 3D Tissue Models 

Scientific models have long been fundamental to research, playing a central role 

in modern scientific practices. These models vary in complexity, aiming to simplify 

interactions among a limited number of factors for easier comprehension or replicate the 

intricate cellular context to provide a more comprehensive understanding of real-world 

phenomena (Chittleborough and Treagust, 2009). The choice between 2D and 3D models, 

for instance, involves a trade-off between representing cell-cell interactions with 

simplicity or capturing the contextual nuances of structural expression in response to 

external stimuli. 

Similarly, opting between animal models or primary organoid models offers 

insights into developmental processes or therapeutic interventions within the holistic 

environment of a complete organism or the same development in a more restricted yet 

more human-relevant system. Particularly in the translation of clinically relevant work, 

selecting an appropriate model can enhance the acquisition of pertinent information, 

while an inadequate model may obfuscate results, leading to discrepancies and 

contradictions during the transition from laboratory research to clinical application  

(Jensen and Teng, 2020; Kapałczyńska et al., 2018). 

Understanding the functionalities and limitations of each model allows for the 

proper interpretation of experimental results. 2D cell culture models have long been 

indispensable in human cellular research, serving as a primary tool for studying the 
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effects of experimental factors on human tissue without ethical concerns associated with 

human testing. Immortalized cell lines, collected from various tissues, offer researchers 

the flexibility to investigate variables in tissues of interest. These cell lines can be 

genetically modified and subjected to alterations in their niche, enabling researchers to 

mimic diverse physiological conditions (Abbas et al., 2021; He et al., 2017; 

Kapałczyńska et al., 2018).  

While 2D models have significantly advanced disease therapeutics and facilitated 

the discovery of cancer-specific targets, their use raises questions about the relevance of 

findings to in vivo conditions. Immortalized cell lines, often oncogenic in origin, may not 

accurately represent normal human tissue, leading to limitations in replicating research 

outcomes (Abbas et al., 2021; Kapałczyńska et al., 2018; Linnemann et al., 2015). 

Additionally, the lack of tissue structure in 2D models hinders proper cellular 

interactions, potentially misregulating physiological signaling observed in healthy tissue 

(He et al., 2017). Moreover, inconsistencies in culturing techniques and the limited 

genetic variability within cell lines further highlight the need to understand the model's 

limitations for better translational research (Abbas et al., 2021; Ben-David et al., 2018). 

On the other hand, animal models, such as Planarians, Drosophila, and Mus 

Musculus, offer an alternative approach to studying biological processes with greater 

context and translatability compared to 2D models. Unlike 2D models, animal models 

maintain tissue structure and normal physiological interactions, providing a more 

comprehensive understanding of biological phenomena (Chan et al., 2021; Hickman et 

al., 2017; Mukherjee et al., 2022). Animal models also allow for experiments across 

populations, enhancing the generalizability of research findings. Within the use of animal 
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models, the selection of an appropriate model organism is crucial for maximizing the 

information obtained (Chittleborough and Treagust, 2009). While simpler organisms can 

elucidate specific interactions and components within a system, more complex models 

offer insights into multifaceted systems resembling human tissue. Despite their 

advantages, structural and cellular differences among model organisms can complicate 

results and hinder direct translation to human tissue, emphasizing the importance of 

careful consideration when choosing a model for research purposes. 

Despite their faults, the information gained from these models makes up the 

foundation of our current scientific understanding. Historically, however, certain 

questions have proven too complex for existing technologies to address. Until recently, 

inquiries regarding human stem cell-initiated embryogenesis and tissue regeneration have 

posed challenges in modeling and observation within the limitations of 2D, 3D, and 

animal models, primarily due to disparities in both structure and fundamental biology 

among these models. Efforts to enhance the humanization of these models aim to tackle 

these questions are ongoing. 

In the last decade, improvements in 3D cell culture/organoid models have allowed 

for their expansion as a major model type used for research into organogenesis and 

regeneration of multiple tissue types, including the human breast. Through the 

development of more tunable 3D scaffolds and a greater understanding of stem cell 

biology (He et al., 2017; Leisten et al., 2012; Sokol et al., 2016), large improvements 

have been made that have allowed for new and increasingly accurate knowledge 

regarding cellular responses, and processes such as organogenesis and regeneration. This 

truer representation of human tissue development also increases the application of the 
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model and allows for the interpretations of questions surrounding stem cell initiated 

tissue generation. 

 

1.2.1. 3D Culture and Modeling of Human Breast Development 

An emerging focus on stem cells and their microenvironment, coupled with the 

inherent limitations of traditional 2D cell culture and animal models, drove the creation 

of novel ex vivo models aimed at addressing inquiries concerning stem cell development 

into fully formed tissues. Investigations into pluripotent stem cells underscored the 

significance of the microenvironment, or niche, not only in the shaping of tissue 

architecture but also in the orchestration of the signaling required for tissue generation 

(Roskelley et al., 1994). Similarly, studies focusing on the surrounding cellular 

environment have provided insights into the biophysical characteristics of these 

macromolecules, which play pivotal roles in tissue formation (Alcaraz et al., 2008; Lee et 

al., 1984; Li et al., 1987; Rauner et al., 2021; Roskelley et al., 1994). This reciprocal 

exchange of observations between stem cells and the extracellular matrix has pushed the 

field forward, leading to the development of powerful biomimetic models. 

 The exploration of the stem cell niche began in the 1970s when researchers 

observed that the microenvironment surrounding cells played a crucial role not only in 

tissue development but also in the onset of diseases like cancer and the aging process 

(Patel and Lodish, 1987; Schofield, 1978; Vogel et al., 1997). This realization prompted 

researchers to harness the potential of this matrix to induce the differential expression of 

various cell types and facilitate tissue formation, moving beyond the confines of 

traditional 2D cell cultures. Utilizing a basement membrane matrix derived from mouse-
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originating Engelbreth-Holm-Swarm tumor cells, researchers created an extract that 

would later become the commercially available Matrigel (Kibbey, 1994). This basement 

membrane extract provided a substrate where mouse stem cells could interact with niche 

signaling cues, fostering tissue development (Li et al., 1987). Subsequent studies have 

investigated the individual components of Matrigel to gain a deeper understanding of 

their roles in tissue development, deciphering their structural and signaling contributions 

during the differentiation process (Lee et al., 1984; Li et al., 1987; Roskelley et al., 1994). 

Researchers focusing on the human breast were among the first in utilizing these 

matrix-based models to gain insights into tissue development. By embedding mouse 

mammary cells in gels derived from Matrigel basement membrane or purified collagen 

gels, researchers observed not only cell proliferation but also self-organization and the 

formation of specific tissue structures resembling those observed in vivo (Lee et al., 

1984; Li et al., 1987). Tissues cultured in these gels exhibited distinct milk secretion 

protein expression patterns compared to those grown in 2D environments. This 

highlighted the crucial role of the extracellular matrix (ECM) in guiding spontaneous 

organogenesis, extending beyond its structural support function to actively influence 

tissue growth and organization. 

These findings provided researchers with new methodologies to investigate the 

initiation of mammary structure development and regeneration. Previously, such 

investigations were limited to embryogenesis studies or surgical transplantations. 

However, these new experiments could be conducted more easily without the need for 

entire animals, enabling more accessible and observable studies. Despite becoming the 

standard in many breast studies, these techniques still face significant limitations in 
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translating results to human tissue. While mouse tissue could faithfully replicate 

morphologically accurate structures when cultured in 3D gels made of Matrigel or 

collagen or transplanted into cleared mouse fat pads, human tissue failed to achieve 

comparable levels of tissue growth (Pasic et al., 2011; Yang et al., 1987). 

To overcome the limitations of growing relevant human breast structures in 

Matrigel and collagen gels, researchers sought novel approaches to enhance existing 

models for studying human biology-related issues. While primary adult tissue failed to 

form structures in Matrigel, researchers discovered that the immortalized human breast 

cell line MCF10A could form small acini (Debnath et al., 2003). Since these cells were 

non-tumorigenic, they provided researchers with a model to investigate the initiation and 

differentiation of basic human structures and their interactions with the environment. 

Moreover, this model offered insights into oncogenic transformations and facilitated the 

study of tumor development (Debnath et al., 2003; Fischbach et al., 2007). For the first 

time, processes like lumen hollowing could be observed in human tissue ex vivo, 

highlighting the significant differences in tissue structural mechanics compared to growth 

on 2D plastic surfaces. The ability to model, observe, and manipulate these functions laid 

the groundwork for our understanding of 3D breast biology. 

Additionally, efforts were made to “humanize” mouse fat pads as another 

platform for growing human tissue. As primary human tissue and Matrigel are not 

compatible, studying breast morphogenesis in vivo became preferable to not studying it 

at all. Xenograft models, involving the injection of immortalized human fibroblasts into 

cleared mouse fat pads, provided a space for human epithelial morphogenesis to occur 

(Kuperwasser et al., 2004). This approach enabled studies on growth and development 
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within a system that could be modulated with experimental variables, thereby offering a 

deeper understanding of lifelong factors influencing breast structure growth. While these 

models injected a level of humanization into 3D breast models and facilitated 

comparisons of therapeutics in more human-like disease models, neither readily enabled 

the observation of the fundamental process of initiating a biomimetic human breast 

structure under human conditions. 

Concurrently with these 3D modeling advances came another major technological 

leap with the introduction of induced pluripotent stem cells (iPSCs) (Takahashi and 

Yamanaka, 2006), soon followed by human pluripotent stem cells derived from somatic 

(Yu et al., 2007), or from fibroblasts (Takahashi et al., 2007). These cells gave 

researchers the ability to undefine any cell into a plastic state and then redefine it into a 

cell type of choice, allowing access to stem cells able to form all tissue types. While 

previously stem cells were rare and acquired from surgeries, this advancement made 

them readily available and opened the opportunity for use of human organoids. 

Standardized procedures allowed the focus of research to be on the factors that drove the 

differentiation of these cells and not directly on their stem potential, allowing researchers 

to finally study the interactions between the stem cells themselves and the niche.  

Other models around the same time probed adult tissues for long term stem cells 

that were able to differentiate and recapitulate functional tissues. Early work with 

intestinal crypt cells showed that certain tissues do not require being attached to a niche 

for the regeneration of tissue, but more importantly that some adult tissues in humans still 

retain stem cells (Rosenbluth et al., 2020; Sato et al., 2009). From this time, organoids 

generated under physiologically defined conditions and with the use of hPSC, embryonic 
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stem, or adult stem cells as cell sources from tissues such as, the lung, breast, liver, heart, 

skin, stomach, esophagus, intestine, and colon  (Sokol et al., 2016; Zhao et al., 2022). 

In recent years, the understanding of the stem-niche relationship has allowed for 

the development of models that enable the formation of morphologically accurate human 

breast tissue from primary sources (Linnemann et al., 2015, 2017; Sokol et al., 2016), 

providing researchers with a new spatial-temporal understanding of normal and disease 

development across the tissue. The tissue generated from these models, cultured in 

floating pliable hydrogels, forms physiologically accurate ductal-lobular structures 

containing basal and luminal cell types in their proper arrangement, facilitating some 

quantitative analysis and further study of structural development (Linnemann et al., 

2015). However, while the tissue formed in these initial models was morphologically 

accurate, the culture conditions often included components not normally found in the 

human breast environment (Linnemann et al., 2017), potentially clouding the translation 

of results from the laboratory to clinical settings. 

More recently, efforts to create a more biomimetic 3D hydrogel model without 

inhibitors and containing only ECM components found in the breast stroma, namely 

collagen-1, laminin, fibronectin, and hyaluronic acid, seeded with small clusters of 

primary patient cells, allows for the formation of a biomimetic model (Rauner et al., 

2021; Sokol et al., 2016). Compared to previously iterations of breast culture models, this 

organoid has proper compound structure formation (i.e. the generation of a TDLU that 

contains both ductal and alveolar structures) (Figure 1.4. A), maintains lineage fidelity 

(Figure 1.4. B), allows for the expression of HRs, and exists in a biomimetic niche, 

making it the most representative model of human breast tissue thus far. This novel  
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Figure 1.4. Formation of a Biomimetic Breast Organoid: A) Comparison of primary 
human growth in 3D conditions, including Matrigel, pure collagen gels, and a novel 3D 
Hydrogel Model to sections of human primary tissue. B) Development of primary breast 
tissue in novel hydrogel model on day of seeding (D0) when seeded as a small cluster of 
primary cells, day 7 after seeding (D7) during ductal elongation, and Day 11 after seeding 
(D11) during alveologenesis. CK14 (green) is a basal marker, while CK8/18 is a luminal 
marker. Adapted Sokol ES, Miller DH, Breggia A, Spencer KC, Arendt LM, Gupta PB. 
Growth of human breast tissues from patient cells in 3D hydrogel scaffolds. Breast 
Cancer Res. 2016 Mar 1;18(1):19. doi: 10.1186/s13058-016-0677-5. PMID: 26926363; 
PMCID: PMC4772689 
 
model has already begun to advance our knowledge of breast tissue and its interaction 

with the ECM as well as what signaling is essential for breast tissue development of a 

biomimetic structure at specific times during expansion of the glandular tissue (Rauner et 

al., 2021). Part of this thesis work aims to enhance this novel 3D model through the 

continued dissociation of the initiating clusters of primary cells from small clusters to 

single cells. This advancement allows for more accurate and representative 

B) 

A) 
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quantification, a more complete understanding of the developmental timeline if the 

structure, and new research applications such as lentiviral transduction of tissue that will 

further enhance research in breast development. 

 

1.3. Discoidin Domain Receptor 1 and Development 

Functional tissue requires continuous crosstalk between cells and their 

microenvironment to interpret signals from the extracellular space and transduce them 

into intracellular signals. Cells utilize Receptor Tyrosine Kinases (RTKs) to facilitate 

interactions between receptors and ligands with high affinity (Du and Lovly, 2018; 

Lemmon and Schlessinger, 2010; Schlessinger, 2000).  RTKs share consistent structural 

features, comprised of an extracellular receptor domain for ligand binding, a hydrophobic 

transmembrane domain, and an intracellular catalytic domain that responds to ligand-

receptor binding and undergoes conformational changes allowing for phosphorylation. 

Upon activation, the catalytic domain often serves as a site for protein scaffolding, where 

numerous cell-specific proteins interact and are subsequently activated, initiating 

signaling cascades that drive various intracellular changes, from modulating protein-

protein interactions to orchestrating shifts in the transcriptome and cell identity. 

RTKs are categorized into 20 classes based on their known ligand families 

(Wagner et al., 2013). These ligands encompass various signaling molecules, including 

those mediating cell-cell interactions, paracrine signals, secreted factors such as cytokines 

and growth factors, endocrine hormones, direct interaction with the ECM, and some 

receptors lacking known ligands. The diversity of receptor-ligand pairings underscores 

the broad functional roles maintained by this class of transmembrane receptors. RTK 
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dysregulation is common in tumors, leading to aggressive malignancies (Du and Lovly, 

2018). To counteract this, selective small molecules have been developed to inhibit RTK 

signaling by binding competitively to their ligand-binding sites. Notable targets include 

HER2 (Lapatinib), EGFR (Gefitinib), MET (Crizotinib), VEGFR (Sunitinib), among 

others. Over 20 small molecule inhibitors are approved for cancer treatment (Hojjat-

Farsangi, 2014), further emphasizing the importance for further research into these 

receptors beyond their fundamental role in development. 

 

1.3.1. The Structure and Function of DDR1 

One cell surface receptor recently explored in human tissue is Discoidin Domain 

Receptor 1 (DDR1). DDR1, along with DDR2, located on chromosome 6 and 1 

respectively (Leitinger, 2014), are transmembrane receptors that binds their ligand in the 

extracellular space with their discoidin homology domain and delivers their signal 

intracellularly (Figure 1.5. A). These receptors are primarily expressed on epithelial cells 

(Alves et al., 1995). Functional isoforms of these receptors, containing the kinase 

catalytic domain, typically range from 855 to 913 amino acids in length (Song et al., 

2011). Ligand binding triggers kinase activation and autophosphorylation, which can be 

sustained for several days post stimulation (Vogel et al., 1997), facilitating the 

recruitment and activation of various proteins, such as SRC family proteins, Stat 

transcription factors, RasGAP, and others (Leitinger, 2014) (Figure 1.5. B).  

For many years DDR1’s ligand was unknown, giving it an orphan receptor 

designation until 1997. At this time it was discovered that, unlike many other RTK 

ligands that are secreted and sent from neighboring cells to stimulate a response, DDR1’s  
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Figure 1.5. Structure of DDR1: A) Structure of transmembrane receptor tyrosine kinase 
Discoidin Domain Receptor 1 (DDR1). B) Diagram of DDR1’s catalytic kinase domain 
phosphorylation sites and subsequent protein scaffolding that binds to the activated 
receptor for their own activation. Reprinted with permission from Leitinger B. Discoidin 
domain receptor functions in physiological and pathological conditions. Int Rev Cell Mol 
Biol. 2014;310:39-87. doi: 10.1016/B978-0-12-800180-6.00002-5. PMID: 24725424; 
PMCID: PMC4021107. 
 

only known ligands were various fibrillar forms of collagen (Types I - IV) in the ECM 

(Shrivastava et al., 1997; Vogel et al., 1997). DDR1 exhibits specificity for binding the 

amino acid sequence GVMGFO across these fibrillar collagens (Xu et al., 2011). This 

signaling between the cell and the niche is hypothesized to play a crucial role in 

development, allowing cells to directly respond to cues in their microenvironment and 

determine their cellular identity and needs.  

The developmental role of DDR1 in the formation of tissue has been validated 

through many model organisms, as its expression is conserved as far back in history as 

B) A) 
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some of the earliest multicellular organisms, metazoans, highlighting its importance to 

essential cellular processes and the existence of multicellular life (Chan et al., 2021). 

DDR1's specific developmental functions include differentiation, cell migration, cell 

cycle progression, control over EMT, and involvement in anti-apoptotic pathways 

(Leitinger, 2014). These functions are in conjuncture with synergistic and antagonistic 

interactions between DDR1 and other cell membrane proteins and receptors. 

Experiments in planarians, or flat worms, have shown that beyond its role in 

neuronal development, DDR1 activation through the binding of collagen can have far-

reaching effects that drive the differentiation and development of multiple cell types 

(Chan et al., 2021). Through the binding of collagen IV, DDR1 stimulates neurons to 

produce NRG-7, a neuregulin that promotes the asymmetric division, differentiation, and 

proliferation of neoblast cells, destined to repopulate any damaged tissue within the 

organism. The ability of DDR1 to direct regeneration and lead to the signaling of an 

indirect cell type should be investigated in other tissues and organisms. 

Knockout of DDR1 in mice led to a variety of issues with organogenesis across 

tissue types. These mice, which were smaller in size, experienced deficiencies in the 

formation of reproductive tissues, mammary glands, kidneys, inner ears, gastrointestinal 

tracts, and central nervous system (CNS) (Barker et al., 1995; Vogel et al., 2001). This 

loss of collagen signaling reduced both function and regenerative capabilities upon tissue 

damage in both developing and adult tissues (Leitinger, 2014; Meyer zum Gottesberge et 

al., 2008). These studies show the importance of interaction between cell and matrix and 

imply that this receptor could have major implications in human developmental biology. 
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1.3.2. The Human Physiology of DDR1  

Technological advancements in cell culture techniques have enabled recent 

exploration of DDR1's role in organogenesis across various human tissues, including the 

colon, ovaries, central nervous system, liver, hematopoietic system, and others (Ben Arfi 

et al., 2022; Chen et al., 2021; Elkamhawy et al., 2021; Fowler et al., 2020; Leitinger, 

2014; Rauner et al., 2021). Insight from model organisms such as the mouse and 

flatworm has allowed researchers to translate what is known and compare it to human 

physiology. These researchers have discovered that DDR1’s role in organogenesis and 

homeostasis translates to the human nervous system, liver, and hematopoietic system.  

DDR1 has recently been the focus of study in neurodegenerative research. In 

healthy tissue, activation of DDR1 has been observed to drive expression of n-cadherin, 

required to form cohesive neuronal tissues (Huang et al., 2016; Shintani et al., 2008), and 

the myelination and remyelination of oligodendrocytes (Vilella et al., 2019). In CNS 

disease states such as Alzheimer’s and Parkinson’s, DDR1 is often upregulated (Fowler 

et al., 2020), and that this activation can create disease-specific gene signatures. It has 

also been shown that inhibition or knockdown of DDR1 can reduce the burden of 

neurotoxic proteins (Fowler et al., 2020). It has been hypothesized that DDR1 can control 

survival pathways through modulation of neuroinflammatory responses (Fowler et al., 

2020). 

In liver research, DDR1 has been primarily studied in the context of the fibrotic 

disease (Manabe Ichiro et al., 2002; Moll et al., 2019; Takai et al., 2018). DDR1 plays a 

crucial role in liver regeneration by activating hepatic stellate cells, driving tissue 

regrowth (Romayor et al., 2020). Hepatic stellate cells are also responsible for collagen 
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synthesis in the liver, which is essential for maintaining tissue integrity during 

regeneration. However, over-activation of these cells through constant tissue damage 

leads to the overproduction of DDR1, causing fibrotic disease. DDR1’s role in the 

fibrotic disease state is also being investigated in renal fibrosis, pulmonary fibrosis, and 

the scarring of the skin (Chen et al., 2016; Moll et al., 2019), in which DDR1 inhibitors 

are being investigated for therapeutic purposes (Moll et al., 2019). 

Despite being known for their non-adherent nature, even hematopoietic cells 

leverage DDR1’s binding to collagen to regulate differentiation, proliferation, and 

population homeostasis within the bone marrow ECM  (Abbonante et al., 2013; Leisten 

et al., 2012; Zanetti and Krause, 2020). Hematopoietic stem cells and precursors interact 

with the collagenous matrix of the bone marrow to allow for mobility and development 

that is crucial for normal blood cell formation (Abbonante et al., 2013; Zanetti and 

Krause, 2020), further showcasing DDR1’s control of stem regulation. 

The data from these diverse tissues highlights not only the receptors, but also the 

microenvironment's role in tissue development through stem cell regulation. 

Dysregulation or overexpression of DDR1 can contribute to disease states, necessitating 

inhibitor treatment. While DDR1 drives proliferation and cell survival, inadequate 

downstream signaling may lead to tissue dysfunction, and thus, DDR1 is often 

upregulated in cancers and fibrotic diseases (Berestjuk et al., 2022; Moll et al., 2019; 

Valiathan et al., 2012). A more enriched understanding of DDR1’s fundamental 

regulation during the development and regeneration of these tissues in physiologically 

healthy conditions will allow further understanding of how it can also contribute to these 

disease states.  
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1.3.3. DDR1’s Role in the Human Breast Epithelium  

Research into DDR1’s role in human breast tissue is emerging. In mice, DDR1 

plays a significant role in mammary gland development, as evidenced by major defects in 

ductal tissue branching and breast milk secretion in knockout mice (Barker et al., 1995; 

Leitinger, 2014; Vogel et al., 2001). DDR1 expression and activity spans throughout the 

development of the mouse mammary gland from embryogenesis into adulthood, implying 

that DDR1 expression could be necessary through menopause in women (Vogel et al., 

2001). 

Compared to the predominantly adipose mouse fat pad, the human breast is 

contained in a more collagenous matrix, highlighting the potential significance of DDR1 

expression in human breast glandular epithelial tissue, present in both lobular and ductal 

structures. Studies have shown this to be true, as DDR1 is necessary for the 

differentiation of the luminal lineage which is subsequently required for the formation of 

fully mature alveolar structures (Rauner et al., 2021) (Figure 1.6. A). DDR1 on “stem” 

and basal populations drives Jagged1 (JAG1) expression, interacting with NOTCH1 on 

luminal cells to promote cellular layer maturation (Figure 1.6. B). While DDR1 

demonstrates regeneration and differentiation abilities, its nuclear translocation and 

transcriptional regulation remain poorly understood in healthy human tissue, preventing a 

comprehensive understanding of breast development. As with many of the other tissues 

that DDR1 has been studied in, the improper activity of DDR1 in breast tissue is also 

accompanied by disease states, particularly triple-negative breast cancer (TNBC) (Han et 

al., 2022; Sun et al., 2018, 2021; Takai et al., 2018; Zhong et al., 2019). While physical 

characteristics of the protein were implied to play a role in TNBC disease progression, it 
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is not known what function DDR1’s downstream signaling plays in the oncogenesis of 

this breast cancer subtype. 

 

Figure 1.6. Roles of DDR1 in the Human Breast: A) Loss of DDR1 expression in 
developing breast organoids leads to the loss of alveoli. B) DDR1 activation allows the 
differentiation of “Stem” cells into Basal Progenitors which express JAG1. The 
interaction with these JAG1 expressing basal cells with NOTCH1 expressing luminal 
cells drives both cell types to maturity. Adapted with permission from Rauner, G., Jin, 
D.X., Miller, D.H. et al. Breast tissue regeneration is driven by cell-matrix interactions 
coordinating multi-lineage stem cell differentiation through DDR1. Nat Commun 12, 
7116 (2021).  
 

Collectively, findings from these various organs highlight the pivotal involvement 

of DDR1 in tissue homeostasis, through its regulatory influence on stem cell dynamics, 

differentiation processes, and cellular proliferation. An in-depth comprehension of the 

downstream signaling pathways governed by DDR1 holds promise not only for 

advancing our understanding of its tissue generating developmental functions but also for 

understanding how this signaling can be manipulated to promote disease and exploring 

therapeutic avenues in disease contexts. This thesis project aims to investigate DDR1’s 

downstream network in the breast with the overarching goal of elucidating its regulatory 

mechanisms throughout the process of breast organogenesis and development.  

B) A) 
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1.4. RUNX1’s Involvement in Tissue Development 

RTKs serve as initiators of signaling cascades that drive changes in cellular 

programming and identity, however it is downstream proteins that transduce these signals 

into functional changes in cellular machinery and programming. One of the most 

powerful drivers of cellular change are transcription factors (TFs) (Spitz and Furlong, 

2012). Upon activation, these nuclear proteins bind to specific DNA binding domain 

(DBD) sequences, recruiting cofactors to promoter and enhancer regions, and facilitating 

DNA conformational changes that promote mRNA synthesis or repress gene transcription 

(Bauer et al., 2010; Jemc and Rebay, 2007). Diverse post-translational modifications 

(PTMs), including phosphorylation and acetylation, further modulate transcription factor 

activity, contributing to tissue-specific and cell-specific responses (Yeung et al., 2018). 

Transcription factors often form complexes with various cofactors, amplifying the 

complexity and diversity of gene expression regulation. Interactions between primary 

transcription factors and cofactors drive differential transcriptional responses, influenced 

by cellular context and the dynamic interplay of protein expression and epigenetic 

regulation (Bauer et al., 2010; Jemc and Rebay, 2007). These modifications, alongside 

transcription factors' non-canonical roles, extend their functions beyond transcriptional 

regulation, encompassing DNA repair, cell cycle control, epigenetic modulation, and 

immune response (Friedman, 2009; Hu et al., 2022; Krishnan and Ito, 2017). 

However, misregulated transcription factor activity is often a hallmark of disease 

progression, swiftly transforming cells from benign to malignant states (Lee and Young, 

2013). Tumor suppressor transcription factors, which normally maintain cellular 

homeostasis, are frequently lost during oncogenesis, while oncogenic transcription 
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factors promote malignant transformation by driving aberrant gene expression programs 

(Bushweller, 2019; Xu et al., 2000). Additionally, certain transcription factors exhibit 

context-dependent roles, acting as either tumor suppressors or oncogenes based on the 

cellular environment, highlighting the intricate interplay between transcriptional 

regulation and disease pathogenesis (Shen et al., 2018). 

 

1.4.1. RUNX1 Structure and Interactions  

Runt-related transcription factor 1 (RUNX1), also known as core binding factor 

alpha (CBFa) (Okuda et al., 2001), is a versatile transcription factor with dual roles as an 

activator or repressor of transcription, depending on the context (Figure 1.7. A and B). 

RUNX1 belongs to a family of transcription factors acknowledged as master regulators of 

development and differentiation of many tissue types, and is primarily recognized for its 

role in hematopoiesis (Bresciani et al., 2014; Friedman, 2009; Growney et al., 2005; 

Okuda et al., 2001).  Initially identified in Drosophila, the Runt proteins, to which 

RUNX1 is homologous, play crucial roles in the proper development of segmented 

embryos, specific sections of the central nervous system (CNS), and the regulation of sex 

determination (Canon and Banerjee, 2000; Walrad et al., 2011).  

Runt proteins are characterized by a distinctive Runt domain, containing a highly 

conserved DNA binding domain essential for their function. This domain facilitates the 

binding of Runt proteins to specific DNA sequences, including the core binding factor 

(CBF) DNA sequence of TGTGGT (Tahirov et al., 2001). Interacting with cofactors, 

Runt forms functional protein complexes typical of more complex organisms' 

transcription factors (Adya et al., 2000; Canon and Banerjee, 2000; Walrad et al., 2011).  
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Figure 1.7. RUNX1: Interactions and Post Translational Modifications: A) Diagram of 
RUNX1’s interactome. Reprinted with permission from Beghini A. Core Binding Factor 
Leukemia: Chromatin Remodeling Moves Towards Oncogenic Transcription. Cancers. 
2019; 11(12):1973. (2019). B) Diagram of RUNX1’s post translational modifications 
(PTMs) and effectors of these PTMs.  Reprinted with permission from from Goyama, S., 
Huang, G., Kurokawa, M. et al. Posttranslational modifications of RUNX1 as potential 
anticancer targets. Oncogene 34, 3483–3492 (2015)  
 

Typically, Runt interacts with a β-subunit, Brother (Bro) or Big Brother (Bgb), inducing 

a structural change in Runt that enhances its DNA binding affinity to the target sequence 

(Adya et al., 2000).  Other cofactors allow for increased complexity of the roles that Runt 

can play. For example, interaction with the protein product of another essential 

drosophila embryonic gene, hairless, allows for the control of specific spatial regulation 

of Runt target gene expression (Walrad et al., 2011). These interactions control the Runt 

protein’s switch from an activator to a repressor of transcription, depending upon the 

cellular context that it is given. 

As a primary pair-rule gene, a master regulator of drosophila body plan 

development in the embryo, Runt is activated directly in oocytes premade maternal 

mRNA transcripts, and then will shift to a zygotic expression (Tsai and Gergen, 1994). 

Its activation cascades to drive the activation of secondary pair-rule genes which further 

B) A) 
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shape embryonic development. If mutations in the Runt gene run do not cause embryonic 

lethality, it can cause segmentation defects that can leave the drosophila with 

abnormalities or even the deletion of entire body segments. Mutations and deletions to 

Runt-related proteins in other organisms such as vertebrates can cause embryonic 

lethality (Growney et al., 2005), or the misregulation of tissue (Ariffin, 2022; van Bragt 

et al., 2014; Gerritsen et al., 2019). The essentialness of this protein for life underscores 

its importance in stem cell differentiation, organogenesis, and tissue regeneration, 

warranting the utmost scrutiny in multiple fields of biological research. 

RUNX1 stands as a highly conserved transcription factor, preserving not only its 

Runt-domain but also the TGTGGT Core-enhancer sequence across vertebrates, 

indicating the persistence of essential interaction sites throughout evolution (Uchida et 

al., 1997) (Figure 1.7. A). Its critical functions in human development underscore the 

enduring importance of RUNX proteins for embryonic viability and proper development. 

However, with the increasing complexity of body plans since Drosophila, the ancestral 

roles of the Runt protein have diversified into three distinct proteins (Ito et al., 2015; 

Krishnan, 2023; Lin, 2022; Otálora-Otálora et al., 2019). To compensate for this 

complexity, the RUNX protein family now comprises RUNX1, RUNX2, and RUNX3, 

each retaining the core binding factor site while adopting spatially and temporally 

specific functions in different tissues (Ito et al., 2015).  

While these RUNX proteins share some interactomes and transcriptomes to 

compensate for potential loss of any family member, significant variability exists among 

them. Notably, their predominant expression sites differ: RUNX1 prevails in the 

hematopoietic system (Okuda et al., 2001), RUNX2 is prominent in osteogenesis and 
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skeletal development and is sometimes linked to a pivotal point in vertebrate evolution 

(Xu et al., 2015), while RUNX3 plays a significant role in neurogenesis (Levanon et al., 

2002). This distribution ensures the vital contribution of the RUNX family to the 

development of body plans in vertebrates. Through the deployment of these three distinct 

family members, the RUNX family sustains its fundamental role in shaping the blueprint 

of development. 

Like its counterpart Runt in drosophila, RUNX1 exhibits interactions with 

multiple cofactors for PTMs diversifying its roles within different cellular contexts 

(Figure 1.7. A and B). In an evolutionary push for simplicity, all tissues and RUNX 

family members bind to a β-subunit, core binding factor β (CBFβ) (Malik et al., 2019; 

Qin et al., 2015). Analogous to Runt's β-subunits Bro or Bgb, CBFβ doesn't directly bind 

to DNA but induces a conformational change in the RUNX protein, enhancing its DNA 

affinity (Adya et al., 2000; Tahirov et al., 2001). These various other cofactors are further 

influenced by tissue and cell type, expression, and cellular signals induced by internal 

and external stimuli (Ito et al., 2015; Krishnan, 2023). These cofactors have the ability to 

toggle RUNX’s transcriptional activity and can change it from an activator to a repressor 

of transcription. 

The ability of RUNX to associate with these cofactors confers non-canonical 

roles, augmenting the complexity of its functional repertoire. Beyond its transcriptional 

function, RUNX proteins contribute to DNA repair by interacting with p53 and BLM 

helicase (Krishnan, 2023; Samarakkody et al., 2020), cell cycle regulation through 

engagement with CDKs and ERK (Friedman, 2009), epigenetic regulation by partnering 

with chromatin-modifying enzymes such as HDACs (Beghini, 2019), and participate in 
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diverse functions such as apoptosis regulation and cellular metabolism (Chen et al., 2023; 

Kilbey et al., 2017). Given RUNX1's involvement in numerous developmental facets, 

continued exploration of its roles as a master transcriptional regulator remains imperative. 

 

1.4.2. RUNX1’s Function in the Hematopoietic System  

RUNX1’s initial role in human biology was discovered in relation to its 

involvement in acute myeloid leukemia, a disease characterized by the disruption of 

hematopoiesis (Gerritsen et al., 2019; Gonzales et al., 2021; Uchida et al., 1997) (Figure 

1.8. A). AML most commonly affects patients over 60, but in rare instances can develop 

in pediatric patients anywhere from just a few days after birth to young adulthood, 

pointing to an origin beyond environmental exposure. Before the understanding that this 

was a homolog of the Runt protein of drosophila, this protein was given the nomenclature 

AML1, as it was believed to be a major driver of the disease (Uchida et al., 1997). In 

subsets of hematopoietic cancers, RUNX1 and its crucial binding partner CBFβ can 

undergo chromosomal breaks and fuse with other proteins, leading to constitutive 

misregulation of transcriptional activity (Liu et al., 2021) (Figure 1.8. A). This fusion has 

been shown to directly lead to increased proliferation, but incomplete differentiation of 

hematopoietic precursor cells, referred to as blasts (Saultz and Garzon, 2016). This 

accumulation of partially differentiated cells results in patients experiencing anemia, 

immunodeficiency, and infiltration of these blasts into bone marrow and organs, 

interrupting their normal physiological functions. Interestingly it has been observed that 

loss of CBFβ during hematopoiesis phenocopies the loss of RUNX1, cementing the 
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importance of both major components to this developmental process (Bresciani et al., 

2014). 

 

 

Figure 1.8. RUNX1 Roles in Hematopoiesis: A) Functional mutations to RUNX1 and 
their effects as seen in hematopoietic cancers, normally resulting in the accumulation of 
undifferentiated cells. Reprinted with permission from Goyama, S., Huang, G., 
Kurokawa, M. et al. Posttranslational modifications of RUNX1 as potential anticancer 
targets. Oncogene 34, 3483–3492 (2015).  B) Developmental diagram encompassing 
hematopoiesis as regulated by RUNX1. Reprinted with Permission from Ichikawa, M., 
Yoshimi, A., Nakagawa, M. et al. A role for RUNX1 in hematopoiesis and myeloid 
leukemia. Int J Hematol 97, 726–734 (2013). 
 
 

The pathology of diseases involving the misregulation of RUNX1 has offered 

insights into its pivotal role in hematopoietic system development. By identifying 

consistently inhibited cell types in AML samples with RUNX1 mutations, such as 

erythrocytes, leukocytes, and platelets, researchers gained a clearer understanding of the 

B) 

A) 
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spatial-temporal regulation of RUNX1 in system development (Bresciani et al., 2014; 

Friedman, 2009; Okuda et al., 2001) (Figure 1.8. B). Studies have demonstrated 

RUNX1's essential role in the initial specification of Hematopoietic Stem Cells (HSCs), 

integrating signals in the bone marrow microenvironment to maintain HSC and 

progenitor cell populations through self-renewal and multipotency preservation, utilizing 

its epigenetic and transcriptional functionalities (North et al., 2002) (Figure 1.8. B). 

These signals enable appropriate responses to cues directing self-renewal or 

differentiation, ensuring balanced hematopoietic cell production. 

Since the discovery of and evolutionary correlation of RUNX, improved 

sequencing methodologies have shown that it is widely expressed throughout the body 

including epithelial tissue in the gastrointestinal tract (Usui et al., 2006), lung (Jeong et 

al., 2022; Tang et al., 2018), breast (Sokol et al., 2015), and brain (Fukui et al., 2018). 

Tumor sequencing analyses have suggested roles for RUNX1 in solid tissues, where loss 

of its expression leads to epithelial fidelity loss and increased aggressive mesenchymal 

phenotypes (Hong et al., 2017; Otálora-Otálora et al., 2019; Rose et al., 2020), 

emphasizing its role in tissue homeostasis. These findings collectively reinforce 

RUNX1's status as a master regulator of tissue development and regeneration in human 

organs. 

 

1.4.3. RUNX1’s Role in the Human Breast Epithelium  

RUNX1’s increased attention in other tissue types has allowed it to become the 

focus in mammary and breast tissue as well. Much of what we do know about RUNX1 

comes from understanding how it functions in a malignant cell state. As with many 
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aspects of RUNX1 biology, its behavior is highly context-dependent. Notably, this 

context appears to diverge among breast cancer subtypes, particularly concerning the 

tumors' hormone receptor expression patterns (van Bragt et al., 2014). Mutations that 

cause loss of RUNX1 activity such as point, frameshift, or deletions are often noted in 

HR+ cancers, most of which are ER+ (Stender et al., 2010). Single-cell sequencing has 

revealed that ER+ luminal cells in the human breast typically lack RUNX1 expression, 

although chromatin immunoprecipitation experiments have indicated direct binding of 

RUNX1 to the ERα-encoding gene, ESR1 (Lachmann et al., 2010). Furthermore, studies 

suggest that RUNX1 contributes to stabilizing the epithelial phenotype and may reduce 

epithelial-to-mesenchymal transitions (EMT), metastasis, and tumor aggressiveness 

(Hong et al., 2017; Rose et al., 2020). 

Conversely, high levels of RUNX1 expression correlate with a poorer outcome in 

TNBC. Unlike HR+ tumors, HR- tumors exhibiting elevated RUNX1 expression have 

significantly lower survival rates, attributed in part to RUNX1's role in driving 

proliferation, thus facilitating tumor aggressiveness (Fernández et al., 2023; Ferrari et al., 

2014). Additionally, oncogenic programming may induce expression of RUNX1 

cofactors that reshape its transcriptional network to favor tumorigenesis (Mercado-Matos 

et al., 2017). The dual nature of RUNX1, both as a tumor suppressor and an oncogene, 

underscores its pivotal role in maintaining homeostasis within the dynamic breast tissue. 

Studying RUNX1's involvement in breast diseases provides crucial insights into its 

normal physiological functions. Given its dual role as both a tumor suppressor and an 

oncogene, RUNX1 expression appears to be crucial for balancing stem cell self-renewal 

and differentiation into mature progeny (Otálora-Otálora et al., 2019; Sokol et al., 2015). 
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Recent investigations have demonstrated that perturbations of RUNX1 in breast 

progenitor cells prevents the exit from a stem-like state and prevented the formation of 

TDLUs (Sokol et al., 2015) (Figure 1.9.). These findings underscore RUNX1's necessity 

for cellular differentiation. Considering its widespread expression across various cell 

types within the breast (van Bragt et al., 2014), it is reasonable to conclude that it plays 

additional cell-specific role. Collectively, this data together indicates that there should be 

a greater focus on understanding RUNX1’s role in the development of the breast and 

other tissues. 

  

 

Figure 1.9. RUNX1 Roles in the Breast: Effects and quantification of RUNX1 knock 
down on primary breast stem cell regenerative capacity. Loss of RUNX1 prevents 
differentiation and proper morphology of ductal lobular structures in 3D. Reprinted with 
permission from Sokol ES, Sanduja S, Jin DX, Miller DH, Mathis RA, Gupta PB. 
Perturbation-expression analysis identifies RUNX1 as a regulator of human mammary 
stem cell differentiation. PLoS Comput Biol. 2015 Apr 20;11(4):e1004161. doi: 
10.1371/journal.pcbi.1004161. PMID: 25894653; PMCID: PMC4404314. 
 
 

A major purpose of the following studies was to help develop a greater 

understanding of RUNX1’s role in the regulation of differentiation from facultative 

multilineage stem cells into mature basal and luminal cells. Through the utilization of a 

novel 3D hydrogel model able to grow primary single-cell derived breast structures, we 
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were able to draw a novel connection between the transmembrane RTK DDR1’s binding 

of collagen and subsequent activation, and a change in RUNX1’s transcriptome that 

drives differentiation. 
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Chapter II: Materials and Methods: 
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2.1. 2D and 3D Tissue Culture Reagents, and Assays: 

2D Cell Culture of MCF10 Cells: 
MCF10A (ATCC CRL-10317) and MCF10F (ATCC CRL) cells were cultured in 

DMEM/F12 (Corning) supplemented with 10 μg/mL insulin (Sigma), 20 ng/mL hEGF 

(E9644, Sigma Aldrich), 500 ng/mL hydrocortisone (Sigma), 100 ng/mL cholera toxin 

(Sigma-Aldrich), 5% Horse Serum (Gibco), and 1x Antibiotic/Antimycotic (Corning). 

The cells were routinely passaged every 2 to 3 days at a 1:4 to 1:10 ratio. 

 

Primary Sample Preparation: 
Primary tissue samples from healthy women undergoing reduction mammoplasties were 

dissociated using a 3 mg/mL collagenase (Roche Life Science) solution and sorted via 

density gradient to separate epithelial and stromal fractions. Single cells were obtained 

from the dissociation of epithelial clusters using 0.25% trypsin-EDTA (Gibco) and 

filtered through a 40 μm mesh filter after fibroblast removal. 

 

Collagen Stimulation Assay: 
MCF10A and MCF10F cells, seeded at densities of 1e6 or 2.5e6 cells for 10 or 15 cm 

plates respectively, were immediately treated with 2 µM DDR1 inhibitor DDR1-in-1 

(Tocris 5077) or 5 µM RUNX1 inhibitor AI-10-104 (Aobious AOB17076). A solution of 

media, collagen type I (0.05 mg/mL), and 0.1 N NaOH for polymerization was applied 

during media changes 24 hours after initial seeding. After 24 hours of collagen 

stimulation, collagen and media were removed, and cells are detached with 0.25% 

trypsin-EDTA, and prepared for downstream assays. Cells were also grown in control 

and treatment conditions without the addition of soluble collagen for cellular baselines.  
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3D Hydrogel Model Culture: 
A suspension of single-cell primary tissue samples or MCF10 cells was prepared with 1.7 

mg/mL rat tail collagen I (Corning), 40 μg/mL laminin (Thermo Fisher Scientific), 20 

μg/mL fibronectin (Gibco), and 10 μg/mL hyaluronic acid (Sigma), adjusted to pH 7.3 

with 0.1 N NaOH. 200uL hydrogels were each plated in a four-chamber slide (Falcon) as 

a mold, polymerized for 1 h at 37 °C, and overlaid with MEGM medium (Lonza CC-

3150) supplemented with 1x Antibiotic/Antimitotic, 1x Glutamax (Gibco). Organoids 

were grown from 18-28 days depending on regenerative rate of patient samples. Upon 

controls reaching maturity, structures were dissociated from hydrogel with collagenase 

and further dissociated using trypsin-EDTA, or were lysed and examined from mRNA or 

protein expression. 

 

Inhibitor Time course: 
Single-cell primary samples were seeded into polymerizing hydrogel mixture under three 

conditions: control, chronic DDR1, or chronic RUNX inhibitor treatment beginning 

either on day 0 (induction), or on day 7 (patterning). Samples were matured for up to 28 

days and scored blindly for structure types. Upon reaching maturity, control structures 

were dissociated from the hydrogel using collagenase. Subsequently, the dissociation 

process involved trypsin-EDTA, or the structures were lysed for examination of mRNA 

or protein expression. 

 

BRCA1 pγH2AX Assay: 
Control and BRCA1 Mut. Primary samples were dissociated to single cell levels as seen 

above and were seeded into hydrogels of normal ratios. Samples were grown for 11 days 

and then were treated with 10uM, 60uM or 100uM concentrations of Doxorubicin. At 
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day 14 DXR treatment was removed, and structures were grown for another 4-7 days 

until growth had ceased. Structures were fixed and stained for Immunofluorescence. 

 

Appendix Organoid Growth: 
Appendix/Intestinal crypt cells were dissociated through rounds of EDTA chelation and 

vortexing to shake the cells loose from surrounding tissue. Crypt cells were collected and 

frozen back in “Basic Intestinal Media” formulated with DMEM/F12 (Corning), 

Glutamax (Gibco), and HEPES (Fisher Scientific) to support cell viability. Upon seeding 

in hydrogels, cells were supported with Intesticult media (Stem Cell Technologies) 

formulated with WNT3 and other necessary factors for intestinal development. 

 

Primary Cell Transduction: 
Primary epithelial cells, isolated as according to above protocol, were placed into a non-

adherent 12 well plate at a volume of 100uL at varying quantities depending on viral 

MOI and scope of experiment. Virus in solution is added to a final concentration of 

200uL per well. Cells are spun down at 2000 RPM and 30°C for 2 hours and then 

incubated overnight. Cells were washed and recounted prior to seeding into gel.  

 

2.2. RNA Isolation and PCR: 

RNA Isolation and Quantitative RT-PCR: 
RNA extraction was performed on pelleted cells with the RNAeasy kit (Qiagen). cDNA 

synthesis was carried out using the iScript cDNA kit (Bio-Rad), and qRT-PCR was 

performed with Sybr green (Bio-Rad). The primer sequences for target genes are 

provided below. 
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qRT-PCR Primers:  
ABCD4 Forward TGCGTACTACACCCTCAACG 

Reverse TGAACGGGGAGATGATGAG 

BCAR3 Forward TCAGGGATCCACATCTTCTG 

Reverse CCAGCTCCTTCTTCAGTTTCTC 

ZEB1 Forward TAAGAACTGCTGGGAGGATGAC 

Reverse TCTGCATCTGACTCGCATTC 

 

2.3. Protein Isolation and Assays: 

Western Blot: 
Cells grown in 2D or isolated from 3D hydrogels were pelleted by centrifugation and 

were fractionated using the NE-PER Nuclear and Cytoplasmic Extraction Reagents 

(Thermo, 78833), containing both 1x protease inhibitor cocktail (Cell Signaling 

Technology) and 1x phosphatase inhibitor (Cell Signaling Technology) according to 

manufacturer’s protocol. Nuclear fraction samples were separated via NuPAGE gel 

(Invitrogen) and transferred to PDVF (BioRad) to be blocked in 5% BSA (Rockland). 

Blots were next incubated with primary antibody overnight at 4°C and with secondary 

antibody for 1 hour at room temperature. Immunoblot membranes were developed using 

a chemiluminescent substrate (Thermo Fisher Scientific) and imaged with the Chemidoc 

XRS+ with Image Lab 6.0.1 software (BioRad, Hercules, CA). ImageJ2 (Version 

2.8.0/1.53t) was used to densitometry quantifications. Primary Antibodies used were: 

RUNX1 (4336, Cell Signaling Technology, Clone D33G6, 1:1000), CBFβ (A303-549A, 

Bethyl Laboratories, 1:1000), HDAC1 (5356, Cell Signaling Technology, Clone 10E2, 

1:1000), H3 (9715, Cell Signaling Technology, 1:1000). Secondary antibodies used were 
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Goat anti-Rabbit (7074, Cell Signaling Technology, 1:1000) and Goat anti-Mouse (7076, 

Cell Signaling Technology, 1:1000). 

 

Co-Immunoprecipitation: 
MCF10A cells from 2D collagen stimulation assays were pelleted by centrifugation and 

lysed using 1X RIPA Buffer containing both 1x protease inhibitor cocktail and 1x 

phosphatase inhibitor. Cells were then incubated in immunoprecipitative antibody 

overnight at 4°C. Antibodies and attached proteins were conjugated to the magnetic 

beads at room temperature for 40 minutes. Samples were separated via SDS-PAGE gel 

and transferred to PDVF to be blocked in 5% BSA. Blots were then incubated with 

primary antibody overnight at 4°C and with secondary antibody for 1 hour at room 

temperature. Immunoprecipitative antibody was RUNX1 (HPA004176, SIGMA, 5ug/mg 

lysate). Primary antibodies were RUNX1 Ms (sc-365644, Santa Cruz, A-2, 1:1000), 

CBFβ Ms (67885-1, ProteinTech,1D7F2, 1:1000), and secondary antibody: Goat anti-

Mouse (7076, Cell Signaling Technology, 1:1000). 

 

2.4. Cell Staining: 

Immunofluorescence: 
Cells and hydrogels were fixed with 4% Paraformaldehyde (Fisher Scientific) for 30 

minutes, permeabilized with 0.1% Triton 100X for 24 hours, and incubated at 4°C for 18 

hours with primary antibodies: E-Cad (13-1700, Thermo Fisher, HECD-1, 1:100) CK-14 

(RB-9020, Thermo Fisher, 1:300) p γH2AX (JBW301, Millipore, 1:500), LGR5( C-16, 

Santa Cruz, 1:200). Samples were then incubated at 4°C for 18 hours with secondary 

antibodies: DAPI (D1306, Life Technologies, 1:1000), AF488 (A11008, 
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Invitrogen,1:1000), AF555 (A21424, Invitrogen,1:1000), Phalloidin-AF647 (A22289, 

Invitrogen,1:500), and placed on slides with anti-fade reagent. 

 

Flow Cytometry: 
Structures derived from patient samples, either control or inhibited during patterning at 

Day 7, were dissociated from hydrogels and from structures and then were pelleted by 

centrifugation. Samples were washed and stained with the antibodies CD49f-FITC 

(555736, BD Biosciences, GoH3, 1:20) and EPCAM-PE (347198, BD Biosciences, 

1:20). Samples were run on LSRII. FlowJo (Version 10.9.0) was used for visualization 

and quantification. 

 

2.5. Microscopy and Long Term Multipoint Live Imaging 

Microscopy: 
Immunofluorescence images were captured using Nikon AXR (Nikon Microscopy) using 

NIS-Elements software. Brightfield images were obtained using Nikon AXR and Eclipse 

Ti-U (Nikon Microscopy), utilizing SPOT 5.6 software. 

 

Live Imaging: 
Primary single cells, isolated as previously described, underwent incubation with the cell 

tracking dye Cytopainter Green (1:500, cat# ab138891, Abcam) for 30 minutes. 

Following washing, cells were seeded at a concentration of 100 cells per 20 uL hydrogel. 

The gel fabrication process involved depositing 20 uL hydrogel drops onto the center 

wells of a 96-well plate (Corning, #3603). After allowing the gels to incubate for one 

hour at 37 °C until fully polymerized, 80 uL of MEGM was added to each well, and the 

gels were gently lifted off the well surface with a pipette tip. The cultures were promptly 
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placed in a pre-warmed incubator chamber (Okolab Inc) at 37°C and containing 5% CO2 

enclosed over a Nikon Eclipse Ti2-AX confocal microscope (Nikon Microscopy). Images 

were collected from selected points immediately after the addition of media, and every 

30-45 minutes thereafter, using both brightfield as well as AF488 or AF555 laser, using 

4x magnification and 2.5x zoom across nine z-positions. To maintain optimal growth 

factors and liquid volume, 20-40 uL of MEGM was added to the culture twice a week to 

prevent hydrogels from drying out. The cultures underwent live imaging for 18-21 days, 

and the analysis and production of videos across locations and timepoints were conducted 

using NIS-Elements (Nikon) and Premiere Pro (Adobe) software. 

 

2.6. Sequencing 

RNA-Seq: 
mRNA isolated from MCF10A cells in a collagen stimulation assay was run on the 

Illumina NextSeq 6000. 

 

SC-RNA Seq: 
Previously published scRNA-seq data from organoids (Rauner et al., 2021). scRNA-seq 

data were analyzed using Seurat v3 (Stuart et al., 2019) for data integration, 

normalization, and feature selection. Briefly, raw data was loaded and integrated into one 

Seurat object using the merge function. Filtering removed cells with < 200 or >2500 

genes and mitochondrial content greater than 7.5%. Genes detected in less than 3 cells 

were dropped from analysis. The data was normalized by multiplying transcripts by a 

factor of 10,000 followed by log-transforming the data. Variable features used for 

analysis were identified by using the FindVariableFeatures function, with a low cutoff of 
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0.0125 and a high cutoff of 5 for dispersion and a low cutoff of 0.1 and a high cutoff of 

0.8 for average expression. The data was integrated by the FindIntegrationAnchors and 

IntegrateData functions, which identify the anchors to integrate the two datasets, and then 

integrates them together. Cells were then clustered using K-nearest neighbor (KNN) 

graphs and the Louvain algorithm using the first 10 dimensions from principal 

component analysis. Clustered cells were visualized by tSNE embedding using the 

default settings in Seurat. Clusters were called using the FindClusters function with a 

resolution of 1. To identify differentially expressed genes between cell clusters, we 

utilized the FindAllMarkers function to identify features detected in >10% of a cell 

cluster compared to all other cells. Pathway analysis to identify enriched biological 

pathways associated with differentially expressed genes was done using established 

databases, such as PanglaoDB (Franzén et al., 2019). The top 15 differentially expressed 

markers were used to determine gene expression location.  

 

2.7. Statistics and Data Analysis 

RNA-Seq Analysis: 
Read Alignment to the human genome conducted using STAR (Dobin et al., 2013) with 

the CRCh37/hg19 assembly. Library normalization and differential expression analysis 

was performed using R with DESeq2 (3.17) (Love et al., 2014). Sample SSR107 was 

removed as it was deemed an outlier by PCA. Differential gene analysis was conducted 

with significance determined by log fold change greater than or less than 0 with a p value 

of less than 0.05. Gene Ontological analysis was performed using the ChEA dataset 

(Lachmann et al., 2010) on Harmonize (Version 3.0) and with the TRRUST (Han et al., 

2015) dataset from Enrichr (Xie et al., 2021). Heat maps and Venn Diagrams were 
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created in R using Pheatmap (Kolde, 2023) and ggVennDiagram (Gao et al., 2021), 

respectively. Protein-Protein Interactions generated in STRINGDB (Szklarczyk et al., 

2022). 

 

Mutational Analysis: 
RUNX1, CBFβ, and DDR1 were queried for alteration frequency in breast tumors on 

cBioPortal using primary BC data from 20 studies broken down by cancer type (Cerami1 

et al., 2012). Mutational status across breast cancer subtype by PAM50 as well as 

exploration into mutational mutual exclusivity were also conducted using these studies on 

cBioPortal. Kaplan Meier survival curves were produced using METABRIC (Curtis et 

al., 2012) data from the Breast Cancer Integrative Platform (BCIP) (Wu et al., 2017), 

plotting overall survival based upon transcriptome analysis of either a triple-negative 

status or non-triple-negative (i.e., the expression of at least one receptor ER/PR/HER2). 

 

Statistics: 
All statistical analyses were performed using GraphPad Prism 8-10. Student’s t-tests 

(two-sided) were used as a determinant of significance unless otherwise stated. Data were 

expressed as Mean ± SD. Significance levels were indicated as follows: * = p-value < 

0.05, ** = p-value < 0.01, *** = p-value < 0.001, **** = p-value < 0.0001. 
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Chapter III: Utilization of a Primary Single Cell Derived 3D Breast Model 
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3.1. Introduction: 

 The human breast, and its anatomical analog the mammary gland, are comprised 

of ductal and lobular structures responsible for the milk production that is vital for 

offspring nutrition (Russo and Russo, 2004). Unlike many other tissues, the breast does 

not reach full development during fetal stages but undergoes cyclic phases of growth and 

involution throughout a woman’s life (Russo and Russo, 2004). This regenerative ability 

suggests the presence of facultative stem cells that respond to signaling cues by 

recapitulating tissue, generating both basal and luminal cell types essential for 

functionality. Transplantation studies have shown that mammary cells are able to 

reconstitute the mammary gland when put into the proper environment (Kuperwasser et 

al., 2004; Lee et al., 1984; Li et al., 1987), however, the growth of human tissue in 

biomimetic conditions has historically been difficult. Thus, little is understood about the 

stem cell compartment of the human breast and how they can differentiate and form 

tissue. This lack of knowledge impedes a comprehensive understanding of breast 

development.  

 As 2D cell culture and animal models do not recapitulate the structure and cellular 

intricacies of breast tissue, few investigative steps have been able to be made towards 

understanding breast stem cell differentiation. Large steps have been taken over the last 

four decades, however, to create a model able to answer such questions. Initial studies 

focusing on the ex vivo growth of mouse mammary tissue proved that 3D tissue can 

develop in the proper extracellular matrix conditions (Lee et al., 1984; Li et al., 1987), as 

well as that each of these ECM components plays a role in both structural and signaling 

aspects of tissue development (Roskelley et al., 1994). Although primary human tissue 
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did not form with morphological accuracies within these matrices, immortalized human 

cell lines demonstrated the capability to develop hollowed acinar structures, providing a 

partial representation of human tissue growth and a model of 3D human tissue interacting 

with a matrix (Debnath et al., 2003). The humanization of mouse mammary fat pads 

provided another avenue for the growth of human breast tissue (Kuperwasser et al., 

2004). However, due to limitations inherent in each of these models, it was not possible 

to study the initiation and development of human breast tissue. 

 Recent advances in 3D modeling in the last decade have allowed for the growth of 

primary human tissue in hydrogels, allowing for larger control over variables and 

observational ability when studying tissue development. Patient derived cells cultured in 

these conditions were able to differentiate and reconstitute breast structures that 

replicated those seen in human tissue, containing both ductal lobular structures and basal 

and luminal layers in the proper orientation (Linnemann et al., 2015, 2017; Sokol et al., 

2016). While some of these structures relied on components not normally localized in the 

breast, one hydrogel model, one was able to reconstitute this biomimetic tissue utilizing 

minimal factors. Containing only collagen type I, hyaluronic acid, laminin and 

fibronectin, in concentrations that best mimic the ECM conditions of the human breast, 

and then immersed in a basic epithelial medium containing minimal supplements, this 

model supported the formation of miniaturized breast tissue (Sokol et al., 2016). Utilizing 

clusters of breast cells taken from healthy donors as organoid initiating factors retained 

not only representative structure, but also mRNA expression, and expression of hormone 

receptors like that of the human tissue it was taken from. 
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While addressing numerous questions regarding human breast development, there 

are still opportunities for further refinement of the model to enhance the depth of 

knowledge gained from each experiment. This thesis work advances the model by 

generating breast tissue organoids from single cells rather than cell clusters, as first 

demonstrated by Sokol et al., thereby improving its reproducibility across experiments 

and patient samples, and enabling the recapitulation of earlier developmental stages. 

Moreover, this work illustrates the feasibility of genetically modifying primary cells that 

generate organoids, furthering our understanding of the processes by which stem cells 

regenerate breast epithelial glandular tissue. Collectively, this data underscores the 

potential of the 3D hydrogel model, especially when combined with primary single cell 

derived organoids, to accommodate experiments of increasing complexity aimed at 

unraveling tissue development. 

 

3.2. Results: 

3.2.1. Characterization of a Primary Single Cell Derived Organoids:  

The ability to seed primary human tissue in 3D cell culture matrix, allowing for it 

to autonomously regenerate into biomimetic tissue models that can be replicated across 

primary samples and requires minimal factors for growth was an incredible leap in the 

field that has already proven to allow for new discoveries important in human tissue 

(Rauner et al., 2021; Sokol et al., 2015). However, the initial units of these biomimetic 

structures, formed from small cell clusters, can introduce inconsistencies among replicas 

due to variations in starting populations. For instance, differing cell counts, i.e. more or 

less progenitor cells at various stages of differentiation, may lead to disparate growth 
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rates among replicas. What’s more, the use of primary samples from multiple patients of 

different ages, BMIs, and parity, further confounds the ability to create accurate 

quantifications. The reduction of the primary breast organoids starting unit from a cluster 

of cells to a single cell has increased the utility of this 3D hydrogel (Figure 3.1.). 

Primarily, the earlier stages of TDLU organoid development can now be examined and 

quantified across conditions and patient samples through more controlled starting 

conditions.  

 

Figure 3.1. Schematic Representation of Human Breast Organogenesis in a 3D 
Hydrogel Organoid Model: A) Graphical Representation and summary of human breast 
organogenesis in a 3D hydrogel TDLU organoid model. 
 
 

When single primary breast cells are seeded in the hydrogel, they form three 

different structure types; alveolar organoid structures comprised of irregular or 

rudimentary clusters of cells that do not expand outward into the matrix and lack distinct 

architecture, ductal organoid structures made of extended branched structures that have 

clear architecture but do not form alveoli, and compound organoid structure that contain 

elongated branched structures that form defined alveoli at the ends and along the 

branching ductal structures (Figure 3.2. A). Seeding 1000 single cells into a 200 uL 

hydrogel allows for the formation of an average of 11 total structures per gel across 

multiple patient samples, leading to an average of 1 initiating cell per 91 cells seeded  

Day 0 Day 18-21 

Single Cells Ducts TDLUs 
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Figure 3.2. Characterization and Quantifications of Structures Derived from Single 
Cell Breast Organoids: A) Representative brightfield images  of structures formed 
during organogenesis in 3D hydrogels when initiated with single cells. Scale bar = 100 
μm.  B) Quantification of 3D organoid morphologies from 5 primary patients. Mean ± 
SD (n= 4 gels/primary patient samples).   
 

(Figure 3.2. B). These cells do not form each structure type at an equal rate, forming a 

mean of 2.35 ± 2 alveoli structures, 3.55 ± 2.8 ductal structures, and 5.2 ± 3.8 compound 

structures. While there is a significant difference in the number of alveolar and compound 

organoids formed, neither is significantly different from ductal organoids. 

Through use of immunofluorescence staining, characteristics of these structures 

can be further identified as they develop into complex TDLU structures. Interestingly, 

these structures, despite being formed from a single cell, can produce structures of 

multiple defined cell types (Figure 3.3.). The expression of CK14 (a marker of basal 

cells) and E-Cad (a marker of luminal cells) shows that these two cell types not only exist 

within these structures but also create two clearly defined layers in which the CK14+ 

basal cells form an outer layer while the densely packed E-Cad+ layer is interior to the 

basal population, lining the hollow lumen of the structures. Interface between these two 

layers can be seen by the dual staining of the structure cross-section. This data indicates 

that single primary breast cells can generate both basal and luminal layers and structures 
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of a compound ductal-alveolar organoid, and together this implies that there is an 

epithelial cell in adult breast tissue capable of acting as a facultative stem cell. 

 

 

Figure 3.3. Immunofluorescent Characterization of Single Cell Derived Breast 
Organoids: i-iv) Immunostaining of a Three-dimensional Maximum Intensity Projection 
(MIP) TDLU organoids, at day 21 of development, stained with phalloidin (red) for actin 
cytoskeleton, with CK14 (green), E-cadherin (orange) for cell lineage, and with DAPI 
(blue) for nuclei. Scale bars = 100 μm v) Two-dimensional cross-section of MIP (i) with 
offset highlighting a lobule showing distinct CK14+ (green) and E-Cad+ (orange) layers 
with an interacting layer displaying yellow. Scale bar = 100 μm, scale bar of offset = 50 
μm.  

 

The ability for this hydrogel to support the growth and maturation of primary 

healthy breast tissue provokes inquiry into if it can also support the growth of tissue 

harboring mutations. Using samples containing a well-known driver of many TNBCs, the 
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BRCA1 mutation (Friedman et al., 1994; Miki et al., 1994), could allow researchers to 

study how these cells mitigate the double strand break (DSB) repair the BRCA1 protein 

is responsible for in both healthy and mutated tissue. As these single-cell-derived 

structures are directly comparable, time course analysis during development could allow 

for the quantification of DSB repair across developmental time points and even after 

maturation. Some preliminary work has already been conducted attempting to monitor 

differences in DSB repair across TDLU development. BRCA1- mutant primary samples 

grown from single cells form structures in the same general timeline of physiologically 

normal tissue (Appendix Figure 6.1. A, i-ii). DNA damage was induced through 

doxorubicin (DXR) treatment starting at day 11 until day 17, upon reaching 

morphogenesis, and was fluorescently visualized for integration into the structure on day 

17 (Appendix Figure 6.1. B, i-iii) (Karukstis et al., 1998). DXR treatment promoted DSB, 

as shown by DNA damage marker phospho-γH2AX in both healthy and mutated tissue 

(Appendix Figure 6.1. C). 5-11 days after treatment, it was determined that while control 

tissue retained sites of DSBs it continued to develop, unlike BRCA1 mutant tissue which 

was not able to withstand the treatment (Appendix Figure 6.1. D). While further work 

needs to be done to optimize this assay for both treatment and timing, this offers some 

hope that only small adjustments are necessary for the development of an informative 

assay to compliment other known DNA-damage assays through visualization and 

quantification.  

This work also raises the question of this hydrogels support of organoids from 

other tissue sources. As this model is easily tunable, allowing for the addition of other 

ECM components or signaling molecules, it is possible that this simple matrix may 
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support the life and morphogenesis of other tissue types. Some preliminary work in the 

growth of appendix tissue has already been completed. Here it was shown that without 

any modulation of the tissue or model, single crypt cells from healthy appendix tissue 

was able to reconstitute hollow tube like that of intestinal or appendix tissue (Appendix 

Figure 6.2. A-C,  Video 6.1.) (Berry, 1900). Further work needs to be done to optimize 

conditions for the acquisition and culture of this tissue in 3D. This data, supported by the 

growth of both healthy and mutant primary breast samples, underscores the considerable 

potential for experimental versatility afforded by this hydrogel, and will hopefully allow 

for a deeper understanding of tissue development.  

 

3.2.2. Long Term Multipoint Live Imaging: 

To better understand the process of organogenesis in the context of human breast 

development, a novel confocal-based long-term multipoint live imaging technique was 

utilized to gain increased resolution of cellular motility by following the initiation and 

morphogenesis of epithelial breast tissue. By taking images of single cell structures 

immediately post-polymerization of the hydrogel (+1 hour post seeding), and every 30-45 

minutes thereafter for up to 28 days, the true origin of the organoid can be observed. 

Utilization of this technique allows for over 150 different individual points to be 

monitored over this time, with adjustments to resolution, number of gels, and number of 

images taken along the z axis allowing for more points or higher resolution during this 

time.  

Initially it was believed that this organogenesis would occur akin to that of a tree, 

with the main body developing, elongating, branching from this main body, forming 
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secondary and tertiary branches, and finally forming leaves. What was discovered instead 

was that these structures go through 4 distinct periods of development while forming a 

complex TDLU organoid containing both ducts and alveoli: induction, patterning, 

morphogenesis, and maturation (Figure 3.4., Video 6.2.).  

 

Figure 3.4. Breakdown of Breast Organoid Developmental Stages: Timeline with 
brightfield images of TDLU formation from single cells, starting on day 0 immediately 
after hydrogel polymerization to the formation of complex ductal-lobular structures from 
day 18 onward. Four phases of organogenesis showing induction, patterning, 
morphogenesis, and maturation. Scale bar = 100 μm.  

 

During the induction phase, which occurs during days 0-4, initiating cells 

seemingly begin to sense their environment by moving through the ECM and interacting 

with the matrix, which likely signals for proliferation and the initiation of cellular 

differentiation. Two different types of induction have been observed: Type I with single 

cells that divide and move fluidly throughout the matrix (Video 6.3.), and Type II where 

tightly packed cells form a spheroid structure and eventually release individual cells into 

their microenvironment (Video 6.4.). This motility continues into the next phase, the 

patterning phase, which occurs during days 5-8. During this timeframe, proliferative cells 
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take an almost mesenchymal approach to organogenesis through a loose adherence to one 

another as they rapidly move through the matrix. As the cells continue to divide, 

differentiate, and reach a critical mass, they begin to rapidly invade the matrix, moving 

back and forth from the loosely adhered main cell mass. The paths the cells take will 

eventually become the areas in which developing ductal branches will emerge.  

The progression through patterning occurs before the formation of an 

interconnected and unified tissue, which begins to occur around day 9. At this point, cells 

begin to go through the process of morphogenesis, in which cell-cell adhesion begins to 

increase until the once mesenchymal-like cells are now beginning to form a cohesive 

tissue. As the cells have now settled into an identity of not just an individual cell but that 

of a tissue, they begin to form the elongated ductal structures. These structures will 

continue to elongate and branch, eventually leading to the formation of alveoli buds along 

and on the ends of the branched ductal structures. Finally, around day 14, organoids enter 

the final stage of development, maturation, in which the compound structure contracts as 

it creates cell-cell adhesion and forms a cohesive tissue. However, these structures remain 

dynamic as coordinated cell movements still are occurring throughout the structure, with 

movement of cells throughout the ductal structure, and a rotational movement within the 

alveoli (Video 6.5.). The process of maturation finalizes with the eventual hollowing of 

the lumen for a functional tissue.  

During these live-imaging experiments, we observed two previously unreported 

cell types. The first of these cell types was dubbed a type of leader cells, which were 

previously described as the cells involved in the invasion of the matrix. While cells 

involved in the elongation of the ductal network have been previously identified as 
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“leader cells” (Sokol et al., 2016; Varner and Nelson, 2014; Wang et al., 2017), the cells 

dubbed leader cells in our experiments were observed to be more mobile and with less 

cell-cell adhesion during early stages of development. During patterning, it was observed 

that these cells not only invade into the matrix but also completely detached themselves 

from the main structure body at the time (Video 6.6.). The ability of these cells to realign 

themselves with the main cell body in repetition implies a cell type with both epithelial 

and mesenchymal characteristics that can help direct where the structures should be 

developing in a 3D space. Further work is needed to understand if these cells are 

signaling for other cells to follow or modify the matrix through the release of MMPs and 

other matrix-modulating enzymes.  

The second cell type seen that has not been previously described in the breast 

tissue were highly motile cells that seem to form a mesenchyme. These cells seemingly 

develop at a later developmental time point towards the end of morphogenesis and the 

beginning of maturation and are ejected at mass volume from the tissue structure itself 

and are derived from the preliminary epithelial population initially seeded into each gel 

(Video 6.7.). This mesenchyme divides rapidly and causes major changes to the 

microenvironment, including gel contraction as they infiltrate through and reach the 

exterior of the hydrogel. It can be noted that their presence causes major tension on the 

hydrogel itself seemingly pulling collagen fibers inward during expansion (Video 6.8.). 

While seen often, their presence is not necessary for the formation of a TDLU as many 

compound organoids do not require their presence for full maturation. Further work 

needs to be done to confirm if this cell population is a remnant of the leader cells who 
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have received incorrect signaling, or if they are truly an important player in 

organogenesis.  

 

3.2.3. Lentiviral Transduction of Organoid-Forming Cells. 

 One of the most important benefits of the generation of organoids from 

dissociated single cells is the ability to genetically modify cells before they go on to form 

an entire structure. This contrasts with organoid generation from clusters of cells that 

already have a 3D architecture and therefore may not be able to undergo complete viral 

transduction, due to viral penetrance through tissue as well as the low probability that 

every cell would receive the vector. If all cells were not infected by a virus, there is a 

possibility that this initiating cluster may not generate a fully transfected organoid. In 

theory, if these structures are derived from a single cell, any genetic modifications made 

to the cell prior to its seeding would allow for all cells in the organoid to carry the same 

changes through its intrinsic clonality. Indeed, this was seen to be true in initial 

experiments using the Lentiviral Gene Ontology vectors (LeGO). Using multiple vectors, 

allowing for the expression of fluorescent proteins Venus, mCherry, and Cerulean, 

primary cells were infected either with an individual vector, or all three at a MOI = 1.5, 

7.5, or 15, to determine if a single cell was responsible for the derivation of an entire 

structure. It was observed that organoids can form as one color but can also form a 

structure with multiple fluorescent proteins, either with multiple fluorescent types in one 

cell or with different cells in the structure exhibiting different fluorescent colors. Use of a 

non-LeGO GFP vector confirms that these structures can form and retain genetically 

driven fluorescence. 
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This data points to multiple potential ways in which breast organoids can be 

formed, either initiated through one single cell that develops a one-colored structure 

(Figure 3.5. A), through structures initiated with multiple cells (Figure 3.5. B), or even  

 

Figure 3.5. Fluorescent Patterns from Lentiviral Transduction of Single-Cell-
Derived Organoid: A) Representative images of structures stained with live cell stain 
DRAQ5 and transfected to express Venus fluorescent protein with MOI of 7.5 showing 
fully infected structures. Scale bar = 50 μm B) Representative brightfield and fluorescent 
images showing a structure expressing all three vectors and stained with DRAQ5. Scale 
bar = 100 μm. C) Representative images of structures stained with live cell stain DRAQ5 
and primarily expressing Venus, but also containing some cells expressing all three 
vectors (White Arrows) Scale bar = 50 μm.  
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potentially through the engulfment of non-dividing cells during the ductal expansion 

process (Figure 3.5. C). Live imaging gives us hints that structures can arise in all three 

ways, as it was seen that some structures arise from small cluster of cells while others 

generate through the efforts of a single cell. While done with primary tumor tissue 

(Hanna et al., 2016; Hines et al., 2015), and primary tissue ex vivo (Pastor et al., 2023), 

however this data acts as proof of concept that healthy primary tissue can both be 

infected after being dissociated down to single cells and then still regenerate a 

biomimetic structure while retaining the expression of their genetic modification.  

 With the success of the simple fluorescent vectors, more complex viral vectors 

were used to further show the utility of the transfection of primary single-cell organoids. 

The FUCCI vector has been previously used to model cell cycle changes in cell lines 

(Zielke and Edgar, 2015). As the cell cycle progresses, the FUCCI vector changes the 

expression of its fluorescent protein from red (G1) to yellow (G1/S) to green (S/G2/M). 

This is accomplished by fusing fluorescent vectors to DNA replication factors like DNA 

replication initiator Cdt1 (Red) (Nishitani et al., 2001) or inhibitors like Geminin (green) 

(Wohlschlegel et al., 2002) that are universal in their activation at specific timepoints 

during the cell cycle. Through transfection of initiating single primary cells in 

combination with live imaging techniques, it could be observed where and when certain 

cells, and eventually certain areas of the tissue, are dividing and going through the cell 

cycle compared to more quiescent areas of tissue (Video 6.9.). While no discernable 

pattern could be determined from the pilot study, as there seemed to be dividing and non-

dividing cells throughout the structure at all times, it could be a tool of great importance 
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for understanding both the development of organoids through multiple stages and the 

effects of perturbations on the cell cycle. 

 A NOTCH1 activity reporter (Hansson et al., 2006), which create fluorescence in 

response to the cleavage of NOTCH1 intracellular domain, was also used to show the 

functionality of both the 3D organoid and the transfection of primary single cell. NOTCH 

1 is a transmembrane signaling receptor that binds its ligands expressed on the cell 

surface of adjacent cells. NOTCH1 regulates polarity in tissue layers, and was shown to 

be necessary for the differentiation and proliferation of the luminal population and 

alveologenesis in TDLU organoids initiated with clusters of cells (Rauner et al., 2021). 

As previously reported, NOTCH1 activity occurs only in the luminal layer of tissue as it 

is activated by JAGGED1 (JAG1), the most commonly expressed NOTCH ligand in the 

breast (Rauner et al., 2021), which is exclusively expressed in basal cells. The interaction 

between NOTCH1 and JAG1 is believed to be the driver of both luminal and basal cell 

maturation.  

 Initial testing with the NOTCH1 reporter shows that single cells transfected with 

this vector can indeed derive structures with NOTCH1 Activity based fluorescence. 

What’s more, the activity of the NOTCH reporter seems to be more internally expressed, 

supporting the idea that NOTCH1 activity takes place in the luminal population (Figure 

3.6.), adding evidence to previously research. Combining this method with live imaging 

techniques shows that the swirling seen in the alveoli during maturation is occurring in 

the luminal layer (Video 6.10.). Together these results show the great utility in being able 

to address organogenesis-based questions through transfection of primary cells.  
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Figure 3.6. Fluorescent Pattern of a Notch Activity Reporter in a Single-Cell-
Derived Organoid: Representative images of a structure transfected with a NOTCH1 
activity reporter fluorescing green where NOTCH1 is transcriptionally active. Scale bar = 
100 μm. 

 

3.3. Discussion: 

The use of primary single cells, over initiating clusters of cells, to form organoids 

does not create a different or better breast TDLU than one initiated with cluster of cells 

but does greatly add to the utility of the model in multiple ways. One of the most 

important ways this model has improved is through increased replicability. The use of 

single cells allows for controlled quantities of starting units being embedded in the 

hydrogel. Compared to clusters of cells, which greatly varied in the number of cells and 

differentiated states, single cells were much to quantify in exact concentrations. This 

ability to control for growth biases in gels allows for better comparison across conditions 
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with experiments that include drug treatments. This aspect is particularly crucial when 

comparing various patient samples, as heterogeneity in numerous factors can lead to 

variations in the initiating units for the TDLU. For example, it has been previously shown 

that luminal differentiation decreases with age (Garbe et al., 2012), which could create an 

unseen imbalance when using clusters of cells from older patients. The capacity to 

compare findings and results across phenotypic levels, encompassing morphological and 

expression-based assessments, facilitates studies aimed at mitigating biases from the use 

of a singular cell line or animal model. By enhancing genetic diversity, such an approach 

increases the likelihood that findings will be applicable across multiple patient cohorts 

and populations. 

Because of this single-cell model, the true initiating unit of this biomimetic breast 

organoid can also be further studied, allowing researchers to see the true triggering of the 

developmental processes through to the facultative stem-like nature seen in these single 

cells. Reduction of starting material allowed for the quantification of epithelial cells in 

the adult breast retaining the ability to regenerate a structure. About 1/91 cells were able 

to form an organoid, however, this means that around 1/182 were able to form complex 

ductal lobular structures (5.2± 3.8 compound organoids per 1000 cells seeded). This 

retention of stemness only further shows how vital the ability to regenerate the TDLU is, 

further corroborated by the fact that structures trend towards becoming complex 

compound structures compared to alveolar or ductal structures. The internal cellular 

programming of a single cell retains the regenerative capacity to from a compound 

structure more often than an incomplete one, showing the intrinsic nature driving the 

development of mature TDLUs. This also provokes the question, what is happening that 
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prevents other structures from being able to form compound structures. Research shows 

that this could be due in part to issues with signaling between the matrix and epithelial 

cells (Rauner et al., 2021), but there are other cell innate factors such as that could play a 

role in the morphological discrepancy. While not done in a fully biomimetic model, it has 

been shown that primary luminal cells grown in other 3D hydrogels produce alveoli, 

while basal and progenitor cells produce ductal and ductal lobular structures (Linnemann 

et al., 2015). Future work through knockout models and lineage tracing should be aimed 

to determine what factors are involved in the generation of all structure types in this 

model.  

Through live imaging experiments, we observed the remarkable capability of a 

single cell to function as a facultative stem cell, undergoing division and progression 

through multiple developmental stages immediately after seeding. This pioneering 

approach yielded invaluable insights into the growth dynamics of these structures; a 

phenomenon previously unexplored by live imaging experiments utilizing a single cell as 

the initiating factor. By accurately defining developmental stages of this breast organoid, 

including induction, patterning, morphogenesis, and maturation, we were able to pinpoint 

precise moments of structural programming shifts, significantly enhancing our 

understanding and experimental reproducibility in studying these organoids. Furthermore, 

this methodology unveiled previously unknown cell types and functions, expanding our 

knowledge base. While seen in mice (Cowin and Wysolmerski, 2010; Veltmaat et al., 

2006), this live imaging provided the first visual documentation of human primary breast 

cells undergoing induction and patterning, revealing novel cellular behaviors and 

previously uncharacterized cell types involved in tissue regeneration. Contrary to 
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expectations, initiating cells exhibited dynamic behavior within the hydrogel, suggesting 

environmental sensing, matrix clearance, and intercellular interactions. Patterning 

analyses unveiled a departure from the anticipated contiguous duct formation, with initial 

branching facilitated by loosely adhered cells clearing the collagen matrix, paving the 

way for subsequent morphogenesis and elongation of ductal structures. 

The defining discovery during induction and patterning was the activity of these 

“leader cells”. Although similar to cell types that have been described before (Sokol et 

al., 2016; Varner and Nelson, 2014; Wang et al., 2017), the nature of the cells we observe 

in experiments utilizing single cell initiated structures seems to be much more active at 

the earlier stages of induction and patterning, before the sprouting of ducts when 

canonical leader cells push forward ductal elongation. In reality, these cells seem more 

akin to trailblazer and opportunist cell states described in the invasion of cancer, in which 

specific cells (trailblazers) contain the capacity for movement through the ECM, and 

opportunists follow in close succession (Pearson, 2019). As cancer often hijacks 

developmental processes for their own advantage, it is possible that these cells share traits 

with EMT-induced metastasizing cells, that also allow them to find their way through the 

matrix. However, as this is a controlled process in development, the invasion is 

coordinated and does not extend indefinitely. Future work needs to be conducted to 

quantify the motion and characterize the functions of the motile cells in early stages of 

TDLU organoid development. 

Unlike the processes of induction and patterning, morphogenesis and maturation 

occurred in a way that was much more expected and canonical to the development 

previously seen in organoids, including the elongation of ducts, formation of lobular 
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buds, and expansion of cohesive tissue. Yet live imaging still helped us define two traits 

of these organoids grown in 3D. The first was the almost cyclonic motion of cells within 

the lobules. This rotation has been described in the breast (Fernández et al., 2021), 

however our live imaging confirms this constant motion through alveoli development and 

demonstrates how even with a defined tissue structure the cells are still highly motile as 

development occurs. The use of the NOTCH1 activity reporter further showed that the 

moving cells include those that seem to be luminal in nature, as NOTCH1 is only active 

in the luminal population of the TDLU. The purpose of this movement is unknown, yet it 

has may have implications for the formation of functional tissue. It is possible the cells 

are using this to increase the quantity of cellular signals received from the matrix 

throughout development, or that they are still going through the process of maturation. 

By constantly cycling through the structure, these cells may be able to form more cell-

matrix and cell-cell interactions, potentially signaling to continue proliferation, 

development, and differentiation. Future work needs to be done to understand the cells 

undergoing and mechanics of this motion as well as if it occurs in vivo. 

The formation of the mysterious mesenchyme was also a novel discovery through 

live imaging efforts. These cells initiate within the structure and proliferate at a high rate 

to quickly expand. It is hypothesized that this cell type plays a supporting role in the 

formation of TDLU’s through the modulation of the ECM at a high rate, (Rauner et al., 

2023), eventually leading to enough tension that it can cause an entire hydrogel to 

collapse upon itself. Other bilayered organoid structures, such as the salivary gland, also 

seem to form a mesenchymal layer such as this one that surrounds and encapsulates the 

glandular tissue (Harunaga et al., 2011), although there is little information on either cell 
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type to draw any major comparisons besides the sheer number and great motility. In 

breast tissue, it was noted that these cells stain for CK14, meaning that they may retain 

some basal epithelial features (Rauner et al., 2023).  

Perhaps the largest benefit from primary single-cell derived organoids is the 

ability to transfect the individual cells before being seeded, allowing for entire structures 

to carry genetic modifications. Not only does this help with being able to identify live 

cells of interest upon seeding in the hydrogels, but it also creates a method by which new 

information can be gathered during and after organogenesis without the need to fix and 

stain the organoids. Basic LeGO and GFP fluorescent models allowed us to predict how 

these models were forming before we were able to use live imaging to confirm our 

hypothesis. As many structures only produced a singular color, it was assumed that they 

developed from a single cell that retained the initial vector. This did not happen in all 

cases though, as some structures were made up of cells expressing different specific 

individual vectors. It is possible that these cells did not fully dissociate from each other, 

ended up grouped together during the infection process, or located each other in the 

hydrogel during induction and patterning and formed a cohesive tissue during 

morphogenesis, processes which have all been observed through brightfield or live 

imaging techniques. There were also instances in which only a couple of cells was seen 

expressing different fluorescence from the rest of the main structure. In these cases, it is 

hypothesized that the cells were absorbed into the structure during its elongation, as it is 

well known that these ductal structures will form together to create a network. 

This proof of concept allowed for the use of more complex vectors, used to 

understand other features of the forming TDLU organoid. While full videos of structures 
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forming after being transfected with either FUCCI or NOTCH1 vectors were not obtained 

due to technical issues with the microscope itself, the live imaging that was captured 

shows that it is not only possible for these vectors to make it into a cell that will 

eventually derive an entire TDLU organoid, but also that it can be expressed in specific 

cell types based off of our knowledge of development (i.e. NOTCH1 activity is only seen 

in luminal cells as previously described (Rauner et al., 2021). This enhancement of model 

will be critical to gathering novel information about human breast development for things 

such as proliferative capacity of cell populations, lineage tracing, and a further 

understanding of the novel cell types described above.  

This was also the clearing of a large hurdle for virally induced gene therapy in 

human breast tissue, which, in combination with new gene editing techniques, could 

allow for the editing of mutated breast tissue. One of the major roadblock researchers 

have had is the ability to successfully transfer genetic material in vivo, especially virally 

where it causes immunogenicity issues as well as safety concerns (Sheikh-Hosseini et al., 

2021). The ability to create an ex vivo platform in which viral transduction can occur and 

be selected for provides a workaround for these issues. While it is not a direct way to 

fight tumors and metastasis in the breast at the moment, the ability to edit oncogenic 

tissue and regrow breast tissue in an ex vivo biomimetic environment could allow for the 

implantation of functional tissue after cancer treatment. As the onset of cancer is trending 

towards occurring to earlier in a woman’s life (Fernandes et al., 2023; Giaquinto et al., 

2022), this may be the reality of treatment in the future. 

With a stronger understanding of how these structures develop, and with a 

foundation now laid out for how to best visualize structure formation, future directions 
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include increased quantification of visualized phenomena and structural generation 

occurring during development. This includes work not only understanding the function of 

Leader Cells, but also the quantification of how far they leave the main tissue body, how 

often, and how often a duct will form in this location. This information will also be vital 

to collect for the mesenchymal cell population derived from the structure. The discovery 

of these cell types is proof that this work piloting the utilization of single cell derived 

organoids has drastically improved an already strong model by increasing its 

reproducibility and its applications. 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

*In this chapter, all research presented was conducted by the author, encompassing 
experimental design, data collection, and analysis. Interpretation of novel cell types and 
stages of development observed, regarding Leader and Mesenchymal Cells, was 
conducted as a lab with Gat Rauner, Nicole Traugh, and Meadow Parrish. The findings 
elucidate the author's comprehensive understanding of the subject matter and reflect their 
expertise in the field. 
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Chapter IV: DDR1 Regulates RUNX1 to Drive Breast Stem Cell Differentiation 
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4.1. Introduction: 

The use of a novel hydrogel model to grow human breast tissue allows for a 

deeper investigation into the development and regulation of stem and progenitor cells as 

they generate tissue through triggering of protein signaling pathways. Previously, 

activation of DDR1, through the binding of one of its ligands, collagen type I, was 

implicated as a necessary factor for the differentiation of stem cells and the formation of 

biomimetic breast organoids grown initiated from clusters of primary breast cells (Rauner 

et al., 2021). Along with morphological defects to the tissue, DDR1 inhibition lead to 

significant expression changes seen at both the protein and RNA level (Rauner et al., 

2021). While DDR1 is known to activate proteins at its catalytic kinase domain, it is not 

known to have transcriptional activities of its own. Thus, DDR1 is likely using proteins 

that bind and form activating scaffold networks on its catalytic kinase domain when 

DDR1 becomes activated by binding collagen I, culminating with modulation of mRNA 

transcription, through alterations to transcription factors.  

One such transcription factor may be RUNX1, known to be a master regulator of 

stem and progenitor cell fate decisions during the development of the hematopoietic 

system and other tissues (Bresciani et al., 2014; Elagib et al., 2003; Friedman, 2009; 

Growney et al., 2005).  RUNX1 and its essential binding partner CBFβ are known for 

their role in the differentiation of many blood cell types (Liu et al., 2021) and have been 

noted to act as both activators and repressors of transcription depending on their cellular 

context. In recent years RUNX1 has also been observed playing a role in differentiation 

and development of other tissues including the brain (Fukui et al., 2018), lung (Jeong et 

al., 2022; Tang et al., 2018), intestine (Usui et al., 2006), and hair follicle (Hoi et al., 
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2010) as well as others. RUNX1’s stem and developmental functions across tissues 

designates significance in understanding its role in the breast, especially as these roles 

can often be hijacked by oncogenic programs to increase tumorigenicity and survival.  

In healthy breast tissue it has been shown that RUNX1 is expressed in a majority 

of cell types (Janes, 2011) and that its expression is required for the exit from a stem cell 

state (Sokol et al., 2015). Beyond that much of what is known about RUNX1’s role in the 

breast comes from its activities in breast cancer, where it is in the top 30 most mutated 

breast cancer genes with a frequency of around 3.3% (Ariffin, 2022). It has been seen that 

RUNX1 can stabilize the epithelial phenotype (Hong et al., 2017) and its loss is 

associated with metastasis (Hong et al., 2017; Ramaswamy et al., 2003). The similarities 

between the roles of RUNX1 and DDR1 in the development of the human breast 

indicates that these two proteins may be involved in a common signaling pathway.  

Thus, it was hypothesized that DDR1 has a regulatory effect on the transcription 

factor RUNX1 that modulates it transcriptional capabilities allowing for differentiation to 

occur. The work done in this thesis aimed to fill this gap in knowledge regarding DDR1’s 

downstream regulation of transcription, while also clarifying thro role in development 

that this transcriptional changes control. It was discovered through use of a primary 

single cell derived breast organoid model that DDR1 controls both the interaction and 

expression of RUNX1 and its essential binding partner CBFβ, and that this interaction 

shifts cellular programing from that of a stem cell state to the differentiation of cells 

through multiple developmental time points. 
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4.2. Results: 

4.2.1. DDR1 Directs Breast Organogenesis Throughout Development 

In prior studies, DDR1 has been shown to be expressed and was characterized 

within 3D hydrogels through the utilization of cell clusters containing primary epithelial 

breast cells as units for initiating organoid formation. However, the utilization of primary 

single cells to establish functional tissue has expanded the range of developmental 

timepoints observable during the generation of the Terminal Ductal Lobular Unit 

(TDLU).  Utilizing a DDR1 inhibitor (DDR1i) and an improved comprehension of breast 

organoid developmental timepoints, we investigated the essential role of DDR1 at earlier 

stages of development. This involved DDR1i treatment initiation either on day 0, during 

induction, or on day 7, during patterning.  (Figure 4.1.).  

 

Figure 4.1. Schematic Representation of Methodology Used to Test Inhibitor Effects 
Across Early Developmental Timelines: Schematic of the strategy to test the effects of 
DDR1i on breast TDLU organogenesis. Inhibition during induction began with DDR1i 
treatment starting at day 0 and concluded when control structures were fully formed no 
later than day 28. Inhibition during patterning started with DDR1i beginning day 7 and 
concluding around day 28. 
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Figure 4.2. Structural Quantification and Morphological Characterization of DDR1 
Inhibition During Induction: A) Quantification of the total number of organoids that 
formed following DDR1i treatment during induction. Data presented as Mean ± SD (n= 4 
gels/primary patient samples). B) Quantification of the types of organoids that formed 
following DDR1i treatment during induction. Data presented as Mean ± SD (n= 4 
gels/primary patient samples). C) Representative immunofluorescence staining of 
organoids from control or DDR1 inhibitor-treated gels, with treatment initiated during the 
induction phase of organoid formation. CK14 (green), and E-Cadherin (orange), and 
DAPI (blue) staining. Scale bar = 200 μm. Statistical significance was determined 
through multiple t-tests, with significance levels indicated as follows: *p-value < 0.05, 
**p-value < 0.01, ***p-value < 0.001, ****p-value < 0.0001. 



 79 

 

Persistent inhibition of DDR1 during induction, beginning on day 0, led to a 

dramatic decrease in the number of organoids formed (Figure 4.2. A). Furthermore, those 

organoids that did form were primarily rudimentary alveolar structures. No structures 

were able to fully mature and form a complex compound structure (Figure 4.2. B). 

Immunofluorescence shows that the alveolar structures that did form during DDR1i had 

irregular characteristics including both the shape of the structure and cells that stain 

positive for both basal and luminal markers, CK14 and E-Cad respectively, suggesting 

that these cells are retained in a bipotent state and are unable to differentiate and form 

proper structures without DDR1 activity (Figure 4.2. C). 

Chronic inhibition of DDR1 at a later timepoint in organoid development, during 

the patterning phase, did not lead to a significant difference in the total number of 

organoids (Figure 4.3. A) but did lead to a significant reduction in the number of 

compound ductal-alveolar organoids formed and a significant increase in the number of 

ductal only structures formed, implying that they are being restricted from undergoing 

alveologenesis (Figure 4.3. B). Immunofluorescent staining shows that ductal structures 

under DDR1i treatment do form both basal and luminal lineages, implying that DDR1 

inhibition during patterning permits stem-cell differentiation, but impairs the 

morphogenesis of the tissue itself (Figure 4.3. C). 

It has been previously seen that the generation of alveolar structures during 

development requires the differentiation and expansion of the luminal population (Rauner 

et al., 2021)., Consequently, we examined if a change in the luminal population may be 

responsible for the loss of alveolar structures. Through flow cytometry, the frequency of  
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Figure 4.3. Structural Quantification and Morphological Characterization of DDR1 
Inhibition During Patterning: A) Quantification of the total number of organoids that 
formed following DDR1i treatment during Patterning. Data presented as Mean ± SD (n= 
4 gels/primary patient samples). B) Quantification of the types of organoids formed in 
DDR1i treated cultures beginning during patterning. Data presented as Mean ± SD (n= 4 
gels/primary patient samples).  C) Representative immunofluorescence staining of 
organoids from control or DDR1i treated gels initiated during the patterning phase of 
organoid formation. CK14 (green), and E-Cadherin (orange), DAPI (blue) staining. Scale 
bar = 200 μm. D) Representative flow cytometry plot analysis of basal (CD49f) and 
luminal (Epcam) cells (FACS) (i) and quantification of mean fluorescent intensity (ii) 
from primary patient samples cultured in 3D, treated with DDR1i during patterning (n=3 
primary samples, and values are expressed as Mean ± SD). Statistical significance was 
determined via multiple t-tests, with significance levels indicated as follows: *p-value < 
0.05, **p-value < 0.01, ***p-value < 0.001, ****p-value < 0.0001. 
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luminal (EpCAMhigh) and basal (EpCAMneg/low/CD49fpos) cells was quantified in TDLU 

organoids that underwent DDR1i treatment during patterning (Figure 4.3. D). Compared 

to the control, there was a significant reduction in the number of luminal cells present 

when DDR1 was inhibited, in line with previous findings. Together these results suggest 

that DDR1 is necessary for compound ductal-alveolar formation and that during 

induction it is responsible for stem cell differentiation, while later during patterning it is 

responsible for morphogenesis through control of luminal differentiation. 

 

4.2.2. DDR1 Inhibition Modulates the Expression of RUNX1 and its Target Genes 

Studies in multiple human tissues have shown that RUNX1 is a master regulator 

of development and differentiation (Bresciani et al., 2014; Elagib et al., 2003; Hoi et al., 

2010; Liu et al., 2022; Sokol et al., 2015). In breast tissue it has been shown that RUNX1 

expression is required for cells to be able to exit the stem cell state, similar to the 

phenotype seen in DDR1 inhibited structures (Sokol et al., 2015). Accordingly, a 

connection between DDR1 and RUNX1 was probed using scRNA-Seq data of RUNX1 

and RUNX1 target genes, in which clusters of cells grown for 14 days in a 3D hydrogel 

and treated with DDR1 from day 0-14 (DDR1i) or from day 0-12 when DDR1 inhibition 

was released (DDR1r) (Figure 4.4.).  

It was observed that RUNX1 expression is lost in bipotent progenitor and basal 

cell types upon treatment with a DDR1i (Figure 4.5. A). Interestingly, these are the same 

cell types in which DDR1 is expressed (Appendix Figure 6.3. A). While in basal cells 

RUNX1 expression returns upon release of DDR1i, this loss of RUNX1 in progenitor 

cells appears to be irreversible.  Looking at other Core binding factor family members  
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Figure 4.4. Schematic Representation of Methodology Used to DDR1 Inhibitor 
Effects During Organoid Initiated From Clusters of Primary Cells: A) Schematic 
representation of DDR1 inhibitor time course design for scRNA-seq. DDR1i treatment 
starting on day 0 and concluding on day 14, and DDR1r treatment with DDR1i initiation 
on day 0 and cessation on day 12, with the last two days free from inhibition.  
 

RUNX2, RUNX3 and CBFβ, it is seen that RUNX1’s response to DDR1 inhibition 

specific as these other proteins was limited and not affected by DDR1 inhibition 

(Appendix Figure 6.3. B-D)  

Loss of RUNX1 likely causes changes in the expression of RUNX1 target genes. 

As RUNX family members are known to be both activators and repressors of 

transcription based on the context, expression levels of various known RUNX1 target 

genes both increase and decrease in response to DDR1 inhibition. For example, RUNX1 

target gene DUT, an essential nucleotide metabolism enzyme upregulated in many breast 

cancer subtypes (Davison et al., 2021) gains expression through DDR1i (Figure 4.5. B).  

Inversely, MYC, a known RUNX1 target gene and interactor, irreversibly loses 

expression in all cell types upon exposure to DDR1 inhibition (Figure 4.5. C). These 

trends are seen in many other probed target genes (Appendix Figure 6.3. E-I). 
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Figure 4.5. Changes in Expression of RUNX1 and RUNX1 Target Genes in 
Organoids Initiated as Clusters: A-C) Violin plots showing the distribution of RUNX1, 
DUT, and MYC expression in primary tissue organoids under control, DDR1r or DDR1i 
conditions.  

 

To understand RUNX1 activity modulation in the context of DDR1 inhibition, a 

select preliminary group of RUNX1 target genes was used to probe RUNX1 

transcriptional activity when treated with DDR1i (Figure 4.6.). Primary samples, treated 

with DDR1i beginning on day 7 during patterning, all had the induction of the RUNX1 

target genes. Similarly, MCF10A cells, an immortalized normal breast cell line grown in 

2D with collagen I stimulation and in 3D collagen-based hydrogel, saw the induction of 

the same genes. This was also seen in the MCF10A derivative cell line MCF10F under 

collagen stimulation conditions (Appendix Figure 6.3. J). Intriguingly, when either 

MCF10A or MCF10F cell lines were treated in 2D without the addition of collagen I to 

stimulate activation of DDR1, it was seen that expression of RUNX1 and RUNX1 target 

genes were not significantly modulated in the presence of a DDR1 inhibitor (Appendix  
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Figure 4.6. Changes in Expression of RUNX1 and RUNX1 Target Genes in Single 
Cell Derived Organoids and Cell Lines: Compilation of qRT-PCR quantification data 
derived from three primary patient samples cultured in a 3D environment, MCF10A cells 
grown in 2D or MCF10A cells grown in 3D, comparing RUNX1 target gene response to 
DDR1 inhibition. Values expressed as Mean ± SD. Statistical significance was 
determined via multiple t-tests, with significance levels indicated as follows: *p-value < 
0.05, **p-value < 0.01, ***p-value < 0.001, ****p-value < 0.0001. 

 

Figure 6.3. K, L). Taken together, this data suggests that RUNX1 transcriptional activity 

is modulated by DDR1’s activity when binding fibrillar collagen type I. 

 

4.2.3. RUNXi Phenocopies DDR1 inhibition:  

If RUNX1-based transcription is downstream of DDR1 and is affected by its 

activation through binding of collagen type I, we would expect that inhibition of RUNX1 

at different developmental time points would generate a similar phenotype in both cell 

populations and structure. Using a small molecule inhibitor of RUNX (AI-10-104), that 

functions by preventing interactions between RUNX family members and its cofactor 

CBFβ, primary human cells were treated with the RUNX inhibitor (RUNXi) on day 0 or 

day 7 during induction or patterning respectively. As RUNX1 is the primary RUNX 

family member expressed in the breast tissue (Mercado-Matos et al., 2017), it is also 

likely the family member driving a majority of the effects in the tissue. 
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Figure 4.7. Structural Quantification and Morphological Characterization of 
RUNX Inhibition During Induction: A) Quantification of the total number of 
organoids that formed following RUNXi treatment during induction. Data presented as 
Mean ± SD (n= 4 gels/primary patient samples).  B) Quantification of the types of 
organoids that formed following RUNXi treatment during induction. Data presented as 
Mean ± SD (n= 4 gels/primary patient samples). C) Representative immunofluorescence 
staining of organoids from control or RUNX inhibitor-treated gels, with treatment 
initiated during the induction phase of organoid formation. CK14 (green), and E-
Cadherin (orange), and DAPI (blue) staining. Scale bar = 200 μm. Statistical 
significance was determined through multiple t-tests, with significance levels indicated 
as follows: *p-value < 0.05, **p-value < 0.01, ***p-value < 0.001, ****p-value < 
0.0001. 
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Inhibition of RUNX during induction, beginning at day 0, led to a slight but not 

significant decrease in the total number of organoids formed (Figure 4.7. A), and a 

significant increase in alveolar structures and a complete loss of compound TDLU 

organoids, showing a blockage in morphogenesis (Figure 4.7. B). Immunofluorescent 

staining shows that the alveolar structures that did develop under inhibitor conditions 

were rudimentary and double positive for basal (CK14) and luminal (E-Cad) markers, 

implying that they are limited to their bipotent stem state and cannot differentiate (Figure 

4.7. C). These effects are reminiscent of, albeit not identical to, the effects of DDR1 

inhibition at this developmental time point.  

Inhibition of RUNX during patterning, beginning on day 7, did not result in a 

significant change to the number of structures formed (Figure 4.8. A) yet did have a 

significant increase in the number of ductal structures formed and a significant loss of 

compound structures (Figure 4.8. B). Ductal structures that formed had both luminal and 

basal cells, implying that during patterning RUNX1 is not influencing stem cells, but the 

morphology of these structures (Figure 4.8. C). To investigate whether this change in 

morphology is associated with a loss of the luminal population, we performed flow 

cytometry population analysis. The results show that RUNXi causes a loss of EpCAMhigh 

luminal cells while the EpCAMneg/low/CD49fpos basal population remains consistent 

across conditions (Figure 4.8. D). Together this data suggests that RUNX1 is responsible 

for stem cell differentiation during induction and alveologenesis through the expansion of 

the luminal population during patterning. Inhibition of RUNX1 at both the induction and 

patterning time points recapitulates DDR1 inhibition, suggesting that DDR1 may act  
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Figure 4.8. Structural Quantification and Morphological Characterization of RUNX 
Inhibition During Patterning: A) Quantification of the total number of organoids that 
formed following RUNXi treatment during Patterning. Data presented as Mean ± SD (n= 
4 gels/primary patient samples). B) Quantification of the types of organoids that formed 
following RUNXi treatment during patterning (n= 4 gels/primary patient samples). Data 
presented as Mean ± SD.  C) Representative immunofluorescence staining of organoids 
from control or RUNX inhibitor-treated gels, with treatment initiated during the induction 
phase of organoid formation. CK14 (green), and E-Cadherin (orange), and DAPI (blue) 
staining. Scale bar = 200 μm.  D) Representative flow cytometry plot analysis of 
myoepithelial/basal (CD49f) and luminal (Epcam) cells (FACS) (i) and quantification of 
mean fluorescent intensity (ii) from primary patient samples cultured in 3D, treated with 
RUNX inhibitor during patterning (n=3 primary samples). values are expressed as Mean 
± SD. Statistical significance was assessed using multiple t-tests, with significance levels 
indicated as follows: *p-value < 0.05, **p-value < 0.01, ***p-value < 0.001, ****p-value 
< 0.0001. 
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through RUNX1 to drive the differentiation and development of a physiologically normal 

TDLU organoid in this 3D hydrogel model.  

 

4.2.4. DDR1 Controls RUNX1 Interactions to Regulate its Gene Set:  

To further probe DDR1’s influence over RUNX1’s transcriptional network in the 

breast, bulk RNA sequencing was done, comparing differential expression in cells treated 

with either DDR1i or RUNXi compared to the control. When looking at the 576 genes 

differentially expressed when treated with DDR1i it was observed that over half of these 

genes (316/576) overlapped with differentially expressed genes from cells treated with 

RUNXi (Figure 4.9. A). Heatmap analysis of all the genes shows that these treatment 

groups are more similar to one another than they are to the control, as they nest together 

as one treatment group (Figure 4.9. B). 

To gain a comprehensive understanding of the regulation of this gene set and 

compare the roles of other transcription factors known to regulate these genes, potentially 

shedding light on an overarching function of these genes, we input the overlapping gene 

set into ChEA ChIP-seq database (Lachmann et al., 2010), and visualized the results 

using Harmonizome (Figure 4.9. C) (Rouillard et al., 2016), as well as the TRRUST 

transcription factor interaction database (Han et al., 2015) visualized with ENRICHR 

(Appendix Figure 6.4.) (Xie et al., 2021)  These results not only continues pointing to this 

gene set being highly regulated by RUNX1, but it also suggested potential functions of 

this gene set based on well-known functions of other transcription factors known to 

regulate this gene set. The most stand out hits were those been previously characterized 

to induced pluripotent stem cell transcription factors; SOX2, NANOG, and OCT4  
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Figure 4.9. DDR1-RUNX1 Transcriptional Network: A) Venn diagram depicting the 
overlapping differentially expressed genes from bulk RNAseq data obtained from 
MCF10A cells treated with Col-1 and DDR1 inhibitor (DDR1i) or Col-1 and RUNX 
inhibitor (RUNX1i), compared to control. B) Heatmap of the overlapping differentially 
expressed genes, as compared to the control. C) Hierarchically clustered heatmap 
visualization of the associations between DDR1-RUNX1 overlapping gene set (input) 
and Enriched transcription factors, utilizing data from the ChEA database (Lachmann et 
al., 2010). * Represents transcription factor hits of interest.  

 

(Allouba et al., 2015; Luo et al., 2013; Shi and Jin, 2010; Zhang and Cui, 2014). While 

not as well known, other top transcription factor hits such as TP63, STAT3, MYC, 

GATA1, TP53, E2F1, and AR are also reported to regulate stemness and differentiation 

across tissue types (Barbieri and Pietenpol, 2006; Chang et al., 2013; Craig et al., 2023; 

Fang et al., 2020; Hu et al., 2011; Huang et al.; Jorgez et al., 2021; Murashima et al., 

2015; Portal et al., 2022; Wu et al., 2017; Xu et al., 2023). Using the protein-protein 
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interaction database STRINGDB (Szklarczyk et al., 2022), we found that these 

transcription factor hits form a close interacting network in which each protein is at most 

2 interactions away from any other protein, showing a tightly related network of 

transcription (Appendix Figure 6.5.). GSEA (Subramanian et al., 2005) of the 

overlapping gene set further shows these genes are implicated in known RUNX1 

processes such as MYC signaling (Choi et al., 2017), epithelial-mesenchymal transition 

(EMT) (Khawaled and Aqeilan, 2017; Lu et al., 2020) and tissue development (Coffman, 

2003), estrogen response (Stender et al., 2010), and other functions related to both the 

breast and development (Mootha et al., 2003; Subramanian et al., 2005) (Table 4.1.). 

 
Table 4.1. DDR1-RUNX1 Transcriptome-Associated Activities Identified Through 
GSEA: 
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This overlapping transcriptional network based on DDR1 activity through 

RUNX1 suggests that DDR1 may be physically regulating RUNX1 as a mechanism for 

this change. Looking at the transcription factor concentrations specifically in the nucleus 

of MCF10A cells by western blot, there is a significant loss of RUNX1 and its essential 

binding partner CBFβ when treated with DDR1i under collagen stimulation conditions in 

both cell lines and primary samples (Figure 4.10. A and B). Similar to what was seen 

with the mRNA expression of cells exposed to DDR1i but not collagen I, DDR1i does 

not have an effect on cell protein expression compared to the control and there is no loss 

of either CBF components in MCF10A cells (Appendix Figure 6.6.). Use of 3D hydrogel 

cultured primary single cell derived TDLU organoids also showed that a loss of nuclear 

RUNX1 and an even greater loss of nuclear CBFβ was induced through DDR1i. 

As it is hypothesized that RUNX1 and CBFβ bind together in the cytoplasm prior 

to entry into the nucleus (Liu et al., 2021; Zhen et al., 2020), it was important to 

determine if DDR1i interferes with this interaction. We used immunoprecipitation to see 

the interacting relationship between RUNX1 and CBFβ, in the presence and absence of 

active DDR1. Indeed, there was a significant reduction in CBFβ bound to RUNX1 in 

DDR1i conditions (Figure 4.10. C). Inhibition of RUNX1 using the AI-10-104 inhibitor 

served as a positive control, as this inhibitor’s mechanism is through blockage of 

interaction between RUNX1 and CBFβ. The quantity of RUNX1-CBFβ binding did not 

differ between inhibitor treatments of DDR1 and RUNX (Figure 4.10. C).  

To evaluate potential downstream targets of DDR1 that may act as intermediates 

between the collagen receptor and RUNX1, a phosphor-kinase array was utilized to query 

proteins known to be activated by DDR1 in other organisms and tissues, specifically  
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Figure 4.10. RUNX1 and CBFβ Protein Expression and Interaction are Decreased 
by DDR1i: A) Representative western blot analysis and quantification of RUNX1 and 
DDR1 expression from nuclear lysates of MCF10A cells treated with collagen I and 
DDR1i (n=3). Data presented as Mean ± SD. B) Representative western blot and 
quantification of nuclear protein from fractionated lysate obtained from primary patient 
samples cultured in 3D hydrogels (n=3). Data expressed as Mean ± SD. C) Co-IP of 
RUNX1 and subsequent blotting and quantification of CBFβ from the lysate of MCF10A 
samples cultured in 2D treated with collagen I and DDR1i. Quantification is derived from 
n=3 independent experiments and is presented as Mean ± SD. Statistical significance was 
determined through multiple t-tests, with significance levels indicated as follows: *p-
value < 0.05, **p-value < 0.01, ***p-value < 0.001, ****p-value < 0.0001.  
 

members of the SRC family kinases (SFKs), which are known to be both activated by 

DDR1 and modulators of RUNX1 activity. It was seen that a majority of changes with 

DDR1i occurred with the loss of activation phosphorylation on kinases including SRC 

family kinases WNK1, YES, and LYN as well as kinase MSK1/2, transcription factors of 

the STAT family (STAT1,2,3, and 5), and other proteins such as HSP27 known to be lost 
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with DDR1i (Table 4.2. and Appendix Figure 6.7.) (Wantoch von Rekowski et al., 2020). 

Many of the proteins activated by DDR1, directly or indirectly, are known to be RUNX1 

interactors and form a network that could feasibly drive changes to its structure through 

PTMs (Appendix Figure 6.8.). Together this data shows that RUNX1 drives a majority of 

DDR1’s transcriptional network through signaling that allows RUNX1 to bind CBFβ, 

thereby allowing it to drive differentiation programming driving the differentiation of 

basal and luminal lineages. 

 
Table 4.2. Potential DDR1-RUNX1 Intermediaries Identified Through 
Phosphokinase Array: 

 

 

4.2.5. The DDR1-RUNX Axis in Breast Cancer:  

Breast cancer is caused by the aberration of development and differentiation. As 

the breast is a tissue that goes through cycles of growth and involution, there are many 

opportunities for this misregulation to occur. Once oncogenesis begins, impacted breast 

cells no longer properly respond to the physiological developmental signals and allow for 

the cells to deviate from normal differentiation programming, often reverting into a more 
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Figure 4.11. Mutational Analysis of DDR1, RUNX1 and CBFβ: Genomic alteration 
frequencies of RUNX1, DDR1, CBFb, and EGFR in human breast cancer. Mutational 
frequency from 10,363 breast cancer (BC) samples in 9,776 patients, categorized by 
mutation type, of genes of interest and well-known regulators in BC from the cBioPortal 
database.  
 
stem-like states (Fillmore and Kuperwasser, 2008; Zhang et al., 2020). We hypothesized 

that since the DDR1-RUNX1 axis is responsible for pushing cells from a stem cell state 

to a differentiated one, it may be frequently mutated in breast cancer. Using the 

cBioPortal comprehensive collection of breast cancer data (de Bruijn et al., 2023; 

Cerami1 et al., 2012; Gao et al., 2013), mutation status of DDR1, RUNX1, and CBFβ 

were quantified per mutation type. Overall, these mutations occurred at rates between 

3~5% across all breast tumors, a rate similar to that of EGFR which is a common 

mutation (Masuda et al., 2012) (Figure 4.11.).  By looking at co-occurring mutations 

across breast tumors, mutual exclusivity between gene mutations can be probed. 

Interestingly, there is a high rate of co-occurrence between DDR1 and RUNX1 mutations 

as well as DDR1 and CBFβ mutations. RUNX1 and CBFβ mutations tend to be mutually 

exclusive in breast cancer (Table 4.3) as well as generally across tissues (Table 4.4). This 

data suggests that the DDR1-RUNX1 axis is a target of frequent mutation in breast 

cancers. 
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Table 4.3. Mutual Exclusivity or Co-Expression of DDR1, RUNX1 and CBFβ 
mutations in Breast Cancer: 

  

Table 4.4. Mutual Exclusivity or Co-Expression of DDR1 and RUNX1 mutations in 
Pan-Cancer Studies: 

 

 

To determine the relevance of DDR1, RUNX1, and CBFβ expression to patient 

care, METABRIC data from the Breast Cancer Integrative Platform (Wu et al., 2017) was 

used to produce Kaplan-Meier curves showing overall survival in both TNBC and Non-

TNBC (i.e. tumors expressing one or more expressed receptor of either ER, PR, or 

HER2). In non-TNBC breast cancers, expression of DDR1 or RUNX1 indicated a better 

patient outcome (Figure 4.12., panels i-ii). In contrast, DDR1 and RUNX1 expression in 

TNBC tumors is associated with a poor patient outcome (Figure 4.12., panels iv-v). In 

both cases, higher CBFβ expression is associated with a negative outcome (Figure 4.12., 

panels iii, vi). This data underscores an ongoing interplay through the interconnected 

phenotypes resulting from the modulation of DDR1 and RUNX1, which persists beyond 

normal tissue development and extends into cancer. These findings may hold clinically 

relevant implications for treatment strategies. 
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Figure 4.12. Breast Cancer Survival Based on Expression of DDR1, RUNX1 and 
CBFβ: Kaplan-Meier OS curve based on high (red) and low (blue) DDR1 (i), RUNX1 
(ii), or CBFβ (iii) in triple negative breast cancer (TNBC) or non-TNBC (iv-vi) from 
METABRIC data on the Breast Cancer Integrative Platform.  

 

4.3. Discussion: 

The identification of a novel DDR1-RUNX1 signaling axis has unveiled a new 

pathway with implications in differentiation, development, and disease within breast 

tissue. Utilizing a primary single-cell-derived 3D breast organoid model, we observed 

that the DDR1-RUNX1 axis influences the transition out of the stem state and the 

formation of ductal structures during induction, while during patterning, it governs 

luminal differentiation and alveologenesis. Additionally, DDR1's transcriptional network 

is primarily regulated by RUNX1's expression and its interaction with CBFβ, holding 

potential implications for the clinical management of breast cancers. 

 While morphologically phenocopying one another, there were some differences 

seen between the structures under inhibitor conditions. The first was the total number of 

structures formed during induction, where DDR1i conditions created a significant 
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difference in the number of structures formed and RUNXi conditions did not. This may 

be due to DDR1’s position upstream of RUNX1 and its RUNX1-independent functions in 

the signaling for proliferation and structural development, thus preventing the formation 

of any organoid. The second major difference observed was the quantity of differentially 

expressed genes caused by the inhibitors in comparison to the control population, where 

RUNXi caused the differential expression of twice as many genes as DDR1i. This could 

be due to DDR1 being more nuanced and only regulating a specific subset of genes by 

RUNX1, and that when DDR1 is inhibited, only that subsection is affected, compared to 

when RUNX is indiscriminately affected by its inhibitor. This subtle shift in 

programming  could allow for DDR1-independent or other DDR1-RUNX1 processes to 

occur, allowing for the maintenance of long-term stem cells (North et al., 2002). 

It is still not known if the DDR1-RUNX1 axis is a direct interaction between the 

two proteins, based on what is known about RUNX1 it seems more likely that it is being 

modulated by an intermediate between the RTK and the transcription factor. There are 

many possibilities for what this intermediate could be, but we can hypothesize that it is a 

member of the SFK proteins, proteins known to interact with RUNX1 (Han et al., 2022; 

Lu et al., 2011). Evidence for this was uncovering in the same knockout experiment that 

revealed DDR1’s major role in the differentiation of breast stem cells. In this experiment 

the second highest target was a SRC family kinase FYN, implying that this protein was 

found to also be necessary for exit from a stem cell state and the development of a TDLU  

(Rauner et al., 2021). DDR1 is also known to interact with SFK proteins (Huang et al., 

2012). Activation phosphorylation of other SRK, including YES and LYN were also seen 

to be affected by the loss of DDR1 activation through a phosphokinase array and are 
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known to be downstream of FYN activity. Further work is needed to determine which 

SRC family kinase is involved, and if there are any other proteins involved in this 

pathway. 

While the intermediate between these two proteins is still unknow, it has been 

shown that this is just one of three ways in which DDR1i affects RUNX1. Beyond the 

direct interaction between RUNX1 and CBFβ, it was shown that DDR1i decreased the 

expression of both proteins and the mRNA of RUNX1. Regulation of this transcription 

factor at every level serves to highlight the important connection between these two 

proteins in the role of controlling differentiation. While these regulatory events do not 

have to be mutually exclusive, it is also possible that all of the changes to RUNX1 

expression occurs through the disruption of its interaction with CBFβ. It has been 

previously shown that the RUNX1-CBFβ interaction stabilizes RUNX1 protein (Qin et 

al., 2015) and allows it to control its own transcription (Martinez et al., 2016). By 

disrupting this interaction, RUNX1 would be marked for degradation and its mRNA 

would naturally decrease. Further work needs to be done to determine if these are 

controlled through a single action or 3 individual regulations.  

Additional research is also required to understand the breakdown of what cellular 

processes the DDR1-RUNX1 axis is controlling through RUNX1’s transcriptional 

activity. Identifying known functions of other transcriptional regulators that control the 

same gene set that is controlled by the DDR1-RUNX1 axis could reveal the overarching 

roles of this axis. One of the most telling hits on this list were the embryonic and induced 

pluripotent stem cell transcription factors SOX2, NANOG, and OCT4. Although the 

breast epithelial cells responsible for reconstituting the TDLU are not pluripotent stem 
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cells, this suggests that the differentiated genes they possess may still regulate breast stem 

cell behavior. This observation aligns with the data demonstrating that inhibition of both 

DDR1 and RUNX1 prevents these cells from transitioning out of a stem state.  

Alternatively, other transcription factor hits including TP63, STAT3, MYC, GATA1, 

TP53, E2F1, and AR are known to regulate differentiation in multiple solid tissue types 

including stratified epithelial tissues (Barbieri and Pietenpol, 2006; Craig et al., 2023; 

Fang et al., 2020; Portal et al., 2022; Wu et al., 2003) and both male and female 

reproductive tissues  (Chang et al., 2013; Hu et al., 2011; Huang et al.; Jorgez et al., 

2021; Murashima et al., 2015; Xu et al., 2023). Misregulation of transcription factors also 

has implications in cancers of these tissues. Some transcription factor hits (SOX2, OCT4, 

Nanog, E2F1, MYC) are observed acting like oncogenes (Dang, 2012; Narayan et al., 

2017; Noh et al., 2012; Schaefer and Lengerke, 2020; Yang and Sladek, 2018), while 

others (TP53, STAT3, EGR1, and GATA1) are known to act as tumor suppressors 

(Aigner et al., 2019; Aubrey et al., 2016; Wang et al., 2021; Zheng and Blobel, 2010). 

Together the implication of these transcription factors regulating this overlapping gene 

set paints a picture that the DDR1-RUNX1 axis plays a role in the transition from stem 

cell programming to that of differentiated tissue.  

Finally, evidence from pan-cancer studies suggests that this signaling axis may 

exist within other tissue types. With growing interest into the roles of DDR1 and RUNX1 

during the development of human tissues, it is probable that more and more research will 

find that DDR1 may play some role in the regulation of RUNX1. This warrants further 

research to fill the new gaps of knowledge presented above, as common pathways 

controlling the development of tissues are important to researchers focused on both 
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fundamental and disease-oriented biology.  As small molecule inhibitors of RUNX1 and 

DDR1 are entering clinical trials (Elkamhawy et al., 2021; Illendula et al., 2016), it is 

important to understand exactly how they can be used therapeutically. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In this chapter, all research presented was conducted by the author, encompassing 

experimental design, data collection, analysis, and interpretation except for the scRNA 

Sequencing Analysis which was conducted by Nicole Traugh at the request of the Author. 

The findings elucidate the author's comprehensive understanding of the subject matter and 

reflect their expertise in the field. 
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Chapter V: Discussion and Significance  
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5.1. Discussion: 

 Past research has made a monumental impact on the groundwork for our 

understanding of breast development; however, a lack of a replicable model has made it 

hard to predict if discoveries made in the mammary glands of animal models, or 2D cell 

culture, will translate to human tissue in a clinical setting. 3D models offer potential 

solutions to these challenges. Human breast tissue, in particular, stands to benefit from 

enhanced 3D modeling to better understand its physiology and develop personalized 

treatments (Dai et al., 2017; Holen et al., 2017). As 3D culturing techniques advance 

(Baptista et al., 2022; Corrò et al., 2020; Rauner et al., 2023), the potential for therapeutic 

and regenerative applications becomes increasingly promising. 

The regenerative potential of breast tissue provides a rich source of cells for 

initiating ductal lobular structure development  (Mohan et al., 2021; Visvader and Stingl, 

2014). Despite this benefit, current 3D models face challenges in achieving biomimetic 

fidelity, with previous iterations falling short in accurately representing human tissue 

physiology or extracellular matrix composition. Recent advancements, such as the 

development of a novel 3D hydrogel model incorporating breast stroma components and 

primary patient cells, offer promising avenues for more representative and informative 

breast tissue modeling (Rauner et al., 2021, 2023; Sokol et al., 2016). Further 

enhancements, including the refinement of initiating cell clusters dissociation, hold 

potential for improving the accuracy and versatility of 3D breast tissue models for future 

research applications. 

This enhancement of the organoid initiating units to single cells, marks the true 

ability to make associations between human organoid model conditions. Previous efforts 
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could not truly be directly compared to one another due to inequalities in initiating units, 

both in quantity and developmental stage. As clusters of epithelial cells previously used 

for organoid development (Rauner et al., 2021; Sokol et al., 2016) may have contained 

cells at different developmental stages, as well as all in different quantities, each organoid 

structure itself may be in slightly different stages of development, which could modulate 

their phenotypic response to perturbation. Enhancement of this 3D model to generate 

single-cell derived organoid structures removes these differences, allowing for more 

comparable and replicable data across patient samples.  

 Part of this inability to compare previous conditions came from the discovery of 

new initial stages of organogenesis during breast TDLU development. While previous 

work understanding part of DDR1’s role in the breast was successful due to the visually 

drastic morphological phenotype that occurs with the loss of alveologenesis (Rauner et 

al., 2021), nuances in developmental timing easily could have obfuscated important 

results. The splitting of an “early” timepoint into two distinct developmental stages, 

Induction and Patterning, has allowed for a more fine-tuned understanding of how 

organogenesis initiating signaling drives development through different avenues at each 

stage.  

While DDR1i had been previously predicted to retain a stem cell state in breast 

structures through its knockout (Rauner et al., 2021), there was no morphological data to 

confirm this as structures were shown to still develop ducts. Use of single cells allows the 

model to observe earlier time points and interrogate these timepoints as two distinct 

developmental phases. As seen from experiments initiated with single cells, DDR1i 

during induction does indeed prevent the exit of cells from the bipotent stem state. 
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Alternatively, it was seen that during patterning DDR1 is responsible for luminal 

differentiation and expansion, as well as the morphogenesis of alveoli structures on the 

ends of ductal branches. Additionally, inhibition of RUNX1, the transcription factor 

believed to be controlled by DDR1 signaling, phenocopied the effects of DDR1i at two 

different stages of development. The consistency in the traits affected by the interruption 

of these two proteins normal functions across separate developmental stages strengthens 

the probability of their association, a detail not discernible in previous iterations of this 

model. 

As seen from this work, perturbation of the same protein can have drastically 

different effects depending on the developmental stages. These stages offer further 

considerations for researchers using 3D models to understand both morphological and 

expression phenotypes and can dictate the proper planning and execution of experiments. 

Thus, an overlooked aspect of organoids systems is potential issues caused by using pre-

differentiated cellular clusters as organoid initiating units. As seen from work in our own 

lab (Rauner et al., 2021), the use of clusters pushes initiation from the induction phase to 

the patterning phase, completely removing the stem cell context from the experiment, 

leaving important results without supporting evidence. Use of single cells would avoid 

instances where one cluster may contain more cells at stages ready to produce a structure, 

while another structure requires more proliferation before being able to sprout ducts. 

Without the additional context coming from direct observations of breast development 

from a single cell, the impact of this work would be greatly lessened. 

Additional definition of these phases as well as the phases of morphogenesis and 

maturation would also allow for a deeper characterization of development. A better 
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understanding of these developmental phases can also answer new questions introduced 

by this single-cell enhancement. Some remaining questions include those pertaining to 

developmental cues that control structure morphology and why some are directed to be 

compound, while others retain either ductal or alveolar features. While some data is 

exists pointing to certain unipotent stem cells driving these ductal or acinar structures 

(Linnemann et al., 2015), it impresses new questions on the predicted ability of these 

cells to undergo plasticity at different stages of their development, and may offer new 

clues on which cells are the de-facto stem cell in the adult human breast.  

Other unanswered questions from these single cell experiments revolve around 

new cell types discovered, including their identity, the roles that they play in breast 

development, and most importantly if they are an artifact of transplantation, or cells that 

exist within the human body. As the ability to live image developing human tissue is a 

technique in its infancy, it is possible that other tissues may utilize these cell types as 

well. A better understanding of the activities of these cells in the breast could give 

researchers a leg up in understanding their role in these other tissues. 

 Finally, it would be important to understand how all these traits may relate to 

other patient-specific factors such as age, race, body mass index, hormonal exposure, and 

parity as well as others. It is well understood that each of these characteristics can have 

drastic effects on breast biology. As grouping organoid growth together in this way may 

showcase drastically different phenotypes that would be hard to characterize when 

interspersed with all other breast organoids, studies focused on the growth of tissues from 

these cohorts could make important observations about breast biology that could help 

alleviate issues in women’s health.  
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In the short term, future directions for this model include further enhancements 

such as the inclusion of resident stroma and modulating the niche that makes up the 

model, the addition and integration of disease models into the novel 3D hydrogel model, 

and the growth of organoids from other primary tissue sources. The most readily 

accomplishable is the addition of supporting stroma to the niche environment to 

additionally increase the relevance of the model. The ability to add immune cells, adipose 

tissue, neuronal tissue, vasculature, and fibroblasts (Fein et al., 2023) would allow for 

associations between the growth and signaling of these cell types that could augment the 

way organogenesis occurs in this model. It has been observed that signaling between all 

four cell types and the epithelium in mammary tissues plays a role in the development of 

the mammary gland (Couldrey et al., 2002; Fein et al., 2023; Kothari et al., 2020; Liu et 

al., 2012; Reed and Schwertfeger, 2010). The ability to add each cell type to the model 

individually or in concert allows for more enriched comprehension of these interactions 

in the likely reciprocal proliferation, differentiation, and development of the various 

tissues. 

Also feasible in the short term is the ability to convert this model to study breast 

cancer, focusing on the dire need for more precision medicine-based therapies. This 

model would likely support primary tumor tissue and could allow for a deeper 

understanding of metastasis and tumor growth, as well as any interactions with other cell 

types found in the breast. Growth in a 3D hydrogel could be used to one day help inform 

personalized treatment strategies by through the ability to probe a patient’s tumor for 

drug resistance through secondary mutations.  
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Use of this model to help determine potentially important pathways in cancer has 

already been modeled by DDR1 and RUNX1 in this thesis. Understanding that effects to 

DDR1 could have a major effect on RUNX1 signaling gives it clinical implications. This 

is seen through the use of an archive that collects patient tumor data that indicates 

expression and mutational status of the DDR1-RUNX1 axis may be useful prognostic 

tools. Overall survival shows the dual nature of these proteins as moderators of both stem 

and differentiation programming. High expression of RUNX1 and DDR1 in HR+ 

cancers, which indicates a more positive outcome, would likely have an anti-ER effect as 

RUNX1 is known to have an inverse relationship with the expression of ERα (Stender et 

al., 2010). It is also possible that higher expression of these proteins allows for the 

stability of an epithelial phenotype (Hong et al., 2017). Conversely, TNBC with high 

expression of DDR1 or RUNX1 had more negative patient outcomes. This has been 

attributed to RUNX1’s driving of proliferation (Fernández et al., 2023) and DDR1’s 

ability to create an immune-exclusive environment through the alignment of collagen 

fibers (Sun et al., 2021). It was also interesting to see that both DDR1 and RUNX1 or 

DDR1 and CBFβ are often co-mutated, not just in breast cancer but across many cancer 

types, increasing the evidence that this is a vital target that can give tumors increased 

fitness. This data shows that the DDR1-RUNX1 axis is an interesting target for specific 

breast tumors and that additional work must be done to understand more of the roles that 

these two genes play. 

Use of this gel could also be used to directly support the growth of primary tissue 

with oncogenic mutations can give glimpses into cancers onset. Our use of structures 

initiated from single cell primary samples harboring a BRCA1 mutation shows that these 
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structures do form on a normal timeline compared to healthy tissue, and form structures 

with similar morphological traits as wild type. While initial testing shows that these 

structures respond to doxorubicin treatment through the induction of	γH2AX at the site 

of double strand breaks, future work needs to be done to determine both the best timing 

and best way to visualize and quantify the accumulation and subsequent response of 

double strand breaks. With the right conditions, it is possible that work with samples 

containing mutations such as this could lead to direct observations of oncogenesis. 

Observations such as these made through a biomimetic model are the kind necessary for 

defining new classes of personalized therapy. 

Ideally this model would be used to not only observe how cancer becomes 

metastatic, but also the initiation of oncogenesis. Breast Cancers such as ductal 

carcinomas and lobular carcinomas in-situ (DCIS or LCIS respectively) act as ticking 

timebombs. While a majority remain benign, many still eventually progress and 

metastasize, forcing women to make life-changing treatment decisions that are potentially 

unnecessary (Ugai et al., 2022). Future work utilizing the hydrogel should focus on both 

the initiation of oncogenesis and drivers of metastasis to help advise clinical decisions. 

The ability to further study what factors drives these tumors to become malignant may 

not only inform the best kind of treatment but could also allow for the development of 

new treatments.  

In the short term it is likely that this model will also be used to broaden our 

understanding of the development of tissues other than the breast. The tunable nature of 

the model gives a wide range of conditions able to be achieved through modulation of the 

matrix components, base growth media, supplements, and other factors like stiffness and 
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density. Through the right conditions, likely determined through analysis of tissue 

resident matrix, it is possible that this 3D hydrogel may support the life and biomimetic 

morphogenesis of other tissue types leading to new models and therapies. As collagen 

type I makes up 90% of human protein mass (Naomi et al., 2021), it is likely that even 

small adjustments may allow support. This was seen with appendix organoids where the 

only adjustment of any parameters was the change in base media, crypt cells from health 

appendix tissue were able to be cultured and formed 3D structures. Other epithelial 

tissues, especially glandular tissue like salivary gland or thyroid, or tissue in which 

collagen I is a major component of the matrix such as skin or cornea may also find 

success forming organoids in 3D hydrogel culture. While the development of a single-

cell-derived biomimetic model for use in other organs is necessary for translatable 

research, it is hard to obtain the healthy patient samples required for its development. 

This model may also support the growth of stem cells derived from HPSCs which could 

circumvent the need for patient biopsies and could allow for the quick development of 

new tissue models without the worry of using rare samples. Continued investigation into 

the growth of all stem cell types in this hydrogel system could add new context to the 

study of many tissue systems.  

One long term goal for this model would be to harness the power of its diverse 

structural phenotypes across development for large scale screens. While few pathways 

have currently been probed in this manner, this work exists as a pilot study in which 

common signaling pathways may be identified through use of these different 

morphologies across the breast’s development. A comprehensive database containing 

these phenotypes from single cell derived organoids exposed to other small molecules, 
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could allow for high-throughput screens in which exposure to small molecule library 

compounds could quickly be screened for function and common pathways, which could 

also quickly expand the knowledge of signaling occurring during the different stages of 

breast development. As the model has already been miniaturized for growth in 96 well 

plates, high-throughput screens only require a more comprehensive library of structural 

phenotypes. In theory it is possible that this screening technique could be used for the 

understanding of developmental pathways in organoids from other tissues as well, 

making it a powerful technique that should be further investigated. 

A long-term goal in the study of any patient derived regenerative tissue is for its 

re-implantation to help with consequences of surgery and disease. The use of resident 

adult stem cells residing in a patient’s own tissue to drive recovery is the ideal situation 

for surgical reimplantation, as it is sustainably sourced and would prevent rejection. One 

day this technique may be required for breast tissue, as increasing breast cancer rates 

continue to impact younger women who may still want to have children and breast feed 

(Ugai et al., 2022). The ability to biopsy areas of healthy breast tissue, screen it for 

oncogenic markers, regrow structures, and reimplant them into the breast is closer than 

ever. Even more ideal would be the ability to genetically edit out mutations, edit in 

protective qualities, allowing for peace of mind that the tissue being added back in would 

not only function properly, but would be cancer free. While some of these processes may 

be years away in development, it has been shown that the premise of gene therapy could 

also be used in a clonally derived breast TDLU. 

To conclude this thesis, I believe that this work makes two statements to fill gaps 

in scientific knowledge. The first is on the relevance of the DDR1-RUNX1 axis to human 
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biology. While DDR1 is clearly an important signaling protein as it gathers information 

about the cellular niche and converts it into cellular activity, there has been a lack of 

understanding in the regulation of DDR1’s downstream signaling, potentially due to lack 

of collagen in 2D culture experimental systems preventing it from standing out as a target 

in many human experiments. As models adopt more biomimetic conditions, it is likely 

that DDR1 will continue to emerge as an essential receptor for regeneration and 

organogenesis and that this activity will be in part through RUNX1, as their relationship 

is hinted at as being concurrent across tissues (Table 4.4.).  

The second and more important statement this work makes is through the 

enhancement and promotion of this organoid model derived from primary single cells. 

The use of readily available tissue and easily acquirable materials allows for utilization of 

this model to be easily ascertainable. Use of this model allows for quantifiable data 

across treatment groups and allows for biomimetic knowledge of not just cellular 

expression-based responses, but also for lineage and morphological changes as well. This 

clear increase in knowledge from every experiment run brings more readily translatable 

data from the bench to the clinic. This thesis work, which would not have been as 

impactful without such a model, is just the beginning of what can be accomplished with a 

single cell derived organoid. 
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Chapter VI: Appendices 
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6.1. Appendix Figures 

 

Appendix Figure 6.1. Preliminary Characterization of Doxorubicin Treatment in BRCA1 
Mutant Primary Single Cell Derived Organoids: A) Panel of primary appendix organoids on 
day 17 Scale bar = 100um. B) Appendix organoid i) on day 7, ii) day 12, iii) day 14, and again 
iv) on day 17. Scale bar = 50um. C) Immunofluorescent staining of Control and BRCA1 mutant 
primary samples grown for 22 days and stained for DSB damage marker pH2AX. Scale bar = 
20um. D) Fold change of pH2AX across timepoints and treatments with control and BRCA1 mut 
primary organoids. 
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Appendix Figure 6.2. Preliminary Characterization of Appendix Organoids: A) 
Development of organoid carrying BRCA1 Mutation on day 10 and day 22 after seeding. 
B) i) Brightfield image of BRCA1 mutant organoid on day 17. Scale bar = 100um. ii) 
Fluorescent image of DXR localization in BRCA1 mut. structure. iii) overlap of DXR 
fluorescence over brightfield. Scale bar = 100um. C) Immunofluorescence of appendix 
organoid with DAPI and intestinal crypt cell marker LGR5. Scale bar = 50um. 
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Appendix Figure 6.3. Differential Expression Analysis in Response to DDR1 Inhibition: A) 
Violin plots display the distribution of DDR1 expression across various epithelial breast cell 
types. B-I) These plots depict the distribution of expression in RUNX2, RUNX3, and RUNX1 
target genes (ANP32B, PLEC, ID1, and STAT3) within epithelial clusters in primary tissue 
organoids grown for 14 days under either control DDR1i or DDR1r conditions. J) Quantification 
of the expression of RUNX1 target genes from MCF10F cells in a 2D collagen stimulation assay. 
K) mRNA expression levels of RUNX1 target genes in MCF10A cells without collagen I 
stimulation under control or DDR1i conditions. L) mRNA expression levels of RUNX1 target 
genes in MCF10F cells without collagen I stimulation under control or DDR1i conditions. The 
data are expressed as Mean ± SD. Statistical significance was determined through multiple t-
tests, with significance levels indicated as follows: *p-value < 0.05, **p-value < 0.01, ***p-
value < 0.001, ****p-value < 0.0001.  
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Appendix Figure 6.4. Transcription Factor Enrichment for Core DDR1-RUNX1 
Gene Set: A hierarchically clustered heatmap illustrating the association between 
different transcription factor hits and genes differentially expressed from the 
experimentally determined overlapping gene set (input). The data utilized for this 
analysis are sourced from the TRRUST database. In the heatmap, red squares signify that 
the associated transcription factor is known to regulate the gene in this dataset. This 
visualization was generated using ENRICHR. 
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Appendix Figure 6.5. String Analysis of Transcription Factor Hits: STRINGDB 
network of protein-protein interactions between the transcription factor hits from ChEA 
database known to regulate the overlapping DDR1-RUNX1 transcriptome.  
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Appendix Figure 6.6. Effects of DDR1i on RUNX1 and CBFβ Expression Without 
Collagen-1 Stimulation: Representative western blot and quantification of nuclear 
RUNX1 and CBFβ without collagen stimulation in control or DDR1i conditions. 
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Appendix Figure 6.7. Potential DDR1-RUNX1 Protein Intermediates through a 
Phospho-Kinase Array: Phosphokinase Array showing loss or gain of phosphorylation 
with DDR1i treatment. 
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Appendix Figure 6.8. String Analysis of Potential DDR1-RUNX1 Protein 
Intermediates: STRINGDB network of protein-protein interactions between DDR1 and 
RUNX1 with hits from the phosphokinase array. 
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